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A B S T R A C T

Natural fractures control the migration and accumulation of oil and gas in the tight sandstones. Understanding
the characteristics and formation mechanism of natural fractures has important guiding significance to the
comprehensive prediction and evaluation of the fracture distribution. Focusing on the tight sandstones of the
Xujiahe Formation (T3x) of Jiulongshan gas field, northwest Sichuan Basin, China, the characteristics of natural
fractures were characterized quantificationally, and a comprehensive evaluation method of fracture formation
mechanism is proposed. Two types of natural fractures were identified in the T3x, namely tectonic fractures and
diagenetic fractures. Most of the natural fractures are tectonic shear fractures, which can be subdivided into
steep fractures and nearly horizontal fractures according to their dip angles. Three sets of tectonic fractures were
identified in the study area, namely: NW-SE trending, NNE-SSW trending and NEE-SWW trending fractures.
According to the characteristics of fracture sets, crosscutting relationships, acoustic emission tests and fluid
inclusion analysis, and combined with the tectonic evolution history of the study area, the natural fractures were
formed in four periods. Among them, the diagenetic fractures formed at the process of diagenesis are the first
period fractures. The second to fourth periods are tectonic fractures formed at the end of the Triassic to the Early
Jurassic, the Late Cretaceous and the end of Pliocene to the early of Pleistocene, respectively. Horizontal tectonic
compression, uplift denudation and overpressure were the main force sources for the formation of the steep
tectonic fractures. The formation of nearly horizontal fractures is related with the thrusting or inter-formational
sliding caused by tectonic compression.

1. Introduction

Natural fracture system is the key factor in controlling the migra-
tion, accumulation and high output of hydrocarbons in tight sandstone
reservoirs (Laubach et al., 2010; Olson et al., 2010; Luo et al., 2018;
Wang et al., 2018a,b). The viewpoint of “no fracture, no hydrocarbon
accumulation” has been put forward for many tight oil and gas fields
(Zeng and Li, 2010; Lyu et al., 2016; Kong et al., 2018). Research on the
spacial distribution characteristics of natural fractures is becoming in-
dispensable for the exploration of these tight oil and gas reservoirs
(Sanderson and Nixon, 2015; Zhao et al., 2018; Wang et al., 2018a,b).

The Jiulongshan gas field is a large gas bearing anticline, which is
located at the northwest Sichuan Basin, China (Fig. 1). The explorations
have proved that the Xujiahe Formation (T3x) of the Jiulongshan gas
field has promising natural gas resource potential with a tremendous
exploration prospect (Qiu and He, 1990; He et al., 1999; Liu et al.,
1996). However, the existing research shows that the sandstones of the
Xujiahe Formation (T3x) are very tight, whose matrix porosity is gen-
erally less than 7.0% and more than 98% of the matrix permeability is
less than 0.1 mD. The natural fracture system controls the enrichment
and production of natural gas (Pei et al., 2008; Zeng, 2010; Bai et al.,
2012; Lyu et al., 2017). More research on the characteristics and
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genetic mechanism of natural fractures in Jiulongshan gas field can
improve the prediction of fractures distribution in this tight reservoir
which leads to more gas exploration in this field (Larsen et al., 2010;
Ferrill et al., 2014; Laubach et al., 2016).

Previous studies analyzed the paleo-tectonic stress field of north-
western Sichuan Basin and confirmed that this area mainly experienced
three periods of tectonic event: late Indosinian period, late Yanshan
period, and Himalayan period, respectively (Liu et al., 1994; Cao, 2005;
Yuan et al., 2010). He et al. (1999) predicted the fracture distribution of
Xujiahe Formation (T3x) using data of mechanical properties and
structural curvature. However, limited by scarce data, a comprehensive
research on the fracture characteristics, sequences and formation me-
chanism is still lack, which is the basis for better understanding the
occurrence and spacial distribution of the natural fractures. With the
deepening of exploration, more core and log data are available in recent
years. Based on data of cores, image logs, thin sections, outcrops and
experiments, the types, characteristics, sequences and the formation
mechanism of natural fractures in the Xujiahe Formation (T3x) were
investigated in this work.

2. Geological setting

The Jiulongshan gas field is a NE-SW trending dome shaped anti-
cline, which is located at the intersection of the Longmenshan thrust
belt and Micangshan uplift belt in the northwest of Sichuan Basin
(Fig. 1). The Xujiahe Formation (T3x) are divided into five Members

(i.e., 1st to 5th Member) from bottom to top in the Western Sichuan
Foreland Basin (Fig. 2). Among them, the 1st (T3x1), 3rd (T3x3) and 5th
(T3x5) Members are the source rocks, and the 2nd (T3x2) and 4th (T3x4)
Members are the reservoir rocks. However, due to the tectonic uplift in
the late Indosinian period, the 4th (T3x4) and 5th (T3x5) Members are
missing in the Jiulongshan gas field (Pei et al., 2008).

The burial depth of the Xujiahe Formation (T3x) is generally more
than 3100m, and the thickness is about 280m–310m. The depositional
environment is mainly of fan delta front. The lithology of the reservoir
is mainly lithic feldspar sandstone, feldspar sandstone and quartz
sandstone with fine to medium grains. The main porosity is comprised
of intergranular pores and dissolution pores. There are several small-
scale reverse faults with throw between 10m and 100m in the study
area. Because the reservoir rocks are tight and brittle, the fractures are
highly developed under the strong tectonism, which makes the re-
servoir to be a fractured reservoir.

3. Methods

Based data of 4 outcrops, 524m cores from 16 wells, 154 thin
sections, image logs from 5 wells and the relevant experiments, the
features of natural fractures were characterized, and their formation
mechanism was discussed. The fracture occurrence (strike and dip
angle) was constrained by direct measure of fractures from outcrops
using a geological compass and interpretation of image logs. Fractures
were divided into sets according to their orientations, cross-cutting

Fig. 1. Tectonic outline map of the western Sichuan Basin and the location of the Jiulongshan gas field, China (Modified from Gong et al., 2016).
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relationships, and cement types. Fracture density was measured by
correcting the scan lines parallel to the borehole using the Terzaghi's
correction method (Casini et al., 2016; Marrett et al., 2018; Procter and
Sanderson, 2018).

Acoustic emission is an elastic wave which is generated by a rapid
release of strain energy stored in the material (Zeng and Li, 2010; Gong
et al., 2017). In general, metals have memory of their stress history.
Materials produce clear acoustic emissions when the stress reaches the
maximum stress they have experienced, which is known as the Kaiser
effect. In fact, numerous studies show that rocks also have good
memory function with respect to the earlier stress (Ding and Zhang,
1991; Bai et al., 2012). A large number of micro-cracks were formed
when the rock experienced multiple periods of paleo-tectonic stress.
These micro-cracks expand when the stress imposed on the rock reaches
the paleo-stress of each period that they have experienced, and many
different Kaiser effect points is formed. Each Kaiser effect point re-
presents one rupture event. Therefore, these Kaiser effect points can be
used to estimate the rupture periods of rocks. In this study, acoustic
emission (AE) features of 12 core plugs were measured using the PCI-2
acoustic emission detecting system at Northeast Petroleum University,
which can help constraint the fracture events. These samples were
processed into 25 mm * 50 mm (diameter * height) cylinders, which
were flattened at both ends. To reduce the end effect, butter was ap-
plied at both ends of the sample. Acoustic emission probes were in-
stalled on the side of the samples. And then the sample was fixed on a
servo mechanical testing machine and loaded by displacement control
method. The loading rate was 0.002 mm/s until the sample was de-
stroyed. The stress, strain and the number of acoustic emission were
recorded during the experiment.

According to the characteristic analysis and homogenization tem-
perature measurement of fluid inclusions contained within the fracture
filling minerals, the paleo-temperature when the filling minerals
formed can be obtained (Ferrill et al., 2017; Lyu et al., 2017). Combined
with the burial history and geo-temperature history, the fracture for-
mation sequence can be constrained. In this study, 14 samples

containing fractured fillings were obtained from cores and processed
into thin sections with thickness of 0.05mm. Firstly, the morphology,
size and color of fluid inclusions were observed under Leica 4P mi-
croscope. Then the homogenization temperature of selected fluid in-
clusions were measured by Linkam THMSG600 Cooling-Heating Stage.
The homogenization temperature of totally 125 fluid inclusions were
measured to help constraint the fracture sequences in this study.

4. Results

4.1. Fracture types

Both tectonic fractures and diagenesis fractures developed in the
Xujiahe Formation (T3x). The tectonic shear fractures are the main
fracture type. They are widely distributed in multiple lithology types
with a regular distribution and an obvious directivity, and often in
groups (Fig. 3, Fig. 4). Tectonic fractures can be subdivided into steep
fractures and nearly horizontal fractures according to their dip angles.
The steep fractures usually show an en echelon array (Fig. 3A, B & C).
Some of them were filled with minerals (mainly are calcite or quartz).
The surfaces of these steep fractures are smooth and often characterized
by slickensides and steps. The nearly horizontal fractures are mainly
developed in medium sandstone and gritstone near the thrust faults or
sliding layers (Fig. 3D). They usually have equal spacing, being
3 cm–5 cm. These horizontal fractures seem to be parallel to the bed-
ding planes, but they actually intersect with the bedding planes at a
small angle. Some of these horizontal fractures are filled with minerals
or/and show signs of dissolution. In some core intervals, these nearly
horizontal fractures are cut visibly by the steep fractures, or vice versa.
These steep fractures and nearly horizontal fractures interlace together
and form prolific fracture networks, making the wells drilled in those
areas are very productive.

Diagenetic fractures usually develop along the bedding planes,
especially along the lithologic interfaces, such as the interface between
sandstone and mudstone (Fig. 5). Most of the tectonic fractures were

Fig. 2. Stratigraphic column of Western Sichuan Foreland Basin (Modified from Lyu et al., 2017). Fm=Formation.
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constrained by these bedding parallel diagenetic fractures (Petrie et al.,
2014; Smart et al., 2014; Agosta et al., 2015). The bedding parallel
fractures may show signs of interruption, bending, wedge-out, com-
bining, or branching along the bedding plane which means that they
were formed in the process of long-term evolution in the reservoirs.
Although these bedding-parallel fractures are widely distributed, the
extended length is limited, and because they are deep buried and nearly
horizontal, they are generally closed under the lithostatic pressure of
the overlying strata. Therefore, they present little contribution to the
fluid flow in the reservoirs.

4.2. Logging responses of the natural fractures

Opening tectonic fracture result in local decrease of formation re-
sistivity and local increase of acoustic impedance, thus the decrease of
local echo amplitude. Therefore, they are shown as dark sinusoidal or
cosine curves in both electrical and acoustic imaging maps. But the
fractures are often partially filled with quartz, calcite or other minerals,
which makes the formation resistivity and acoustic impedance de-
crease/increase unevenly. Therefore, there are intermittent or irregular
changes in the dark sine or cosine curves (Fig. 4).

Conventional logging curves also respond to tectonic fractures (Ge
et al., 2014, 2015; Lyu et al., 2016). By comparing the conventional
logging curves of fractured and un-fractured sections, the gamma ray
(GR) of fractured section is slightly reduced, the negative anomaly of
spontaneous potential (SP) is increased, and the caliper (CAL) is slightly
enlarged on the cross plot of lithologic indicator curves (Fig. 6A). On
the cross plot of three porosity curves, the interval acoustic transit time
(AC) of fractured section increases, the neutron porosity (CNL) varies

slightly, and the density value (DEN) decreases slightly (Fig. 6B). On
the cross plot of resistivity curve, the resistivity value of fractured
section decreases slightly, and the difference of resistivity between deep
resistivity (RT) and shallow resistivity (RXO) decreases slightly, which
indicates that fractures reduce deep resistivity (Fig. 6C). However, the
response of single log curve to fracture is very weak, so it is necessary to
take corresponding measures to enhance the overall signal in order to
reflect the development of fractures more clearly and accurately.

4.3. Fracture development characteristics

According to the interpretation of image logs and fracture occur-
rence measurements conducted on outcrops, three sets of fractures can
be detected in the Xujiahe Formation (T3x), namely: NW-SE trending,
NNE-SSW trending, and NEE-SWW trending (Fig. 7). The dip angles of
steep fractures are greater than 70°, while the dip angles of the nearly
horizontal fractures are usually between 10° and 30°.

The fracture heights measured from cores and outcrops are mainly
distributed between 20 cm and 50 cm, which indicates that most of the
fractures are confined in a single layer. The average fracture density of
the steep fractures is 0.58m-1, and it varies distinctly in different tec-
tonic position and layers. In the vicinity of faults and hinges of folds,
fracture density increases significantly due to an intense stress dis-
turbance caused by faulting and folding. The highest average fractures
density in a single well can be as high as 1.23m-1. Furthermore, there
exists different fracture development degrees in the vertical direction.
Fractures are most developed in the upper of the Xujiahe Formation
with an average fracture density of 0.71m-1. The middle of the Xujiahe
Formation is the second most developed layer with an average fracture

Fig. 3. Tectonic fractures in outcrops and cores. (A) and (B) Two sets of steep fractures from outcrops. (C) Steep tectonic fracture in core (filled with calcite). (D)
Nearly horizontal fractures in core.
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density of 0.56m-1, while the fracture density is the smallest in the
lower of the Xujiahe Formation, i.e. only about 0.42m-1. Such a change
in fracture density should be related to the difference of their lithology
and bed thickness (Laubach et al., 2009; Ameen et al., 2012; Hooker
et al., 2013; Gong et al., 2015).

4.4. Crosscutting relationships

The filling minerals in the fractures mainly include quartz, calcite
and carbonaceous clay. Among them, the carbonaceous clay is usually
filled in the bedding parallel diagenetic fractures while the quartz and
calcite are filled in the tectonic fractures. According to the fracture
crosscutting relationships (Fig. 8), three phenomena can be observed:
(1) calcite cuts calcite (fractures filled with calcite cut those filled with
calcite); (2) quartz cuts calcite; c) calcite cuts quartz. Among them, the
first phenomenon reflects that the fractures experienced two periods of
calcite filling events. The second phenomenon reflects the fractures
experienced one period of calcite filling event and one period of quartz
filling event separately, and the calcite filling preceded the quartz
filling. The third phenomenon happened when the fractures experi-
enced one period of calcite filling event and one period of quartz filling
event, with quartz preceding the calcite filling.

According to the above analysis, four stages of filling events can be
identified: first, the carbonaceous clay filled in the nearly horizontal
diagenetic fractures. Next, calcite filled in the tectonic fractures. Then,
quartz filled in the tectonic fractures. Finally, calcite filled in the tec-
tonic fractures.

In the outcrops, three sets of fractures were identified. Among them,
the NNE-SSW trending fractures usually abut at the NW-SE trending
fractures, while the NEE-SWW trending fractures abut at the NNE-SSW
trending fractures (Fig. 9), which indicates that the NW-SE trending
fractures are the first period of fractures, the trending NNE-SSW frac-
tures are the second period of fractures, and the NEE-SWW trending
fractures are the third period of fractures.

4.5. Acoustic emission test

The acoustic emission test results of 12 core plug samples from the
Xujiahe Formation (T3x) show that, almost all of the 12 samples present
4 Kaiser effect points (Table 1), which indicates that these core samples
mainly experienced 4 micro-rupture events, and the maximum prin-
cipal stresses of these 4 micro-rupture events were 82.4 MPa, 93.0 MPa,
103.5 MPa and 112.4MPa, respectively. Among them, the fourth Kaiser
effect point (red point in Fig. 10) is caused by the final breakdown of
the core sample during the acoustic emission test, while other three
Kaiser effect points (green points in Fig. 10) represent the three micro-
rupture events that the core samples have experienced.

4.6. Homogenization temperature of fluid inclusions

Based on the homogenization temperature measurements of fluid
inclusions of 14 quartz or calcite samples cemented in the tectonic
fractures of the study area (Fig. 11), their homogenization temperature
ranges from 60 °C to 150 °C and can be divided into three sets with
homogenization temperatures of 70 °C–80 °C, 90 °C–100 °C and
130 °C–140 °C, respectively. Therefore, three crack-sealing events can
be determined, which reflects three fracture events. Combined with the
burial history and geo-temperature history, the three crack-sealing
events were at the Early Jurassic, the Late Cretaceous and the end of
Pliocene to the early of pleistocene, respectively (Fig. 12).

5. Discussion

5.1. Fracture sequence

The formation sequence and time of natural fractures are very

Fig. 4. Natural steep fractures detected from electrical and sonic image logs.
FMI=Fullbore Microscan Imager, UBI=Ultra Borehole Imager.

Fig. 5. Diagenetic fractures in thin-section.
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important for the role of fractures in hydrocarbon accumulation.
Fracture sets division and crosscutting relationship can qualitatively
judge the formation sequence of different sets of fractures, but the
specific fracture formation time can't be determined. Fluid inclusion
analysis can help to define the latest stage of fracture formation, but the
time between fracture formation and mineral deposition is difficult to
determine. Rock acoustic emission data can be used to estimate the time
and intensity of Paleo-tectonic stress, but local tectonic events and rock
heterogeneity may affect its accuracy. Therefore, it is necessary to
combine the tectonic evolution history of the study area and synthesize
these methods to determine the sequence and time of fracture forma-
tion.

Former researchers analyzed the paleo-tectonic stress field with the
consideration of structural features along with sedimentary and joint
analyses (Liu et al., 1994; Cao, 2005; Yuan et al., 2010). Based on their
evaluations, three sets of structural lineaments developed in this area,
namely NNE-SSW trending, NEE-SWW trending and NW-SE trending.
According to their crosscutting relationships, the NEE-SWW structural
lineament formed relatively early, the NNE-SSW structural lineament
formed relatively late while the NW-SE structural lineament formed
between the two sets mentioned above. The formation time of these
three sets of structural lineaments were the end of Late Triassic, the
Late Cretaceous and the end of Pliocene to the early of Pleistocene,

respectively.
Based on the above characteristics of fracture sets, crosscutting re-

lationships, and results of acoustic emission experiments and fluid in-
clusions, and combined with the tectonic evolution of the northwest
Sichuan Basin (Liu et al., 1994; Cao, 2005; Yuan et al., 2010), four
periods of fractures can be identified in the study area (Fig. 13). The
first period is the diagenetic fractures. These diagenetic fractures
formed under the intense compaction and dissolution, the formation
time is from Late Triassic to Early Cretaceous. All the other three per-
iods of fractures are tectonic fractures. Among them, the first period of
tectonic fractures formed under the tectonic compression of Indosinian
movement at the end of the Triassic to the Early Jurassic. The second
period of tectonic fractures formed under the influence of abnormal
high pressure and tectonic compression at the Late Cretaceous. The
third period of tectonic fractures formed under strong tectonic uplift
and denudation between the end of Pliocene and the early of Pleisto-
cene.

5.2. Fracture formation mechanism

Jiulongshan area experienced the NNW-SSE horizontal tectonic
compression and uplift denudation caused by the Longmen mountain at
the end of Triassic. The tectonic compression increases the maximum
principal stress, and the denudation decreases the minimum principal
stress, both of which make the Mohr circle larger and intersect with the
failure envelop (Fig. 14A). Therefore, under these conditions, rocks may
easily rupture in the Xujiahe Formation (T3x) where leads to the for-
mation of NNE-SSW and NW-SE trending fractures (Fig. 7). At late
Cretaceous, the study area was subjected to the NE-SW horizontal
tectonic compression from the Micangshan tectonic belt. At the same
time, the buried depth of the Xujiahe Formation (T3x) reached a max-
imum, and an abnormal high fluid pressure formed (Liu et al., 1994).
The presence of the abnormally high fluid pressure reduces the max-
imum and minimum principal stress simultaneously, which make the
Mohr circle move to the left and thus intersects with the failure envelop
(Fig. 14B). Under these combined effects from horizontal tectonic
compression and the high abnormal fluid pressure, the NEE-SWW and
NNE-SSW trending fractures formed (Fig. 7). At end of Pliocene to the
early of Pleistocene, under the lateral tectonic compression from the
Qinghai-Tibet plateau, the Longmenshan thrust belt reactivated which
put the study area under NWW-SEE horizontal tectonic compression
and uplift denudation, and thus the NE-SW and NEE-SWW trending
fractures formed (Fig. 4A and C, Fig. 7).

About the origin of those nearly horizontal fractures, some view-
points exist: unloading while tectonic uplift, stress disturbance caused
by coring and tectonic shearing (Yu and Zhou, 2001; Zeng et al., 2012).
These fractures with low dip angle distributed nearly parallel to the
bedding plane, but not along the bedding plane, meaning that they are
not bedding fractures caused by unloading in the process of coring.
Also, these fractures have characteristics of shear fractures, for example

Fig. 6. Cross plot of (A) lithology curves, (B) porosity curves and (C) resistivity curves of fractured and un-fractured sections.

Fig. 7. Sets and strikes of tectonic fractures and their relationships with the
paleo-stresses in the Xujiahe Formation (T3x) of Jiulongshan gas field (Modified
from Gong et al., 2013).
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there are slickensides on the fracture surface and they cut through rock
grains. These nearly horizontal fractures should be natural tectonic
shear fractures formed in the tectonic movement, and their formation is
mainly related with the thrusting or inter-formational sliding caused by
tectonic compression.

6. Conclusion

Both tectonic and diagenetic fractures are developed in the tight gas
sandstones of the Xujiahe Formation (T3x) in the Jiulongshan gas field,
China. The tectonic shear fractures are the main fracture type. Tectonic

Fig. 8. Fracture crosscutting and abutting relationships in the Xujiahe Formation (T3x) of Jiulongshan gas field.

Fig. 9. Abutting relationships of different sets of fractures from outcrops.

Table 1
Stress data measured from the acoustic emission tests of 12 core samples from Xujiehe Formation (T3x) of Jiulongshan gas field (Gong et al., 2013).

No. Stress (MPa)

75–80 80–85 85–90 90–95 95–100 100–105 105–110 110–115

L10-1 75.6 82.0 85.0 – – 103.4 – –
L10-2 – – – – – 102.5 – 112.4
L10-3 – 82.5 – 93.6 97.3 – 106.1 –
L10-4 – 83.2 – 91.9 – 104.3 – 111.5
L10-5 78.8 83 88.6 91.6 – – – –
L10-6 – 84.2 – – – 104.9 – 110.6
L14-1 75.0 – – 92.9 – – – 112.5
L14-2 77.8 81.6 86.5 – – 104.2 – –
L14-3 – – – 94.6 – 103.5 – 113.4
L14-4 – 82.1 – 92.1 96.5 – 110.4 114.7
L14-5 – – – 94.6 – 101.4 – 111.5
L14-6 – 80.9 – – – – 112.6 –
Frequency 33.3% 66.7% 25.0% 58.3% 33.3% 58.3% 25.0% 58.3%
Average stress – 82.4 – 93.0 – 103.5 – 112.4
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fractures can be subdivided into steep fractures and nearly horizontal
fractures according to their dip angles. These steep fractures and hor-
izontal fractures interlace together and form prolific fracture networks,
making the wells drilled in those areas are very productive. Diagenetic
fractures usually develop along the bedding planes, and they are gen-
erally closed under the lithostatic pressure of the overlying strata. Three
sets of tectonic fractures can be detected in the Xujiahe Formation
(T3x), namely: NW-SE trending, NNE-SSW trending, and NEE-SWW

trending. The fracture heights measured from cores and outcrops are
mainly distributed between 20 cm and 50 cm. The average fracture
density of the steep fractures is 0.58m-1, and it varies distinctly in

Fig. 10. Response curve of rock acoustic emission tests of the Xujiahe Formation (T3x).

Fig. 11. The distribution of fluid inclusion homogenization temperatures from
tectonic fractures of the Xujiahe Formation (T3x).

Fig. 12. Burial history, geo-temperature history and fracture filling events in the Xujaihe Formation (T3x) of Jiulongshan gas Field.

Fig. 13. Schematic map shows natural fracture sequences in the Xujiahe
Formation (T3x) at Jiulongshan gas field.
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different tectonic position and layers.
Based on the characteristics of fracture sets, crosscutting relation-

ships, acoustic emission tests and fluid inclusion analysis, four periods
of fractures can be identified in the study area. The first period is the
diagenetic fractures which is formed under the intense compaction and
dissolution from Late Triassic to Early Cretaceous. All the other three
periods of fractures are tectonic fractures. Their formation time were at
the end of the Triassic to the Early Jurassic, the Late Cretaceous and the
end of Pliocene to the early of Pleistocene, respectively. Horizontal
tectonic compression came from Longmenshan thrust belt and
Micangshan uplift, abnormal high fluid pressure caused by deep burial
and tectonic uplift are the mainly force sources for the formation of the
steep fractures. The formation of nearly horizontal tectonic fractures is

mainly related with the thrusting or inter-formational sliding caused by
tectonic compression.
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