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a b s t r a c t

The cumulative expression of multistage deformation is complex multiperiod fractures, which are
commonly seen in tectonic zones. The Middle Triassic Leikoupo Formation in the western Sichuan Basin
Depression, China, is a typical marine carbonate reservoir with natural fractures caused mainly by tec-
tonic movements. According to outcrops, drill cores, image logging, and fluid inclusions, the fracture
characteristics, types of natural fractures, and interactions of fractures are determined. In total, 419
natural fractures in 493.2 m of cores from 7 wells are investigated, which are mainly shear and tensile
fractures with a small number of weathering generated fractures. Meanwhile, the results of the stable
isotope analysis of d13C and d18O, as well as the flow fluid inclusion data, reveal four tectonic periods of
fractures with different occurrences. Based on the history of regional tectonic evolution, indicating one
period of weathering fractures ascribable to stratal uplift and three periods of structural fractures related
to the sequential tectonic movements of the Longmenshan fault belt. By analyzing the interaction re-
lationships of fractures, three types of fracture interaction relationships are observed: cutting,
restraining, and overlapping. The four stages fractures are chronologically assigned to (1) the early
Indosinian N-S trending compression, (2) the late Indosinian NW-SE compression, (3) the middle Yan-
shanian NE-SE compression, and (4) the early Himalayan E-W compression. The influence of natural
fractures on gas migration and well production in marine carbonates is discussed, and indicates that
tectonic fractures could provide seepage channels for gas migration and accumulation from near or
distant hydrocarbon source rocks into the Middle Triassic Leikoupo Formation. This study utilizes a
pragmatic approach for understanding the fracture genesis mechanism in oil and gas field with multi-
period fractures.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The lineaments and internal characteristics of a single formation
are an intuitive reflection of its spatial and temporal changes. The
rapid changes, recurrence of the extents, and directions of these
features indicate that deformation has occurred in more than one
stage (Aghli et al., 2019; Scheiber and Viola, 2018). In the geological
history experienced by strata, the old subsurface units usually un-
dergo multistage deformation in which tectonic events are
du University of Technology,

).

y Elsevier B.V. on behalf of KeAi Co
superimposed on each other. The brittle deformation from tectonic
movements is typically exhibited bymultiscale and diverse types of
faults and fracture networks (Li et al., 2021a; Li et al., 2018). Due to
the potential high permeability (Bense et al., 2013; Caine et al.,
1996; Huang et al., 2020) and the high erodibility of brittle faul-
ted strata (Molnar et al., 2007), the existence of fractures can
strongly affect hydrocarbon enrichment and reservoir properties.
Geologists focus on characterizing stratum deformation features for
correlation because they exhibit an intuitive response to earth
motion. It has been demonstrated to be critical to understanding
hydrocarbon transit and storage in pore network systems
(Branellec et al., 2015; Kosari et al., 2017).

In sedimentary basins, fractured hydrocarbon reservoirs are
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important regions to look for high-yield energy resources (Yang
et al., 2011; Zhang and Yin, 2017). The key areas for the storage
and transit of hydrocarbons are structural fractures. As a result, the
key prerequisite for properly exploiting a fractured hydrocarbon
resource is to understand the distribution and genesis of fractures.
Indeed, fracture patterns may provide insightful information
relating not only to the regional strain history but also to the pro-
cess of stress genesis (Branellec et al., 2015; Song et al., 2020). At
present, the practice of field production and research results have
shown that it is difficult to precisely predict fractures with a single
discipline or method (Deng et al., 2018). Geological investigations,
experimental tests, and numerical simulation methods are utilized
to study the genetic mechanisms and development stages of
structural stages; there approaches include geological outcrop
surveys, drill core observations (Li et al., 2021b), carbon and oxygen
isotope analyses (Gonzalez and Lohmann, 1985; Keith and Weber,
1964; Talbot, 1990), fluid inclusion analyses (Bakker, 2003;
Frezzotti et al., 2012; Roedder, 1990), and rock acoustic emission
techniques (Hardy, 1972, 1981; Lockner, 1993), which are effective
ways to explore structural fractures. However, fractures usually
have the characteristics of multistage genesis, reactivation, and
filling, and each method or technique has limitations or multiple
solutions (Bodnar, 1990; Corfield, 1995; Guo et al., 2019; Ren and
Lin, 2007). Therefore, a necessary step is to integrate multiple
methods and parameters to investigate the fracture system to
improve the efficiency of reservoir exploitation. Based on the pro-
gressive methods and information, several studies have success-
fully revealed complex deformation histories of strata by using
kinematic analysis, modeling calculation and detailed geometric
analysis (Croix et al., 2019; Fischer and Christensen, 2004; Homberg
et al., 2010; Li et al., 2020; Lyu et al., 2017; €Ozkaya, 2019; Pang et al.,
2017; Saintot et al., 2011; Wang et al., 2020; Zhang et al., 2020).
Although some findings imply that using fracture examination as a
method is difficult, it does provide valuable evidence that reveals
previous strata deformation, stress levels, and tectonic movements
(Aghli et al., 2020; Ahmadhadi et al., 2007; Croix et al., 2018; Deng
et al., 2018; Weil and Yonkee, 2012).

The Sichuan Basin is one of themost hydrocarbon rich regions in
China. The Middle Triassic Leikoupo Formation (247.2e242 Ma) is
an assemblage of anhydrite-dominated evaporites and carbonates,
and is an important target for marine carbonate gas exploration in
the Sichuan Basin (Jiang et al., 2019; Li et al., 2012; Lin and Chen,
2008). During more than 40 years of petroleum resource explora-
tion, two medium-sized reservoirs, the Moxi and Zhongba gas
fields, have been found in the Middle Triassic Leikoupo Formation
(Li et al., 2011; Liu et al., 2012; Zhu et al., 2011), and a number of
gas-bearing structures have been discovered, e.g., Longnvsi, Ton-
gnan, Luoduxi, Guanyinchang, and Yuanba-Longgang (Jiang et al.,
2019). Previous development and studies have found that one of
the keys to exploring for resources in the Leikoupo Formation is the
migration channels connecting hydrocarbon source rocks and res-
ervoirs (Liu et al., 2011; Wang et al., 1998). Due to the complex
tectonic geological conditions, especially reservoir genesis, intricate
structural stress fields, and multiple periods of fractures sets, there
are still many obstacles, such as natural gas enrichment regularity
and fracture genesis. Since 2006, initial exploration wells, such as
CK1, XS1, and PZ1, havemade amajor breakthrough in the Leikoupo
Formation, generating industrial natural gas flow (Song et al., 2013),
and it has been proven that natural gas reserves of the Chuanxi/
Pengzhou gas field are 1140�108 m3 (Zhang et al., 2021). Previous
studies show that the shoal dolomite reservoirs in the Leikoupo
Formation are fracture-pore types of reservoirs that experienced
multiple stages tectonic movements (Ding et al., 2018; Meng et al.,
2015). He et al. (2019) show the detailed fracture characteristics,
such as facture attitude and density, in the Leikoupo Formation. Li
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et al. (2016) present that multiple periods of tectonic movements
allowed for the formation of micro-faults and fractures that are
beneficial to the enrichment of hydrocarbons in the Leikoupo For-
mation. Zhang et al. (2022) analyze the lithologically-controlled
fracture networks on gas migration and accumulation in the Lei-
koupo Formation. However, there is still a lack of insight studies on
factures, such as the characteristics of fractures corresponding to
different periods of tectonic movement in the Leikoupo Formation,
the development features of fractures in complex multistage tec-
tonic superposition states, and their effects on oil and gas transport.
Consequently, the Leikoupo Formation in the Sichuan Basin is a
hydrocarbon rich formationworthy of further in-depth exploration.

In this study, we investigate the fracture characteristics in the
Middle Triassic Leikoupo Formation in the western Sichuan
Depression by utilizing outcrops, drill cores, thin sections, image
logging, carbon and oxygen isotope analysis, and fluid inclusion
tests. Then, we examine the genetic mechanism of multiperiod
fractures and deduce the period of fracture genesis. Next, the
crosscutting relationships between these fracture groups and their
burial history are investigated. Finally, we develop a genetic model
of multiperiod fractures in the Leikoupo Formation, which has
undergone significant tectonic movement. Fractures and their
impact on gas migration and production are also discussed. The
interactive relationships between multistage fractures and devel-
opment mechanisms are revealed in this paper, which could pro-
vide a geological foundation for exploring fractured marine
carbonate reservoirs.

2. Geological setting

2.1. Location and structure

The Longmenshan fault belt is located between the Guankou
fault and Pengxian fault in the westren petroliferous Sichuan Basin
Depression. It contains two integral secondary local structures, the
Jinma-Yazihe and Shiyangchang tectonic units with trap areas of
162 km2 and 28.9 km2, respectively (Li et al., 2016). Since the
Indosinian period, a series of tectonic evolutions was constrained
by the Longmenshan fault belt (Chen et al., 2017; He et al., 2019),
which remained at structural highs that contributed to gas accu-
mulation. The Pengzhou gas field is one of the significant areas for
hydrocarbon resource exploration in the south-central of the
Longmenshan fault belt (Fig. 1) (Hu and Su, 2018). Petroleum
exploration was initiated in the 1970s in this area, where the ma-
rine Leikoupo Formation contains enormous potential of natural
gas resources.

2.2. Stratigraphic characteristics

The Leikoupo Formation is predominantly distributed in the
west-central Sichuan Basin, which stretches to the southeast
(Sichuan Provincial Bureau of Geology and Mineral Resources,
1991; Guo et al., 1996). The Leikoupo Formation lithologies are
gray and/or brown primarily laminated aggregate dolomite and
argillaceous dolomite with thin interlyers of limestone or gypsum.
The Leikoupo Formation thickness is 0e1000 m (Fig. 2) and can be
divided into 4 members, in which the thickness of the reservoir is
around 100 m in the Lei-4 Member. The boundary between the
Leikoupo Formation and the top of the Jialingjiang Formation is
marked by green pisolites, with thickness of 0.5e3 m (He et al.,
2019). Around the late Middle Triassic, the ancient land of Long-
menshanwas distributed like a string of beads in the northwestern
Sichuan Basin, which intermittently separated the west Sichuan
Depression and the Songpan oceanic trough in the north. During
the deposition of the Leikoupo Formation, the paleogeography and



Fig. 1. (a) The tectonic units in the Central Asia area. (b) The tectonic units in the Sichuan Basin, China. I: Western Sichuan low-steep structural belt, II: Central Sichuan low-flat belt,
III: Southwestern Sichuan low-steep structural belt, Ⅳ: Eastern Sichuan high-steep faulted fold belt, Ⅴ: Southern Sichuan low-flat structural belt. (c) The location of the Pengzhou
gas field and structural units on the top of the Leikoupo Formation in the Sichuan Basin (modified after (Li et al., 2016)).
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sedimentary facies of the Sichuan Basin changed frequently, and
the west Sichuan Depression gradually became a semiclosed
epicontinental ocean basin (Feng et al., 1997; Liu and Tong, 2001).
The top 4th member of the Leikoupo Formation was partially
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eroded, with the thicknesses of 50e350 m. During this period, the
Indosinian weathering crust formed karst reservoirs, which are
disconformities that overlap with the Upper Triassic strata (Tang,
2013; Zhong et al., 2011).



Fig. 2. Generalized stratigraphy and tectonic events of the Longmenshan orogenic zone (modified from He et al. (2019)).

Fig. 3. Tectonic evolution of the Longmenshan piedmont tectonic belt (modified from
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2.3. Multiperiod tectonic characteristics

In the late Middle Triassic, the early Indosinian movement
resulted in strata uplift and exposed the middle and upper Yangtze
regions to denudation. During this period, the marine carbonate
depositional environment in most regions ended and was trans-
formed to lacustrine fluvial environment (Dong et al., 2011; Li et al.,
2018). Around the time of the middle Indosinian movement, the
foreland basin system began to develop, Longmenshanwas uplifted
and the Pengzhou area became a piedmont depression. The pro-
totype faults of the western Sichuan Basin formed. During the late
Indosinian movement, tectonic deformation of Longmenshan
thrust belt continuously occurred. Low-angle thrusting appeared in
the Guankou fault and Pengxian fault. At the same time, Jinma-
Yazihe and Shiyangchang has developed structural anticlines. The
Longmenshan region transitioned from a platform sedimentary
environment to an orogenic environment during the Late Triassic.
The fold and early thrust occurred that formed a north-east
orientation tectonic zone (Gao et al., 2018; Hu and Su, 2018). In
results, the early periodweathering-related fractures and structural
fractures are prone to form during these stage.

Within the period of the Yanshanian movement, the Long-
menshan fold belt was strongly compressed; e.g., multiple low-
angle thrust wedges developed in the hanging wall of the
164
Guankou fault, and the Pengxian fault continued to be active and
evolved the slip deformation along the Cambrian mudstone sur-
face, as shown in Fig. 3 (Wen et al., 2013). The Leikoupo Formation
continues to experience another stage of fracture development
during this time when considerable deformation moves into the
basin.

Since the Himalayan movement stage, the Guankou fault and
the Pengxian fault have intensely thrust to the surface under the
Li et al. (2016)). From Late Yanshanian to Himalayan period.
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control of the regional compressive and torsional stress fields (Shi
et al., 2010; Xiong et al., 2020). In the Leikoupo formation, the
latest structural-related fractures were developed during this stage.
In general, the Jinma-Yazihe and Shiyangchang tectonic belts began
in the late period of the Indosinian movement, continued to
develop during the Yanshanian movement stage, and reached their
final forms in the period of the Himalayan movement. As a result,
the Leikoupo Formation experienced multiperiod structural
movements that formed complex multiperiod fractures in the
Pengzhou gas field.
3. Methods

Natural fractures in the Leikoupo Formation were described by
visual inspections from outcrops along the Longmenshan fault belt
and drill cores in the Pengzhou gas field. The core samples were
taken from 7 wells in the Pengzhou gas field. A total of 493.2 m of
cores from the 7 wells are investigated, and 419 natural fractures
were identified. Observations works were concentrated on fracture
characteristics, including fracture amount, fracture dip, fracture
fills, fracture cutting relationships, etc.

Thin sections. In total, 125 thin sections of the Leikoupo For-
mation from the 7 wells were utilized to detail the microfracture
characteristics using optical microscopy.

Stable carbon and oxygen isotope analysis. In this study, a total
of 24 core fracture-fill samples from 7 wells were utilized for test.
The fracture fill sample reacted with 100% orthophosphoric acid at
a constant temperature to produce carbon dioxide and water. The
collected carbon dioxide was purified, and then its d13C and d18O
isotopic composition was determined by the gas isotope mass
spectrometer. It is noted that the isotopic analysis follows the
Chinese oil and gas industry standards of the Analysis Method for
Carbon and Oxygen Isotopes in Organic Matter and Carbonate (SY/T
5238e2019) (CNEA, 2019). The experimental apparatus is the Delta
V isotope ratio mass spectrometer (IRMS) from the State Key Lab-
oratory of Oil and Gas Reservoir Geology and Exploitation in
Chengdu, China. The experimental standard sample is the Chinese
national standard sample (GBW04405). External precision for both
d13C and d18O measurements is better than ±0.2‰ and ±0.3‰,
respectively. The C and O isotopic compositions are reported in
standard d-notation relative to VPDB.

Fluid inclusion analysis. Fluid inclusions of fracture fills are
those trapped in small pits in the mineral lattice during the crys-
tallization period of minerals. Based on the evolution mechanism
by which fluid inclusions are shaped synchronously with fracture
fillings, fracture fill inclusions analysis was utilized to confirm the
fracture period by measuring the temperature (Burruss et al., 1983;
Li et al., 2019; Mourgues et al., 2012). Based on the China oil and gas
industry standards of Micro TemperatureMeasurement Methods of
Fluid Inclusion in Sedimentary Basins (SY/T6010-2011), a Renishaw
inVia laser confocal microscopic Raman spectrometer and a Linkam
THMS600 heating stage were used to analyze fluid inclusions. A
total of 64 fluid inclusions from 25 calcite samples were tested. The
fluid inclusions were heated using the heating stage. When a
certain temperature was reached, the gas-liquid inclusions formed
a single phase. This instantaneous temperature is the homogeni-
zation temperature of the fluid inclusion. Before the average tem-
perature can be determined, the homogenization temperatures
(Th) of each inclusion must be tested three times, with each Th
having an absolute deviation of no more than 2 �C, to assure the
reliability of test results.
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4. Results

4.1. Petrologic characteristics

4.1.1. Fracture characterization
According to investigations of outcrops, natural fractures are

well developed in the Leikoupo Formation, as shown in Fig. 4. As
shown in Fig. 4a, based on the cutting relationships, the three
groups of shear fractures can be divided into three stages: 1st, the
seven fractures with average trends of SE (130� ± 10�) : 85� filled
by calcite. These fractures are mainly high-angle or vertical frac-
tures with opening width from 0.5 to 5.0 mm; 2nd, a total of 10
fractures average trending of SE (130� ± 10�) : 47� partly filled by
calcite with opening width from 0.2 to 2.0 mm; 3rd, five fractures
with average trends of NW (270� ± 5�) : 55� with a significant
longitudinal penetration that are partly filled by calcite with
opening width from 0.2 to 1.2 mm. Fig. 4b presents the two sets of
conjugate shear fractures. One group contains 10 fractures with
average trending of SSW (210� ± 10�) : 65�. And another 12
fractures with average E-W (95� ± 10�): 42� trending in dolomite.
Fig. 4c shows gray-white granular dolomite of the Leikoupo For-
mation, in which two sets of shear fractures form a 13 fractures
trending NEE (75� ± 10�) : 36� and another 13 fractures trending
SE (140� ± 10�) : 58�, respectively. As shown in Fig. 4d, conjugate
shear fractures observed with trends of SE (140� ± 20�) : 12� and
NEE (265� ± 5�) : 20� in the gray-white granular dolomite partly
filled by calcite and quartz. And another group of high-angle tensile
fractures with trends of W-E (75� ± 10�) : 75� are filled by calcite.

Based on the analysis of the composition and interaction re-
lationships of fractures, three or four periods of fractures are
identified (Fig. 5). In Fig. 5aec, there are mainly high-angle or
vertical fractures that are filled with carbonate, in which the frac-
ture planes are relatively smooth. In these multiperiod fractures,
one set is distributed in dense and uniform patterns of small scale,
forming a conductively fractured network with no obvious direc-
tionality, which is filled by argillaceous and calcite (Fig. 5d and e).
As for Fig. 5hek, these fractures are the most unfilled, as shown in
high-angle and low-angle views. Fig. 5lem show the filled tensile
fracture. Tensile fractures typically have an asymmetrical curve
with an uneven distribution of seamwidth, and a limited extension.
The thin section observation shows that there are at least three
periods of fractures that interact with each other that are filled or
unfilled, as presented in Fig. 5oeq.

4.1.2. Types of fractures
Fig. 6 demonstrates that tectonic fractures, namely shear frac-

tures and tensile fractures accounting for 43.2% and 36.5%,
respectively, are the major fracture types in the Leikoupo Forma-
tion, while weathering fractures account for 20.3%. On the other
hand, as depicted in Fig. 7, the fractures are mainly net fractures,
vertical fractures, and high-angle fractures. The vertical and high-
angle fractures can extend 1.5 m with an openings of 0.1e0.5 cm.
In addition, there are different filling degrees in various fractures.
The net fractures, horizontal fractures, low-angle fractures, and
high-angle fractures are mainly filled with carbonates and gyp-
sums. However, the vertical fractures are mostly unfilled with
smooth fracture surfaces and scratches, accounting for 20% of all
fractures. In summary, based on the fill features and interaction
relationships observed under the microscope, multiperiod frac-
tures are easily discerned, in which the early period fractures are
filled or partly filled while the late period fractures are mostly
unfilled.



Fig. 4. Fracture characteristics of the Leikoupo Formation outcrops. (a) Three sets of interacting fractures, Dafeishui profile, Dayi county. (b) Conjugate shear fractures, Guanyinya
profile, Mianzhu city. (c) Conjugate shear fractures, Huanglianqiao profile, Jiangyou city. (d) Three sets of interacting fractures, Dafeishui profile, Dayi county.
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4.2. Geochemical characteristics

4.2.1. Carbon and oxygen stable isotopes
The carbon and oxygen isotopic compositions of calcite fracture

fills can be used to differentiate between fracture stages and their
diagenetic environments (Zhang et al., 2017). Any observed differ-
ences in data groups or calculated formation temperatures aremost
likely indicative of fracture formation stages (Amiri et al., 2015;
Freund et al., 2013). The paleo-salinity can be inferred from the Z
value calculated according to the formula proposed by Keith and
Weber (1964). In this study, a total of 24 table isotopic test points
are utilized for stable carbon and oxygen isotope analysis. Results
show that the Z value of CeO stable isotopic ranges from 122.2 to
131.8, indicating a marine deposited environment.

The d13C values of Leikoupo Formation fracture fills range
from �0.6‰ to 2.7‰, with an average of 1.0‰, and d18O ranges
from �8.6‰ to �1.6‰, averaging �5.3‰, as presented in Fig. 8.
Compared with the standard sample, the standard deviations of
carbon and oxygen isotopes are both 0.1‰. According to previous
studies, the majority of modern marine inorganic carbonate
worldwide have d13C and d18O values close to 0‰ and 0‰,
respectively, in the PDB standard (Faure, 1977; Veizer and Demovic,
1974). The variation of d13C and d18O values of the fracture-filled
calcite range is larger than that of the enclosing carbonate. Note
that the unfilled fractures, fractures filled with argillaceous mate-
rials or gypsum yield very little carbonate for isotopic analysis, and
the relevant results for these fractures are not presented.
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4.2.2. Fluid inclusions
Fluid inclusions are the solutions captured within mineral

crystals during crystal growth, and inclusions are closed systems
maintaining phase boundaries with the main mineral (Levine et al.,
1991; Roedder, 1984). The fluid inclusions in the fracture fills
represent sample of the original fluid from when the fracture
developed; studying fluid inclusions is an effective method to
investigate the genesis period of the fracture (Kelly et al., 2000). The
tested fluid inclusions are secondary inclusions that persist in the
fracture-filled dolomite and calcite minerals. Two-phase inclusions
have diameters ranging from 2.1 to 15.6 mmwith vapor phase ratios
between 7% and 25% (Table 1 in Appendix A. Supplementary ma-
terial). It is worth noted that, carbonate mineral fluid inclusions are
prone to post-trap volumetric re-equilibration, causing their Th to
increase and approach the maximum temperature of the forma-
tion. Post-trapping changes in carbonated fluid inclusions are
common, such as necking down, stretching, leakage, etc., which can
disperse the Th distribution (Barker and Goldstein, 1990; Tobin and
Claxton, 2000). In the field of fluid inclusions application, the
relative study has emerged as a hot topic (Bourdet et al., 2010;
Pironon and Bourdet, 2008). In this work, the test process is carried
out in strict accordance with national standards in order to make
the test results reliable, as mentioned above. This result excludes
fluid inclusions, for example, that are too large or irregularly sha-
ped. The temperature of each point is obtained and the measure-
ment is repeated once more. The selected inclusions homogeneous
temperature data are grouped and counted according to the
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temperature range. These fluid inclusions in fracture fills present
homogenization temperatures mainly ranging from 50 to 230 �C
(Fig. 9). The analytical results show three major peaks of homoge-
nization temperatures, namely 50e70 �C, 90e110 �C, and
170e190 �C, corresponding to (I) early period fractures, (II) sec-
ondary period fractures and (III) relatively late period fractures,
which demonstrate that the Leikoupo Formation experienced at
least three sequential periods of tectonic movement in the Pen-
gzhou gas field.
Fig. 6. Percentages of different genetic types of fractures in the Leikoupo Formation.

Fig. 7. Filling degrees of the different types of fracture in the Leikoupo Formation.
5. Discussion

5.1. Interaction relationships of fractures

The Formation MicroImager (FMI) technique is widely utilized
to investigate formation fractures, including natural fractures
(opened and sealed) and drilling-induced fractures. Opened natural
fractures are mostly filled by mud filtrate or low-resistance min-
erals that present black sinusoidal profiles on FMI images. Sealed
natural fractures, generally filled by high resistance minerals, e.g.,
calcite, are formed by pressure solution, display a bright sinusoidal
color curve on FMI images (Deng et al., 2018; Yang et al., 2014).
Structural fractures are classified into three groups based on the
sequence of fracture fillings, mineral components, fracture inter-
cutting relationships, and the incidence of fractures recognized by
FMI images (Yue et al., 2018). Through the FMI imaging and cali-
bration of core observation, the three stages are substantially
congruent with the results of the outcrop. Results show that the
structural fractures can be grouped into three sets (Fig. 10). Frac-
tures trending NW (345� ± 5�) and W-E (275� ± 5�) are “X”-shaped
conjugate shear fractures belonging to the second period (Fig. 10b).
Fractures trending NE (35� ± 5�) and W-E (275� ± 5�) are “X”-
shaped conjugate shear fractures, which are relatively less devel-
oped, belonging to the third period. And fracture trending NE
(55� ± 5�) and SE (125� ± 5�) are the most frequently found and are
also “X”-shaped conjugate shear fractures that indicate the tectonic
movement during the fourth period.

The characteristics of fractures in Leikoupo Formation show that
the multiperiod fractures interact with and impact each other. The
interaction relationships can be analyzed from their crosscutting
relationships, fills, fracture distributions, etc. As aforementioned in
Fig. 4, three sets of shear fractures, fully or partly filled, show that
the area has experienced at least three periods of tectonic move-
ments since the Leikoupo Formation was deposited. The early
period fractures are mainly filled by the calcite; the middle period
fractures are usually filled or half-filled by carbonates, and the later
period fractures are mostly unfilled. Based on the results of thin
section observations, three types of fracture interaction relation-
ships are summarized for Leikoupo Formation (Fig. 11). In type I or
cutting relationships, themain characteristic is that the late unfilled
fractures cut the early filled fractures, causing dislocation of the
early filled fractures, as shown in Fig. 11 (aec). In type II or
restraining relationships, the early fractures restrain the further
extension or expansion of the late fractures; that is, the late frac-
tures are terminated by the early fracture surfaces. Both early and
late fractures can be filled or unfilled (Fig. 11 def). In type III or
overlapping relationship, multiperiod fractures overlap or cross
Fig. 5. Characteristics of multiperiod fractures from observations of drill cores and thin sectio
linear density is 0.66/m, LS1. (b) Three periods of high-angle fractures filled by gypsum, L
fractures, filled by argillaceous material, linear density 1.56/m, XS1. (e) Weathering fract
fragments, XS1. (g) Tectonic fracture fragments, PZ1. (h) High-angle tectonic deformation fra
0.67/m, YS1. (j) Low-angle shear fractures, half-filled by calcite, LS1. (k) Low-angle shear f
Tensile fracture, filled by dolomite, XS1. (o) Four periods of fractures, where I and II are filled b
filled by calcite, LS1. (q) Three periods of fractures, where I and II are filled by calcite, LS1.
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each other at a small angle (Fig. 11 gei). The overlapping fractures
are beneficial for the reservoir properties and the hydrocarbon
transportation. Based on various types of fracture interaction re-
lationships, it can be used as an effective tool to distinguish the
formation sequence of fractures.

5.2. Fracture formation sequence

Based on the stable isotope analysis, the d18O of all samples is
negative value with fairly most of positive d13C value. These results
and fracture interaction relationship suggest that calcite fillings are
precipitated at the same time as fracture develop. The d18O value
has a negative trend, revealing that the characteristics of multiple
n from the Leikoupo Formation. (a) High-angle fractures, filled by gypsum, the fracture
S1. (c) Three periods of high-angle fractures filled with gypsum, LS1. (d) Weathering
ures, filled by argillaceous material, linear density 3.05/m, PZ1. (f) Tectonic fracture
cture, unfilled, XS1. (i) High-angle tectonic deformation fracture, unfilled, linear density
ractures, unfilled, YS1. (l) and (m) vertical tensile fractures, filled by gypsum, LS1. (n)
y calcite and III andⅣ are unfilled, LS1. (p) Three periods of fractures, where I and II are



Fig. 8. Characteristics of d13C and d18O isotopes of fracture fills.

Fig. 9. Frequency distributions of homogenization temperatures (Th).
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fractures exhibit historical inheritance evolution. On the other
hand, the paleo-temperature is expressed by the equation (Fritz
and Smith, 1970):

T ¼31:9�5:55
�
d18O� d18Ow

�
þ 0:7

�
d18O� d18Ow

�2

where T is the paleo-temperature at which filled calcite formed.
d18Ow refers to the oxygen isotope value of the aqueous medium,
which is 2‰ according to the previous study (Huang et al., 2011).

The d13C and d18O distributions can be clearly divided into three
stages. During the first period, the d13C ranges from 1.7‰ to 2.7‰
and d18O between �3.0‰ and �1.6‰, with average of �0.2‰
and �7.9‰, respectively. The average surface temperature is 20 �C
and the geothermal gradient is 2.5 �C/100 m in the study area. The
calculated formation temperatures ranged between 61.3 and
76.8 �C, indicating that these fracture fills formed at an average
burial depth of 1650e2270 m during the Middle Triassic. The Lei-
koupo Formationwas slightly uplifted and experienced denudation
in the time of 240e250 Ma.

The d13C and d18O of calcite fills in second stage fractures vary
from 0.4‰ to 1.5‰, and from �6.5‰ to �3.9‰, averaging 1.1‰
169
and �5.2‰, respectively. Calculated formation temperature of
these fillings are between 89.2 �C and 129.7 �C. These fractures
fillings were formed at burial depth from 2770 to 4380 m during
the Late Triassic and the Early Jurassic, which is corresponding to
the middle-late Indosinian tectonic movement in 200e220 Ma
(Fig. 12).

The d13C ranges from �0.6‰ to 0.4‰, and d18O is
between �8.6‰ and �7.3‰, with an average of 2.4‰, and �2.3‰,
respectively. The paleo-temperature of these fillings were between
144.1 �C and 168.4 �C, with corresponding burial depth ranges from
4960 to 5940 m in the Early Cretaceous. This result indicates the
middle Yanshanian tectonic movement in 130e140 Ma.

In these multiperiod fractures, one set is the early weathering
fractures presenting an amorphous network structure, which is
filled by calcite (Fig. 5d and e). For the structural fractures of the
second period, there aremainly high-angle or vertical fractures that
are filled by carbonate, in which the fracture planes are relatively
smooth (Fig. 5aec). For the third period of structural fractures, the
fractures are fully or partly filled. In addition, the cores show
fragmented shapes when they experience substantial deformation
or are related to faults (Fig. 5f and g). For the fourth period of
structural fractures, most are open without mineral fills and could
thus be effective for fluid transport (Fig. 5hek).

To precisely determine the genesis periods of fractures, the
homogenization temperatures (Th) of fracture fillings are projected
on the stratigraphic burial history of well TS1 (Fig. 12). The results
show that the Th (�C) are vigorously consistent with the paleo-
temperature range of burial history in well TS1 and that calculated
by the CeO stable isotope. At 240e250 Ma, the first peak in the
homogenization temperatures ranging from 50 to 70 �C (Fig. 9)
reveals that weathering fractures formed in this period, which
occurred during the early Indosinian tectonic movement. At
200e220 Ma, it corresponds to the time of the middle-late Indo-
sinian tectonic movement. The second peak in homogenization
temperatures is within the range of 90e110 �C, which implies that
the first group of tectonic fractures were developed in this period.
At 130e140 Ma, during the middle Yanshanian tectonic movement,
the third peak in homogenization temperature ranges from 170 to
190 �C, which demonstrates that the second group of tectonic
fractures were developed during this period. Consequently, there
are at least three fracture periods (two periods of structural frac-
tures). Additionally, taking the period of unfilled fractures into ac-
count, at least three periods stages of structural fractures are
certified.

The Pengzhou gas field is located in the western Sichuan
Depression, and its tectonic structure is controlled by three major
dynamic systems: a) the pushing force of the Yangtze plate from the
southeast to the northwest; b) the pushing force of the Qinling
orogenic belt from the north to the south; and c) the pushing force
of the Tibetan Plateau from the west to the east (Li et al., 2011). The
western Sichuan Depression has experienced three tectonic dy-
namics intervals since the Indosinian period, resulting in a pattern
of complex multistage tectonic superposition. As shown in Fig. 13,
four major periods of tectonic movement are evident in the Pen-
gzhou gas field area. First, NeS trending compression occurred
during the early Indosinian period, resulting in uplift of this area;
the Leikoupo Formation experienced weathering, and weathering
fractures developed. The dense and uniform weathering fracture
fillings were the earliest formed and highly filled by the
argillaceous.

Subsequently, during the late Indosinian period, the Pengzhou
area was under the maximum principal stress oriented in the NW-
SE direction, which produced the conjugate shear fractures trend-
ing NNW (345� ± 5�) and W-E (275� ± 5�) (Fig. 13e). The “X” plane
conjugated shear fractures were developed before it obvious



Fig. 10. (a) Partial FMI logging images and (b) rose diagram of the strikes of fractures.
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deformation. The fracture fillings were the earliest formed and
highly filled by the secondary calcite. They extended under NW-SE
tectonic compression and eventually formed the NNW and NWW
fault systems.

During the middle Yanshanian tectonic movement, it was sub-
jected to the NeS horizontal compression from the thrust nappe
belt of Micang and Daba mountain. A group of “X” plane conjugate
shear fractures trending NE (35� ± 5�) and W-E (275� ± 5�)
(Fig. 13e) were developed in the Leikoupo Formation.

The fourth tectonic period occurred during the early Himalayan
movement, it was continuously subjected to the strong E-W tec-
tonic stress from the arc tectonic zone of Daba mountain. Fold
deformation partially occurred in the Leikoupo Formation. Another
group of “X” profile shearing fractures that were perpendicular to
the principal stress that were developed in NE (55� ± 5�) and SE
(125� ± 5�) (Fig. 13e). The tectonic stress field reconstructed and
superimposed on the E-W fault systems at the same time, even-
tually forming the complex fault system in this area.

5.3. Genetic mechanisms of multiperiod fractures

Pinpointing the evolution mechanisms of the Leikoupo Forma-
tion in western Sichuan Basin is difficult because of the intricacy of
the Longmenshan fault zone. Based on the comprehensive in-
vestigations mentioned above, we combined the burial history and
tectonic movement periods to analyze the genetic mechanisms of
the multiperiod fractures.

By incorporating the characteristics of natural fractures and the
tectonic evolution, the mechanism model of the fracture genesis
mechanism for natural fractures was constructed. (Fig. 14). The
Leikoupo Formation experienced four major episodes of activity
that generated various fractures. In the first period, during the late
Middle Triassic, the Sichuan Basin was tectonically uplifted under
the influence of the early Indosinian movement. The Leikoupo
Formationwas exposed above the sea surface and was subjected to
weathering, denudation, and leaching. The weathering fracture
system that developed in the Leikoupo Formation provided chan-
nels for the infiltration of surface atmospheric fresh water, resulting
in various weathering-related fractures, pores, and caves. Those
fractures were mostly filled with calcite, argillaceous material, and
gypsum that led to a poor connectivity. In the second period,
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around the late Indosinian stage, the Longmenshan orogenic belt
was formed by compression of the Sichuan Basin due to the closure
of the paleo-Tethys ocean (Zhai, 1989). The area formed wide and
gentle anticlines, creating structural fractures, including shear
fractures and tensile fractures, whichweremostly filledwith calcite
during the subsequent diagenetic evolution. The fractures of this
period are frequently found to be cut by unfilled fractures gener-
ated during the later periods or overlapping with them. In the third
period, during the middle Yanshanian, the Songpan-Ganzi folded
belt and the Longmenshan tectonic belt were thrust to the south-
east, transforming the western Sichuan foreland basin into an
intracontinental shallow depression basin (Wang et al., 2001). In
the meantime, the Pengxian fault and other faults developed in this
area. Under the influence of these faults, the strikes of the high-
angle fractures were basically the same as those of the faults
(mainly trending NE-SW trending). Some fractures were filled by
calcite and other minerals during the diagenetic process, while the
rest of the fractures were unfilled. In the fourth period, during the
early Himalayan stage, the continuous strong uplift of the Long-
menshan fault zone, which led to overthrust, slip, and denudation,
formed the uplifted fold belt in the western Sichuan Depression
(Guo et al., 1996). Under the influence of tectonic movements, NEE
and E-W trending high-angle and low-angle shear fractures
formed, which in turn were related to high-angle fractures and
restrained the expansion of low-angle fractures. Due to the strong
tectonic deformation, this is also a crucial time for the development
of unfilled tensile fractures. In summary, most fractures from the
early periods of the Leikoupo Formationwere filled, while the high-
angle fractures and vertical fractures from the later periods were
unfilled or partly-filled. The weathering fractures and multiperiod
structural fractures interpenetrated each other and produced the
complex fracture system within the Leikoupo Formation in the
Pengzhou gas field.

5.4. Control of fractures on gas migration and production

Although the Leikoupo Formation contains hydrocarbon source
rocks, it cannot meet the abundance standard for commercial hy-
drocarbon accumulation by itself (Liu et al., 2019b; Sun and Liu,
2017; Wu et al., 2017). Previous studies have investigated the
origin of gas and gas components in the Leikoupo Formation (Wu



Fig. 11. Three types of fracture interaction relationships. (a) to (i) are crosssectional images of drill cores from the Leikoupo Formation. (a)e(c) fromwell LS1 and TS1 show that the
early stage fractures filled with calcite or other minerals are cut by later unfilled fracture; (d)e(f), from well TS1 and PZ1 present that the early fractures restrain the further
extension of the late fractures; (g)e(i) from well TS1 and YS1 show multiple periods filled or unfilled fracture overlapping with each other.
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et al., 2020b, 2020c). Geochemical data reveal that bitumen is rare
in the Leikoupo Formation, and the most of reservoir natural gas is
from oil cracking that did not experience a period of paleo-oil (Dai
et al., 1998; Liu et al., 2018, 2019a, 2019b; Wang et al., 1997; Xie,
2015). Five sets of source rocks lie in the marine formations of
the Permian strata, which have high hydrocarbon generation po-
tential that provides a strong complement to the Leikoupo gas
reservoir (Jin et al., 2018; Liu et al., 2019b; Wu et al., 2020a). The
charging paths of hydrocarbons from these source rocks are
controlled by faults and fractures (He et al., 2019). The Leikoupo
Formation in thewestern Sichuan Basin experienced the Indosinian
movement, Yanshanian movement, and Himalayan movement,
resulting in a complex fault and fracture zone that constituted an
effective oil and gas migration system. The Permian hydrocarbon
source rocks reached the oil-generating window in the middle
Indosinian movement. Subsequently, the Permian paleo-oil
171
reached the cracking period in the late Indosinian or/and early
Yanshanian, leading to the generation of a large amount of cracking
gas (Chen et al., 2021). The rapid increase in gaseous hydrocarbons
results the increase of the formation fluid pressure. The open high-
angle and vertical fractures that were generated during later tec-
tonic movements, could provide an effective vertical channel sys-
tem from source rocks to reservoir formation in the Pengzhou area.
Under the influence of high pressure, the gas was rapidly trans-
ported to the Leikoupo Formation through the channels formed by
the fracture system. A typical reservoir of the Leikoupo Formation,
the Lei-4 member gas reservoir, is a fault-related gas reservoir in
which faults and fractures bridge multiple source rocks of systems
to form a mixed-source gas reservoir. Small fractures may provide
channels for fluid transport, while structural microfractures can
enhance seepage capacity. Hence, there is a close relationship be-
tween fracture development and well production. Based on the



Fig. 12. Burial history of well TS1 in the Leikoupo Formation.
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well core investigation, the findings reveal that the linear fracture
densities of the sevenwells in the Pengzhou gas field are 0.16e3.05/
m in the Lei-4 member. Among these wells, the densities of wells
YaS1, YS1, and PZ1 are 2.67/m, 2.27/m, and 3.05/m, respectively, as
shown in Fig. 15; these three wells have the highest linear fracture
densities. At present, the three wells show initial test gas produc-
tion at very significant amounts of 48.5�104 m3/d, 60�104 m3/d,
and 115�104 m3/d, respectively. Therefore, the development de-
gree of the fractures, density and opening degree, closely influences
gas productivity. In summary, the third and fourth periods of un-
filled structural fractures triggered the oil migration and accumu-
lation of oil-cracking gas in the Leikoupo Formation.
6. Conclusions

Natural fractures in the Middle Triassic Leikoupo Formation in
the Pengzhou gas field in the Longmenshan fault belt are mainly
structural fractures and weathering fractures. The characteristics of
these multiperiod fractures are “X”-shaped conjugate shear struc-
tural fractures filled or unfilled to different degrees; the high-angle
fractures and vertical fractures are mostly unfilled and usually
developed during the multiple tectonic movements in the study
area. On the other hand, these multiperiod fractures interacted
172
with each other and formed three major interaction relationships,
including the cutting relationship, restrain relationship, and over-
lapping relationship.

Complex fractures developed in four major stages related to the
four sequential tectonic movements: 1st, weathering fractures that
developed during the early Indosinian movement; 2nd, structural
fractures related to the late Indosinian movement; 3rd, structural
fractures produced by the middle Yanshanian movement; and 4th,
structural fractures that formed in the early Himalayan movement.

The unfilled high-angle and vertical fractures that were formed
with the later tectonic movements, especially the middle Yan-
shanian movement and the early Himalayan movement, could
provide an effective vertical channel system for migration of hy-
drocarbons and oil-cracking gas from source rocks to the Leikoupo
reservoir in the Pengzhou area. Small fractures may have provided
channels for fluid transport, and structural microfractures could
enhance seepage capacity. These multiperiod movements formed
the comprehensive fractures system in the Middle Triassic Lei-
koupo Formation in the Pengzhou gas field, which provided po-
tential space for gas migration and accumulation.



Fig. 13. Schematic diagram of tectonic stress the in the western Sichuan Depression since the Indosinian (modified after Li et al. (2011)). (a) The Early Indosinian period, N-S
trending compression; (b) The Late Indosinian period, NW-SE direction stress; (c) The Middle Yanshanian period, NE-SW horizontal compression; (d) The Early Himalayan period, E-
W tectonic stress. (e) Rose diagram of the strikes of fractures in the Leikoupo Formation of the Pengzhou area.
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Fig. 14. Fracture evolution pattern of the Leikoupo Formation in the Pengzhou gas field. The distribution of different type of fractures on profile from well PZ115 to PZ103 and the
(a), (b), and (c) show the schematic diagram of the formation of tectonic fractures.

Fig. 15. Comparison of production and fracture characteristics in the Leikoupo For-
mation. (“ - ” represents that the well has not been in production or test yield.)
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