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ABSTRACT: Natural fractures, as the main flow channels and important storage spaces, have significant 
effects on the migration, distribution, and accumulation of tight oil. According to outcrop, core, formation 
micro image (FMI), cast-thin-section, and scanning electron microscopy data from the tight reservoir 
within the Permian Lucaogou Formation of the Junggar Basin, tectonic fractures are prevalent in this 
formation mainly on micro to large scale. There are two types of fractures worth noticing: diagenetic 
fractures and overpressure-related fractures, primarily at micro to medium scale. The diagenetic frac-
tures consist of bedding fractures, stylolites, intragranular fractures, grain-boundary fractures, and dia-
genetic shrinkage fractures. Through FMI interpretation and Monte Carlo method evaluation, the 
macro-fractures could be considered as migration channels, and the micro-fractures as larger pore 
throats that function as storage spaces. The bedding fractures formed earlier than all tectonic fractures, 
while the overpressure-related fractures formed in the Middle and Late Jurassic. The bedding fractures 
and stylolites function as the primary channels for horizontal migration of tight oil. The tectonic fractures 
can provide vertical migration channels and reservoir spaces for tight oil, and readjust the tight oil distri-
bution. The overpressure-related fractures are fully filled with calcite, and hence, have little effect on hy-
drocarbon migration and storage capacity. The data on tight oil production shows that the density and 
aperture of fractures jointly determine the productivity of a tight reservoir. 
KEY WORDS: natural fractures, tight reservoir, oil migration and production, Permian Lucaogou For-
mation, Junggar Basin. 

 
0  INTRODUCTION 

Shale gas and tight oil are increasingly becoming important 
targets of exploration and development worldwide (Mahmoud 
et al., 2020; Zhou et al., 2019; McGlade, 2012). Tight oil is 
expected to be explored and used in China for a prolonged time 
in the future (Tang et al., 2019). The majority of the literature 
defines tight oil as the oil preserved in reservoirs with an over-
burden matrix permeability less than or equal to 0.1 mD (air  
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permeability <1 mD) (Zou et al., 2019; Han et al., 2017). China 
has rich tight oil reserves and estimates of its recoverable re-
sources range from 35×108 to 40×108 t (Pang et al., 2012; Zou et 
al., 2012). The Permian Lucaogou Formation in the Junggar Ba-
sin is a major target for the exploitation and development of tight 
oil in China (Guo et al., 2019; Zhu et al., 2019). To date, more 
than 7 B bbl of proven oil reserves have been determined within 
the Lucaogou Formation, exhibiting excellent potential for oil 
production (Jia et al., 2012). 

Owing to the complexity of tectonic movement and diagen-
esis (Zeng et al., 2008b, 2007), tight oil reservoirs are usually 
characterized by small pores, fine throats, poor throat connectiv-
ity, and strong heterogeneity. Fractures can accumulate fluid 
within tight sandstone reservoirs and function as percolation 
channels (Zeng et al., 2013). Not only do fractures connect indi 
vidual pores and improve permeability (Ozkan et al., 2011;  
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Laubach, 2003), they also determine the distribution of oil and 
gas reservoirs (Olson et al., 2010; Sava and Mavko, 2007). Frac-
tures have become an important research focus in exploring un-
conventional resources and in evaluating the effectiveness of res-
ervoir space and main migration channels (Ju et al., 2017; Nel-
son, 2009). There is currently an uncertainty in the attributes of 
subsurface natural fractures (Laubach et al., 2019), and under-
standing these is of great significance for the optimal design and 
successful enhancement of oil recovery operations (Zhao et al., 
2017; Laubach et al., 2010).  

Fractures can be divided into large-scale fractures (with 
heights >2 m and lengths >10 m), medium- and small-scale frac-
tures (with average height <1.4 m and average length <10 m), 
and microscale fractures (apertures usually <10 μm) (Zeng et al., 
2010a). Scientists have used petrology and mineralogy, logging, 
rock mechanics and acoustic experiments, seismic detection, and 
mathematical simulations to obtain data of fracture attributes 
(occurrence, density, aperture, permeability, and porosity) and 
have developed methods to quantitatively characterize fractures 
(Wang et al., 2015; Hennings, 2009; Olson et al., 2009; Prioul et 
al., 2007). The core, formation micro image (FMI), and cast-
thin-section fracture observations are incomplete, and the sub-
surface fracture patterns (regarded as key attributes to constrain 
the fracture length distribution) cannot be determined owing to 
the narrow dimensions of a rock sample (Laubach et al., 2019; 
Olson et al., 2009; Wu and Pollard, 2002). Outcrops are often used 
to supplement the subsurface fracture analysis and provide an op-
portunity for comprehensive observations of the fracture network 
geometry in at least two dimensions (Ghosh et al., 2018; Hennings 
et al., 2000). Outcrops are typically surveyed by direct visual ob-
servations and with magnifying lenses. Truncation occurs typi-
cally because of the difficulty of measuring small fractures (<0.05 
mm) (Santos et al., 2015). In terms of predicting the fracture dis-
tribution, various techniques have been put forward, including ge-
ological analysis, structural curvature analysis, longitudinal wave 
anisotropy analysis, and tectonic stress field simulations (Ju et al., 
2019; Liu et al., 2018; Wang et al., 2017; Wei and Anand, 2008). 
Although the research methods and the theory of reservoir frac-
tures have made noticeable progress, the evaluation of reservoir 
fractures is undoubtedly an essential and challenging aspect of 
evaluating tight resources (Zeng et al., 2013; Olson et al., 2009). 

Some scientists have researched the characteristics, control-
ling factors, genetic mechanisms, formation stages, and logging 
identifiers of natural fractures in the Junggar Basin (Zhang et al., 
2020, 2018; Liu D D et al., 2019). However, fracture types and 
characteristics governing the migration and charging of tight oil, 
are poorly understood in the Lucaogou Formation. The classifi-
cation, characteristics, and formation time of natural fractures 
and their contribution to tight reservoirs are the key information 
for investigating the function of these fractures. In this study, we 
first described the fracture types and their characteristics within 
the tight sandstone based on the outcrop, core, FMI, cast-thin-
section, and scanning electron microscopy (SEM) data. Next, we 
calculated the porosity and permeability of the different types of 
target fractures and analyzed the contribution of fracture poros-
ity and permeability to the tight reservoir. Finally, we determined 
the formation time of natural fractures via carbon and oxygen 
isotope analysis on calcite filling in the veins. Using burial   

history, diagenetic evolution, and porosity evolution, we deter-
mined the forming time of fractures related to hydrocarbon gen-
eration and migration, and evaluated the contribution of the frac-
tures to the charging, migration, and production of tight oil.  
 
1  GENERAL SETTING 
1.1  Location and Structure 

The Junggar Basin, located in northwestern China, is a large 
intracontinental superimposed basin (Zhao et al., 2019). It has 
experienced multi-stage tectonic movements, including the Her-
cynian, Indosinian, Yanshan, and Himalayan movements, and 
has generated four regional unconformity contacts. The Jimsar 
sag is located in the southeast part of the Junggar Basin. The dip 
angle of the strata is between 3º and 5º. It is adjacent to the Jimsar 
fault in the north, Santai fault in the south, Laozhuangwan and 
Xidi faults in the west, and Qitai Bulge in the east covering an 
area of 1 278 km2 (Fig. 1). The four tectonic stages are domi-
nated by uplift in the east and by subsidence in the west of the 
sag (Yang et al., 2017; Fang et al., 2007): (1) in the Early Per-
mian, the sag was connected with the Fukang sag and the Bogeda 
Piedmont sag, and became independent because of the strong 
tectonic subsidence during the Middle Permian; (2) during the 
Late Triassic, the eastern part of the sag was strongly uplifted 
compared with the western region, causing erosion of the Per-
mian and Triassic formations in the east; (3) from the Cretaceous 
to the Cenozoic, the southeastern part of the sag was strongly 
uplifted, causing erosion of the Cretaceous strata; and (4) during 
the Cenozoic, the sag was tilted from east to west because of the 
forward thrusting of the Bogeda Mountains. 
 
1.2  Strata Characterization 

The Permian strata in the Jimsar sag can be divided into 
three formations, which the Jingjingzigou, Lucaogou, and 
Wutonggou formations from bottom to top (Fig. 1). The Lu-
caogou Formation, which is the focus of this study, is currently 
buried at a depth of 2 500–4 255 m. The formation is primarily 
composed of lacustrine and carbonate facies, deposited from a 
saline lake environment formed after the closure of a residual 
sea (Kuang et al., 2012). The Lucaogou Formation is distributed 
throughout the sag, thinning from southeast to northwest, with 
average local thicknesses 200–350 m (Fig. 2). With the regional 
maximum flooding surface as a reference, it can be divided into 
a lower member (P2l1) and an upper member (P2l2) (Kuang et al., 
2013). Two sweet spots with a generally lower matrix permea-
bility and higher hydrocarbon-bearing potential are distributed 
in the upper and lower parts of both the P2l1 and P2l2 of the 
Lucaogou Formation, named the upper (sweet spot) interval and 
lower (sweet spot) interval, respectively (Yang et al., 2015). The 
upper “sweet spot” lies in the east slope of the sag (13.3–43.0 m 
thick), mainly consisting of gray dolomite and feldspar lithic 
sandstone, sometimes coupled with gray mudstone and dolo-
mitic mudstone. The lower “sweet spot” (17.5–67.5 m thick) 
consists of silty dolomite, argillaceous siltstone with lime mud-
stone, dolomitic mudstones, and fewer of carbonaceous mud-
stones. The study area, the thickness of which is more than 200 
m, covers approximately 806 km2. The total organic carbon con-
tent of the mudstone is 0.84% to 9.89% (average 3.49%). The 
chloroform bitumen “A” content ranges from 0.44% to 0.73%,  



Influence of Natural Fractures on Tight Oil Migration and Production 929 

 

Figure 1. Locations of the study area and main wells in Jimsar sag (modified after Wu et al., 2016). The rose diagrams show the orientations of natural fractures 

in the tight reservoirs of the Lucaogou Formation. Section S–S’ shows the stratigraphic structure of Jimsar sag. C. Cambrian; P2j. Permian Jingjingzigou Formation; 

P2l. Permian Lucaogou Formation; P3wt. Permian Wutonggou Formation; T. Triassic; J. Jurassic; K. Cretaceous; E. Paleocene. 

 
and the rock pyrolysis hydrocarbon generation potential (S1+S2) 
content varies from 3.50 to 20.98 mg/g. The type of organic mat-
ter is mainly �–�1 (Pang et al., 2019; Bai et al., 2017). The de-
gree of thermal evolution of the organic matter is relatively high 
and reaches the Late Triassic oil window, with random vitrinite 
reflectance (Ro) varying in the range of 0.7%–1.0% (Cao et al., 
2017). Overall, the area is characterized by source-reservoir in-
tegration, source-proximal accumulation, and vertical distribu-
tion of oil (Jia et al., 2012; Kuang et al., 2012). 
 
1.3  Reservoir Characterization 

The tight reservoir lithology includes mudstone, sandstone, 
and dolomite (Kuang et al., 2013). The porosity ranges from 0.40% 

to 27.41%, with an average of 7.20%. The air permeability is 
mainly <1.0 mD, and the in-situ permeability is <0.1 mD in most 
cases. The storage spaces primary consist of intergranular pores, 
primary inter-crystalline pores, secondary dissolved pores, or-
ganic pores, mineral pores, and microfractures (Xi et al., 2015b). 
Dissolution pores account for 44% among all pores, followed by 
intragranular pores and intergranular pores, accounting for 26% 
and 22%, respectively. Nano-scale pore throats account for ap-
proximately 97% of all pore throats and represent the main tight 
oil storage space. The pore throat radius is mainly distributed 
between 50–500 nm, accounting for approximately 78% of all 
(Qiu et al., 2016b). The low correlation between porosity and 
permeability of conventional gas indicates that the micro-   
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fractures in tight reservoirs contribute to the reservoir space and 
seepage characteristics (Zha et al., 2017). Additionally, a consid-
erable number of mineral pores are partially or fully infilled with 

bitumen (Su et al., 2018). Therefore, the Permian Lucaogou For-
mation is a typical tight reservoir, which is generally character-
ized by low porosity, low permeability, and strong heterogeneity. 

 

 

Figure 2. Stratigraphic column of the Lucaogou Formation in Jimsar sag (modified after Liu C et al., 2019; Luo et al., 2007). 

 
Table 1  Summary of the research materials 

Materials types Core (m) FMI (m) Cast thin section SEM Hydrocarbon production 

Well J1 9.00  2   

J2 2.70 163.12 2  √ 

J3 1.10 107.34    

J4 32.15  11 36 √ 

J5 26.29 143.39    

J6 2.75  17 13  

J7 1.23     

J8 241.51 243.01 67 59 √ 

J9 3.23 82.51 7 6  

J10 15.68 283 10   

J11 112.68 171.3 39 3  

J12 1.31  7   

J13 24.52 92.61 8  √ 

J14 5.22 94.93 23 19  

J15 33.06     

J16 15.49 237.03 16  √ 

Outcrop A–A’ Dalongkou Reservoir section Coordinates: 43º59'13.8"N, 88º53'09.1"E 

B–B’ Xiaolongkou Village section Coordinates: 43º53'26.6"N, 89º07'53.0"E 

C–C’ Dalongkou Village section Coordinates: 43º54'09.5"N, 89º10'46.1"E 
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2  MATERIALS AND METHODS 
2.1  Materials for Fracture Research 

From these areas, we collected 527.92 m of cores, 209 cast 
thin sections from 12 wells, 130 samples for SEM from 6 wells, 
and 1 618.24 m of FMI logs from 10 wells (Table 1). The fracture 
characterization was carried out based on three outcrops at the 
Dalongkou Reservoir, Xiaolongkou Village, and in the fields of 
Dalongkou Village. We calculated the fracture porosities and 
permeability from 339 samples of thin sections using the Monte 
Carlo method and from interpretations of the FMI logs from 10 
wells. The influence of natural fractures on productivity was an-
alyzed using the hydrocarbon production data of 5 wells. 
 
2.2  Calculation of Fracture Parameters 

The outcrop of the Lucaogou Formation is widely exposed 
in the southeast part of the Junggar Basin. The fracture orienta-
tion (strike and dip angle) and length measurements were col-
lected from three outcrop sections. Critical parameters such as 
fracture length, density, dip angle, and aperture were measured 
by metric-scale, feeler gauge, and protractor based on core ob-
servations. Natural and induced fractures can be discerned by the 
appearance of fillings on the fracture surface. The types of fill-
ing within the fractures were preliminarily identified using di-
lute hydrochloric acid. The petroleum logging tools for FMI 
included four-arm eight-electrode plates and 192 color codes 
for graphite electrode measurements and adjusting electrical 
resistivity (Lai et al., 2018). FMI can identify fractures based on 
the anisotropy of strata and variations in the electrical resistivity 
(Prioul and Jocker, 2009; Ameen and Hailwood, 2008). Owing 
to a large number of button electrodes and the small spacing be-
tween them, separate images of fractures can be obtained with 
key quantitative parameters including fracture type, fracture oc-
currence (strike and dip angle), fracture length (FVTL), fracture 
aperture (FVA), fracture density (FVDC), and fracture porosity 
(FVPA) (Khoshbakht et al., 2012; Lai et al., 2017). FVTL also 
represents the areal fracture density used by some researchers 
(Lai et al., 2018). 

Microfractures are useful because they are more abundant 
than the associated macrofractures, and microfracture popula-
tions can be used for assessing fracture abundance (Anders et al., 
2014; Laubach, 1989). After fractures were described by using 
data from cores, cast thin section (50I-P100-L, Nikon) and SEM 
(S4800, Hitachi) observations were conducted. The aperture of 
a microfracture should be measured on a thin section perpendic-
ular to the fracture plane, while in reality, the grinding of a thin 
section is not always perpendicular to the fracture. Thus, the ap-
erture of the same microfracture can vary in different parts. 
Moreover, even under a microscope, there are some invisible ap-
ertures. To overcome this issue, the same aperture was measured 
multiple times, and the average value was taken to reduce error. 
Later, an empirical formula was applied to revise the results 
(Zeng et al., 2010b). 

	 	 	 	 = 1
 

	 	 	 	 = 2π  

where, ei stands for the aperture value of the i-th part of the frac-
ture and e1 stands for the aperture value in the actual measure-
ment of the fracture under the microscope. 

The fracture porosity and permeability can be calculated us-
ing the Monte Carlo approximation method, based on the frac-
ture parameters of a significant number of samples with different 
distribution probabilities (Howard and Nolen-Hoeksema, 1990). 
The application of this method has been validated in identifying 
low-quality fractured reservoirs (i.e., those with average fracture 
porosity <0.1%) (Lyu et al., 2017; Zeng et al., 2008a). The for-
mula for calculating the fracture porosity and permeability of the 
sample is as follows (Zeng et al., 2010b) 

	 	 	 	 ∅ = ( 1 ) ·  

	 	 	 	 = · 1 · ·  

where, ∅f is the fracture porosity; Li is the fracture length; ei is 
the fracture aperture; As is the sample area; Kf is the fracture per-
meability; and C is the proportionality coefficient. The value of 
C differs owing to differences in the distribution of the fractures 
in the sample (Zeng, 2010). 
 
2.3  Calculation of Fracture Formation Time 

Natural fractures in a reservoir generally feature multi-stage 
fillings, because during different stages, liquids can flow through 
the fractures, leaving some mineral residue or dissolving some 
host minerals, finally forming new minerals on walls of fractures 
(Fall et al., 2012; Becker et al., 2010). The veins formed in a 
reservoir fracture can effectively record fluid movement (Caja et 
al., 2006; Evans and Battles, 1999). Stable isotopes of carbon 
(δ13C) and oxygen (δ18O) of calcite were used to obtain the tem-
perature and salinity of the fluid media (Al-Aasm et al., 1995). 
According to an isotopic temperature-testing equation, the test 
value of δ18O was used to calculate the formation temperature of 
minerals (Giletti, 1986). Fracture cement deposits and veins 
could be tied to the diagenetic cement sequences with known 
ages, and thus an insight into the timing of fracture formation 
could be gained (Perez and Boles, 2004; Laubach, 1988). 
 
3  RESULTS 
3.1  Types and Characteristics of Natural Fractures 

Based on the results from outcrops, cores, cast thin sections, 
and SEM, the natural fractures that in the Lucaogou Formation 
include tectonic, diagenetic, and overpressure-related fractures 
(Figs. 3 and 4).  
 
3.1.1  Tectonic fractures 

Tectonic fractures are related to tectonic processes and are 
generated in different tectonic environments and evolution 
stages (Ju and Sun, 2016). Crude oil can exude through the tec-
tonic fractures (Figs. 3a and 3d). Tectonic shear fractures, ac-
counting for the majority of fractures in the study area, formed 
under different tectonic stress fields, commonly featuring a high 
dip angle (Fig. 3b). During the formation of tectonic fractures, 
the direction of the fracture was parallel or vertical to that of the 
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fracture plane, which was straight and smooth. Structural phe-
nomena such as striations and steps appear on the tectonic frac-
ture plane, and its displacement could be observed (Figs. 3c, 3d, 
4a, and 4f). These fractures are present in different types of 
lithology and exhibit an evident orientation and regular distribu-
tion. Generally, the density of tectonic fractures in dolomite, 
limestone, and sandstone is always higher than that in mudstone 
(Gong et al., 2017). Rocks with more brittle minerals (such as 

dolomite and calcite), finer grain size, and better assortment are 
easily fractured. Tectonic fractures in the dolomite, limestone, 
and siltstone are the most developed, followed by those in fine-
grained sandstones, whereas the fracture density of mudstones 
is the lowest (Fig. 5a). The statistical results of the field outcrop 
and FMI reveal the occurrence of tectonic fractures in the study 
area. Four groups of tectonic fractures were found trending in 
the directions N-S, NNE, NE, and NNW (Figs. 1c, 6, and 7).  

 

 

Figure 3. The photos of outcrops and cores of different types of natural fractures. The location of the well can be seen in Fig. 1. (a) Tectonic fractures and crude 

oil in the sandstone of the Dalongkou Reservoir section; (b) tectonic fractures in the sandstone of the Dalongkou Village section; (c) tectonic fractures in the 

sandstone of the Xiaolongkou Village section; (d) tectonic fractures in the siltstone of Well J11, with a depth of 3 759.99–3 760.12 m; (e) bedding fractures in the 

mudstone of Well J8, with a depth of 3 159.63–3 159.80 m; (f) stylolite in the siltstone of Well J5, with a depth of 3 725.88–3 726.06 m; (g) the overpressure-

related fractures were filled with calcite in the limestone mudstone of Well J8, with a depth of 3 254.38–3 254.46 m. 
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Figure 4. Pictures of showing the microfractures, the location of the well can be found in Fig. 1. (a) The tectonic microfracture in the cast thin section of fine 

sandstone is located in Well J11, with a depth of 3 754.20 m. The fracture passes through the horizontal beddings, and both sides of the fracture that function as 

the migration channel were dissolved in the process of oil filling. (b) In the cast thin section of siltstone, diagenetic fractures are located in Well J11, at a depth of 

3 784.84 m. (c) In the cast thin section of argillaceous limestone, stylolite is located in Well J8, with a depth of 3 243.34 m. (d) Intragranular fracture and grain 

margin fractures in the cast thin section of sandy conglomerate are located in Well J8, at a depth of 3 046.58 m. (e) The overpressure-related fractures and tectonic 

fractures in the cast thin section of dolomitic mudstone are located in Well J11, with a depth of 3 754.69 m. The overpressure-related fractures are fully filled with 

calcite, and in the later stage, the tectonic fractures formed along with the overpressure-related fractures after being transformed by tectonic movement. (f) Tectonic 

microfractures in limestone under SEM are located in Well J8, at a depth of 3 329.68 m; a tectonic fracture is partially filled with mineral particles. (g) Bedding 

microfracture in mudstone under SEM is located in Well J8, at a depth of 3 398.11m. (h) In the SEM, intragranular fracture and grain margin fractures of fine 

sandstone are located in Well J9 with a depth of 2 853.90 m. (i) The diagenetic shrinkage fracture in the SEM of the sandy conglomerate is located in Well J8, at 

a depth of 3 046.58 m. 

 
The distribution of natural fractures was dominated by mechan-
ical stratigraphy (Gross and Eyal, 2007). They appear in the in-
ner part of the strata and end on the lithology interface (Laubach 
et al., 2009). In a certain range of bed thickness, the average dis-
tance of tectonic fractures increased linearly with an increase in 
the bed thickness (Fig. 5b) (R²=0.956 7). When the thickness of 
a single stratum was between 0 and 120 cm, most tectonic frac-
tures developed; when it was between 120 and 200 cm, tectonic 
fractures were less developed, and when it was greater than 200 
cm, no tectonic fracture could be found. The length of all fracture 
was always less than 40 cm (Fig. 8c), reflecting that fractures 
mostly developed within the bed thickness. 
 
3.1.2  Diagenetic fractures 

Diagenetic fractures refer to the natural fractures caused by 
compaction and pressure in the process of diagenesis (Zeng, 
2008), including bedding, stylolite, intragranular, grain-boundary, 
and diagenetic shrinkage fractures. Bedding fractures account for 

most diagenetic fractures and are usually distributed along bed-
ding plane. These are always interrupted, bent, wedged-out, com-
bined, or branched, with its dip angle parallel to the bedding plane 
(Figs. 3e, 4b and 4g). Stylolite is a kind of planar structure that 
accommodates localized contractional strain (Figs. 3f and 4c), 
usually appearing as serrations along bedding surfaces (Bruna et 
al., 2019). Most of them are filled with carbonaceous clay (Fig. 
3e). There are diagenetic fractures associated with and somewhat 
coincident with the grain-boundary, namely, intragranular and 
grain-boundary fractures (Figs. 4d and 4h). Intragranular frac-
tures, lying completely within the grain, include fractures within 
calcite and cleavage fractures within feldspar. Grain-boundary 
fractures mainly occur between mineral grains in linear contact. 
Dehydration during the conversion of clay minerals causes the 
formation of diagenetic shrinkage fractures (Fig. 4i). Core ob-
servations show that bedding fractures are most developed in 
mudstone, followed by dolomite, limestone, and siltstone, and 
are most poorly developed in the sandy conglomerate, coarse  
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Figure 5. (a) Density distribution chart of fracture with different lithologic types; (b) relationship between fracture distance and bed thickness. D. Dolomite; L. 

limestone; Sc. sandy conglomerate; G. gritstone; Ms. medium sandstone; Fs. fine sandstone; Dfs. dolomitic fine sandstone; Afs. argillaceous fine sandstone; S. 

siltstone; Ds. dolomitic siltstone; As. argillaceous siltstone; Sm. silty mudstone; Dm. dolomitic mudstone; M. mudstone. 

 

 

Figure 6. Interpretation result diagram of Well J8 FMI shows that the strike of maximum horizontal principal stress of Lucaogou Formation is the same as the 

strike of induced fractures of Jingjingzigou Formation. 
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Figure 7. Rose diagram of the fracture strikes. The data from outcrop and 

FMI (N=542). 

 
sandstone, medium sandstone, and fine sandstone (Fig 5a). 
 
3.1.3  Overpressure-related fractures 

The overpressure-related fractures are caused by overpres-
sure fluid (Zeng, 2010). The origin of this kind of fracture is the 
hydraulic action with abnormally high fluid overpressure during 
formation (Liu et al., 2017). Under such abnormal fluid pressure, 
tensile stress can contribute to extensional fractures with differ-
ent degrees of migration pathways and fracture apertures. They 
are generally irregular in shape, have inconsistent directions, 
limited extension, and random distribution. Some of them are 
characterized by grouped fracture veins, irregular dips, and var-
ious fracture apertures (Figs. 3g and 4e). They are filled with 
veins of calcite minerals after their formation, which restricts 
their effectiveness as oil charging and migration pathways.  

Generally speaking, the tectonic fractures in tight sandstone 
reservoirs are mainly high-angle and vertical fractures, which tend 
to have an extensive extension range and are mostly filled with 
calcite. Tectonic fractures often appear in groups with obvious 
alignment and regularity, and the scale and complexity of fractures 
are affected by the structural stress properties, stress strength, and 
tectonic stages. Diagenetic fractures and overpressure-related 
fractures have nothing to do with tectonic movement or tectonic 
stress. They are generally irregular in shape, inconsistent in di-
rection, limited in extension, and random in distribution. They 
are often controlled by diagenesis and overpressure. 
 
3.2  Effectiveness of Natural Fractures 

In underground reservoirs, natural fractures that are in an 
open state and can provide effective fluid flow channels are 
deemed to be effective fractures (Zeng et al., 2012). It has been 
pointed out in previous studies that the effectiveness of natural 
fractures is reflected by their filling and aperture features. 
 
3.2.1  Filling characteristics 

Based on their filling, fractures can be divided into three 
types: unfilled, partially filled, and fully filled fractures (Fig. 8a). 

The unfilled and partially filled fractures possess nothing or 
some diagenetic material filling, and they are potentially open 
conduits for fluid flow. The filling states of the tectonic fractures, 
diagenetic fractures, and overpressure-related fractures are dif-
ferent, and their filling materials are mainly calcite (Figs. 3b and 
3g), however, sometimes they are filled by carbonaceous clay 
(Fig. 3e). Fully filled tectonic fractures account for 8.69% of all 
fractures, and partially filled and unfilled fractures account for 
32.50%. Among the diagenetic fractures, the fully filled fractures 
account for 1.04%, and partially filled and unfilled diagenetic 
fractures together account for 49.89% of all fractures. The  
overpressure-related fractures are all fully filled with calcite and 
account for 7.87% of all fractures. The statistical results prelim-
inarily reflect that the degree of filling of the tectonic shear frac-
tures is less than that of the bedding and overpressure-related 
fractures, indicating that shear fractures play a significant role in 
the seepage capacity of the tight oil reservoirs in the study area. 
 
3.2.2  Fracture apertures and lengths 

The length of a microfracture is from 0.78 to 197 μm (Fig. 
8d). The actual aperture of a microfracture is between 0.1 and 50 
μm (Fig. 8f). A tectonic microfracture has an aperture of 0.6–50 
μm and a length of 8.1–158 μm. The aperture of a diagenetic 
fracture varies from 0.6 to 5 μm and its length ranges from 1.94 
to 148 μm. The average aperture value of an overpressure-related 
fracture is <5 μm and its length varies from 0.78 to 197 μm. Ac-
cording to the FMI statistics of underground fracture apertures 
in the study area (Fig. 8e), the apertures of underground fractures 
in this area are all l <200 μm, with a peak value of less than 100 
μm. The aperture value of each section is consistent with that of 
the underground fractures in FMIs. 

 
3.3  Fracture Contributions to Physical Properties of   
Reservoir 

We calculated the porosity and permeability of macroscopic 
fractures using image logging. Based on the Monte Carlo method, 
the porosity and permeability of the microfractures were evalu-
ated using the corrected aperture value (Table 2). The average po-
rosity of a tectonic fracture is 0.11%–0.22%, and its average per-
meability is from 13.20 to 53.10 mD. The average porosity and 
permeability of the tectonic microfractures are approximately 
0.67% and 1.56 mD, respectively. The average porosity of the di-
agenetic fractures is approximately 0.06%, and its average per-
meability is approximately 6.02 mD, while the average porosity 
and permeability of the diagenetic microfractures are approxi-
mately 0.49% and 1.31 mD, respectively. The porosity and per-
meability of overpressure-related fractures are difficult to calcu-
late. The overpressure-related fractures are the least abundant and 
exhibit poor effectiveness as oil reserves. Therefore, these frac-
tures barely improve the tight reservoir porosity and permeability.  
 
4  DISCUSSION 
4.1  Factors Controlling the Effectiveness of Fractures 

In the Lucaogou Formation, the present maximum principal 
stress is NNW trending (Fig. 6). The aperture of a tectonic frac-
ture is affected by the direction of the maximum principal stress 
of the current geo-stress field (Fig. 9). However, fractures per-
pendicular to the current maximum principal stress have poor 
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effectiveness because the direction of the stress is perpendicular 
to the surface of fractures (Zeng and Li, 2009). In the study area, 

fractures in the NNW direction have the largest apertures, fol-
lowed by fractures in the N-S direction. Thus, seepage mainly  

 

 

Figure 8. Statistical chart of different natural fracture parameters. (a) Distribution frequency diagram of filling property of natural fracture from the core obser-

vation; (b) distribution frequency diagram of inclination of natural fracture; (c) distribution frequency diagram of extension length of fractures; (d) distribution 

frequency of the length value of microfractures in the reservoir; the length value of tectonic microfractures, diagenetic microfractures, and overpressure-related 

fractures acquired by thin cast thin section and SEM; (e) distribution frequency diagram of nature fracture aperture in FMI; (f) distribution frequency of the 

aperture value of microfractures in the reservoir; the aperture value of tectonic microfractures, diagenetic microfractures, and overpressure-related fractures 

acquired by thin cast thin section and SEM. 

 
Table 2  The fracture aperture, porosity, and permeability of different fractures 

Fracture types Tectonic fracture Diagenetic fracture Overpressure-related fracturea

Macro Micro Macro Micro Macro Micro 

Fracture strikes N-S NNE NNW NE / / / / / 

The mean fracture aperture (μm) 93.33 58.73 182.07 28.07 <10 <15 <10 / / 

The mean fracture length (μm) 5.43×105 3.44×105 3.60×105 3.02×105 68.89 0.69×105 39.56 4.48×104 <5 

The mean fracture porosity (%) 0.13 0.16 0.22 0.11 0.67 0.06 0.49 / / 

The mean fracture permeability (mD) 29.9 17.84 53.1 13.2 1.56 6.02 1.31 / / 

Note: a. This kind of fracture is usually full-filled in the core or cast thin sections. Thus, it is too difficult to calculate porosity and permeability. The “/” means 

there is no data for that. 
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Figure 9. Box chart of the relationship between fracture trend and fracture 

aperture, data from FMI. The present maximum principal stress is NNW 

trending. N-S, N=69; NNE, N=22; NNW, N=43; NE, N=27. 

 
occurs in NNW directions. When a fracture is parallel to the cur-
rent maximum principal stress, the fracture achieves a large ap-
erture, good connectivity, and high permeability; hence, this ori-
entation of fractures can be regarded as the main seepage direc-
tion. The proportion of unfilled fractures and partially filled frac-
tures is greater than 82% (Fig. 8a). Mineral particles existing in 
the partially filled fractures can play a supporting role to ensure 
that fractures remain open (Gong et al., 2015). Therefore, par-
tially filled fractures are also effective fractures, indicating that, 
overall, all the observed fractures are relatively effective. These 
tight reservoirs have undergone multiple stages of diagenesis. 
For instance, in a period when a large amount of hydrocarbon 
was generated from the source rock, acidic fluid dissolved the 
fractures, shaping dissolution holes. Strong dissolution in a later 
stage improved the effectiveness of these fractures. On the other 
hand, fractures often close passages because of cementation or 
by being fully filled and solidified by fluids. Fractures formed in 
later stages are less likely to be filled; thus, it is easier for them to 
become effective fractures and to make a greater contribution to 
tight oil reservoirs. In the Middle and Late Cretaceous, many fac-
tors (like under-compaction, tectonic stress, and hydrocarbon- 
generating overpressure) led to overpressure (Zhang et al., 2019), 
of which the formation pressure coefficient always fluctuated be-
tween 1.00 and 1.6 (average 1.37) (Lian et al., 2016). The   
overpressure-related fractures are fully filled by calcite, and only 
a few such fractures can be opened by additional tectonic uplift 
(Fig. 4c). This kind of fracture has low permeability and thus 
makes a limited contribution to a tight oil reservoir. The angle of 
a fracture affects its effectiveness. The underground aperture and 
permeability of both low-angle tectonic fractures and horizontal 
diagenetic fractures are subject to the pressure from overlying 
strata. Therefore, these fractures are less effective than high-  
angle tectonic fractures in terms of migration. However, in the 
study area, horizontal and low-angle fractures are widely distrib-
uted with high density. Moreover, as their horizontal permeabil-
ity is high, they might interweave among high-angle tectonic 
fractures (Fig. 3e), forming a fracture network system with rela-
tively high permeability. This can result in good fracture connec-
tivity, thus increasing the effectiveness of fractures. 
 
4.2  Influence of Effective Fractures on Tight Oil  

Effective fractures can affect the charging and accumula-
tion of tight oil, and fractures with different types and apertures 

have distinct effects on accumulation of tight oil and reservoir 
formation. Generally, the fracture aperture is much larger than 
the critical pore throat radius (0.2 μm) (Pang et al., 2019). Under 
this condition, the migration and accumulation force of tight oil 
can change, making buoyancy the main reservoir-forming force. 
Subsequently, effective fractures become the preferential pas-
sages for tight oil and cause large scale accumulation at sweet 
spots. Existing intragranular fractures, grain-boundary fractures, 
and other nano-sized fractures, can be viewed as having larger 
pore throats if their apertures are equal to or less than the critical 
radius of a pore throat. In this condition, the greatest migration 
and accumulation force of buoyancy is approximately 0.088 
MPa and the capillary pressure in the reservoir is approximately 
0.11 MPa (Qiu et al., 2016a). Abnormally high pressure caused 
by hydrocarbon generation in source rock provides migration 
potential to tight oil (Li and Li, 2010). The pressure caused by 
hydrocarbon generation is much higher than the migration re-
sistance of the tight oil in the Lucaogou Formation and is the 
main driving force for accumulation of tight oil (Qiu et al., 
2016a). Unfilled high-angle tectonic fractures mostly play a role 
in the accumulation and charging of tight oil. In contrast, large-
scale horizontal diagenetic fractures have a significant effect on 
the horizontal migration of tight oil. 

Mudstones of the Lucaogou Formation have good potential 
for generating hydrocarbons, as do some siltstones (Cao et al., 
2017). Tectonic fractures mainly exist in siltstone reservoirs, 
while diagenetic fractures, especially bedding fractures, develop 
in mudstones (source rocks) with a high density. The multicyclic 
evolution of the Jimsar sag resulted in multiple sets of source 
rocks and reservoir-cap rock assemblages. The primary source 
rocks in the sag were formed by rift-faulting in the extensional 
and transitional period after the Permian collision (Fang et al., 
2006). Since the beginning of the Late Permian, mudstones and 
siltstones in the Lucaogou Formation have continued to generate 
hydrocarbons. The Ro of the source rock maturity within tight oil 
reservoirs increases in the sequence of the matrix (average Ro of 
0.37%), and stylolite and bedding fracture (average Ro of 0.72%), 
tectonic fracture (approximately average Ro>2.38%) (Jiao et al., 
2007). Organic matter preferentially converged in the pores of the 
rock matrix, before the formation of diagenetic and tectonic frac-
tures. Thus, horizontal homogeneity is far stronger than vertical 
homogeneity. Under the formation load, hydrocarbon-bearing 
fluid caused diagenetic fractures (bedding fractures and stylolite) 
to move horizontally within the mudstone in the reservoir. These 
became the main channels for the primary horizontal migration 
of hydrocarbons. Some studies have confirmed that the mud 
source rocks and carbonate rocks preferentially drove hydrocar-
bon migration in the horizontal direction (Jiao et al., 2005; Ley-
thaeuser et al., 1995). After tectonic fractures formed, when the 
hydrocarbon-bearing fluid moving in the horizontal direction en-
countered them, these fractures became the main migration 
channels and the hydrocarbon began to run vertically. 

The carbon and oxygen isotope analysis of the tectonic 
fracture fillings indicates that the time of formation of fractures 
involved three stages (Fig. 10). The δ18O of most of the samples 
is negative (δ18O: -12.63‰ to -5.65‰) with fairly positive δ13C 
values (δ13C: -0.87‰ to 7.98‰) (Table 3). The average burial 
depth of the first fracture filling is 1 325 m, caused by the Indo- 
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Figure 10. Geothermal history, burial history, and the temperature of veins in the tectonic fracture in the tight sandstone reservoir in the Permian Lucaogou 

Formation. The strata geothermal history and burial history are modified according to Wu et al. (2016, 2015). The data of the geothermal gradient are from Xi et 

al. (2015a), Yuan et al. (2015). The test data of carbon and oxygen isotope of calcite in tectonic fractures are from Zhang et al. (2017). A. The formation time of 

the tectonic fractures in the first stage; the temperature of carbon and oxygen isotope of calcite is between 36.51 and 56.89 ºC; B. the forming time of tectonic 

fractures in the second stage; the temperature of carbon and oxygen isotope of calcite is between 62.91 and 69.88 ºC; C. the forming time of tectonic fractures in 

the third stage; the temperature of carbon and oxygen isotope of calcite is between 81.74 and 85.438 ºC. P. Permian; Tr. Triassic; J. Jurassic; K. Cretaceous; Pg. 

Paleogene; Ng. Neogene. 

 
Table 3  Carbon and oxygen isotopic composition of calcite fracture fills, data from Zhang et al. (2017) 

No. Buried depth (m) Lithology Testing position δ13C (‰, PDB) δ18O (‰, PDB) Formation temperature (ºC)

1 4 056 Silt Calcite vein 0.024 -5.648 39.509 

2 4 122 Finestone Calcite vein 4.02 -9.716 64.617 

3 3 571.9 Silt Calcite vein 0.159 -7.342 49.404 

4 3 727.5 Muddy limestone Calcite vein 3.896 -9.740 64.775 

5 3 742 Silt Calcite vein 6.98 -12.232 82.461 

6 3 144 Silt Calcite vein 0.562 -8.358 55.716 

7 3 157.3 Silt Calcite vein 6.146 -12.246 82.561 

8 3 230.1 Muddy limestone Calcite vein 3.139 -9.666 64.275 

9 3 284 Silt Calcite vein 7.045 -12.136 81.743 

10 3 305 Limestone Calcite vein 3.266 -9.462 62.912 

11 3 637.2 Silt Calcite vein -0.865 -6.226 42.793 

12 3 728 Limestone Calcite vein 3.155 -9.922 66.007 

13 3 755.2 Dolomite Calcite vein 7.98 -12.635 85.479 

14 3 789 Silt Calcite vein 0.265 -8.053 53.794 

15 2 281.6 Limestone Calcite vein 1.956 -10.486 69.885 

16 2 325 Medium sand Calcite vein 1.056 -8.543 56.898 
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Figure 11. Diagram for petroleum system event and fracture formation time of the Permian Lucaogou Formation. Data related to burial history were obtained 

from Wu et al. (2015); data of pore evolution and diagenesis of the reservoir were from Wu et al. (2016); data of Ro, efficiency of hydrocarbon expulsion, and 

petroleum system event were from Cao et al. (2017), Qiu et al. (2016c); data of tectonic action were from Kang et al. (2011); efficiency of formation pressure was 

from Lian et al. (2016), Li et al. (2010). A. Source rock; B. reservoir; C. caprock; P. Permian; T. Triassic; J. Jurassic; K. Cretaceous; Pg. Paleogene; Ng. Neogene. 

 
China Movement in the Late Triassic. The second stage has an 
average burial depth of 2 095 m, and the fracture formation pe-
riod was in the Middle and Late Jurassic. The third stage formed 
at an average burial depth of 2 845 m in the Early Cretaceous. 
The homogenization temperatures of fluid inclusions from wells 
J174 and J176 were 75 to 95 ºC and 105 to 115 ºC, respectively 
(Cao et al., 2017). This shows the different temperatures at which 
the two oil charging events occurred in the Lucaogou Formation. 
Tight oil generation and charging mainly occurred in the Triassic 
(235–210 Ma) and Jurassic (180–150 Ma), and the tectonic frac-
tures in the formation formed in three stages. The time of oil 
charging matched the formation time of the first and second tec-
tonic fractures. The fractures in the first stage formed in the Late 
Triassic, which coincided with the charging time of the tight oil 
in the first stage. This happened before the porosity and perme-
ability of the matrix decreased significantly when the porosity 

and permeability of the matrix in the tight oil reservoir were 
much lower than those of the fractures. The development of tec-
tonic fractures formed a low-pressure zone (Jiang et al., 2015), 
lowering the initial charging threshold of oil and helping the tight 
oil to migrate preferentially into the fractures of the tight sand-
stone reservoir. The formation of tectonic fractures in the first 
stage significantly improved the permeability of the reservoir 
and provided oil seepage channels for the tight sandstone reser-
voir. The second stage tectonic fractures formed in the Middle 
and Late Jurassic, coinciding with the charging time of oil in the 
second stage; however, this happened after the porosity of the 
matrix had decreased significantly (porosity <10%) (Fig. 11). At 
this stage, the tectonic fractures not only improved previously 
poor porosity and permeability but also formed the main seepage 
passages and became important reservoir spaces of tight oil. The 
tectonic fracture in the third stage formed in the Early Cretaceous, 
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when oil charging stopped. However, the formation time of the 
fractures in this stage coincided with the oil preservation time 
(Fig. 11). Tectonic fractures in this stage served as migration 
channels of oil and readjusted the accumulation and distribution 
of oil in the Lucaogou Formation. This probably caused some 
damages to the preservation of tight oil. 
 
4.3  Influence of Fractures on Tight Oil Productivity 

The overall low permeability of the matrix pores is the main 
reason for the low productivity of tight oil formations. The cal-
culated permeabilities of the natural fractures are several orders 
of magnitude greater than those of the matrix pores (0.1 mD), 
which indicates that the fracture improved the permeability of 
the tight sandstones. Combining with the production data of Well 
J8, the results from analysis of fracture parameter analysis show 
that different types of natural fractures had different effects on 
the average daily production of tight oil. The wells within the 
area in which tectonic fractures are well developed are typically 
associated with the highest oil yield (Fig. 12). The fracture per-
meability is scale-related (Guerriero et al., 2013), where tectonic 
fractures are related to the largest scale (Table 2). At the same 
scale, multiple factors, including the fracture shape, aperture, ce-
mentation, and dissolution can influence fracture permeability 
(Bisdom et al., 2016; Lander and Laubach, 2015; Laubach et al., 
2004). High angle tectonic shear fractures without mineral filling 
are mainly developed in the oil test zone, in which no dissolution 
could be found. Owing to the high dip angle, the fracture     

aperture is less affected by the pressure of the overlying strata. 
The aperture of tectonic fractures can determine the permeability 
of these fractures without mineral filling, i.e., the aperture deter-
mines the flow capacity of underground fluids. Wells with well-
developed bedding are featured with lower vertical permeability, 
higher horizontal permeability, and lower daily oil test yield. 
Bedding fractures improve the horizontal permeability of the 
tight oil reservoirs. When the bedding fractures are well devel-
oped, their horizontal permeability is enhanced to a certain de-
gree (Fig. 12). As the bedding fractures are distributed discon-
tinuously with transverse connectivity, under an overlying con-
fining pressure, they are commonly close, and have small aper-
tures and low permeability. The wells with well-developed  
overpressure-related fractures have the lowest oil test yield (Fig. 
12), because these fractures are fully filled with calcite and have 
the smallest fracture size, leading to exceedingly low porosity 
and permeability. In this section, the vertical and horizontal per-
meability is the lowest, and the oil test yield is also the lowest. 
Therefore, tectonic fractures with high dip angles control the 
flow system of the tight reservoirs, and they should be used as 
the primary basis for understanding the patterns of tight oil ac-
cumulation. 

In Well J16, the average daily oil test capacity in sections A, 
B, C, and D is <1, 1–5, 5–10, and >10 t/day, respectively (Fig. 
13). Tectonic fractures were not observed in the core and imaging 
logging data from Section B, which had the lowest production 
capacity as its weak porosity was solely provided by the matrix. 

 

 

Figure 12. The relationship between test oil production and natural fracture types in Well J8. Pv. Vertical permeability; Ph. horizontal permeability. 

 

 

Figure 13. The relationship between test oil production and natural fracture attributes in Well J16. 
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Figure 14. The relationship between fracture density and test oil production. 

 
Tectonic fractures are mainly developed in sections A, C, and D; 
however, the corresponding relationship between fracture den-
sity and productivity seems unclear. There is a weak positive cor-
relation between the daily production of oil and fracture density 
of the 5 test wells (Fig. 14). Combined with a previous analysis 
of the production data of 189 horizontal wells and 24 vertical 
wells in the Ordos Basin (Lyu et al., 2019), the initial oil produc-
tion of vertical wells presents a positive correlation with fracture 
abundance. It could be inferred that the density of a natural frac-
ture has a positive effect on the production of tight oil. Compared 
with the effect of the density of natural fractures on tight oil pro-
duction, it is believed that aperture of a natural fracture is closely 
related to tight oil production capacity. The aperture of tectonic 
fractures is less affected by diagenesis and more affected by the 
current direction of maximum principal stress. In the oil test zone, 
higher proportions of fractures parallel to the current maximum 
principal stress direction lead to larger fracture apertures and 
stronger seepage capacity, resulting in higher daily oil test yield. 
 
5  CONCLUSIONS 

(1) Three types of natural fractures developed in the Per-
mian Lucaogou Formation, namely, tectonic fractures, diage-
netic fractures, and overpressure-related fractures, respectively. 
There are various kinds of diagenetic fractures, including bed-
ding fractures, stylolites, intragranular fractures, grain-boundary 
fractures, and diagenetic shrinkage fractures. Macrofractures are 
major migration channels, and microfractures could be viewed 
as larger pore throats that serve as storage space. 

(2) The lithology determines the density of the fractures, 
and the bed thickness constraints the length of the fractures. Tec-
tonic fractures mainly develop in sandstone and dolomite. The 
grain size and brittle content in the same lithology determine the 
extent of tectonic fractures. The intensity decreases with an in-
crease in bed thickness (R2=0.956 7). Bedding fractures best de-
velop in mudstone, followed by dolomite, limestone, and silt-
stone. They are poorly developed in sandy conglomerate, coarse 
sandstone, medium sandstone, and fine sandstone.  

(3) Tectonic fractures in the study area formed in three 
stages: Late Triassic, Middle–Late Jurassic, and Early Creta-
ceous. Diagenetic fractures formed along with the diagenesis, 
before the formation of the tectonic fractures, while the over-
pressure-related fractures formed mainly during the Middle and 
Late Jurassic. 

(4) The bedding fractures and the stylolites function as the 

primary migration channels. The intergranular, grain-boundary, 
and diagenetic shrinkage fractures share continuity along micro-
pores to increase the connectivity of tight sandstone. Meanwhile, 
the first and second tectonic fracture stages ensured the effective 
charging of tight oil, and the third phase of tectonic fractures re-
adjusted the accumulation and distribution of tight oil in the for-
mation. The overpressure-related fractures are fully filled with 
calcite and thus make limited contributions to the effectiveness 
of the tight reservoir. 

(5) Natural fractures are the critical factor influencing tight 
oil production. The tectonic fractures with high dip angles con-
trol the flow system of the tight reservoirs, and they should be 
used as the main basis for understanding the pattern of oil accu-
mulation. The current principal stress effectively controls the 
fracture apertures, which determines the effectiveness of frac-
tures; hence, its direction is the critical factor influencing the ef-
fectiveness of fractures.  
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