
1 Introduction 
 

North  America  has  greatly  benefited  from  the 

exploration  and  development  of  shale  gas  resources 
(Curtis,  2002;  Bustin,  2005;  Montgomery,  2005; 
Martinesu, 2007; Nelson, 2011; Ambrose et al., 2012; Nie 
Haikuang and Zhang Jinchuan, 2012; Zou Caineng et al., 
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Abstract:  Shale gas has currently attracted much attention during oil  and gas exploration and 
development. Fractures in shale have an important influence on the enrichment and preservation of 
shale gas. This work studied the developmental period and formation mechanism of tectonic fractures in 
the Longmaxi Formation shale in the Dingshan area of southeastern Sichuan Basin based on extensive 
observations of outcrops and cores,  rock acoustic emission (Kaiser) experiments,  homogenization 
temperature of fracture fill inclusions, apatite fission track, thermal burial history. The research shows 
that the fracture types of the Longmaxi Formation include tectonic fractures, diagenetic fractures and 
horizontal slip fractures. The main types are tectonic high-angle shear and horizontal slip fractures, with 
small openings, large spacing, low densities, and high degrees of filling. Six dominant directions of the 
fractures after correction by plane included NWW, nearly SN, NNW, NEE, nearly EW and NW. The 
analysis of field fracture stage and fracture system of the borehole suggests that the fractures in the 
Longmaxi Formation could be paired with two sets of plane X-shaped conjugate shear fractures, i.e., 
profile X-shaped conjugate shear fractures and extension fractures. The combination of qualitative 
geological analysis and quantitative experimental testing techniques indicates that the tectonic fractures 
in the Longmaxi Formation have undergone three periods of tectonic movement, namely mid-late 
Yanshanian movement (82–71.1 Ma), late Yanshanian and middle Himalaya movements (71.1–22.3 Ma), 
and the late Himalayan movement (22.3–0 Ma). The middle-late period of the Yanshanian movement and 
end of the Yanshanian movement-middle period of the Himalayan movement were the main fracture-
forming periods. The fractures were mostly filled with minerals, such as calcite and siliceous. The 
homogenization temperature of fracture fill inclusions was high, and the paleo-stress value was large; the 
tectonic movement from the late to present period was mainly a slight transformation and superposition 
of existing fractures and tectonic systems. Based on the principle of tectonic analysis and theory of 
geomechanics, we clarified the mechanism of the fractures in the Longmaxi Formation, and established 
the genetic model of the Longmaxi Formation. The research on the qualitative and quantitative 
techniques of the fracture-phase study could be effectively used to analyze the causes of the marine shale 
gas fractures in the Sichuan Basin. The research findings and results provide important references and 
technical support for further exploration and development of marine shale gas in South China. 
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2015; Jarvie et al., 2017). Since 2005, China has also 
strengthened the exploration and development of shale 
gas. In the Sichuan Basin, some shale gas fields with 
commercial value were discovered, such as the Fuling, 
Weiyuan,  Changning  and  Zhaotong  fields,  the  largest 
among them being the Fuling shale gas field with proved 
reserves up to 3805.98×108  m3,  making it  the second 
largest shale gas field in the world following that in North 
America (Guo Xusheng et al., 2014; Feng Ziqi et al., 
2016). With a current production capacity of 100×108 m3, 
the Fuling shale gas field has far-reaching significance in 
promoting the rapid development of China's natural gas 
industry  and  ensuring  national  energy  security  (Zou 
Caineng  et  al.,  2015).  It  has  been  proven  by  the 
exploration and development of shale gas nationally and 
internationally that shale fractures or fracture networks 
formed after fracturing have great significance for the 
enrichment of shale gas and the improvement of reservoir 
performance  and  production  capacity  (Pedersen  and 
Calvert, 1990; Narr, 1991; Rodriguez and Philp, 2010; 
Zumberge et al., 2012; Hao, 2013; Guo Xusheng et al., 
2014; Wang Ke et al., 2016; Feng Dongjun et al., 2016; 
Zou Caineng et al, 2016). 

Owing to the effect of tectonic stress, various types of 
fractures are easily generated in shale. In general, gas 
reservoirs with a higher degree of fracture development 
have better quality (Pedersen and Calvert, 1990; Narr, 
1991; Rodriguez and Philp, 2010; Zumberge et al., 2012; 
Hao, 2013; Zou Caineng et al., 2016). The productivity of 
shale gas in the Longmaxi Formation of the Sichuan Basin 
is closely related to the development of fractures (Nelaon, 
2001; Awdal et al., 2013; Gale et al., 2014; Fan Cunhui et 
al., 2016; Zou Caineng et al., 2016; Wang Ruyue et al., 
2016).  The history of the formation development and 
evolution of tectonic fractures is an important factor in oil 
and gas exploration and development. The characteristics 
of  tectonic  fractures,  formation  period,  and  genesis 
mechanisms are the focus and difficulties that need to be 
overcome in the field (Nelaon, 2001; Larsen et al., 2012; 
Awdal et al., 2013; Gale et al., 2014; Fan Cunhui et al., 
2016,2017; Zou Caineng et al., 2016; Wang Ke et al., 
2016; Lü Jing et al., 2017; Yuan Yusong et al, 2017). 
There are a variety of methods to study tectonic fractures, 
including data observation on outcrops and core fractures, 
analytical  analysis  on  downhole  fault  structure,  rock 
acoustic emission experiments, homogeneous temperature 
tests of fracture fillings inclusions, and apatite fission 
track test results. 

The Dingshan area is located in Qijiang in the southeast 
of  the  Sichuan  Basin,  attached  to  Shihao  town, 
Chongqing, covering an area of about 440 km2. Recently, 
great advancements have been made in Dingshan in the 

exploration of tectonic shale gas, and the key exploratory 
well (well 4) for gas testing of shale gas has the highest 
daily production of 20.56 × 104 m3, confirming that the 
Dingshan area has  good exploration and development 
prospects of shale gas. Under the effect of tectonic stress, 
well-developed  tectonic  fractures  have  formed  in  the 
Longmaxi Formation shale owing to the ductile shear 
rupture.  The  research  area  has  undergone  tectonic 
movement transformations of the Caledonian, Indosinian, 
Yanshanian, and Himalayan phases (Yuan Haifeng, 2008; 
Ding Wenlong et al., 2012; Hu Dongfeng et al., 2014; Lu 
Yingxin et al., 2016). The tectonic fractures of different 
phases have an important effect on the preservation and 
enrichment of shale gas, and the shale gas production of 
the Dingshan area, southeastern Sichuan. Therefore, this 
paper took the tectonic shale of the Longmaxi Formation 
of the Dingshan area in southeastern Sichuan as a case to 
comprehensively  study  fracture  formation  phases  and 
clarify the development phases and evolution modes to 
further guide the exploration and development of shale gas 
in  the  Longmaxi  Formation,  based  on  fracture 
investigations  of  surface  outcrops,  structural  analysis, 
observation of well drilling cores, and imaging logging 
explanations, combined with inclusion analyses of fracture 
fillings,  rock  acoustic  emission  experiments,  apatite 
fission  tracks(Sonntag  et  al.,  2012),  burial  history 
analyses, and previous research results. 
 
2 Geological Settings 
 

The Dingshan tectonic area is located in the down-
warping folded region in southeastern Sichuan, and the 
southern part spans the joint position of the eastern margin 
of the low belt of folded strata South of Sichuan and the 
southern slope belt of the Sichuan Basin. It has a potential 
height (Sun Wei et al., 2014) of the blind fault footwall at 
the anticlinal northwest wing of Jiudianya. With the whole 
plane modality manifesting as a nose-like anticline in an 
NE-SW  direction,  the  Dingshan  area  lies  in  the 
Sangmuchang–Jiudianya tectonic belt, where most linear 
folds  exist.  The  main  structure  is  a  trough-like  fold 
constituted by a high-steep anticline and fault belt of NE 
and NNE directions, and the tectonic pattern is anticlinal, 
wide  and  low,  synclinal  and  compact,  arranged  in  a 
parallel arrangement (Fig. 1). 

The lower  part  of  the  Longmaxi  Formation in  the 
Dingshan  area  is  dominated  by  carbonaceous  and 
arenaceous shale; the upper part is an interbedding of 
calcareous shale and laminated argillaceous apatite; and is 
about 158–334 m thick, and generally about 250 m long. It 
can be divided into the upper and lower sections according 
to the lithology. The lower section is graptolite shale, and 



 ACTA GEOLOGICA SINICA (English Edition)  
http://www.geojournals.cn/dzxben/ch/index.aspx Dec. 2018 Vol. 92 No. 6                      2353 

the upper section is the interbedding of gray-dark gray 
calcareous  shale,  calcilutite  and  gray  laminated 
argillaceous apatite or marlstone (the lower section is 
calcareous shale and argillaceous apatite, and the upper 
section  is  the  interbedding  of  calcareous  shale  and 
argillaceous apatite), locally being calcareous sandstone. 
 
3 Samples and Methods 
 

In this study, fracturing episodes and mechanisms were 
determined mainly through geological and experimental 
methods. Geological methods included geological field 
surveys and measurements of fractures, analyses of coring 
and logging data and experimental tests. Experimental 
tests  were  based  on  three  methods,  namely,  the 
homogenization temperature measurements on inclusions 
in fracture fillings, analyses of apatite fission-track ages 
and burial history, and Kaiser effect stresses of rocks. 
 
3.1 Geological measure and date analyses 

Geological  surveys  were  conducted  mainly  on  the 
Longmaxi Formation around Jiudianya and Sangmuchang. 
There  were  ten  surveying  routes  in  total.  Fracturing 
episodes were determined mainly by the development, 
cross-cutting relationships, and geometry of fractures in 
the field. Analyses of the coring and logging data were 
based on the data from five 460-m wells. According to the 
filling  characteristics,  cross-cutting  relationships,  and 

geometry  of  the  fractures,  the  formation  episodes  of 
subsurface fractures were deduced. Tectonic interpretation 
and analyses mainly utilized three-dimensional seismic 
data to resolve the distribution and mutually constraining 
relationships  of  faults  in  the  Longmaxi  Formation 
underground.  Formation  of  faults  and  fractures  were 
correlated  mechanically.  Resolution  of  faults  revealed 
stages of tectonic evolution and thereby validated the 
fracture-forming episodes. It is a practical and reliable 
method to invert the paleo-structure stress fields based on 
rich experience and traditional reliable tectonic theory and 
means(Nai Haikuang et al., 2004; Deng Bin et al., 2009; 
Xu Kangkang et al.,  2012; Bai Bin et al.,  2012; Dai 
Junsheng et al., 2017; Li Yufeng et al., 2018). This paper 
took the developed fractures in the exposed Longmaxi 
Formation stratum in the Dingshan area as the object of 
study, and obtained more than 600 directional observation 
data  from  the  outcrop  areas,  including  Guanyinqiao, 
Huaba, and Jiudianya (Fig. 2; Table 1). 
 
3.2 Experimental tests 

To  understand  the  fracture  formation  phases,  the 
homogeneous temperature test was performed on the test 
sample of the Longmaxi Formation in the Dingshan area. 

The fracture filling inclusions analysis technique is an 
effective method, which mainly adopts the homogenous 
temperature of primary inclusions formed at the same time 
of fracture filling to infer the paleo-structure period when 

 

Fig. 1. Simplified regional geological map of the study area. 
1, Upper Cretaceous; 2, Jurassic; 3, Triassic; 4, Permian; 5, Silurian; 6, Ordovician; 7, Cambrian; 8, Sinian; 9, dorsal syncline; 10, faults; 11, struc-
tural fractures and unidentified faults; 12, well locations.  
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fractures formed (Zheng Rongcai et al., 1998; Anderson, 
1948; Newton,1990; Ren Lihua and Lin Changyan, 2007; 
Yang Wei et al., 1996; Nai Shenghua et al., 2004; Deng 
Bin et al., 2009; Bao Hongzhi et al., 2009; Li Zhongquan 
and Liu Shun, 2010; Zhang Xufeng et al.,  2010; Xu 
Kangkang et al., 2012; Bai Bin et al., 2012; Dai Peng et 
al., 2015;Li Yang et al., 2016; Feng Dongjun et al., 2016; 
Niu Hairui et al., 2017; Dai Junsheng et al., 2017). Apatite 
fission track technology is not only a dating technique, but 
also an analysis technique for thermal evolution history. 
The  track  age  and  length  distribution  of  apatite  is 
considered to comprehensively reflect the thermal history, 
and can restore the thermal history (Xu Kangkang et al., 
2012).  Thus,  apatite  fission  tracks  have  become  an 
important and unique source of information for obtaining 
the  thermal  history  and  tectonic  evolution  of  low-
temperature regions. The rocks showed the Kaiser effect 
and acoustic emission experiments could be performed to 
observe the fracture phases. When the stress value of the 
rock load reached the quantity of the paleo stress field, 
micro-fractures were reopened, forming the Kaiser effect 
point (Nai Shenghua et al., 2004; Bao Hongzhi et al., 
2009; Zhang Jinhang et al., 2010; Bai Bin et al., 2012; Li 
Yang et al., 2016; Zhao Jianhua et al., 2016).The stress 
phases and tectonic stress field intensity of the rocks could 
be interpreted with the Kaiser effect point found by the 
acoustic emission experiment. 

To  accurately  determine  the  uplift  and  settlement 
history (the tectonic evolution history) of the Longmaxi 
Formation in the Dingshan area, the formation time of the 
Longmaxi  Formation  fractures  was  defined 
chronologically. In the present study, a more accurate 

dating  method,  apatite  fission  track  technology,  was 
adopted to invert the uplift history of the study area since 
the late Yanshanian period. 

In the present study, the high temperature and high 
pressure triaxial rock mechanics test system RTR-1000 
(GCTS  company)  was  adopted  to  perform  the  rock 
mechanics parameters experiment, the Kaiser effect test 
was conducted on the five core samples of DY3, DY4, and 
DY5 wells, and the acoustic emission experiment was 
carried out on the core samples from the three angles of 0, 
45, and 90°, determining the time corresponding to the 
original data of energy, ringing coefficient, and intensity.  
 
4 Results 
 
4.1 Fracture characteristics 
4.1.1 Fracture types 

According to the core observation of the five wells, 
including DY1, DY2, DY3, DY4, and DY5, combined 
with  the  fracture  analysis  of  the  outcrops,  such  as 
Chongqing  Guanyinqiao,  Huaba,  and  Jiudianya,  the 
fractures of the Longmaxi Formation in the Dingshan area 
could be divided into tectonic, diagenetic, and horizontal 
detachment fractures, and mainly consisted of structural 
fractures. Structural fractures mainly include plane shear, 
section shear, and a small number of tensile fractures. The 
shear fractures are widely developed. Shear fractures are 
generally  developed  at  the  observation  sites  of  the 
anticline nucleus and two wings and usually appear in 
pairs. The depth of cut through is large, and the developed 
filling  minerals  have  significant  directionality.  The 
extension  fractures  had  short  extension  distances,  a 

 

Fig. 2. Structural fractures of the Longmaxi Formation in the study area.  
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tortuous tail was partially visible in the core (Fig. 2c), and 
extension fractures on the surface were mainly developed 
in the anticline nucleus, spreading along the direction of 
the junction (NE direction). The diagenetic fractures were 
mainly developed at the lithologic interface, especially at 
the  interface  of  the  argillaceous  rocks,  and  usually 
developed along the bedding plane. The horizontal slip 
fractures had a low degree of angle, and scratch marks and 
flat friction mirrors could be seen locally. In addition, 
artificially induced fractures in the drilling process owing 

to the imbalance of heavy mud and ground stress and drill 
load and torsion were visible in the core. 
 
4.1.2 Fracture development characteristics 

According to the observation and statistics of the five 
well cores and surface, the Longmaxi Formation in the 
Dingshan area had fractures with lengths of mainly 10–20 
cm, followed by those ≥20 cm, and the two types of 
fractures accounted for about 90% of the total fractures. 
The fracture width was mainly concentrated at 0.5–1 mm, 

 
Table 1 List of tectonic fractures on outcrops of the Longmaxi Formation shale in the Dingshan-Sangmuchang area  
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accounting for  50%, followed by those at  <0.5  mm, 
accounting for about 14%, and generally the area was 
mainly distributed with small-width fractures, which were 
relatively  closed.  The  fracture  extension  length  was 
concentrated in a range of 10–20 cm, of medium degree. 
The fracture density was mainly concentrated in 1-1.5 
fractures/m、0.5-1  fractures/m、＜ 0.5  fractures/m, 
respectively, accounting for 23%, 33%, and 21% of the 
fracture development section. The fracture density of this 
area was relatively small, mostly lower than 1.5/m (Fig. 
3). 

In the Dingshan area, the length of the core fractures in 
the Longmaxi formation was mainly 10–20 cm, followed 
by fractures with a length of ≥20 cm, both kinds of 
fractures accounted for approximately 90% of the total 
number of fractures. The fracture angles were horizontal 
(<15°) and vertical (75°–90°), accounting for 31% and 
56%,  respectively.  The  cores  were  mainly  high-angle 
shear fractures and horizontal slip fractures; the fracture 
widths  were  mainly  concentrated  between  0.5–1  mm, 
accounting for 50%, followed by fractures with a width of 
<0.5 mm accounting for about 14%. Overall, fractures in 
this  area  were  dominated  by  small  relatively  closed 
fractures; fracture density was mainly concentrated in 1–
1.5 bars/m, 0.5–1 bars/m, and <0.5 bars/m, accounting for 
23%, 33%, and 21% of all fracture development zones, 
respectively, and the density was generally small (Fig. 3). 
According to core observations and FMI logging data, the 
proportion of unfilled fractures in the reservoir fractures of 
the  Longmaxi  Formation  was  about  20% ,  half-filled 
fractures was about 20%, full-filled fractures was about 
60%, The filling materials for filling fractures included 
calcite, pyrite, and organic matter. The filling degree was 
high, reflecting the good sealing effect of fractures in this 
area. The surface fractures were dominated by tectonic 

fractures, with large dip angles, often intersecting with 
stratum at high angles. The fracture characteristics differed 
significantly from those of cores; the extension of surface 
fractures was relatively long, and the surface fractures had 
long extensions, 60% of the extension length was between 
0.5 and 2 m, and 20% was between 2 and 4 m; fractures 
were mainly developed with medium densities (3–8 bars/
m), followed by <3 bars/m, both accounting for 95% of 
the total number of fractures, and the line density was 
higher than that of the fractures in the core. 

The  fracture  development  degree  of  the  Longmaxi 
Formation was impacted by the factors such as tectonic 
location, mineral composition, rock thickness, and rock 
mechanical parameters. The tectonic type of the study area 
was  mainly  the  thrust-nappe  structure  formed  and 
controlled  by  the  blind  fault  at  the  leading  edge  of 
Qiyueshan Mountain, which mainly develops folds and 
fractures in NE, NS, and NW directions. The shale in the 
study area had a brittle mineral content of 52.3%–62.6%, 
carbonatite content of 15.4%–21.6%, and clay mineral 
content of 20.4%–32.0%, with a brittleness index of 52.30
–62.66, 57.35 on average, i.e., an above-average level, so 
the  fracture  development  was  relatively  good;  the 
elasticity modulus of the Longmaxi Formation fracture 
was determined as 31746–20632 MPa and the Poisson's 
ratio  was  0.171–0.195  through  triaxial  stress  tests, 
implying  that  shale  has  a  good  capacity  of  fracture-
making, with excellent fracture toughness. 
 
4.2 Fracture development phases 
4.2.1 Investigation of ground surface fractures and 
classification of fracture phases 

The stratigraphic dip changed and the occurrence shape 
of fractures formed earlier also changed under the effect of 
stress superposition. The fracture occurrence shape by the 

 

Fig. 3. Characteristics of core fractures in the Dingshan area. 
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field measurement was that after tectonic deformation of 
the stratum in the late period. Using the level calibration 
method,  the  dip  angle  variations  and  development 
situations  of  the  conjugate  joint  before  and  after 
calibration were compared. The intersection line of the 
conjugated shear joint was parallel to the middle principal 
stress axis σ2, and the maximum principal stress axis σ1 
and the minimum principal stress axis σ3 were respectively 
parallel to the angular bisector of its acute and obtuse 
angles, which determined the direction of the principal 
stress. In this study, strGraphPrj software was adopted to 
reconstruct the fracture occurrence, and the occurrence 
shape data of fractures after calibration were obtained (Qin 
Limao et al.,  2003). Then, DIPS geological geometric 
analysis  software  was  used  to  analyze  the  preferred 
orientation  of  fracture  strike  with  rose  diagrams  and 
stereographic projection on the occurrence shape after 
reconstruction; thus, the direction the maximum principal 
stress was determined (Yang Weiran and Zhang Wenhuai, 
1996). 

Based on the reconstruction of the fracture occurrence 
shape,  combined  with  the  intersected  relation  of  the 
tectonic  evolution  characteristics  with  the  outcrop 
fractures of the study area, the fractures were staged and 
matched (Table 1).  

Plane shear fractures intersected with the vertical or 
high angles of the stratum surface. The fracture surface 
was straight and had a more stable appearance, which is 
often produced with a plane “X” conjugate; the section 
shear fractures were oblique to the rock plane at low 
angle, and the degree of development was poor relative to 
the plane shear fractures; tensile fractures were irregular in 
shape, with large variations in width and short extensions. 
According to the field fracture intersection relations and 
conjugate fracture recognition principles, the fracture data 
of the observation section was corrected for the stratum 
occurrence  and  then  the  fractures  were  staged  and 
matched. The results showed that there were four groups 
of X-shaped plane conjugate shear fractures (Table 1) in 
shale of the Longmaxi Formation in the study area in the 
spatial  distribution of  structural  fractures in  the  shale 
layer, with NWW (295°±5°) and NNW directions (345°
±5°), which constituted an early X-shaped plane conjugate 
shear fracture. These two sets of fractures formed early 
and were formed by the strong thrust of SE from the SE to 
the NW in the Jiangnan Xuefeng uplift. At the later stage 
of the tectonic action, a section shear fracture with NNE 
(35°±5°) and a small amount of NE tensile fractures were 
also  formed.  Near  SN  (5° ±5° )  and  NEE  (85° ±5° ) 
constituted another flat X-shaped conjugate shear fracture, 
which was formed by the extrusion in an NE direction, 
caused by the Central Sichuan, Jiangnan, and Central 

Guizhou uplifts in the late Yanshanian-mid-Himalayan, 
slightly later than SEE and SSE toward the fractures. 
Under this tectonic movement, NW-direction (315°± 5°) 
shear fractures were also formed. 

 
4.2.2 Description of Core observations imaging logging 
data to divide fracture phases 

The  research  of  core  observation  combined  with 
imaging logging found that there were four groups of 
development directions of the tectonic fractures in the 
study area (Fig. 4); fractures of a NWW (305°±5°) and 
NEE (80°±10°) direction developed the most, followed by 
those of NNE (30°±5°) and NNW (350°±5°) directions, 
and those  of  NWW (305°±5°)  and  NNW (350°±5°) 
directions were of the same phase and could be matched to 
planar X-shaped conjugated shear fractures according to 
the intersected relations of core and fractures and the 
filling characteristics, whereas fractures of NNE (30°±5°) 
and NEE (80°±10°) directions could be matched to the 
planar X-shaped conjugated shear fractures of another 
phase, which was consistent with the earth surface shear 
fractures of the study area in both occurrence shape and 
staged match. Owing to restrictions of wellbore locations, 
wellbore size, and the FMI range, FMI logging data in 
each well  only reflected the development of fractures 
around wellbores and could not fully reflect the overall 
development  of  the  underground  fracture.  Although 
dominant fracture positions were different in each well, 
they should all be included in the fracture development 
azimuth observed at the surface; the borehole azimuth has 
certain correspondence with the surface fracture azimuth. 
It can be seen that the downhole and surface fractures 
were controlled by the same tectonic stress field, and the 
surface fractures were consistent with the underground 
fractures in the formation mechanism. 

 
4.2.3  Description  of  downhole  fault  structure  to 
analyze fracture phases 

The evolution of the fault structure and development in 
the study area occurred under the control of the tectonic 
stress field in the southeastern Sichuan region, and they 
share certain inheritance and consistency in cause and 
characteristics.  Therefore,  the  tectonic  development 
phases could also be analyzed combined with the fault 
structure of the Longmaoxi Formation in the study area. 

The geophysical explanation (Fig. 5) showed that the 
NE fault system dominated the Longmaxi Formation in 
the study area, followed by that of the NW and near SN 
directions. Most of the fault dip angles were above 30° to 
60°, manifested as reverse faults of lower angles at the 
seismic section and formed under the effect of the tectonic 
stress of SE and NE directions; the fault of NE direction 
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was  formed  earlier  than  that  of  the  NW  and  NW 
directions, and that of NW and near SN directions were 
formed later. 
 
4.3 Experimental method 
4.3.1  Homogenous  temperature  of  fracture  filling 
inclusions 

According  to  the  temperature  distribution  and  its 
morphological  characteristics  of  fractures  in  different 
phases,  the major development phases of the tectonic 
fractures  in  this  area  were  classified  based  on  the 
revolution characteristics of Dingshan. 

The test results of the inclusion samples of the filling 
fluid in the DY2 well fractures in Dingshan (Table 2; Fig. 
6) suggest that there are at least three phases of fluid 
charging  activities  in  the  fractures  of  the  Longma 
Formation  shale,  proving  the  existence  of  shale  gas 
migration.  Phase  one  corresponded  to  the  first-phase 
tectonic uplift of the Dingshan area reaching the maximum 
burial depth, with the general homogenous temperature of 
296-–325°C and relatively high inclusion temperatures. 
Phase two occurred in the initial stage of the tectonic 
uplift, with the largely homogeneous temperature of 297–
310°C,  and the  saltwater  inclusions  in  both  siliceous 

 

Fig. 4. Partial FMI logging and fracture attitude of the Longmaxi Formation.  
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cements  and  calcite  cements  showed  relatively  high 
temperatures,  with  a  roughly  coincident  temperature 
range. However, the calcite could be seen crushed under 

the microscope, and cemented by siliceous matters, which 
is  formed  after  calcite.  Therefore,  the  calcite  cement 
settled in the first phase of fluid activities was gained, 

 

Fig. 5. Outline map of the fault system of the Longmaxi Formation in the Dingshan structure.  

Table 2 Characteristics of fluid inclusions filled in shale fractures in the Dingshan area 
Well 

location 
Serial 

number Horizon Depth 
(m)

Homogenization 
temperature (°C) Occurrence Description of hand specimens Host 

minerals

DY2 

1 S1l 4,364 258.3 Primary Black shale, high angle fracture filling with calcite veins Calcite
2 S1l 4,364 274.6 Primary Black shale, high angle fracture filling with calcite veins Calcite
3 S1l 4,364 180.1 Primary Black shale, high angle fracture filling with calcite veins Calcite
4 S1l 4,363.78 281.3 Primary Black shale, high angle fracture filling with calcite veins Calcite
5 S1l 4,363.78 297.8 Primary Black shale, high angle fracture filling with calcite veins Calcite
6 S1l 4,363.78 189.1 Primary Black shale, high angle fracture filling with calcite veins Calcite
7 S1l 4,363.78 232.4 Primary Black shale, high angle fracture filling with calcite veins Calcite
8 S1l 4,363.78 309.6 Primary Black shale, high angle fracture filling with calcite veins Calcite
9 S1l 4,363.78 316.9 Primary Black shale, high angle fracture filling with siliceous veins Siliceous
10 S1l 4,363.78 318.1 Primary Black shale, high angle fracture filling with siliceous veins Siliceous
11 S1l 4,363.78 312.7 Primary Black shale, high angle fracture filling with siliceous veins Siliceous
12 S1l 4,363.78 298.6 Primary Black shale, high angle fracture filling with siliceous veins Siliceous
13 S1l 4,363.78 325.2 Primary Black shale, high angle fracture filling with siliceous veins Siliceous
14 S1l 4,363.78 295.6 Primary Black shale, high angle fracture filling with siliceous veins Siliceous 
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crushed in the later tectonic activities, and cemented by 
the siliceous matters settled in the second phase. 

 
4.3.2 Apatite fission track and burial history analysis 

The experimental analysis of the sample apatite fission 
track in the Dingshan area showed that (Fig. 7), a common 
law could be obtained from the apatite fission track T-t 
trajectories of the three samples that have very similar 
time transition points of the uplift and settlement. The 
three sample apatite fission tracks, selected from different 
locations and horizons showed a similar law, representing 
the  uplift  and  settlement  history  of  the  Dingshan 
construction well. Since the middle to the late phase of the 

Yanshan tectonic movement (about 76 Ma), three obvious, 
two rapid, and a slow uplift have occurred in the study 
area. 

The DY1 well,  located in  Shihao,  Qijiang County, 
Chongqing, belongs to the Dingshan construction in the 
Lintanchang-Dingshan tectonic belt of a NE direction in 
the southeastern Sichuan area. The Lower Triassic Thatch 
Formation apatite was exposed on the ground surface, and 
the Upper Sinian Dengying Formation of the bottom drill 
passed. The burial history of DY1 well was amended 
(Ding Wenlong et al., 2012) (Fig. 8). The study area has 

 

Fig. 6. Fluid activity phase histogram of the Longmax For-
mation in the DY2 well.  

Fig. 7. The figure of apatite fission track temperature-time 
historical traces (after Wang Dong, 2009).  

 

Fig. 8. The buried history of DY1 well in the Dingshan area (Nie Haikuang, 2016).  
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experienced  three  stages  of  tectonic  uplift  since  the 
Yanshan tectonic movement: the first stage was in the 
middle-late phase of Yanshan movement (82–71.1 Ma), 
with the deepest burial after a rapid uplift; the second 
stage was at the end of Yanshan movement-the middle 
phase  of  Himalayan  movement  (71.1–22.3  Ma), 
experiencing a slow uplift; the third stage was in the 
middle phase of the Himalayan movement-present (22.3–0 
Ma), being in the rapid uplift stage, with a short duration 
and weak impact. 

 
4.3.3 Rock acoustic emission experiment 

By summarizing and screening the data, it could be seen 
from  the  energy  cumulative  number-time  relationship 
curve that with the gradual increase of load capacity a 
sharp increase occurred from 50, then four sharp energy 
cumulative increases occurred, resulting in a total of five 
energy  cumulative  heights  (Fig.  9).  There  were  five 
distinct  inflection  points  on  the  energy  cumulative 
percentage-time relationship curve, Kaiser effect feature 
points  (Fig.  10).  The sample acquisition horizon was 
located in the Longmaxi Formation at the downhole core 
(S1l), and there were five Kaiser effect points on the 
energy cumulative number-time relationship curve and 
energy  cumulative  percentage-time  relationship  curve, 
corresponding to four obvious tectonic movements besides 
the current tectonic movement. 

According to the original data of the acoustic emission 
experiment, the stress value, acoustic emission number 
and stress-time relationship curve of the rocks of various 
direction was obtained, and combined with the calculation 
formula of rock acoustic emission method (AES), the 
stress value at each sampling direction corresponding to 
the Kaiser point was determined (Table 3). 

According to the acoustic emission experiment data, the 
following results were obtained: There were five Kaiser 
effect points in the Longmaxi Formation of the Dingshan 
area,  which  reflected  that  the  rock  experienced  five 
microburst  events  in  the  geological  history  period. 
Combined with the existing research results and regional 
tectonic  evolution  history  of  the  study  area  and 
surrounding area, the comprehensive analysis suggested 
that the five movement phases of the Longmaxi Formation 
rock corresponded to the current tectonic stress, the late 
phase of Himalaya, end of Yanshan–the mid-phase of 
Himalaya, mid-/late phase of Yanshan, and Indosinian, 
among which the movement at the Indosinian phase was 
an overall rise and fall tectonic movement, exerting a 
weak impact on the tectonic fracture and fold form. 

In conclusion, the formation period of the Longmaxi 
Formation in the area was divided into three phases: the 
late phase of the Yanshan, end of the Yanshan-mid-phase 
of the Himalayan t, and late phase of the Himalayan 
movements. Specifically, the first phase was the middle 
and late period of the Yanshan tectonic movement, with a 
corresponding  time  of  82–71.1  Ma,  and  was  mainly 
impacted by the squeezing effect of the Jiangnan Xuefeng 
uplift of a SE-NW direction, with a maximum effective 
principal stress of 72.62–83.5 MPa; the second phase was 
the  end  of  the  Yanshan  movement–mid-phase  of  the 
Himalaya movement, and the corresponding time was 71.1
–22.3 Ma, mainly impacted by the joint action of the 
Jiangnan Xuefeng, Chuanzhong, and Qianzhong uplifts, 
triggering the squeezing effect of the NE-SW direction, 
with a maximum effect principal stress value of 90.49–
107.1 MPa; the third phase was the Himalayan movement
–present, and the corresponding time was 22.3–0 Ma, 
which was also impacted continuously by the joint action 
of the Jiangnan Xuefeng, Chuanzhong, and Qianzhong 
uplifts, but the tectonic stress intensity was relatively low 
and unstable, with a short duration time. Therefore, the 
first  and  second  phases  were  the  main  development 

Fig. 9. Relationship of energy cumulative number with time 
for S1l samples.  

 

Fig. 10. Relationship of energy cumulative percentage with 
time for S1l samples.  

 Table 3 Results of rock acoustic emission 
Serial 

number Well Depth
(m)

Stress component of the AE point σH 
( MPa)

σh 
(MPa)0º 45º 90º 

1 DY3 2,215 72.08 50.46 64.28 107.10 70.81
2 DY4 3,729 70.41 48.64 56.36 90.49 60.82
3 DY4 3,715 72.97 49.65 56.43 102.56 68.22
4 DY4 3,625 66.86 47.80 55.25 96.54 67.60
5 DY2 4,355 73.83 52.83 59.31 105.21 74.13
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phases, and in the third phase slight transformation and 
superposition were made to the existing structure. 
 
5 Discussions 
 
5.1 Cause judgment and exploration forecast based on 
the methods 

Based on the study of field outcrops, core fractures 

features, homogeneous temperature test of fracture filling, 
rock acoustic emission tests, and burial-thermal evolution 
history of the Longmaxi Formation in the study area, the 
formation model of the shale fractures of the Longmaxi 
Formation in the area were established (Fig. 11). 

In  the  middle-late  period  (82–71.1  Ma)  of  the 
Yanshanian tectonic movement, the study area, impacted 
by the strong squeezing effect of SE to NW directions for 

 

Fig. 11. Fracture mechanism of the Longmaxi Formation in the Dingshan area. 



 ACTA GEOLOGICA SINICA (English Edition)  
http://www.geojournals.cn/dzxben/ch/index.aspx Dec. 2018 Vol. 92 No. 6                      2363 

the  continuous  orogeny  movement  of  the  Jiangnan 
Xuefeng Mountain, had the principal stress of a SE-NW 
direction and, before the Longmaxi Formation stratum had 
obvious deformation, developed a group of planar X-
shaped conjugated shear fractures, which were intersected 
with the stratum at high angles, with a fracture dip angle 
>75° and the main fracture direction of NWW-SEE and 
NNE-SSW,  manifested  on  the  plane  as  X-shaped 
conjugated shear fractures. This group of fractures were 
basically consistent with those found in investigations on 
ground  surface  fractures–fractures  of  NWW  direction 
(265°±5°) and NNW direction (345°±5°) and those of 
NWW direction (280°±5°) and NNW direction (350°±5°) 
found in cores and imaging logging. Under the continuous 
squeezing of SE-NW directional stress, the NE-induced 
sectional shear fractures were further developed, finally 
into folds and fracture systems of a NE direction. This 
group of fracture fillings was formed the earliest, with the 
highest filling degree, and the filling was generally calcite, 
followed by siliceous matters and pyrite. 

At the end of the Yanshan-mid-phase of the Himalayan 
movement (71.1–22.3 Ma), with the continuous action of 
the orogeny movement at the basin edge, the study area, 
affected by the double stress from the southeastern and 
northern  regions  (the  combined  effect  of  Jiangnan 
Xuefeng,  Chuanzhong and Qianzhong uplift),  had the 
principal stress of a NE-SW direction, forming planar X-
shaped conjugated shear fractures of near SN and NEE 
directions. This group of fractures was basically consistent 
with  those  found in  investigations  on  ground surface 
fractures – fractures of near SN direction (345°±5°) and 
NEE direction (80°±10°) and those of near SN direction 
(0±5°) and NE direction (40°±10°) found in cores and 
imaging logging. Simultaneously, with the continual effect 
of the tectonic force of a NE direction, NW-trending 
sectional shear fractures perpendicular to the principal 
stress direction were formed in the fractured strata, and 
further expanded into a NW-trending fault system. This 
phase of fractures showed a low filling degree, and the 
filling was mainly calcite. 

In the late stage of Himalayan movement-present (22.3–
0 Ma), under the effect of the NE-trending tectonic and 
vertical  stress,  the  strata  of  the  Longmaxi  Formation 
continued to fold and deform in local areas, and developed 
NW-trending  sectional  X-shaped  shear  fractures 
perpendicular  to  the  principal  stress  direction.  The 
fractures of this group were less developed, only locally 
developed, and not substantially filled. Simultaneously, 
the tectonic stress field renovated and superposed the 
earlier fracture system of NW and NE directions, and the 
composite  fault  system was  formed  in  NW and  NE 
directions in this area. 

5.2 Rationality of methods 
This study employed a method integrating qualitative 

geological analyses and quantitative experimental tests to 
determine fracturing and faulting episodes. The Longmaxi 
Formation in the Dingshan region of southeastern Sichuan 
Basin, China, was studied and satisfactory results were 
obtained. 

Through  geological  field  surveys  of  fractures,  and 
comprehensive  resolution  of  fractures  in  cores  and 
resolution  of  faults,  the  development  and  formation 
episodes of fractures can be characterized by intuitive 
geological means. It is worth pointing out that faults are 
the  products  of  further  propagation  of  fractures,  and 
resolution of faults can thereby facilitate the determination 
of fracturing episodes. Homogenization temperature tests 
on inclusions in fracture fillings, rock acoustic emission 
experiments,  and  burial/thermal  history  experiments, 
allow accurate quantification of various stages and ages of 
fracture formation and paleo-tectonic stresses at the time 
of fracture formation. This enables more detailed and 
quantitative findings of fracturing episodes and causes.  

Doubtlessly, there is, to a certain degree, a different 
understanding of the experimental principles and results of 
both the geological and the quantitative analyses. For 
example, for the Kaiser effect points acquired through 
acoustic emission experiments, it is hard to decide to 
which tectonic movement episode each of them should 
correspond.  Concerning  the  burial/thermal  history 
analysis, the earliest tectonic uplift time found in this 
study is 71.1 Ma, while that by Wang et al. (2010) is 82 
Ma, a difference of about 10 Ma. The tectonic episodes 
that these results are correlated with, however, are actually 
consistent. The only difference lies with the specific time 
of the tectonic activity, which may be due to factors such 
as selection of test samples and instrumental errors. 
 
6 Conclusions 
 

(1) The Longmaxi Formation in the Dingshan area 
mainly developed tectonic, diagenetic, and horizontal slip 
fractures. It was mainly comprised of high-angle shearing 
and horizontal slip fractures, with small opening, large 
spacing, low density, and high filling characteristics. After 
fracture correction, the dominant directions of fractures 
included NWW, near SN, NNW, NEE, near EW, and NW. 
Fracture intersection relationships were obvious: NWW 
and NNW fractures,  and near SN and NEE fractures 
formed two groups of X-shaped plane conjugate shearing 
fractures,  NEE-direction  and  NW-direction  fractures 
constituted  two  sets  of  "X-shaped"  section  shearing 
fractures, and a small amount of NE-direction fractures 
were tensile fractures. 



2364                     Vol. 92 No. 6                                                                                                                                        ACTA GEOLOGICA SINICA (English Edition)  
http://www.geojournals.cn/dzxben/ch/index.aspx Dec. 2018 

(2)  Combining  qualitative  geological  analysis  with 
quantitative  experimental  testing  methods,  it  was 
determined  that  fracture  periods  of  the  Longmaxi 
Formation in the Dingshan area were mainly divided into 
three phases: the first-phase of structural fractures formed 
during 82–71.1 Ma, with a high degree of calcite fillings, 
homogenization  temperature  of  295.6–325.2° C  and 
maximum effective principal paleo-geological stress was 
97.06  MPa.  The  second-phase  of  structural  fractures 
formed during 71.1–22.3 Ma, with a high degree of calcite 
and siliceous fillings, homogenization temperature was 
189.1–232.4°C and the maximum effective principal paleo
-geostatic  stress  was  90.71  MPa.  The  third-phase  of 
structural fractures formed during 22.3–0 Ma, and a small 
amount of fractures were developed with a low degree of 
calcite fillings. The maximum effective principal paleo-
geostatic stress was 76.55 MPa. 

(3) Tectonic fractures of the Longmaxi Formation in the 
Dingshan area were formed by the tectonic movements of 
middle-late  Yanshanian,  late  Yanshanian-middle 
Himalayan, and late Himalayan movements. The first two 
tectonic movements were during the main forming time of 
fractures and tectonic systems. Tectonic movement since 
the late Himalayan tectonic movement mainly slightly 
modified  and  superimposed  existing  fractures  and 
structural systems. Based on the principles of tectonic 
analysis and geomechanics, fracture formation models in 
the  Longmaxi  Formation  in  the  Dingshan  area  were 
established, and the mechanism of fracture formations in 
the  Longmaxi  Formation  was  clarified.  The  research 
methods and results have important guiding significance 
for deepening the understanding of preservation conditions 
and promoting shale gas exploration and development. 
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