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A B S T R A C T   

This study investigates natural tectonic fractures in 22 wells that penetrated the tight oil reservoirs in the middle 
Permian Lucaogou Formation in the southeastern Junggar Basin, China. Analysis was conducted using con-
ventional image logs of wellbores, acoustic emissions (AEs) data collected from core rock mechanics testing, fluid 
inclusion analysis, and C–O stable isotopes and Ir element analyses of fracture-filling minerals, in order to 
constrain the relative timing of fracture development. The geochemical properties of fracture-filling minerals and 
Kaiser effect points, combined with the regional tectonic analysis, revealed a four-stage fracture development in 
the tested tight reservoirs. During Stage 1, continuous N–S compression occurred at the end of Late Triassic, 
producing many NW-trending extensional fractures. Calcite fillings were formed within these fractures at tem-
peratures between 31.7 and 45.0 ◦C based on fluid inclusion analysis. SW–NE compressive stress was produced in 
the Middle− Late Jurassic during Stage 2, forming ENE-trending shear fractures. The calcite fillings within these 
fractures formed at temperatures between 50.1 and 64.6 ◦C. During Stage 3, intense N–S compression formed 
NNW-trending shear fractures in the Early Cretaceous, and calcite fillings formed at temperatures between 80.0 
and 89.9 ◦C. Finally, Stage 4 corresponds to nearly N–S compression due to the tectonic activities occurring from 
Tertiary to nowadays, creating NNW-trending shear fractures; no or minimal partial filling of calcite occurred 
during this Stage. Based on the relation between the oil generation windows and stages of fracture development, 
it is proposed that the fractures that developed within the Lucaogou Formation during Stages 2–4 have minimal 
mineral filling, which is most favorable for oil and gas migration and accumulation.   

1. Introduction 

Several well-known tight reservoirs are composed of compacted, 
brittle rocks that have experienced intense diagenetic processes and late- 
stage tectonism (Sonnenberg and Pramudito, 2009; Rich and Ammer-
man, 2010; Clarkson et al., 2012; Zou et al., 2012; Nojabaei et al., 2013). 
The role of fractures in reservoirs in the Jimsar Sag have also been noted. 
Natural fractures are widespread in tight reservoirs (Nelson, 1985; 
Laubach, 1988; Lorenz et al., 1989; Gale et al., 2014). In tight rocks, 

differences in fracture attributes profoundly influence fluid flow and 
associated oil, gas and water producibility (Laubach, 2003; Cumella and 
Scheevel, 2008; Olson and Taleghani, 2009). Natural fractures are pre-
sent in many reservoirs in China, where they are inferred to have a 
strong effect on the exploration and development potential of potential 
reservoirs (Zeng and Li, 2009; Li et al., 2017; Singh and Cai, 2018; Kong 
et al., 2021). Hence, research on fractures in tight reservoirs is critically 
helpful for assessing the layout of tight oil and gas target zones (Dutton 
and Hamlin, 1991; Abbasi et al., 2014; Ge et al., 2014; Wang et al., 
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2016a,b). Tectonic stress is a crucial factor controlling the development, 
abundance and orientation of fractures in tight reservoirs (Van 
Golf-Racht, 1982; Hennings et al., 2000; Pearce et al., 2011; Tang et al., 
2017; Wang et al., 2018). Matching timing of fractures that developed 
during different stages of tectonic activity to petroleum generation and 
expulsion stages can help predict how the fractures control the 
petroleum-bearing potential of the tight oil and gas reservoirs (Perez and 
Boles, 2005; Filho and Sepehrnoori, 2017; Zhang et al., 2020a; Cao et al., 
2021). 

The Permian Lucaogou Formation in the Junggar Basin is one crucial 
tight sandstone oil target of China (Kuang et al., 2012; Du et al., 2014). 
Wells from this Formation including J37, J251, and J32, drilled in the 
Jimsar Sag within the southeastern part of the Basin, have provided 
economic oil flows since 2010. Excellent source rocks with vitrinite 
reflectance (Ro value) generally between 0.8 and 1.0 have developed in 
the Jimsar Sag (Kuang et al., 2012). These source rocks have a relatively 
high oil generation potential and represent a total resource of 1 billion 
tons, thus indicating good exploration potential (Carroll and Bohacs, 
2001; Xie et al., 2015; Pan et al., 2016). 

Since the late Paleozoic, the Jimsar Sag has undergone varying de-
grees of superposition of multiple stages of tectonic activity (Yang et al., 
2004; Zhao and Du, 2012; Si et al., 2013). These tectonic activity stages 
have not only controlled the stratigraphic relationship and tectonic 
characteristics within the Jimsar Sag but also produced varying stages of 
tectonic fractures development, affecting the mechanical properties of 
tight reservoirs in this Formation (Si et al., 2013). The existing research 
mainly concentrates on the lithological and sedimentary characteristics, 
pore structure, and regional tectonics associated with tight oil surveying 
in the Jimsar Sag (Kuang et al., 2012; Zhang et al., 2014; Jiang et al., 
2015; Xi et al., 2015; Qiu et al., 2016). However, less attention has been 
given to the natural fracture systems in this area. The relationship be-
tween natural tectonic fractures, oil and gas movement and gathering, 
and their influence on development optimization has not yet been 
established. Hence, the tectonic fractures in the tight oil reservoirs of 
this Formation must be systematically studied. 

2. Geological setting 

The Junggar Basin, one major superimposed petroliferous basin in 
China, is positioned in north of Xinjiang Uyghur Autonomous Region 
and covers approximately 38 × 104 km2 (Zhao, 1992a, 1992b, 1992b; 
Chen et al., 2003; Cao, 2005; Cao et al., 2006; Xiao et al., 2010). The 
basin was formed in late Early Permian, when the Bogda trough on its 
southern margin started to close and orogeny occurred. The Jimsar Sag 
connected with the Bogda Piedmont Sag and the Fukang Sag, and a set of 
volcanic molasses, which was thick in the south and thin in the north, 
was deposited (He et al., 2013; Zhao et al., 2014; Liang et al., 2016). By 
the middle Permian, the lacustrine facies of the Lucaogou Formation had 
deposited as a separate sedimentary unit. Tectonic fractures directly 

resulted from local tectonism. Tectonism frequently occurred in the 
Junggar Basin during the Middle Jurassic: three episodes caused intense 
vibrations, representing the most important reworking stages of the 
Jimsar Sag (Jiang et al., 2015; Cao et al., 2016; Tao et al., 2016). The 
Jimsar Sag is a secondary tectonic unit of the eastern uplift of the Basin 
(Fig. 1A) and lies in the southwest of this uplift. The Jimsar Sag covers 
approximately 1278 km2 and is bounded by Fukang fault belt, Jimsar 
fault, Guxi uplift, and Laozhuang/Xidi faults to the south, north, east and 
west respectively (Fig. 1B). The Lucaogou Formation spreading 
throughout the sag is 200–250 m thick on average and is thicker in the 
south and west. The studied tight reservoirs in the Permian strata of this 
Formation (P2l) lie below the Wutonggou Formation (P3wt) and above 
the Jiangjunmiao Formation (P2j). 

The Lucaogou Formation is separated vertically into two large 
sedimentary cycles (Lu-1, Lu-2), each of which is further divided by 
lithological variations into two members: P2l21 (upper) and P2l22 (lower) 
of Lu-2, and P2l11 (upper) and P2l12 (lower) of Lu-1 (Fig. 2). Two target 
zones for petroleum development with basically high petroleum pros-
pect and tight substrate occur in the upper and lower parts of this For-
mation (Zhang et al., 2017; Cao et al., 2016). The upper and lower target 
zones lie in member P2l22 of cycle Lu-2 and member P2l12 of cycle Lu-1 
respectively. The upper target zone initially developed in the east slope 
of the sag, with a thickness generally between 13.3 and 43.0 m. The 
lithology is dominated by gray dolerite, and feldspathic and dolomitic 
lithic sandstones, interwound with gray and dolomitic mudstones. The 
sandstone and mudstone beds are rich in carbonate and laterally 
continuous. The lower target zone is developed across the sag and has a 
thickness of 7.5–67.5 m; the rock types consist mainly of gray dolomitic 
siltstone, argillaceous siltstone with limy mudstone, dolomitic 
mudstone, and minor carbonaceous mudstone (Wu et al., 2016; Liu 
et al., 2017, 2018). Generally, the lower target zone is dominated by 
clastic rocks with relatively minor amounts of carbonate. 

3. Description of fractures 

Outcrop, core, microscopic and image log investigations demon-
strate that tectonic fractures generally are well developed in the 
Lucaogou Formation and can be separated into two basic classes: in-
clined fractures and bedding-parallel fractures. 

3.1. Fracture characteristics observed in field outcrops 

Tectonic fractures are commonly seen in outcrops of the Lucaogou 
Formation. Shear fractures are the most common type of tectonic frac-
tures; they usually occur in an “X” configuration, have stable attitudes, 
with lengths extending 0.1–5 m. Shear fracture surfaces are generally 
straight and smooth with striations and en-echelon steps, and the frac-
ture tails form wing cracks or rhombus rings. Extension fractures have 
variable attitudes, with rough and uneven fracture surfaces. The fracture 

Fig. 1. Location and sketch geological map of the Junggar basin and Jimusar Sag. A: the primary uplifts and sags of the Junggar basin (modified from Qiu et al., 
2016); B: the structural map of the top of the Middle Permian Lucaogou Formation of the Jimusar Sag (modified from Qiu et al., 2016). 
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apertures range from 0.1 to 5 mm, and the fractures are dominant non- 
mineralized to partially-filled (Fig. 3A). 

3.2. Core fracture characteristics 

Tectonic fractures with lengths between 0.1 cm and 20 cm were 
recorded in the core data from 22 wells in the study area (Fig. 1B), which 
include bedding-parallel shear fractures, inclined shear fractures and 
inclined extension fractures (Fig. 3C and D). Inclined tectonic fractures 
are mostly discontinuous. The inclined tectonic fractures that cross cut 
bedding-parallel fractures usually contain hydrocarbon materials; 
otherwise, they often bear no hydrocarbon materials. 

Bedding-parallel fractures are widely developed in the cores, which 
spread on the bedding surfaces at low angles, or horizontally, and are 
usually associated with inclined fractures, thereby forming intertwining 

fracture networks. These networks greatly increase the pore space and 
seepage capability of the tight reservoirs and provide a pathway for 
hydrocarbon migration, thereby greatly improving the reservoir prop-
erties. Under formation conditions, the aperture of the bedding-parallel 
fractures are about 0.1–4.5 μm, and bedding-parallel fractures are 
mostly closed but can become reservoir space if they become filled with 
hydrocarbons; such fractures are commonly preserved. The fractures 
unfilled with hydrocarbons commonly become primary pathways for 
underground fluid migration. During the fluid movement, the temper-
ature and pressure variations enable the fractures to transport substan-
tial amounts of rock-forming materials, which are ultimately 
oversaturated and precipitated; for example, CaCO3 migrated and 
formed poikilitic calcite by precipitation and cementation. These 
precipitated and cemented calcites block the space within the fractures, 
decreasing the fracture effectiveness (Fig. 3C). 

Fig. 2. Comprehensive well logging evaluation chart of the Lucaogou Formation reservoir in the Jimsar Sag (Well J174), modified after Wu et al. (2016) and Kuang 
et al. (2012). SP—spontaneous potential; GR—gamma ray; Ri—resistivity of intrusion zone; Rt—formation resistivity. 
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3.3. Microscopic fracture characteristics 

Common thin sections, thin sections, and scanning electron micro-
scopy (SEM) images were used to conduct observations and analyses. 
The tectonic fractures cut through laminations or mineral grains and are 
relatively planar with apertures of 0.1–100 μm and lengths of 0.1–10 
mm. The filling degree of these fractures is approximately 70 %, and the 
coating minerals are mostly calcite and dolomite; although some of the 
fractures are filled with argillaceous matter (Fig. 4A and B). In dolomitic 
sandstone and siltstone, microfractures cut through quartz, feldspar, and 
other minerals, or develop and extend along grain margins (Fig. 4C and 
D). 

The tectonic fractures formed due to minerals cracking under stresses 
that exceeded the resistance to rupture; tectonic fractures easily form 
within quartz, feldspar, and other brittle minerals. In contrast, clay 
minerals have relatively low brittleness, and rarely form tectonic frac-
tures. The tectonic fractures have relatively planar surfaces or zigzagged 
surfaces, and variable apertures (Fig. 5A and B). 

The intergranular fractures more often formed when different min-
erals are present, but they are undeveloped when same mineral pre-
dominates (Fig. 5C and D). Different minerals have differing crystal 
lattices and growth directions, which enables primary intergranular 
fractures to form more easily. However, when one mineral pre-
dominates, the crystal lattices are consistent, and intergranular fractures 
form less easily. In addition, when different mineral types are present, 
their various mechanical properties produce different shape distortions 
under the same stress; therefore, secondary intergranular fractures form 
more easily when different minerals are present. The hydrocarbon- 
generated fractures in these tight reservoirs formed due to hydrocar-
bon generation when the organic matter (OM) increased in burial depth 

and reached a certain maturity (Fig. 5E and F). The dissolution pores or 
cavities formed within the abundant carbonate minerals and then con-
nect with fractures to form pathways for oil and gas storage and 
migration. 

4. Data and methods 

84 samples of tight oil reservoirs were collected from 22 exploration 
wells in the middle Permian Lucaogou Formation in southeastern 
Junggar Basin, China. These samples were gray dolerite, feldspathic, 
dolomitic lithic sandstones and dolomitic mudstones. Before the tests, 
core samples were washed with a mixture of trichloromethane and 
alcohol to eliminate residual oil, and the samples were then dried at 
115 ◦C for 26 h under vacuum. Each core was drilled to size with a 
diameter of 2.54 cm and a length of 5.00 cm. All samples were packaged 
and sent to the laboratory for experimental analysis, which were used in 
the manufacture of casting thin sections, Fluid inclusions, Ir element 
measurement, c and O stable isotopes, Acoustic emissions (AEs), scan-
ning electron microscopy (SEM) observation and conventional logging 
and image logging for fracture identification, and so a uniform sample 
number was obtained. 

4.1. Fluid inclusions 

The fluid inclusions were investigated in depth by using micro- 
thermometry and laser Raman spectral analyses. With a Linkam 
THMSG 600 programmable heating-freezing stage installed on a Leica 
microscope, fluid inclusions were analyzed in the State Key Laboratory 
of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences (CAS). The uncertainty of temperature detection was 

Fig. 3. Photos of fractures in tight oil reservoirs in the middle Permian Lucaogou Formation in the southeastern Junggar Basin: (A) Shear fractures in field outcrops, 
they usually occur in an “X” configuration, have stable attitudes, and are relatively long, with lengths extending 0.1–5 m and apertures range from 0.1 to 5 mm; (B) 
Bedding fractures in field outcrops, these bedding fractures are relatively large and are more developed near strata that have a considerable variation in lithology, 
with lengths extending 1–10 m and apertures range from 0.1 to 0.3 mm; (C) Tectonic fractures in core (Well J251, 3590.60 m); (D) Tectonic fractures in core (Well 
J174, 3223.31 m). EF-Extension fracture; LSF-Low angle shear fracture; HSF-High angle shear fracture. 
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about ±0.2 ◦C below 50 ◦C and ±2 ◦C above 100 ◦C, and both ice- 
melting and homogenization temperatures were reached at a heating 
rate of 0.1 ◦C/min. Salinity of NaCl–H2O inclusions was computed using 
some existing equations (Bodnar, 1993) according to the final 
ice-melting temperature of dual-phase inclusions. Some individual fluid 
inclusions were compositionally analyzed by an RM-2000 Laser Raman 
microprobe at the State Key Laboratory of Geological Processes and 
Mineral Resources of the China University of Geosciences, Wuhan. The 
microprobe with an argon ion laser was operated at a laser source of 514 
nm and a scanning range of 100–4300 cm− 1 with 60 s of accumulation 
for each scan. The laser beam width was about μm, and the spectral 
resolution was ~0.14 cm− 1. 

4.2. Ir element measurement 

Platinum-group element (PGE) concentrations of whole-rock pow-
ders were determined according to Sun et al. (2009) on an Elan6000 
ICP–MS meter (Perkin Elmer-Sciex) at Guangzhou Institute of 
Geochemistry, and an Iso-Probe-T NTI-MS meter (Thermo Scientific) at 
Institute of Geology and Geophysics. PGE was also detected by a Fe–Ni 
sulfide fire assay. The powdered samples (each about 10 g) were blended 
with Na2B4O7 (40 g), Fe (2.5 g), Ni (1.0 g) and S (1.0 g) and removed 
into a fired clay crucible. The above blends were then added with 
working solutions of 185Re and 190Os spikes, covered with 5 g of 
Na2B4O7 powder and fused at approximately 1050 ◦C for 45 min (Sun 
et al., 2009). The resulting beads were put in a glass beaker with 15 ml of 
H2O, and then 30 ml of HCl was added. The solutions were heated until 
being clear and then filtered, and then the insoluble residues were 
placed into a distilling instrument for Os distillation (Sun et al., 2009). 
Os concentrations in the resulting Os solutions were measured by 
isotope dilution. After that, PGE in the remaining solutions was 

preconcentrated, and Os was all eliminated chemically according to Sun 
et al. (2009). At last, the volume of the remaining solution was diluted to 
10 ml by adding H2O for analysis of Ru, Rh, Pd, Re, Ir and Pt. The 
detection limits of these elements were 0.002, 0.0015, 0.025, 0.0007, 
0.001 and 0.006 ng/g respectively (Sun et al., 2009). 

4.3. C and O stable isotopes 

Based on crosscutting relationships, the fillings from three fractures 
that had different strikes and shapes were selected for C and O stable 
isotopic analysis. Values of δ18O were detected for stable isotope ratio 
mass spectrometry on a GV Iso-Prime II device equipped with a Multi- 
Prep® online carbonate synthesis instrument at the Guangzhou Institute 
of Geochemistry, CAS. The sample material (about 0.1 mg) was put into 
a reaction vessel to react with 102 % H3PO4 (specific gravity 1.92 g/ 
cm3) at 90 ± 1 ◦C in the Multi-Prep® system. The released CO2 was 
harvested, cleaned and removed for mass spectrometry on an online 
Dual Inlet® system. The O and C isotope compositions were represented 
as standard δ-notation relative to SMOW and PDB, respectively. 
GBW04405 (a Chinese state standard) and NBS-19 (a global carbonate 
standard) were also analyzed. External precision was higher than ±0.1 
‰ (1σ) for both δ13C and δ18O detections. 

4.4. Acoustic emissions (AEs) 

AEs of cores from 7 wells (J30, J32, J174, J015, J5, J251, J15) were 
tested to investigate the fracture formation stages within the Lucaogou 
Formation tight oil reservoirs. 

Tight brittle rocks in strata that have experienced paleo-tectonic 
stresses have a stress “memory” (Paul et al., 2015). Microscopic or 
concealed micro-fractures are widespread in underground rock 

Fig. 4. Photos of microfractures in tight oil reservoirs in the middle Permian Lucaogou Formation in the southeastern Junggar Basin: (A) Tectonic microfracture 
(Well J174, 3781.52 m); (B) Tectonic microfracture (Well J174, 3175.62 m); (C–D) Thin section from Well J23, 1778.15 m and Well J174, 3287.83 m, showing 
microfractures cut through quartz, feldspar, and other minerals, or develop and extend along grain margins. 
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formations, which experienced changes in the tectonic stress field 
throughout its geologic history. Micro-fractures begin to expand when 
the applied stress in the laboratory experiment reaches the 
paleo-strength, which accordingly generates increasing acoustic emis-
sion times and strength; therefore, the stress value imposed in the lab-
oratory at a particular point may be equivalent to the strength of the 
paleo-stress field. 

Samples JM122 and JM132 from Well J251, JM34 and JM43 from 
Well J32, and JM58 and JM69 from Well J174 were selected for the 
crustal stress experiments. Uniaxial loading was applied to these sam-
ples using an RMT-159C rock mechanics tester designed by Institute of 
Rock and Soil Mechanics, CAS. The AE system adopted an SAEU2S full- 
waveform channel analyzer, which simultaneously collects and acquires 
relevant parameters (e.g. amplitude, ring-down count, energy, available 
value voltage, rise time) in addition to automatically generating various 
parameter-relation plots. Displacement loading was adopted at a 

velocity of 2 × 10− 3 mm/s, and the AE probe was a resonant SR150M 
type. In addition, the following were employed: center frequency ranged 
within 60–400 kHz and was deployed at the sides of the loading test- 
piece; sampling frequency 5000 Hz; sampling length 2048; parameter 
interval 50; filter 20–100 k Hz; waveform threshold 40 dB; parameter 
threshold 40 dB; and preamplifier gain 40 dB. Testing was conducted 
after establishing AE detecting system parameters. During the test, the 
loading system and the AE detecting system were started simulta-
neously, and the two computer systems then collected the required test 
data. During the test, loading was repeated twice and then re-loaded 
until samples were destroyed. 

4.5. Scanning electron microscopy (SEM) 

The core samples were conducted using a HITACHI SU8010 scanning 
electron microscope. A Merlin scanning electron microscope equipped 

Fig. 5. Scanning electron microscope images of microfractures in tight oil reservoirs in the middle Permian Lucaogou Formation in the southeastern Junggar Basin: 
(A) Tectonic microfractures (Well J251, 3769.08 m); (B) Tectonic microfractures (Well J31, 2715.96 m); (C) Intergranular fractures (Well J31, 2715.96 m); (D) 
Intergranular fractures are undeveloped when same mineral predominates; (E) Hydrocarbon-generated fractures (Well J23, 3564.66 m); (F) Hydrocarbon-generated 
fractures (Well J37, 3253.68 m). 
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with an energy dispersive spectrometer (EDS) was used for the BSE 
observations, which were performed through the recording of secondary 
electron images. 

4.6. Conventional logging and image logging for fracture identification 

Conventional logging can be used to identify fractured intervals 
(Aguilera, 1976; Zazoun, 2013). Many conventional logging methods 
exist, and each has a different sensitivity to fractures. The core obser-
vations show 16 non-fractured intervals that contain minimal fractures 
(fracture surface density <1.5 cm/cm2), and 23 fractured intervals that 
contain relatively developed fractures (fracture surface density >3 
cm/cm2), and these intervals were selected to study the response char-
acteristics of conventional logging to fracturing (Fig. 6). After obtaining 

the fracture responses of various logging sequences, seven logging se-
quences were optimized to obtain conventional logging parameters of 
these fractured and non-fractured intervals, as shown in Tables 1 and 2. 
According to the observations, good fracture responses can be obtained 
using lithological, electrical resistivity, and porosity logs. 

Image logging was developed in the 70’s and provides direct logging 
data that are more precise and detailed (Zeng et al., 2010; Khoshbakht 
et al., 2012; Xiao et al., 2015; Lai et al., 2017). By comparing the image 
logging data and core analysis results, one can not only determine the 
fine reservoir sedimentary characteristics but also identify and observe 
the fractures. Currently, common image logging tools include the re-
sistivity image logs (e.g. FMI) and acoustic image logs (e.g. UBI). This 
study mainly employed FMI data to analyze fracture distribution in the 
tested Formation (Fig. 7). 

Fig. 6. The crossplot of conventional logging sequence.  
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The white and black colors in the FMI images basically represent the 
high and low well wall resistivity respectively (Zeng et al., 2009; 2010, 
2013; Lyu et al., 2016). The resistivity of drilling fluid is largely smaller 
than that of a stratigraphic section. Due to water-based drilling mud 
invasion, open fractures and closed fractures are generally seen as low 
(black) and high (white) resistivity respectively. For semi-filled frac-
tures, the filled and open parts demonstrate high and low resistivity 
respectively. However, when there are no considerable differences be-
tween the properties of the fracture fill and the formation, the fractures 
are mainly identified by their appearance: they are randomly distributed 
and therefore show no obvious direction; they mostly appear with un-
clear margins and as highly variable dark patches in the image logs, 
whereas the bed interfaces are relatively continuous, have similar hy-
drodynamic characteristics, and generally have parallel 
high-conductivity anomalies. Image logging data were collected for 
almost all the wells within the Lucaogou Formation. In addition, image 
logging data can be used to quantitatively calculate the dip angle, 
porosity, and average width of the hydrodynamic effect of the fractures 
(Fig. 7). Regarding the fracture density, the concepts of absolute line 
density and relative line density are introduced to characterize the 
concentration of the fractures (Fig. 8). The calculation formula is as 
follows: 

Dalf  = 
[∑n

i=1

(

Ni

/

Li

)]

/n (1)  

Drlf  =  Dalf

(
∑n

i=1
Li

/

Lc

)

(2)  

where Dalf and Drlf are the absolute line density and relative line density 
of the tectonic factures respectively, fractures/m; i represents a frac-
tured interval; n is the total number of fractured intervals; Ni is the 
number of tectonic fractures in the ith fractured interval; Li is the length 
of the ith fractured interval, m; and Lc is the total length of the core, m. 
The relative linear density of the tectonic fractures were counted 
(Fig. 9). 

5. Results 

5.1. Fluid inclusions 

Fluid inclusions are the residual liquid from mineral crystallization. 
Measuring homogenization temperatures using fluid inclusions from 
fracture fillings is an effective method for investigating the timing of 

Table 1 
The main conventional logging sequence parameter statistics of 16 non-fracture sections.  

Well no Lithology DEN (g⋅cm− 3) AC (μs/ft) CNL (%) RLLS (Ω⋅m) GR (API) CAL (cm) SP (mv) 

J22 limestone 2.576 66.2 24.73 42.94 63.9 8.716 − 25.85 
J22 mudstone 2.412 86.46 31.7 5.16 61.88 8.607 − 14.87 
J25 mudstone 2.545 67.85 21.13 134.5 51.76 8.523 − 37.59 
J27 mudstone 2.339 78.86 29.16 107.39 57.76 8.538 − 22.83 
J173 limestone 2.503 69.22 21.98 231 49.39 8.483 − 14.23 
J173 mudstone 2.524 68.18 20.26 143.6 67.8 8.479 − 11.17 
J36 mudstone 2.448 70.72 26.83 146.4 42.56 8.61 − 16.87 
J37 mudstone 2.413 74.86 26.05 101.9 82.9 8.5 − 27.08 
J37 mudstone 2.56 65.02 22.17 110.1 67.2 8.623 − 31.44 
J174 mudstone 2.49 76.88 26.59 114.44 63.61 8.7 − 26.07 
J174 mudstone 2.51 69.18 24.76 180.72 70.68 8.68 − 27.01 
J174 siltstone 2.52 85.98 23.92 172.34 72.3 8.76 − 20.62 
J30 siltstone 2.55   84.18  8.46  
J30 mudstone 2.56   140.69  8.732  
J31 marl 2.506   173.66  8.586  
J31 mudstone 2.403   94.24  8.621   

Table 2 
The main conventional logging sequence parameter statistics of 23 fracture sections.  

Well no Lithology DEN (g⋅cm− 3) AC (μs/ft) CNL (%) RLLS (Ω⋅m) GR (API) CAL (cm) SP (mv) 

J31 siltstone 2.285   82.19  8.883  
J31 siltstone 2.282   40.11  8.751  
J32 mudstone 2.293   58.39  9.22  
J34 siltstone 2.355 85.47 29.41 48.86 75.49 8.57 − 5.41 
J34 siltstone 2.353 81.51 28.14 26.82 75.54 8.44 − 8.53 
J36 marl 2.163 87.88 31.58 44.92 71.91 8.75 − 16.97 
J36 mudstone 2.185 86.61 31.38 15.53 81.49 9.12 − 19.21 
J36 sandstone 2.459 85.47 30.02 29.11 96.19 8.71 − 19.15 
J36 mudstone 2.413 82.04 30.46 28.23 69.91 8.61 − 19.5 
J37 siltstone 2.276 81.89 30.08 34.44 95.16 8.61 − 29.54 
J37 limestone 2.414 73.73 28.52 22.04 102.48 8.81 − 27.9 
J37 limestone 2.272 97.7 36.85 20.76 77.42 8.64 − 27.76 
J37 limestone 2.312 80.87 31.65 24.24 97.59 8.36 − 26.82 
J37 mudstone 2.268 80.34 30.39 35.26 109.34 8.62 − 25.83 
J37 siltstone 2.425 79.01 28.78 57.39 85.23 8.96 − 42.22 
J37 mudstone 2.307 77.84 27.37 54.71 76.19 8.78 − 42.84 
J29 mudstone 2.215 110.48 38.89 5.01 69.61 9.34 − 19.81 
J172 mudstone 2.222 83.17 32.71 37.89 83.45 8.67 − 36.02 
J174 siltstone 2.296 96.45 38.21 43.51 102.67 8.64 − 23.39 
J174 limestone 2.276 90.61 32.56 65.66 77.69 8.73 − 14.97 
J174 mudstone 2.295 78.86 29.51 23.14 101.94 9.04 − 10.79 
J174 limestone 2.307 73.52 30.53 20.55 97.57 8.76 − 12.13 
J174 limestone 2.382 91.21 34.63 48.31 81.89 8.68 − 17.13  
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fracture formation (Laubach and Diaz-Tushman, 2009; Becker et al., 
2010; Zeng et al., 2013; Zhang et al., 2020b). Therefore, we determined 
the homogenization temperatures of inclusions in the fillings of tectonic 
fractures that developed during different stages within the Lucaogou 
Formation tight reservoir (Fig. 10). 

According to the measured homogenizing temperatures and salinity 
of inclusions from 110 secondary calcite samples (Table 3), three stages 
of hydrothermal activity can be determined (Fig. 11A and B). During 
Stage 1, the homogenization temperatures range from 31.7 to 45.0 ◦C, 
salinities range from 3.01 % to 4.95 %, and aqueous inclusions are 
dominant. During Stage 2, the homogeneity temperatures range be-
tween 50.1 and 64.6 ◦C with salinities between 8.49 % and 11.55 %, and 
the hydrocarbon inclusions are dominant. During Stage 3, the homo-
geneity temperatures range from 80.0 to 89.9 ◦C with salinities between 
14.15 % and 22.96 %, and the hydrocarbon inclusions dominate. These 
measured samples were obtained from cores, and the homogeneity 
temperature and salinity results correspond to the three groups of 
fractures found in the cores. Therefore, based on the homogenization 
temperatures and salinities of the inclusion types, the tight reservoirs of 
the studied Formation have undergone at least three stages of fracturing 
and hydrothermal activity. 

5.2. Ir element 

Ir is a stable chemical trace element that has a very long half-life. 
Strata from different periods have differing Ir contents (Pearson and 
Woodland, 2000; Shinotsuka and Suzuki, 2007). Therefore, this element 
can be used to indicate the variations in the underground fluid envi-
ronment. Calcite is the dominant fracture-filling mineral in the studied 
tight reservoirs in the Jimsar Sag, and the formation of the calcite is 
related to petroleum and other fluids. The natural fractures that formed 
during different stages are affected by late-stage fluid activity, and the 
earlier fracture fillings were formed during different times; therefore, 
the fillings contain different Ir values. Testing and analysis of the Ir 
content of the calcite fracture fillings from 87 sampling points show that 
the Ir contents generally range between 11.67 × 10− 12 and 28.93 ×
10− 12 g/g (Table 4), and can be divided into three intervals (Fig. 12). 
Interval I contains 28 samples that generally have Ir contents between 
11.67 × 10− 12 and 15.91 × 10− 12 g/g, accounting for 32.18 % of the 
samples; Interval II contains 25 samples that generally have Ir contents 
between 18.73 × 10− 12 and 22.94 × 10− 12 g/g, accounting for 28.74 % 
of the samples; and Interval III contains 34 samples that generally have 
Ir contents between 25.09 × 10− 12 and 28.93 × 10− 12 g/g, accounting 

Fig. 7. Image logging data fracture parameter calculation from Well J25.  
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for 39.08 % of the samples. These distributions of Ir (geochemical trace 
element) indicate that the fractures in the studied tight reservoirs 
formed during three stages. However, Ir can only be used to determine 

the number of stages of fracture development and cannot be used to 
determine the formation sequence of the fractures. Therefore, the results 
need to be combined with those of isotopic analyses to further confirm 
the specific time of formation of these fractures. 

5.3. C and O stable isotopes 

C and O stable isotopes of calcite are principally affected by the 
temperature and salinity of the associated media. During diagenesis, the 
burial depth, temperature, pressure, and organic matter (OM) decom-
position of sediments have particular impacts on the δ13C and δ18O 
values. Fracture systems alter after each successive tectonic activity, and 
during such changes, formation water charges, mineral crystals precip-
itate onto the fracture walls, and multistage cements adhere to the 
fracture walls during multiphase mineralized water flows (Naehr et al., 
2007; Gieskes et al., 2005; Loyd et al., 2016). Fluid inclusions formed 
during different periods contain different mineral compositions, and the 
δ13C and δ18O values of different stages of fracture filling vary. The δ13C 
and δ18O values of the fracture-filling calcite can be analyzed, and the 
different filling stages of the fractures can be determined. Ultimately, the 
stages of fracturing can be inferred. 

Fig. 8. (A) Crossplot of the average width and the absolute line density of the fractures; (B) Crossplot of the interstitial density and the absolute line density of the 
fractures; (C) Crossplot of the density and the relative line density of the fractures; (D) Crossplot of the density and the absolute line density of the fractures. 

Fig. 9. Histogram of the distribution of the relative linear density of the tec-
tonic fractures. 

Fig. 10. Microphotographs under plane-polarized light of representative fluid inclusions in calcite veins in the Lucaogou Formation: (A) aqueous inclusions in calcite 
veins; (B) hydrocarbon inclusions coexisting with little aqueous inclusions in calcite veins; (C) hydrocarbon inclusions coexisting with little aqueous inclusions in 
calcite veins. 
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Table 3 
Fluid inclusion homogenization and salinity composition of calcite fracture fills.  

Sample Testing position Cause Types Size Gas-liquid ratio Temperature Salinity  

Calcite vein Secondary gas–liquid inorganic salt water inclusions 8.8 ＜5 34.8 3.44  
Calcite vein secondary gas–liquid inorganic salt water inclusions 10.1 ＜5 34.4 3.4  
Calcite vein secondary gas–liquid organic inclusions 4.9 ＜5 38.8 3.86  
Calcite vein secondary gas–liquid inorganic salt water inclusions 7.1 ＜5 38.5 3.76  
Calcite vein secondary gas–liquid organic inclusions 7.2 ＜5 36.2 3.72  
Calcite vein secondary gas–liquid inorganic salt water inclusions 7.6 ＜5 39.6 4  
Calcite vein secondary gas–liquid inorganic salt water inclusions 5.5 ＜5 18.3 1.59  
Calcite vein secondary gas–liquid inorganic salt water inclusions 4.1 ＜5 32.9 3.19  
Calcite vein secondary gas–liquid inorganic salt water inclusions 3.9 ＜5 43.3 3.31  
Calcite vein secondary gas–liquid inorganic salt water inclusions 4.1 ＜5 41.3 4.24  
Calcite vein secondary gas–liquid organic inclusions 7.1 ＜5 52.2 8.95  
Calcite vein secondary gas–liquid organic inclusions 9.9 ＜5 51.8 8.63  
Calcite vein secondary gas–liquid organic inclusions 4.9 ＜5 54.1 9.2  
Calcite vein secondary gas–liquid organic inclusions 8.2 ＜5 54.2 9.5  
Calcite vein secondary gas–liquid organic inclusions 6.3 ＜5 44.1 4.8  
Calcite vein secondary gas–liquid organic inclusions 8.2 ＜5 44.6 3.82  
Calcite vein secondary gas–liquid organic inclusions 10.2 ＜5 57.1 10.19  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.9 ＜5 57.1 10.06  
Calcite vein secondary gas–liquid organic inclusions 10.4 ＜5 54.5 9.67  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8 ＜5 55 9.71  
Calcite vein secondary gas–liquid organic inclusions 8 ＜5 56.9 9.93  
Calcite vein secondary gas–liquid organic inclusions 6.5 ＜5 45 4.95  
Calcite vein secondary gas–liquid organic inclusions 8.4 ＜5 48.3 6.69  
Calcite vein secondary gas–liquid inorganic salt water inclusions 3.1 ＜5 40.8 4.05  
Calcite vein secondary gas–liquid organic inclusions 5.3 ＜5 39.6 4.87  
Calcite vein secondary gas–liquid inorganic salt water inclusions 6.9 ＜5 35 4.54  
Calcite vein secondary gas–liquid inorganic salt water inclusions 3.6 ＜5 35.2 3.58  
Calcite vein secondary gas–liquid inorganic salt water inclusions 4.7 ＜5 21.2 2.69  
Calcite vein secondary gas–liquid inorganic salt water inclusions 5.8 ＜5 31.7 3.01  
Calcite vein secondary gas–liquid inorganic salt water inclusions 3.1 ＜5 33.1 4.24  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8.8 ＜5 35.7 4.13  
Calcite vein secondary gas–liquid inorganic salt water inclusions 7.9 ＜5 34.2 3.28  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.8 ＜5 43.6 4.47  
Calcite vein secondary gas–liquid organic inclusions 8.7 ＜5 43.7 3.75  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8.7 ＜5 43.7 3.75  
Calcite vein secondary gas–liquid inorganic salt water inclusions 6.3 ＜5 38.3 3.13  
Calcite vein secondary gas–liquid inorganic salt water inclusions 15.6 ＜5 38.6 3.85  
Calcite vein secondary gas–liquid organic inclusions 6.5 ＜5 52.8 9.08  
Calcite vein secondary gas–liquid organic inclusions 3.1 ＜5 53 9.1  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8.4 ＜5 53.9 10.71  
Calcite vein secondary gas–liquid organic inclusions 9.4 ＜5 50.1 9.21  
Calcite vein secondary gas–liquid organic inclusions 11.8 ＜5 50.5 10.1  
Calcite vein secondary gas–liquid organic inclusions 5.3 ＜5 50.8 8.52  
Calcite vein secondary gas–liquid inorganic salt water inclusions 7.5 ＜5 52.3 9.01  
Calcite vein secondary gas–liquid organic inclusions 5.3 ＜5 73.7 18.19  
Calcite vein secondary gas–liquid organic inclusions 9 ＜5 77.2 12.21  
Calcite vein secondary gas–liquid organic inclusions 5.6 ＜5 63.7 9.67  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8.4 ＜5 80 17.17  
Calcite vein secondary gas–liquid organic inclusions 8.6 ＜5 80.3 22.96  
Calcite vein secondary gas–liquid inorganic salt water inclusions 6.7 ＜5 80.8 15.21  
Calcite vein secondary gas–liquid inorganic salt water inclusions 4.7 ＜5 80.8 19.47  
Calcite vein secondary gas–liquid organic inclusions 4.8 ＜5 59.6 11.25  
Calcite vein secondary gas–liquid organic inclusions 5.6 ＜5 60.2 11.31  
Calcite vein secondary gas–liquid organic inclusions 5 ＜5 60.8 10.8  
Calcite vein secondary gas–liquid organic inclusions 7.8 ＜5 58.9 10.31  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.2 ＜5 61.2 8.82  
Calcite vein secondary gas–liquid organic inclusions 4.8 ＜5 61.5 11.55  
Calcite vein secondary gas–liquid organic inclusions 8 ＜5 61.9 8.55  
Calcite vein secondary gas–liquid organic inclusions 4.8 ＜5 57.3 10.25  
Calcite vein secondary gas–liquid inorganic salt water inclusions 4 ＜5 58.1 9.41  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.6 ＜5 58.8 9.6  
Calcite vein secondary gas–liquid inorganic salt water inclusions 8.1 ＜5 83.3 20.73  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.8 ＜5 83.4 16.24  
Calcite vein secondary gas–liquid inorganic salt water inclusions 5.3 ＜5 83.7 20.03  
Calcite vein secondary gas–liquid organic inclusions 11.2 ＜5 85.5 21.28  
Calcite vein secondary gas–liquid organic inclusions 10.3 ＜5 85.7 14.31  
Calcite vein secondary gas–liquid organic inclusions 6.6 ＜5 85.7 17.07  
Calcite vein secondary gas–liquid organic inclusions 7 ＜5 85.1 20.33  
Calcite vein secondary gas–liquid organic inclusions 9.7 ＜5 84.7 16.79  
Calcite vein secondary gas–liquid organic inclusions 4.2 ＜5 67.3 13.42  
Calcite vein secondary gas–liquid inorganic salt water inclusions 6 ＜5 79.4 14.51  
Calcite vein secondary gas–liquid organic inclusions 11.4 ＜5 88.3 20.27  
Calcite vein secondary gas–liquid organic inclusions 7.1 ＜5 88.1 16.42  
Calcite vein secondary gas–liquid inorganic salt water inclusions 12.3 ＜5 88.6 16.14 

(continued on next page) 
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Therefore, to infer the formation stages of the fractures, 16 pieces of 
core fracture-filling samples from 16 wells were selected for C and O 
stable isotope testing and analysis (Table 5). The C–O isotope distribu-
tion diagram shows that the samples can be divided into three intervals, 
with respective average values of corresponding O isotopes of − 7.99 ‰, 
− 9.97 ‰, and − 12.42 ‰ (Fig. 13), representing the formation of frac-
tures during three stages. The formation temperatures of the fractures 
were calculated using the temperature measurement equation for the O 
isotope proposed by Epstein and Mayeda(1953) as follows: 

t= 31.9 − 5.55
(
δ18O − δ18Ow

)
+ 0.7

(
δ18O − δ18Ow

)2 (2)  

where t is the formation temperature of the calcite, δ18O is the O isotopic 
value of the mineral (‰), and δ18Ow is the O isotopic value of the water 
when the mineral is formed (‰). By also considering the surface 

temperature and geothermal gradient, the paleo-burial depth of fracture 
formation can then be estimated. Finally, combining these results with 
the stratigraphic burial depth evolution of the basin, specific formation 
times of the various fracture stages can then be determined. 

The Permian Lucaogou Formation is present in a saline lake basin 
environment, and the average water isotope value is generally assumed 
to be − 7‰. Using this value and the measured values of the various 
stages of O isotopes, the formation temperatures of the three stages of 
fracturing can be calculated as 38.1 ◦C, 54.6 ◦C, and 82.6 ◦C. 

5.4. Acoustic emissions 

The count of Kaiser impact points along the AE curve of an AE 
experiment can then be used to determine i) the stages when minimum 
stress occurred and ii) the associated stress field experienced by the rock 

Table 3 (continued ) 

Sample Testing position Cause Types Size Gas-liquid ratio Temperature Salinity  

Calcite vein secondary gas–liquid organic inclusions 7.5 ＜5 84.1 22.42  
Calcite vein secondary gas–liquid organic inclusions 9.1 ＜5 84.2 14.15  
Calcite vein secondary gas–liquid organic inclusions 9.9 ＜5 83.7 15.86  
Calcite vein secondary gas–liquid organic inclusions 7.3 ＜5 84.6 16.85  
Calcite vein secondary gas–liquid organic inclusions 4.9 ＜5 84.9 19.14  
Calcite vein secondary gas–liquid organic inclusions 9 ＜5 83.8 21.14  
Calcite vein secondary gas–liquid organic inclusions 7.2 ＜5 81.3 15.06  
Calcite vein secondary gas–liquid organic inclusions 6.6 ＜5 81.7 20.55  
Calcite vein secondary gas–liquid organic inclusions 8.5 ＜5 82.3 21.68  
Calcite vein secondary gas–liquid organic inclusions 8.4 ＜5 83 15.6  
Calcite vein secondary gas–liquid organic inclusions 5 ＜5 80.8 21.98  
Calcite vein secondary gas–liquid organic inclusions 5 ＜5 81.3 16.21  
Calcite vein secondary gas–liquid organic inclusions 7 ＜5 62 9.87  
Calcite vein secondary gas–liquid inorganic salt water inclusions 5.1 ＜5 63.5 8.87  
Calcite vein secondary gas–liquid organic inclusions 9.5 ＜5 67.3 12.99  
Calcite vein secondary gas–liquid organic inclusions 11.4 ＜5 57.3 10.34  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.3 ＜5 58.8 9.76  
Calcite vein secondary gas–liquid organic inclusions 8.7 ＜5 59.1 8.41  
Calcite vein secondary gas–liquid organic inclusions 8.1 ＜5 59.4 11.19  
Calcite vein secondary gas–liquid organic inclusions 7.4 ＜5 64.6 11.87  
Calcite vein secondary gas–liquid inorganic salt water inclusions 6.8 ＜5 85.8 21.93  
Calcite vein secondary gas–liquid organic inclusions 8.3 ＜5 86.9 15.19  
Calcite vein secondary gas–liquid organic inclusions 5.3 ＜5 85.1 16.59  
Calcite vein secondary gas–liquid organic inclusions 10.7 ＜5 85.4 16.51  
Calcite vein secondary gas–liquid organic inclusions 6.6 ＜5 87.2 14.69  
Calcite vein secondary gas–liquid organic inclusions 7.6 ＜5 86.1 22.52  
Calcite vein secondary gas–liquid organic inclusions 8.1 ＜5 86.3 18.31  
Calcite vein secondary gas–liquid organic inclusions 12.6 ＜5 91 24.57  
Calcite vein secondary gas–liquid organic inclusions 9.3 ＜5 89.9 21.37  
Calcite vein secondary gas–liquid organic inclusions 8.3 ＜5 89.2 19.77  
Calcite vein secondary gas–liquid inorganic salt water inclusions 9.2 ＜5 92.9 25.31  
Calcite vein secondary gas–liquid organic inclusions 8.8 ＜5 97.9 25.78  
Calcite vein secondary gas–liquid organic inclusions 12.1 ＜5 97.3 27.88  
Calcite vein secondary gas–liquid organic inclusions 10.6 ＜5 97.5 19.12  
Calcite vein secondary gas–liquid organic inclusions 8.2 ＜5 93.8 21.98  
Calcite vein secondary gas–liquid organic inclusions 7.9 ＜5 89.1 22.31  

Fig. 11. (A) Homogeneity temperature and frequency of calcite-filled fractures in the Lucaogou Formation; (B) Salinity and frequency of calcite-filled fractures in the 
Lucaogou Formation. 
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formation. However, the locations of these points on the AE curve 
correspond to step-like, sharply increasing locations, but the earlier and 
later steps do not represent the sequence of these points. Fig. 14 (except 
Fig. 14K) shows that the core samples generally have four Kaiser effect 
points, implying that the strata from which the samples were collected 
underwent at least four stages of fracturing. These four points generally 
have a certain range of variation in the stress field, indicating that the 
fractures (microfractures) related to the four points resulted from 
tectonism. However, only three types of fractures were recognized in the 
cores, possibly showing that two stages of tectonism produced two 
groups of fractures with the same attitudes. The results show that the 
study area underwent four stages of tectonism, which produced four 
stages of fracture filling, with two stages having the same or similar 
orientation. 

5.5. Conventional logging and image logging 

A cross analysis was conducted, mainly employing the main con-
ventional logging suites for the fractured and non-fractured intervals 
(Fig. 6). The fractured intervals in the study area predominantly show 
the following conventional response characteristics: the GR counting 
rate increases slightly; the SP and CAL curves show no clear responses to 
fractures; the resistivity values are lower in the fractured intervals than 
in the non-fractured intervals, and the deep neutron resistivity differ-
ence value is relatively low; the formation density clearly decreases; the 
acoustic travel time greatly increases; the “cycle-skip” characteristics are 
not apparent; and the neutron porosity clearly increases. 

The conventional logging suite shows a strong response to fractures 
in the study area. The main logging techniques used included DEN, AC, 
CNL, natural GR, and shallow lateral resistivity logging. These tech-
niques were used because thin interbeds spread extensively in the study 
area, and the impact of lithology on the SP and borehole diameter 
exceed that of the fractures; furthermore, the fracture dip angles vary 
greatly, and the deep and shallow lateral resistivity value difference is 

Table 4 
Ir composition of calcite fracture fills.  

Sample Testing position Ir element content  

Calcite vein 27.42  
Calcite vein 27.93  
Calcite vein 27.83  
Calcite vein 27.78  
Calcite vein 27.21  
Calcite vein 27.86  
Calcite vein 27.81  
Calcite vein 19.35  
Calcite vein 27.23  
Calcite vein 27.87  
Calcite vein 28.55  
Calcite vein 28.93  
Calcite vein 28.42  
Calcite vein 28.25  
Calcite vein 28.2  
Calcite vein 27.86  
Calcite vein 28  
Calcite vein 27.6  
Calcite vein 27.86  
Calcite vein 27.81  
Calcite vein 27.04  
Calcite vein 27.23  
Calcite vein 27.69  
Calcite vein 26.1  
Calcite vein 26.29  
Calcite vein 26.72  
Calcite vein 26.98  
Calcite vein 26.45  
Calcite vein 26.37  
Calcite vein 25.2  
Calcite vein 25.09  
Calcite vein 25.91  
Calcite vein 25.85  
Calcite vein 25.78  
Calcite vein 25.33  
Calcite vein 15.56  
Calcite vein 14.65  
Calcite vein 14.98  
Calcite vein 14.51  
Calcite vein 14.59  
Calcite vein 14.82  
Calcite vein 14.4  
Calcite vein 14.67  
Calcite vein 14.7  
Calcite vein 14.4  
Calcite vein 15.65  
Calcite vein 14.65  
Calcite vein 15.3  
Calcite vein 14.14  
Calcite vein 13.88  
Calcite vein 13.93  
Calcite vein 12.29  
Calcite vein 12.8  
Calcite vein 15.03  
Calcite vein 12.27  
Calcite vein 11.67  
Calcite vein 13.95  
Calcite vein 21.67  
Calcite vein 22.79  
Calcite vein 20.22  
Calcite vein 20.31  
Calcite vein 21  
Calcite vein 19.98  
Calcite vein 22.47  
Calcite vein 22.06  
Calcite vein 21.08  
Calcite vein 19.66  
Calcite vein 18.73  
Calcite vein 20.06  
Calcite vein 21.25  
Calcite vein 19.82  
Calcite vein 19.03  
Calcite vein 19.04  
Calcite vein 20.59  

Table 4 (continued ) 

Sample Testing position Ir element content  

Calcite vein 20.08  
Calcite vein 20.47  
Calcite vein 20.46  
Calcite vein 20.68  
Calcite vein 20.91  
Calcite vein 22.94  
Calcite vein 22.72  
Calcite vein 12.58  
Calcite vein 13.33  
Calcite vein 15.6  
Calcite vein 14.88  
Calcite vein 15.91  
Calcite vein 12.06  

Fig. 12. Sample number and Iridium content of calcite-filled fractures in the 
Lucaogou Formation. 
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relatively small. Therefore, it is not possible to distinguish the fractured 
intervals in the study area. 

Image logging interpretation results show that the fractures in the 
study area are dominated primarily by bedding-parallel fractures. There 
are weak variations between the absolute line densities, and apparent 
porosities of the fractures of target zones (Fig. 8A and B): the absolute 
line densities of fractures vary within 1–5 fractures/m, the widths are 
<0.1 mm, and the apparent porosity is generally <0.04 %. Compared to 
the upper target zone, there is an increase in the fracture area density in 
the lower target zone (Fig. 8C and D): the fracture area density in the 
lower target zone is up to 2–5 fractures/m, which is related to the 
greater concentration of fractures in sub-layers. Furthermore, there is a 
slight difference in the relative line density of fractures in the lower 
target zone compared to the upper target zone: the relative line density 
in the lower target zone generally tends to be greater, and the per-
centage of >1 fracture/m is above 50 % (Fig. 9). 

6. Discussion 

6.1. Sequence of formation of fractures with variable mechanical origins 

Observing the crosscutting, abutting, and coalescence relations 
among the core fractures is the most direct and effective method of 
analyzing the fracture stages. From the observations of the cores from 22 
wells in the Jimsar Sag, fractures from the target horizon in the study 
area are filled with varying degrees, and the fillings are dominantly 
calcite with minor argillaceous matter and pyrite. Our results indicate 
that there are principally three groups of tectonic fractures in the target 
zone of the Lucaogou Formation: the first group comprises short mod-
erate–high-angle fractures (with dip angles of 50◦–70◦) that are mostly 
extension fractures with widths of 0.5–2 mm; this group of fractures is 
nearly completely filled, mainly with calcite with minor argillaceous 
matter (Fig. 3C). The second group comprises inclined and subvertical 
fractures (with dip angles mostly above 70◦), which are longer than can 
be measured in the core, with planar fracture walls. Shear fractures 
dominate, and fracture apertures are generally <1 mm. In this group of 
fractures, one or several of the fractures generally cut through the 
bedding-parallel fractures, or fractures that have consistently similar 
attitudes occur in a group (Fig. 3D); these fractures are predominantly 
fully filled or partially-filled; many types of fillings are observed, but 
calcite dominates, while some sections are filled with pyrite. The third 
group comprises bedding-parallel oblique crossing fractures (15–30◦), 
which are very long and predominantly shear fractures (Fig. 3A and B). 
The fracture apertures are relatively large (generally >1 mm). In these 
fractures, the filling degree is relatively low, with calcite and argilla-
ceous matter occasionally observable, and most of the fractures contain 
oil and gas shows. This is the better developed group of fractures in the 

Table 5 
Carbon and oxygen isotopic composition of calcite fracture fills.  

Sample Well no. Buried depth/m Core lithology Testing position δ13C (PDB) δ18O (PDB) Salinity index Formation temperature (◦C) 

JM-3 J30 3929.2 Muddy limestone Calcite vein 3.42 − 10.103 130.288 55.862 
JM-6 J30 4082.6 Silt Calcite vein 2.036 − 9.856 133.395 53.461 
JM-14 J30 4051.1 Silt Calcite vein − 0.513 − 7.339 127.451 33.862 
JM-32 J32 3900.1 Muddy limestone Calcite vein 2.997 − 10.749 136.527 62.545 
JM-45 J32 3781.1 Finestone Calcite vein 6.149 − 12.471 134.093 83.216 
JM-49 J32 3766.8 Dolomite Calcite vein 0.159 − 7.845 123.550 37.090 
JM-57 J174 3632.5 Limestone Calcite vein 5.812 − 12.187 136.437 79.521 
JM-69 J174 3608.2 Silt Calcite vein 2.965 − 9.538 135.633 50.495 
JM-70 J174 3571.3 Dolomite Calcite vein − 0.316 − 8.317 131.824 40.423 
JM-86 J251 3356.8 Silt Calcite vein 3.578 − 9.772 130.789 52.663 
JM-92 J251 3111.0 Muddy limestone Calcite vein 7.03 − 12.683 123.499 86.048 
JM-104 J251 2901.6 Finestone Calcite vein − 0.476 − 8.632 129.259 42.822 
JM-107 J251 2744.9 Silt Calcite vein 0.214 − 7.012 124.563 31.967 
JM-111 J15 2741.7 Limestone Calcite vein 2.741 − 9.801 134.122 52.937 
JM-123 J15 2662.6 Silt Calcite vein 0.997 − 8.812 121.855 44.255 
JM-129 J15 2484.0 Muddy limestone Calcite vein 6.578 − 12.355 126.769 81.693  

Fig. 13. Carbon and oxygen isotope values of calcite-filled fractures in the 
Lucaogou Formation. 

Fig. 14. Acoustic emission curve from non-directional reservoir rocks.  
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study area. 
In addition to the considerable differences in fracture attitudes and 

filling properties, these different groups of fractures also have very 
different crosscutting and abutting relations. In the cores, the bedding- 
parallel shear fractures usually about the inclined shear fractures and 
inclined extension fractures. For example, in the 3594.60–3594.73 m 
core section from Well J251 (Fig. 3A), one bedding-parallel shear frac-
ture filled with calcite is crosscut by an inclined extension fracture. In 
the core section of 3223.31–3223.56 m in Well J174 (Fig. 3B), one 
bedding-parallel shear fracture is crosscut by an inclined shear fracture. 
The inclined extension fractures and shear fractures are basically calcite- 
filled and more sparsely filled respectively. 

It can thus be preliminarily determined that inclined extension and 
shear fractures are early-stage fractures and that bedding-parallel shear 
fractures are late-stage fractures. 

6.2. Matching the development stages of tectonic fractures with the 
tectonic evolution history 

Calibration of chemical properties of fracture fillings is of consider-
able significance in the determination of fracture formation stages and 
their paleo-physical and chemical environments. When rocks break due 
to tectonic stress, formation water enters the fractures, and crystalline 
minerals precipitate out of the fluid and between the fracture walls. 
Therefore, the geochemical and isotopic characteristics of fracture fill-
ings can be used to effectively analyze the stages of fracturing. 

Information pertaining to the dip angle of the fractures in the upper 
and lower target zone intervals was obtained from the image logging 
data of ten wells (such as J36 and J37). The results show that the frac-
tures in the lower and upper target zone intervals are basically consis-
tent in strike, with variable dips (Fig. 14B). This indirectly indicates that 
fractures within different horizons were produced spatially in a consis-
tent tectonic setting within the study area, and that the fractures within 
the upper and lower target zone intervals developed with similar ori-
entations during corresponding stages. According to the strike data of 
the tectonic fractures in various wells, a plan view rose diagram of the 
strikes of the tectonic fractures and a general rose diagram of the strikes 
of the tectonic fractures were compiled. The tectonic fracture strike rose 
diagram shows that, in the study area, three evident fracture groups are 
present with different striking directions: ENE-striking, NNW-striking, 
and nearly N–S-striking fractures (Fig. 15A and C). In plan view, the 
three groups of fractures show certain regularities: the ENE-striking 

fractures are distributed in the middle and south of the sag; the nearly 
N–S-striking fractures mainly occur in the north and east; and the NNW- 
striking fractures are widely and relatively less distributed. According to 
the shapes and crosscutting relationships of the fractures determined by 
the field observations, the fractures formed in the following order: the 
nearly N–S-striking extension fractures (striking 0◦–27◦), the ENE- 
striking shear fractures (45◦–63◦), and finally the NNW-striking shear 
fractures (317◦–345◦). 

In general, in the fracture fillings, all the δ18O values are negative 
and all the δ13C values are positive, but these values have large ranges 
(δ13C ranges from − 0.513 to 7.030 ‰ and δ18O ranges from − 12.683 to 
− 7.012 ‰). The δ13C values increase with respect to the changes in the 
strength of the tectonic stages or diagenesis (Table 5), and the δ18O 
values show a negative trend and display inherited evolutionary char-
acteristics. To determine when the fracture fillings crystallized and 
formed, the δ18O values were selected as reference values when con-
ducting the temperature measurements and calculations. 

The calcite fillings in the Stage 1 fractures have δ18O values ranging 
from − 7.012 ‰ to − 8.812 ‰, and δ13C values ranging from − 0.513 ‰ 
to 0.997 ‰. Temperature calculation using the δ18O values provides 
results between 31.967 and 44.255 ◦C. The average burial depth during 
fracture filling was 863 m (Fig. 16); therefore, this stage of fracturing 
occurred during the late Triassic, and is the product of the Indosinian 
Movement. The Junggar Basin experienced intense tectonism in the late 
Triassic and transformed from a faulted setting to a compressional 
setting (Wang et al., 2016a,b; Liu et al., 2017, 2018, 2018; Zhu et al., 
2017; Zhang et al., 2020c). The exhumation of the sediments led to a 
decrease in confining pressure, generating numerous N–S-striking 
extension fractures. 

The calcite fillings of the Stage 2 fractures have δ18O values ranging 
from − 9.538 ‰ to − 10.749 ‰, and δ13C values ranging from 2.036 ‰ to 
3.578 ‰. According to our calculations, the formation temperatures 
range from 50.495 to 62.545 ◦C, and the burial depths during fracture 
filling averaged 2095 m (Fig. 16); therefore, this stage of fracturing 
occurred during the Middle− Late Jurassic, and the fillings are products 
of Episode II of the Yanshanian Movement. During this time, the Tian-
shan area underwent intense tectonism and fast uplifting. The basin 
margins moved northward, and an evolutionary stage dominated by 
compressional regime began (Hu et al., 2016a; Dong et al., 2015). The 
western segment of the Fukang fault belt produced SW− NE compressive 
stress, forming ENE-striking shear fractures. 

The calcite fillings of the Stage 3 fractures have δ18O values ranging 

Fig. 15. Rose diagram showing strike of joints based on well log image; (A) rose diagram of 10 wells (J33, J29, J30, J36, J32, J251, J172, J37, J22, and J31); (B) 
Histogram of tectonic fractures in different dips in J36; (C) rose diagram showing joints in all 10 wells. 
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from − 12.187 ‰ to − 12.683 ‰, and δ13C values ranging from 5.812 ‰ 
to 7.130 ‰. The formation temperatures of the fillings range from 
79.521 to 86.048 ◦C, and the burial depth during the formation of the 
fracture fillings averaged at 2845 m (Fig. 16); therefore, this stage of 
fracturing occurred during the Cretaceous, and the fillings are products 
of Episode III of the Yanshanian Movement. During the Early Creta-
ceous, the Bogda piedmont foreland sag experienced continuous folding 
under the tectonic stress (Sui, 2015; Huang et al., 2018), the southern 
Fukang fault belt was very active (Ji et al., 2017), and intense 
compressive nappe characteristics were expressed from north to south, 
forming NNW-striking shear fractures. In the Himalayan period, the 
Tianshan Mountains reserved the tectonic system of Episode III of the 
Yanshanian Movement (Ma et al., 2015; Yi et al., 2015), forming frac-
tures similar to those formed during the Cretaceous. As the formation 
time of these fractures was relatively late, the filling degree was lower 
than that of the Cretaceous fractures, and calcite filling did not form. 

6.3. Petroleum-bearing potential analysis of different fracture stages 

The apertures, distributions, and developing phases of fractures in 
tight reservoirs affect the migration and accumulation of oil and gas in 
different ways (Zhang and Lan, 2006; Zeng et al., 2007; Zeng and Li, 
2009; Sui, 2015). Previous studies indicate that the Lucaogou Formation 
entered early oil window maturity in the Late Triassic, with vitrinite 
reflectance Ro values of 0.5 %. Vitrinite reflectance then reached 0.7 % 
in the Middle− Late Jurassic, indicating a medium stage of maturity and 
peak hydrocarbon generation (Fig. 17A). During the formation of the 
nearly N–S-striking fractures, the Lucaogou Formation had not gener-
ated large amounts of petroleum, and the filling degree of the fractures 
was relatively high; therefore, the petroleum-bearing potential was 
relatively low. During Stages 2–4, fractures formed from the Mid-
dle− Late Jurassic to present-day, which was the peak petroleum gen-
eration period of the Lucaogou Formation. These fractures can 
effectively increase the oil and gas flow under relatively low reservoir 
porosity and permeability conditions; the petroleum-bearing potential 
of these fractures is high, and they contain low or no filling, which is 
more favorable for oil and gas accumulation. 

A plan view distribution map of the oil well yields was obtained by 
analyzing the yields of various production wells in the study area 

(Fig. 17B). Map shows that the north (with relatively well-developed, 
nearly N–S-striking fractures) has a relatively low oil well yield, 
whereas the center and south (with relatively well-developed ENE- 
striking and WNW-striking fractures) have relatively high oil well yields. 
However, the developmental degree of the fractures does not show a 
linear correlation with the oil and gas yield. This result further implies 
that the nearly N–S-striking fractures are not closely related to the oil 
and gas migration and accumulation, unlike the late-stage WNW- and 
ENE-striking fractures. 

The research conducted on the petroleum-bearing potential of frac-
tures shows that the central-southern sag is a favorable area for the next 
stage of exploration. The central-southern area, near the southern Bogda 
Mountains, has relatively well-developmental fractures. The timing of 
uplift of the Bogda Mountains was late; therefore, the filing degree of the 
fractures is low, and the area near the basin sedimentary center was 
within the oil generation window. These conditions are extremely 
favorable for the migration and accumulation of the earlier generated oil 
and gas resources and for the subsequent fracturing. In addition, the 
former stage of development shows that the central-southern area of the 
sag contributed most to production, proving that this area has good 
exploration prospects. Furthermore, organic inclusions are mainly pre-
sent in the calcite fillings of the later three stages of fracturing, further 
proving that oil and gas charging began during the formation the Stage 2 
fractures (Middle− Late Jurassic). 

7. Conclusions 

Outcrop, core, microscopic and image log observations demonstrate 
that tectonic fractures are generally well developed in the Lucaogou 
Formation and can be basically divided into inclined fractures and 
bedding-parallel fractures. 

According to the crosscutting relations of the fractures from the core 
observations, AE experiments, C and O stable isotope analyses, Ir ana-
lyses, and fluid inclusion temperature measurements, in combination 
with the knowledge of the tectonic setting and burial history, four 
fracture developing stages are identified in the tight reservoirs of the 
Jimsar Sag. During Stage 1, intense N–S compression occurred under a 
continuous extensional tectonic regime at the end of Late Triassic, which 
produced many N–S-striking extension fractures. During Stage 2, in 

Fig. 16. Burial history of the tight Lucaogou oil reservoirs (modified after Wu et al., 2016).  
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Middle–Late Jurassic, tectonism in the Tianshan Mountain area was very 
active, generating NE-trending compressive stress within the basin, 
forming ENE-striking shear fractures. Stage 3 occurred during the Early 
Cretaceous; the Bogda piedmont foreland sag experienced continuous 
folding, which generated intense N–S compressive nappe features within 
the basin and WNW-striking shear fractures. Stage 4 corresponds to the 
nearly N–S-trending compressive stress produced by tectonism that has 
occurred from the Tertiary to the present day; during this stage, WNW- 
striking shear fractures formed and generally were not filled. 

Comparing the timing of the oil generation windows and stages of 
fracture development, the Stage 1 fractures of the Lucaogou Formation 
formed early, were highly filled and have a low hydrocarbon-bearing 
potential. However, the latter three stages have lesser amounts of 
infill, which favors oil/gas mobility and accumulation and is favorable 
for oil and gas development within the study area. 
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