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Different scales of fractures affect the reservoir quality in tight sandstone. There are more studies on macroscopic tectonic
fractures but less on bedding fractures and microfractures. The control factors of multi-scale fractures are unclear. In this paper,
we analyzed the types and controls of fractures in the second member of the Xinchang region in Western Sichuan. We use
core and outcrops observations, imaging logging, scanning energy spectra, and rock slices. Natural fractures can be classified
into tectonic, bedding, and microscopic types. The tectonic fractures are mainly low- to medium-angle tensile fractures. The
bedding fractures are nearly horizontally distributed along the bedding surface, including parallel, dark mineral interface, and
carbonaceous fragments interface bedding fractures. The microfractures develop intra-grain, edge-grain, and inter-grain types.
The intra-grain microfractures are inside quartz or feldspar grains, whereas inter-grain types penetrate multiple grains with
larger extension lengths. The tectonic fractures are related to the stress, grain size, mineral component, argillaceous content, and
lithologic thickness. Parallel bedding fractures are controlled by the coupling of water depth and flow velocity. Bedding fractures
at the interface are controlled by rock component. The microfractures are controlled by the length-width axis ratio of the grain,
grain element content, and brittleness index. Fractures of different scales form a three-dimensional fracture system that has a

substantial impact on the gas production.

1. Introduction

Tight sandstone gas is an unconventional natural resource
dominated by low-porosity and low-permeability reservoirs
with porosity less than 10% and air permeability less than
1 x 107 pm? [1-4]. It has been discovered in many basins
in China [5-8] and accounts for a relatively large propor-
tion of the gas production, such as in the Ordos, Sichuan,
Junggar, and Tarim basins [9-16]. The Xinchang gas field
in the Sichuan Basin was first discovered in 1988. The
exploration progress was slow owing to the insufficient
understanding of geological and fracking processes. After
2,000 years, a few exploration wells were drilled in close
to the fracture system, and gas production was increased

[17-21]. Exploration showed that the fractures play an
important role in controlling the gas production of the
Xinchang gas field. However, the distribution of fractures
in this zone is complex with different fracture geneses,
scales, and occurrences. Nevertheless, there is a lack of the
systematic understanding of fractures.

Tectonic fractures in tight sandstones have been
extensively studied [22, 23]. The factors affecting them
include the stress heterogeneity in different tectonic zones
[24-31] and lithologic heterogeneity [32-34]. Sedimenta-
tion controls differences in the lithology and layer thick-
ness, and heterogeneity in the mineral composition and
structure of reservoirs influence fracture development [35-
40]. Bedding fractures are formed by diagenesis and
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FIGURE 1: Tectonic map of the study area. (a) Boundary sketch of China map; (b) Division of secondary tectonic units in Sichuan Basin;

(c) Division of the tectonic units in the Western Sichuan Depression.

tectonics, which are sub-horizontally distributed and can
effectively connect different parts of the tight sandstones.
They have been extensively studied in shale reservoirs [41-
46], but there is less research in tight sandstones, and the
types, scale, and controlling factors of bedding fractures
are not well studied [47, 48]. Microfractures are important
fracture types in tight sandstones that cannot be observed
with the naked eye. They have good storage capacity and
higher ability to provide seepage channels locally [49,
50]. However, current microfracture studies mainly focus
on shale gas reservoirs, and it is believed that quartz,
feldspar, organic matter, and carbonate mineral contents
are important factors that influence shale microfracture
development [51]. The study of them has been limited to
their classification and qualitative description [52-56], and
a quantitative analysis of the main factors controlling them
is lacking. Quantitative characterization of microfracture
parameters, such as extension length and fracture aperture,
is difficult. Although these parameters can be obtained
using rock slices and scanning electron microscopy [57-
59], it is more difficult to obtain these parameters for a
large number of samples, which also limits the quantitative
analysis of microfractures.

In this study, multi-scale fractures of different scales,
including tectonic, bedding fractures, and microfractures,
were characterized in tight sandstone reservoir in the
second member of the Xinchang tectonic zone, and
the main factors controlling the fractures at different
scales were analyzed. Using core and outcrop data, the
classification, quantitative scale, and controlling factors of

bedding fractures were discussed. A total of 239 outcrop
samples were analyzed by scanning energy spectroscopy
and electron microscopy to obtain quantitative parameters,
such as elemental components, grain morphology, numbers,
extension length, and aperture. The factors affecting
the development of micro-fractures are discussed. The
relationship between the fracture system and production
capacity at different scales was analyzed, which provides a
theoretical basis for the exploration and development of the
second member of the Xinchang gas field.

2.Geological Background

2.1. Structure. The Western Sichuan depression is located
in the western part of the Sichuan Basin, adjacent to the
Longmen orogenic belt in the west and bordered by the
East Kunlun and Qinling orogenic belts in the north and
east, respectively (Figures 1(a) and (b)) [60]. With Longmen
Mountain as the boundary, the Western Sichuan Depression
can be divided into southern, middle, and northern parts.
The Xinchang tectonic zone is located in the middle part
of the depression (Figure 1(c)) [61]. It was influenced by
multi-phase tectonic movements and formed a northeast-
oriented narrow anticline. The two wings of the anticline are
characterized by steep south and gentle north [62]. During
the Indochina-Yanshan period, a tectonic pattern of lower
in the west and higher in the east was formed. During the
Late Yanshan-Himalayan period, strong extrusion caused
overall uplift of the Xinchang tectonic zone and the western
part of the structure was raised up. At the end of the Late
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F1GURE 2: Comprehensive characteristics of the reservoir in a typical well of the target layer in the study area.

Jurassic period, natural gas began to accumulate in large
quantities, but the reservoir had not yet densified and the
natural gas reservoir was formed in the high part of the
structure under the effect of buoyancy. After the reservoir
was fully densified, the Late Yanshan-Himalayan tectonic
adjustment caused an adjustment of the preformed gas
reservoir [63, 64].

2.2. Stratigraphy and Reservoirs. The Xinchang tectonic
zone has developed a thick Late Triassic-Cretaceous
stratigraphy. The stratigraphy includes the Xujiahe
Formation of the Upper Triassic, Jurassic, Cretaceous,
Tertiary, and Quaternary, and the Xujiahe Formation can

be divided into the first to sixth members from bottom
to top. The first and third members are thick-layered
mudstone deposits [65, 66]. The target layer of this study
was the second member, a thick sandstone with thin-layered
mudstone (Figure 2).

The study area is dominated by deposits of submerged
distributary channels of braided rivers, with small amounts
of estuarine bar deposits [67-69]. The burial depth of the
reservoir in the second member is approximately 4800-
5200 m, and the cumulative thickness of the sand body
can be as large as 430 m. The thickness of the sand body
in a single channel is approximately 1.5-10 m. Submerged
distributary channels of different periods are superimposed,
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FIGURE 3: Sedimentary distribution in the middle section of the second member of Xujiahe Formation.

forming a complex sand body in space (Figure 3). The
rock type is dominated by lithic and feldspar sandstone,
and the grain size is dominated by medium sandstone,
with medium sandstone accounting for 67.02% of the
total sample, fine sandstone for 21.48%, coarse sandstone
for 10.06%, and siltstone for 1.44%. The tight sandstone
is strongly diagenetic, with strong reservoir heterogeneity
and poor quality, and the pore type is mainly secondary
pore with a small amount of primary pore. The average
porosity is approximately 3.7%, and the average permeabil-
ity is less than 0.1 x 107 um? which is a typical tight
reservoir. The lateral variation in porosity and permeabil-
ity is large, and the capacity of neighboring wells greatly
varies. Affected by multiphase tectonic movement, fractures
are more developed, and the complex fracture affects the
efficient exploration and development of gas fields [70-73].

3. Samples and Methods

3.1. Samples Preparation. In this study, drilling data of
28 wells, coring data of 17 wells (total 332.4 m), imag-
ing logging data of 17 wells, and outcrop data were
used. The number, orientation, and dip angle of fractures
were obtained using imaging logs. The tectonic fractures
were described using core and imaging data. The bedding
fractures were described in the outcrop profiles of Gong-
nongzhen, which is located at the northern part of the
Sichuan Basin. A total of 239 samples were obtained from
outcrops using a core sampling instrument.

The imaging logging data of 17 wells were preprocessed,
and the depth was corrected using the GR (gamma ray)
curve, which was statically and dynamically enhanced, with
a uniform color scale for static images and a sliding window
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fracture surface, partially filled, mainly filled with asphalt and carbonaceous materials, with obvious scuff marks formed by sliding, well

XC8, 4975 m.

processing technique for dynamic images. The generation of
static and dynamic images can effectively reflect macro-
scopic and local changes in stratigraphic conductivity.
The natural fractures developed in the target layer were
interpreted by distinguishing the beddings, muddy strips,
and stress-release fractures. The occurrence, effectiveness,
and linear density of the tectonic fractures were counted.

Sample elements and microfractures were quantitatively
interpreted using X-ray energy chromatography (Energy
Dispersive Spectrometer, EDS), and 239 outcrop samples
were tested. First, the rock samples were cut and polished to
obtain samples of 2 x 0.3 cm in diameter and length, and
the samples were put into the center of aluminum foil, and
the plastic sealant was placed in the center of the aluminum
foil. Then, the samples were pressed with a pressure of
10 MPa for approximately 1 min. Subsequently, the samples
were scanned by energy spectrum after plastic sealing, and
the mineral grains, pores, and fractures were identified,
extracted, and calculated using the scanning results. The
parameters, such as elemental content, length-width ratio
of grain, total length and number of microfracture, and
microfracture aperture, were obtained.

Poro PDP-200 overburden measuring instrument was
used to test the porosity and permeability of well samples.
Seventy-three samples were tested, and the testing process

was fully automated. The diameter and length of 2.54 x 5
cm rock samples were prepared. The samples were washed
and dried at 104 °C for 4 hours. Nitrogen was used as
the standard test gas. The samples were put into the core
holder. The pressure used in the test was automatically
controlled by the instrument, and the overburden rock
porosity and permeability determination method of the
Petroleum Industry Standard SY/T6385-2016 was adopted.
The initial pressure applied to the rock sample was 5 MPa,
and the pressure was gradually increased as required. The
instrument automatically recorded various parameters of
the rock sample under different pressure conditions, and the
properties were obtained by applying Boyl’s and Darc’s laws.

The rock cutter and stepless speed control grinder were
used to cut and polish the well samples, and 10 pieces
of common rock slices were made after gluing. Using the
pore-casting instrument, the caster rock slices were made.
Rock samples of approximately 25 mm in diameter and
2-4 mm in thickness were cut, and the washed and dried
samples were put into the caster, filling under vacuum
and pressurized conditions. The main components of the
infusion agent were epoxy resin, curing, and dyeing agents.
Then, high temperature and pressure curing (temperature
approximately 65 °C, pressure approximately 30 MPa) were
applied. Subsequently, it was pursued according to the
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FIGURE 5: Interpretation of tectonic fractures using electrical imaging logs (Well X5) in the second member of Xinchang area.

common rock slice production method, making 63 pieces
of casting rock slices. The pore throat structure, poros-
ity, mineral component, and microfracture morphology
of the slices were determined in thin sections by count-
ing 300 points per sample using Leica-350. All the above
experiments were conducted in the Oil and Gas Resources
Exploration and Technology Laboratory, Yangtze Univer-
sity.

3.2. Methods. The fracture linear density was calculated
using the results of imaging logging interpretation. It was
calculated using equation (1). The brittleness index (BI) of
the outcrop samples was calculated by the elemental content
using EDS, which was calculated using equation (2).

fL:% (1)

where f; is the linear density in m™, ng is number of

fractures in the wellbore direction, and L is the measured
length in the wellbore direction.

BI = Cquartz/ (Cquartz + Cearbonate + Cclay) (2)

BI, brittleness index; Cqyartz> quartz mineral content, %;
Cearbonate> carbonate mineral content, %; Cclay, clay mineral
content, %.

4. Results

4.1. Fracture Classification. According to the core and
outcrop data, the natural fractures in the second mem-
ber of the Xinchang area were divided into three catego-
ries: tectonic, bedding, and microscopic fractures. Tectonic
types include shear and tensile fractures, which are the
main macroscopic fractures developed in the layer, mainly
large-medium scale fractures. Small-scale bedding fractures
are common in the area, with small lateral extension
distance, and are formed with the distribution of beddings
and rock diagenesis process. Microscopic fractures can be
found in the reservoir by scanning energy spectroscopy and
rock slices, which are not observable to the naked eye and
can be defined as microscale fractures.

4.2. Tectonic Fractures. According to tectonic fracture
mechanics [74, 75], the tectonic fractures in the study
area can be divided into tensile and shear types, mainly
developing tensile fractures (Figures 4(a) and (b)). The
surface of the tensile fractures is flat and free of scuff
marks (Figure 4(c)), whereas the surface of shear frac-
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TaBLE 1: Statistics of fracture linear density in the second member
of Xinchang area.

Linear
Number of Strata density
Well Sand group  fractures thickness (m) (m™)
X501 X, 103 43.85 2.35
X501 TX,? 117 99.4 1.18
X501 TX, 112 108.4 1.03
X501 TX,’ 55 77.95 0.71
X501 TX,! 2 54.7 0.04
XC8 TX,? 45 73.81 0.61
XC8 TX,? 31 85.50 0.36
XC8 TX,* 26 73.00 0.36
XC8 TX,? 5 59.28 0.08
XC8 TX,° 4 79.22 0.05
XC8 TX, 1 71.25 0.01
X209 TX,* 24 76.2 0.31
X209 TX,? 11 91 0.12
X209 TX,? 7 90.5 0.08
X209 TX, 3 51.3 0.06
X209 TX,’ 3 51.3 0.06
X209 TX,? 1 45.16 0.02

tures is visible as scuff marks (Figure 4(d)). Imaging logging
data is used to interpret fractures. Drilling-induced frac-
tures and natural fractures are distinguished in the interpre-
tation (Figure 5). The fractures were mainly low- and
medium-angle (Figure 6), with low-angle fractures (0, 30°)
accounting for 50.94%, medium-angle fractures (30, 60°)
accounting for 39.75%, and high-angle fractures (60, 90°)
accounting for 9.31%. For example, the percentage of low-
angle fractures in well X853 was approximately 73.68%,
whereas the percentage of high-angle fractures did not
exceed 6% (Figure 6). The fracture-filling status was
dominated by unfilled fractures, with the proportion of
unfilled fractures being approximately 63.89%, semi-filled
being 22.22%, and a small proportion of fractures fully filled
with minerals, accounting for approximately 13.89%, with
calcite, asphalt, and carbonaceous filling.

The fracture directions of 17 typical wells were analyzed.
The results showed that they were mainly distributed in
three directions: ESE-WNW to ENE-WSW, NW-SE, and
NE-SW. The multi-directional fracture system was formed
owing to different tectonic movements. The fractures were
heterogeneous, and the linear density of fractures greatly
varied from well to well and in a single well (Table 1). For
example, the linear density of well X501 was larger, with
an average value of up to 1.02 m™; it was lower in well
X209, approximately 0.12 m™; within the same well, the
linear density of fractures also varied in different layers. For

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_343/6277380/lithosphere_2023_343.pdf

bv auest



Parallel thidlg'

Lithosphere

Parallel
frac

Ficure 7: Characteristics of parallel bedding fractures in the core of second member of Xinchang area. (a) Parallel bedding fracture,
sub-horizontal distribution, well XC6, 4930-4930.15 m; (b) Parallel bedding fracture, sub-horizontal distribution, well XC6, 4889.15-
4889.3 m; (c) Parallel bedding fracture, sub-horizontal distribution, well XC6, 5156.9 m.

example, in well X501, the linear density of the fourth sand
group was 2.35 m™', whereas it was only 0.04 m™ in the first
sand group. The tectonic fractures were unevenly distrib-
uted in the three-dimensional space, and the fractures were
strongly nonhomogeneous.

4.3 Bedding Fractures. More near-horizontal fractures
were developed in the tight sandstone in the Xinchang
gas field. These fractures were formed along the bedding
surface. For example, fractures distributed along different
types of beddings were seen in well X5, XC7, and XC6,
including cross-bedding and parallel bedding fractures
(Figures 7-9) which can be called bedding fractures [76].
The bedding fractures were unevenly distributed in the
well, with obvious differences in the degree of development
and strong heterogeneity. The core can be divided into the
bedding fracture area and the nonbedding fracture area,
with the fracture spacing in the well between 0.5 and 15 cm

and linear density between 1 and 2.5 cm™ in the bedding
fracture developing area. The fracture aperture was larger
and more obvious to the naked eye. The fracture surface was
uneven, and mica was commonly distributed on the surface.
The surface with low mica content was uneven, whereas
that with high mica content was straight [48]. The fractures
were locally interrupted or bifurcated, and most of them
were not filled. They can be divided into the following three
categories.

4.3.1. Parallel Bedding Fractures. The bedding type of such
fractures is mainly parallel bedding, and the occurrence is
nearly horizontal. They are only locally developed in a more
limited area, but the linear density of the fractures is larger,
locally up to 2.5 cm™, and the fracture spacing is 0.3-0.5 cm
(Figure 7(a)-(c)). The parallel bedding fractures are formed
under hydrodynamic conditions of shallow and rapid water
flow by mechanically weak interfaces generated by grain

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_343/6277380/lithosphere_2023_343.pdf

bv auest



Lithosphere

—

Dark mineral bedding

3.5¢cm

Dark mineral bedding
fractures

&7

F1Gure 8: Characteristics of the dark mineral interface fractures in the core of second member of Xinchang area. (a) Dark mineral interface
fracture, well X5, 4930-4930.15 m; (b) Dark mineral interface fracture, well X5, 4889.15-4889.3 m.

size differentiation under the action of external tectonic
stress [77]. Such fractures are densely locally developed.
This can effectively improve the local permeability of the
reservoir. For example, the permeability of well XC6 can
reach 1.0 x 107 pm? in the area of parallel bedding
fractures.

4.3.2. Dark Mineral Interface Fractures. Such bedding
types are mainly cross-bedding beddings, which form
dark mineral enrichment owing to hydrodynamic and
gravity differentiation [77] and have mechanically weak
surfaces at the dark mineral enrichment interface, which
can form bedding fractures under favorable stress. The
fracture spacing was correlated with the scale of the
cross-bedding, and the fracture spacing ranges from 1
to 15 cm (Figures 8(a) and (b)).

4.3.3. Carbonaceous Fragment Interface Fractures. These
bedding fractures are formed by hydrodynamic and
gravity differentiation of the carbonaceous fragment [77]
and form a mechanically weak surface at the interface
of the carbonaceous layer. They are formed by tectonic
stress after the contraction of rock diagenesis, with a
fracture spacing of 0.5-5 cm (Figures 9(a)-(c)).

4.3.4. Scale of Bedding Fractures. From the above classifi-
cation, it can be seen that bedding fractures are formed
by the combination of sedimentary and tectonic stresses.

Different beddings form grain size or component dif-
ferentiation interfaces owing to sedimentary processes
and form mechanically weak surfaces during diagenetic
process. When the reservoir is subjected to stress, frac-
tures preferentially form at the mechanically weak surfaces.
Hence, the bedding fractures generally appear at the surface
of sedimentary beddings and are distributed along the
beddings. The bedding fractures observed in the cores have
very low dip angles and are mostly unfilled. However, they
do not always develop at bedding area but are also induced
by favorable tectonic stresses.

Because it is difficult to obtain the lateral character-
istics of bedding fractures in cores, this study selected
the outcrop of the second member of the Gongnongz-
hen to describe their quantitative characteristics (Table
2). Interpretation of the outcrop shows that the vertical
distribution range of parallel bedding fractures is approx-
imately 0.25-0.5 m, the range is small, the spacing of
single bedding fracture is 0.5-2 cm, the linear density of
them is larger and the lateral extension range is approx-
imately 5-15 m (Figure 10(a)). The vertical distribution
range of the dark mineral interface fractures is approx-
imately 3-7 m, the lateral extension range is approxi-
mately 3-12 m, and the spacing of the single bedding
fracture is 1-15 cm (Figure 10(b)). Carbonaceous interface
fractures were not observed in the field, and their vertical
distribution is approximately 3-5 m with a single bedding
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fracture spacing of 1-5 cm according to the core data.
However, it should be noted that the bedding fractures in
the outcrop differ from that in the subsurface reservoir.
The reason why the bedding fractures are more developed
in the outcrop is that the mechanically weak surface in
the outcrop is more likely to form bedding fractures when
the overlying stratigraphic pressure decreases during uplift,
whereas the bedding fractures in the subsurface are slightly
less developed. Therefore, the quantitative characteristics of
the bedding fractures in the outcrop do not represent that
of them in subsurface reservoirs but can be used as an
important reference in subsurface reservoirs.

4.4. Microfractures. Microfractures are not visible to the
naked eye and must be observed under a microscope
[78, 79]. EDS tests were performed on rock samples
obtained from outcrops and cores in the second member,
239 rock samples were scanned using a combination

of energy spectroscopy and electron microscopy. These
samples were digitally quantified, and the quantita-
tive parameters of the components, pores, and micro-
fractures were interpreted by automatically extracting
this information, which greatly compensated for the
shortcomings of the thin-section analysis technique.
The microfractures in the tight sandstone samples
are well developed, with the main interval of aper-
ture being 1.46-151.92 um, average value of aperture
being approximately 55.6 pm, main interval of frac-
ture number being 9-799 c¢m™, and the main inter-
val of total fracture length being 3.73-93.70 mm cm~
2. Combined with the thin-section observations, inter-
grain microfractures (Figures 11(a) and (b)), marginal
(Figures 11(c) and (d)), and intra-grain (Figures 11(e)
and (f)) were developed in the study area. The intra-
grain microfractures are developed inside the quartz
or feldspar grains with small extension lengths (Figure
11(e)), approximately 10-400 um, confined to the interior
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FIGURE 10: Scale of bedding fractures in the outcrop profile of Gongnongzhen, Western Sichuan.

TaBLE 2: Quantitative relationships of the different types of bedding fractures.

11

Bedding fracture type Genesis Vertical scale Horizontal scale Fracture spacing
Parallel bedding interface fractures Parallel bedding 0.25-0.5m 5-15m 0.5-2 cm
Dark mineral interface fractures Cross-bedding 3-7m 3-12m 1-15cm
Carbonaceous fragment interface fractures Cross-bedding 1-2m / 1-5cm

of the grains and generally terminating at the edge of the  extension length is not limited by the grains. They extend
grains, with a small scale in length but a large fracture longer (Figures 11(a) and (f)), often with branching
surface density, mainly on the surface of the quartz  characteristics, and these microfractures are connected
or feldspar grains (Figure 11(f)), with small apertures with each other, which effectively increase the permeabil-

and poor connectivity between the intra-grain microfrac- ity of the reservoir.
tures, contributing little to the reservoir permeability.

Microfractures at the grain edge have characteristics  4.5. Different Types of Fractures and Reservoir Proper-
similar to those of intra-grain types. The intergranular ties. Natural fractures provide important reservoir space
microfractures penetrate multiple grains, and their = and seepage channels for tight sandstone reservoirs,
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Figure 11: Microfracture characteristics of outcrop and well core samples in EDS and rock slice. (a) intergranular microfracture, EDS
grayscale map, sample 65 of Gongnongzhen profile, porosity is 5.69%; (b) intergranular microfracture, EDS pore facture interpretation
map, sample 65 of Gongnongzhen profile, porosity is 5.69%; (c) intergranular and edge-grain microfracture, EDS grayscale map, well X201,
4916.06 m; (d) intergranular and edge-grain microfracture, EDS pore facture interpretation map, well X201, 4916.06 m; (e) intragranular
microfracture, rock slice, well X201, 4820.6 m; (f)) intragranular microfracture, rock cast thin section, well XC8, 4971.54 m.
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FIGURE 13: Pore-permeability relationship between small-scale bedding facture developed and undeveloped layers of the reservoir (well

X5).

and these types of fractures contribute differently to the
reservoir properties. Large- to medium-scale fractures
increase reservoir properties, connect small-scale bedding
fractures with micro-scale fractures, form a fracture
network system, and increase reservoir percolation
capacity [80]. Large- and medium-scale fractures can
improve the reservoir permeability, which has been
analyzed further. The permeability of reservoirs with small-
scale bedding fractures substantially increases, but the

bedding fractures have limited lateral extension and are
vertically independent of each other. Therefore, they can
only improve the permeability of local reservoirs. For
example, the well X5 does not develop near-horizontal
bedding fractures in 4929-4937 m but develops many
near-horizontal bedding fractures in 4960-4968 m (Figure
12). The average porosity of the small-scale bedding
fracture-developed section is approximately 3.95%, and the
permeability interval is 0.01-33.24 x 107 um? with an
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average value of 9.35 x 10~ um? (Figure 13). The average
porosity of the section with undeveloped bedding fractures
is approximately 4.9%, and the permeability interval is  which is approximately 2600 m away from
0.005-0.866 x 10~ pm?, with an average value of 0.10 x 10~ and it is 1.83 m™ in well X501, which is
3 pm? (Figure 13). In the microfracture-developed thin 400 m away from the large fault. The better
slice, the average porosity is approximately 4.57%, and the = wells in the study area are generally located
average permeability is 3.56 x 10 um? In the microfrac-
ture-undeveloped thin slice, the average porosity is
approximately 3.85%, and the average permeability is 0.08
x 107 pm?* The permeability substantially increases in the = near the zone. Therefore, the differences in

microfracture-developed area. and the distance from the main fault control the tectonic

5. Discussion
5.1. Main Controlling Factors of Fractures

5.1.1. Factors Controlling Tectonic fractures. The main
factors controlling the tectonic fractures have been
extensively studied [81, 82]. These fractures in the second
member of the Xinchang tectonic zone are controlled by
several factors. The tectonic stress is the primary factor and
is also closely related to the lithology, stratum thickness, and
mechanics layer.

Tectonic action leads to the formation of tectonic
fractures [80]. The tectonic stress difference controls the
development of these fractures. These fractures in the
reservoir show that the closer to the large fault, the more

FIGURE 14: Relationship between fracture linear density and distance from fracture.

developed the tectonic fractures (Figure 14). For example,
the average fracture linear density is 0.21 m™ in well X11,

the large fault,
approximately
gas-producing
near the main

fault or the axis of small folds. Fault activity causes the
fracture zone to be subjected to an obvious stress concentra-
tion phenomenon, and the fractures are more developed

tectonic zones

stresses on the reservoir, which in turn affect the tectonic

fracture linear density.

Lithological differences affect the fracture development

in the reservoir, and the lithology influences fractures

through grain size, mineral component, argillaceous, and

calcareous cement content. The statistical results of fracture
linear density for different lithologies show a relationship
between grain size and average linear density (Figure 15).
For example, the linear density of medium sandstone in
well X501 is the larger, up to 1.83 m™', whereas that of fine
sandstone is smaller. The grain components of reservoirs

are various, and their elastic moduli and Poisson’s ratios are
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A higher content of brittle minerals is favorable for tectonic
fracture development. The favorable petrographic type for
these fractures is quartz sandstone. The argillaceous content
also influences the fractures. To eliminate the influence
of grain size and mineral components, layers with similar
grain size and components in well X501 were selected
to discuss the effect of argillaceous content on tectonic
fractures. It can be seen that the argillaceous content and
tectonic fracture linear density are negatively correlated
(Figure 16). When the argillaceous content is greater than
15%, the linear density is very low.

Rock mechanics layers are lithologic layers with the same
or similar rock mechanical properties. The layers generally
terminate at the mudstone interface. Tectonic fractures
are usually developed inside rock mechanics layers, and
very few fractures can cross mudstone layers [74]. It can
be found that there is a substantial relationship between
the thickness of the rock layers and the fracture linear
density. To eliminate the effect of lithology, the fracture
linear density of the medium sandstone was analyzed. It
is clear from the graphs that it shows a certain correla-
tion (Figure 17), where the linear density decreases with
increasing layer thickness, and a threshold thickness exists
in each well, above which the fracture linear density does
not change much as the layer thickness increases. Less than
this threshold, the fracture linear density becomes larger in
a certain range as the thickness decreases.

5.1.2. Factors Controlling Bedding Fractures. The bedding
fractures are related to various factors. The formation
of them can be mainly attributed to sedimentation and
diagenesis, whereas tectonics is the triggering factor [48].
For these fractures, sediments were subjected to contin-
uous increases in the overlying stratigraphic pressure
during diagenesis, and sediment grains at different types
of bedding interfaces underwent differential compaction
and cementation [48], such as the interfaces of dark- and
light-colored mineral. The two types of mineral compac-
tion pressure are not consistent, and the fractures are
distributed along the bedding interface in the process of
diagenesis. For similar reasons, the parallel beddings are
composed of layers with different grain sizes. There are
differences in grain sizes between the layers. Moreover,
there are differences in the compaction process of the layers
with different grain sizes during diagenesis, with coarse
grains having strong compaction resistance and fine grains
having weak compaction resistance. Compaction occurs at
the interface of the fine grain layers, forming mechanically
weak surfaces and parallel bedding fractures, developing
stripping lineation structure. These fractures formed during
diagenesis are subjected to tectonic stress. The scales of
the fractures are modified to some extent. Therefore, the
bedding fractures are controlled by endogenous factors.
Parallel-bedding fractures are mainly controlled by parallel
bedding, and the bedding fractures at the interface of
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dark minerals and carbonaceous layers are controlled by
differences in rock components.

The thickness of the submerged distributary channel in
the second member is large, with an average thickness of 2—
10 m. The channel water depth is large during the deposi-
tion period, with a strong hydrodynamic force and sufficient
supply of sediment sources. The reservoir only develops
parallel bedding in some wells. The formation of these
beddings is influenced by the Froude Number, as shown
in the following equation:

Fr=V/\/h - g, where v is the average flow velocity, m/s
and h is the water depth, m.

1 ] When Fr < 1, the water flow velocity is small, which

represents the characteristics of deep water and slow flow.
When Fr = 1, the water flow is critical flow. When Fr >
1, the water flow velocity is large, which represents the
characteristics of shallow water and rapid flow. The Fr
index reflects the change in the reservoir bedding type,
the hydrodynamic condition of parallel bedding is an Fr
index close to 1 when the water depth is smaller, and the
flow velocity is larger. Observation of the cores shows that
the parallel beddings are more developed at the top of the
single-phase subchannel. In the late stage of deposition,
the channel is continuously filled and the channel depth
decreases, whereas the hydrodynamic force is still strong
at this time. The coupling between the flow velocity and
depth of the channel is formed, which makes it easy to form
parallel beddings and mechanically weak interfaces with
different grain sizes, and parallel bedding fractures develop
along the interfaces.

The bedding fractures at the interface of the dark
minerals and the carbonaceous texture are owing to the
existence of different components. Well data with bedding
fractures developed and undeveloped were selected for
analysis, and the differences in the quartz, feldspar, and
rock fragment contents were compared. It should be noted
that rock fragments are not equivalent to dark minerals,
but the higher content of rock fragment reflects the low
maturity of rock components, whereas the content of dark
minerals should be higher. The content of rock fragment
can be used to indicate the content of dark minerals.
Figure 18 shows that the quartz and feldspar contents are
generally less than 75% in the bedding fracture developing
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FiGurk 18: Influence of rock components on the development of bedding fractures at the interface of dark minerals.

layers, and the rock fragment content is generally more
than 25%. The high percentage of rock fragment content
represents the high content of dark minerals, which are
prone to form a dark mineral-rich divergent interface under
the effect of gravitational divergence during the deposition
process, generating a mechanically weak surface. When
the rock fragment content is too low, the sediment has
a low content of dark minerals, which tends to form a
homogeneous sediment of quartz and feldspar and is not
conducive to the formation of a gravity-divergent interface
(Figures 18(a)-(d)). The bedding fractures at the carbona-
ceous fragment interface are also owing to the carbona-
ceous debris enrichment. The enrichment of carbonaceous
debris is related to the sediment supply. The above analysis
shows that for tight sandstones with lower compositional
maturity, a higher rock fragment content is favorable for the
formation of bedding fractures.

5.1.3. Factors Controlling Microfractures. The microfrac-
tures are related to a variety of factors. Similar to macrofrac-
tures, the higher the tectonic stress to which the reservoir
is subjected, the more microfractures will develop. They are
also controlled by the intrinsic factors of the tight reser-
voir, including the grain size, grain component, interstitial

material content, and the inter-grain contact relationship.
To eliminate the influence of tectonic stress on microfrac-
tures, samples from the outcrop were selected for discus-
sion. The outcrop is subjected to similar tectonic stress,
which can effectively explain the influence of endogenous
reservoir factors on microfractures.

5.1.3.1. Aspect Ratio of Grain. The analysis of the quantita-
tive parameters of microfractures in 239 samples from the
outcrop shows that the total length, number, and aperture
of microfractures developed per unit area are controlled by
the shape of the grains (Figure 19), mainly the ratio of the
long to short axes of the grains (hereinafter referred to as
the grain aspect ratio). The ratio has a substantial negative
relationship with the total length and aperture of microfrac-
tures. The larger the grain aspect ratio, the smaller the total
length of the microfractures per unit area (Figure 19(a))
and the smaller the aperture (Figure 19(c)), which has
no substantial relationship with the total number (Figure
19(e)). If the grain aspect ratio is distributed between
2.7 and 3.5, the corresponding microfracture length and
aperture are 0-60 mm/cm™ and 1-7 pm, respectively. When
the grain aspect ratio is distributed between 1 and 2, the
above parameters are 30-120 mm/cm™ and 70-150 um,
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FIGURE 19: Relationship between grain aspect ratio, porosity and total length, aperture, and total number of microfractures.

respectively. The ratio of the grains and the porosity has
a certain relationship (Figure 19), the larger the ratio, the
greater the porosity. Thus, there is an indirect correlation
between the porosity and the total length and aperture of
the microfractures (Figures 19(b), (d) and (f)). The ratio is
correlated with the grain morphology. The above relation-
ship can be explained by the fact that the closer the grain
morphology to a spherical shape, the more favorable the
development of microfractures, the area of mutual contact
between spherical grains is small, and the tectonic stress
per unit area is larger, which is conducive to the forming
of microfractures. On the contrary, the larger the ratio, the
larger the area of mutual contact between grains after strong
compaction, and the tectonic stress per unit area is smaller,
which limits the forming of microfractures. The causes of
grain morphology are complex and related to the weather-
ing of parent rock and sediment transport processes.

5.1.3.2. Element content. Microfractures are also influenced
by the content of the grain components, which are closely
related to the elements. The correlation between the element
content and microfractures was analyzed based on the
results interpreted by EDS. Microfractures are strongly

influenced by the silicon (Si), calcium (Ca), and aluminum
(Al) contents (Figure 20). Si and Ca elements are the
brittle elements, but there is a difference in the control of
the microfracture morphology: the higher the Si element
content, the more microfractures developed (Figure 20(a)).
Quartz grains have a high content of silicon, and a large
number of microfractures developed inside the quartz
grains. No substantial relationship was detected between
the Si element content and the total length of microfrac-
tures (Figure 20(b)), indicating that a high Si content is
favorable for the microfractures inside the grains, and the
number of fractures is large, but the length is small. The
Ca content is negatively correlated with the total number
of microfractures (Figure 20(c)) and positively correlated
with the total length (Figure 20(d)). A set of calcareous
sandstone with high Ca content is developed in the upper
part of the outcrop, and the average Ca content can reach
30%. The microfractures inside the calcareous sandstone
are characterized by a small total number and a large
total length of fractures, indicating that the high content
of Ca elements is conducive to the forming of inter-gran-
ular microfractures, and the number of microfractures
developed is small, but the length is large. The Al content is
negatively correlated with the formation of microfractures,
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F1GURE 20: Relationship between Si, Ca, and Al element content and total length and number of microfractures.

the higher the Al content, the smaller the number and
length of microfractures (Figures 20(e) and (f)). The Al
element represents the content of clay minerals, indicat-
ing that high content of clay mineral is not conducive to
microfracture forming.

5.1.3.3. Brittleness index. Fractures are closely related to the
BI, which is generally calculated from Youngs modulus and
Poisson’s ratio, the ratio of core samples can be determined
using triaxial stress experiments [83]. In this study, the
BI of the samples was calculated using EDS results, and
the relationship between the BI and microfractures was
discussed (Figures 21(a)-(c)). In general, the degree of

microfracture development correlates with the brittleness
index of the reservoir, and the samples are clearly divi-
ded into two parts: the lower samples of profile represent
the aspect ratio of around three, and the upper samples
represent the aspect ratio of less than two. The length and
number of microfractures are positively correlated with the
BI (Figures 22(a) and (b)). The BI calculated based on
the EDS mineral component only considers the mineral
component, not the grain structure and other characteris-
tics. Therefore, the positive correlation shows an obvious
trend, the larger the BI, the greater the number of micro-
fractures and the larger the total length for the same type of
rock sample. From the graph of the relationship between the
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BI and the fracture aperture, a positive correlation can be
observed between the BI and fracture aperture; the higher
the BI, the larger the microfracture aperture (Figure 21(c)).

5.2.  Multi-Scale  Fracture Network and Production
Capacity. Natural fractures of multi-scale form a fracture
network. Large- and medium-scale tectonic fractures are
large in scale and dominated by low- and medium-angle
oblique intersections, whereas small-scale bedding fractures
are small in lateral and vertical scales with limited distri-
bution. Large- and medium-scale tectonic fractures are
well-connected to high-quality reservoirs in different parts.
Tectonic fractures and locally distributed bedding fractures

are cut and connected to each other, forming a macro-
scopic fracture network in three-dimensional space. A large
number of microfractures develop inside the tectonically
fractured reservoirs, and intergranular microfractures are
connected with the pore throat system, forming a multi-
scale fracture network system.

The different types and scales of fractures make
the fracture distribution in the Xinchang area complex.
The complexity of the fractures is enhanced by multi-
phase tectonic movements. The different scales of natural
fractures effectively improved the reservoir storage and
seepage capacity. The quantitative relationship between the
fracture linear density of tectonic and bedding fractures,
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and the initial production capacity shows a substantial
positive correlation (Figure 23). The microfractures improve
the micro-seepage capacity. Multiscale fractures play a
controlling role in the distribution of natural gas, which
tends to accumulate along the fractures, and the multi-scale
fractures have a greater impact on the initial gas production.

6. Conclusion

(1) The natural fractures in the second member of the

Xinchang tectonic zone can be divided into three
categories: tectonic, bedding, and microscopic
fractures. The different types of fractures constitute
the fracture network system. The tectonic fractures
are mainly tensile fractures. The fracture occurrence
is more in low- and medium-angles, mainly unfilled.
The multiphase tectonic movements make the
fractures show strong heterogeneity. The bedding
fractures are nearly horizontally distributed with

FIGURE 23: Relationship between fracture linear density and gas production in the second member of the Xinchang gas reservoir.

local intermittent or bifurcated features along the
bedding surface, mostly unfilled. The bedding
fractures are divided into parallel bedding, dark
mineral interface, and carbonaceous fragment
interface fractures, mainly formed by diagenesis,
with a small lateral extension distance and a limited
vertical distribution range. The microscopic
fractures are quantitatively interpreted using a
combination of scanning energy spectroscopy and
electron microscopy. The microfractures in the study
area mainly developed intra-grain, edge-grain, and
inter-grain microfractures. Intragranular and edge-
grain microfractures developed inside and at the
edges of quartz or feldspar grains with small
extension  lengths,  whereas  intergranular
microfractures ran through multiple grains, with
longer extension lengths not limited by the grains
and often with branching characteristics. Fractures
of different scales can substantially increase the
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(2)

3)

reservoir permeability and

performance.

improve seepage

The main factors controlling fractures in the second
member of the Xujiahe Formation are discussed. The
tectonic stress is an important factor, and the
tectonic fractures are also closely related to lithology
and stratum thickness. Lithology affects fractures
through  grain  size, mineral components,
argillaceous content, and so forth. There is a clear
exponential relationship between the stratum
thickness and the fracture linear density. The
fracture linear density becomes larger in a certain
range as the stratum thickness decreases. The
bedding fractures in the second member are closely
related to diagenesis. There are differences in the
compaction and dissolution of different grain size
and minerals in the diagenesis process, forming a
mechanically weak surface and forming bedding
fractures under the action of tectonic stress in the
later stage. The parallel bedding fractures are
controlled by the coupling of water depth and flow
velocity. The bedding fractures at the interface of
dark mineral and carbonaceous layers are controlled
by the differences in rock components. The quartz
and feldspar content of the dark mineral bedding
fractures developed section is generally less than
75%, and the rock fragment content is generally
more than 25%.

The total length, number, and aperture of
microfractures are controlled by the ratio of the long
to short axes of grains. The grain aspect ratio is
substantially negatively correlated with the total
length and aperture of microfractures, which can be
explained by the fact that the closer the ratio to 1,
the closer the grain morphology to spherical shape,
and the area of mutual contact between spherical
grains is small, and the tectonic stress per unit area is
larger, which is favorable to the development of
microfractures. Microfracture development is also
influenced by the content of particulate elements: Si,
Ca, and Al. When the Si element content is higher,
the total number of microfractures is higher; when
the Ca element content is higher, the total length of
the microfractures is larger, whereas the total
number is not high. The Al content is negatively
correlated with microfractures. The length and
number of microfractures are positively correlated
with the BI. The natural fractures have a great
influence on the initial gas production, and natural
fractures of different scales form a three-dimensional
seepage system, which can effectively improve the
seepage capacity of the reservoir.
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