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Research on the characteristics and distribution of natural fractures is of great importance
for the exploration and development of low-permeability sandstone gas reservoirs. In this
study, fracture identification and characterization were carried out using cores and imaging
logging. Then, comprehensive fracture development indicators were constructed to
predict the distribution of fractures in wells by conventional logging. The main factors
that affect the development of natural fractures and the implications of fractures on
hydrocarbon exploration and development were discussed. The results showed that
the natural fractures were mainly low-angle tectonic fractures in sandstone reservoirs.
Most of fractures are unfilled, but the distribution of the fractures in the thin sections has a
discrete fracture structure, indicating that the connectivity of the fracture system is poor.
The development of natural fractures is mainly influenced by rock strength, petrographic
composition, and petrology, and the fractures are more developed in sandstones with a
higher content of brittle minerals. The fracture densities are mainly distributed below
0.05 m/mand up to 0.1 m/m. In the present in situ stress state, all of the natural fractures in
the LD-A gas field are invalid fractures. The critical pressure of the natural fracture is
approximately 16.5-25.4 MP/km; when the pore pressure exceeds this value, the
fractures become effective fractures. These results provide new geological knowledge
and guidance for the exploration and development of LD-A gas fields and other low-
permeability tight sandstone reservoirs.

Keywords: natural fracture, tectonic fracture, low-permeability sandstone reservoir, fracture effectiveness,
Yinggehai basin
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1 INTRODUCTION

As oil exploration and development continue to expand, the
proportion of low-permeability hydrocarbon reservoirs is
increasing in the energy supply. Therefore, the -effective
development of low-permeability hydrocarbon resources is of
great importance for improving oil and gas self-sufficiency
(Shanley et al., 2004; Das et al., 2020). Due to poor reservoir
properties and low productivity, a series of challenges are faced in
the exploration and development of low-permeability
hydrocarbon reservoirs. These challenges include the accurate
identification and prediction of the effective reservoir (Deepa
et al, 2019), the evaluation of the non-Darcy fluid flow
characteristics in low-permeability reservoirs (Lecampion et al.,
2017; Hawez et al, 2021), and the reconstruction of these
reservoirs (Bhattacharya et al., 2012; Aljuboori et al.,, 2021).
Generally, natural fractures commonly develop in sandstone
reservoirs with low porosity and low permeability (Lavenu
et al, 2013; Sufian and Russell, 2013), which connects the
matrix pores in low-permeability reservoirs and improve
reservoir permeability (Fall et al, 2015; Masoudian et al,
2018). The degree of natural fracture development is a key for
establishing the high-stability production of low-permeability
reservoirs (Gale et al, 2010; Hawez et al, 2021). Thus,
research on fractures in low-permeability reservoirs runs
through the whole process of hydrocarbon exploration and
development.

Researchers have carried out many studies on the genetic
types, formation mechanisms, control factors, and distribution-
prediction factors of natural fractures. It is proposed to classify
the fractures in tight sandstone in terms of fracture mode,
mechanical properties, and geological origin (Nelson, 2001;
Laubach et al., 2009). Quantitative characterization methods of
multiscale natural fractures based on outcrops, cores, thin
sections, SEM, and CT were established (Fall et al., 2015; Zeng
etal., 2022). Natural fractures were identified and evaluated using
logging and drilling data with production performance data
(Ezati et al., 2018; Fernandez-Ibdez et al, 2018; Stockmeyer
et al, 2018), and methods including the curvature method,
geomechanical simulation, and geophysical methods have been
proposed (Olson et al., 2009; Yin et al., 2016; Hooker et al., 2018;
Gong et al, 2021). Additionally, the fracture effectiveness and
influencing factors are investigated to analyze the effects of
fractures on fluid flow (Alghalandis et al., 2015). However, the
study of fractures in low-permeability reservoirs remains a
difficult problem. The characterization of fracture connectivity
is incomplete, and the contribution of fractures to the reservoir
needs further study, while the effectiveness of natural fractures
remains unclear (Lahiri, 2021).

Most of the natural gas reservoirs discovered in the Yinggehai
Basin are found in diapir areas or diapir-affected areas, while great
discoveries have also been made in the eastern slope area (Yang et al,
2018). The Yinggehai Basin is characterized by high temperature and
high pressure (HTHP) (Fan et al,, 2021), and once the stress intensity
reached a certain level under the conditions of HTHP and deep
burial, natural fractures developed in sandstones (Luo et al., 2003).
The low-permeability sandstone reservoirs in the Yinggehai Basin
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are characterized by poor physical properties, and the distribution of
natural fractures in low-permeability sandstones controls the
accumulation of natural gas, as well as the location of favorable
reservoirs (Yang et al,, 2018; Li et al,, 2020). The LD-A gas field is a
key block of offshore exploration and development in the Yinggehai
Basin in recent years, and the deep Miocene Huangliu Formation is
the key target interval for natural gas exploration. However, due to
poor matrix porosity and permeability, natural fractures are very
important for reservoir reconstruction (Yang and Huang, 2019).
However, there have been few published studies on fractures, and
their distribution in the low-permeability sandstones of the LD-A
gas field or even the entire Yinggehai Basin. This means that the
geologic characteristics, spatial distribution, and effectiveness of
fractures in the study area remain unclear, which leads to great
difficulty in the exploration and development of low-permeability
sandstone gas reservoirs in the LD-A gas field.

In this study, the fracture identification and characterization of
single wells was carried out based on cores, thin sections, and
imaging logging, assessed with multivariate discriminant
methods and identification methods with rock integrity
evaluation, allowing the distribution of natural fractures to be
predicted from conventional logging. The main controlling
factors for natural fractures are analyzed, and the effectiveness
of natural fractures in exploration and development is evaluated.
The results will provide guidance for the prediction of reservoir
fractures and a reference for the future exploration and
development of LD-A gas fields.

2 GEOLOGICAL SETTING

The Yinggehai Basin is a Cenozoic strike-slip extensional basin,
developed along the passive continental margin in the northern
South China Sea, adjacent to the Beibu Gulf Basin in the northeast
and connected to the Qiongdongnan Basin in the southeast (Zhu
et al, 2009). The basin is NWW-SSW trending, and it can be
divided into four first-level structural units, including the
Yingdong Slope, the Lingao Uplift, the Central Depression,
and the Yingxi Slope (Figure 1A). Due to the influence of
very thick fine-grained sediments, HTHP in the basin, and the
control of the late right-lateral strike-slip stress field, a large-scale
nearly north-south trending and en echelon distribution of diapir
structures developed in the Central Depression (Figure 1A). The
LD-A gas field is located in the southeastern Central Depression
of the Yinggehai Basin and is close to the southern Yingdong
Slope (Figure 1B).

The maximum sedimentary thickness of the Cenozoic exceeds
17 km and consists of the Paleogene Oligocene Yacheng
Formation (E;y) and the Lingshui Formation (E;l), the
Neogene Miocene Sanya Formation (Njs), the Meishan
Formation (Nym) and Huangliu Formation (N;h), the
Pliocene Yinggehai Formation (N,y) and the Quaternary
Ledong Formation (Qld) (Figure 2). The E;y formation is
characterized by continental sedimentation, and marine
sediments began to develop after E;l formation. Neogene-
Quaternary deposits rapidly accumulated ,with a thickness of
approximately 8,000-10,000 m (Huang et al., 2019). From the
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FIGURE 1| Structural division of the Yinggehai Baisn and well location of the LD-A gas field. (A) Simplified structural map of the Yinggehai Basin and the LD-A Gas

edge to the center of the basin, coastal plains, fan deltas, shore
facies, and semi-deep-sea facies develop in turn, and bottom fans
and slump deposits also develop in the center of the basin (Xie
et al., 2006).

The temperature of the gas-bearing layer is over 180°C, and the
maximum pressure coefficient is 2.27 in the LD-A gas field (Li
et al., 2022). The reservoir is mainly gravity flow channel-subsea
fan sandstone of the Upper Miocene N;h formation. The N;h
formation is buried at a depth of 3,800-4300 m, and the lithology
is mainly silt-fine sandstone and medium sandstone. The
reservoir is characterized by ultralow to low permeability, with
a porosity of 8.5-12.3% and a permeability of 0.04-10.00 x
1073 pmz (Li et al, 2020). A large set of thick mudstones in
the second member of the N,y and sandstones in the Njh
formation constitute a mud-encapsulated sand assemblage
type, forming a lithologic gas reservoir against the background
of a large nose structure. The dextral strike-slip tensional faults
and fractures provide the migration pathway for natural gas in the
area, forming a large HTHP lithological gas reservoir (Yang and
Huang, 2019).

3 DATA AND METHODS

3.1 Fracture Description From Cores and
Thin Sections

The macroscopic characteristics of natural fractures can be clearly
expressed through drilling cores, including the mechanical
properties of fractures, group relations, filling, oil and gas
possibility, opening degree, and linear density. Thin sections

can be used to observe the characteristics of fractures from a
microscopic perspective. The description results of fractures can
also provide constraints for fracture identification from
logging data.

In this study, the core samples were mainly collected from the
N;h formation sandstone reservoirs in the LD-A gas field.
Observations were based on 80m of core, 30 thin sections
from five cored wells and borehole image logs from six wells.
The depth range of the core samples was 3,800-4,200 m, and all
the cores were vertical and unoriented. In addition, relevant to
lithology and in situ stress from Zhanjiang Branch of the CNOOC
database and published literature were used accordingly to
complement core and logging data.

3.2 Fracture Identification From Imaging
Logging

It is difficult to obtain the orientation of the fractures from core
observations, but imaging logging interpretation can provide
accurate orientation of natural fractures. Natural fractures
show low resistance and low propagation speeds in the
imaging logging due to mud intrusion (Folkestad et al,
2012). Effective fractures appear as dark sinusoidal fringes
on the imaging logging, obtained by comparing fractures
identified from cores. The amplitude of the sine wave curve
increases with fracture inclination. The lowest point of the
fracture curve indicates the direction of the fracture tendency,
and the inclination angle of the fracture can be obtained from

the highest and lowest points of the curve and the diameter of
the wellbore.
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FIGURE 2 | Comprehensive stratigraphic profile of the Yinggehai Basin, showing the formation and symbols, seismic horizons, and main lithology (Modified from

Two kinds of ineffective fractures can be identified in the
imaging logging. The first type is the filling fracture, including
high-resistance filling fracture and low-resistance filling fracture.
A high-resistance filling fracture shows bright sinusoidal fringe,
and low-resistance filling fracture is mostly filled with low-
resistance mud. These fractures can be eliminated by
combining their high-gamma multiperformance  with
conventional logging curves (Folkestad et al, 2012). The
second is the drilling-induced type, which is commonly
vertical or feather-like in the symmetry direction of the
borehole wall, commonly in the longitudinal and lateral
directions. The drilling-induced fracture extends a short
distance and is easy to identify (Rajabi et al., 2016).

3.3 Fracture Identification From

Conventional Logging
Although imaging logging can provide an accurate identification
of the fracture, it cannot reflect the fracture development

characteristics of the entire study area, as not all wells have
imaging logging. However, conventional logging data are
abundant in the study area, and the natural fractures identified
by cores and imaging logging can be used to constrain the
identification of fractures from conventional logging.

The logging curves that can be used for fracture identification
mainly includes natural gamma radiation, deep and shallow
resistivity curve, neutron, density, and sonic transit time
(DTSM and DTCO). For intervals developed with intensive
fractures, the conventional logging response to the fractures is
more obvious, which shows a sudden increase in sonic transit
time and a certain difference in deep and shallow resistivity. For
intervals developed without intensive fractures, the logging
response is relatively inconspicuous. Hence, some ambiguity
exists in the use of conventional logs to directly identify
fractures. Combining fracture-sensitive conventional logs with
methods to enhance fracture-response intensity and eliminate
nonfracture influence could enable fracture identification (Lyu
et al., 2016).
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Classification Functrion Coefficients

Pore-Electric Discriminant Model

Classification Functrion Coefficients

Acoustic-Electric Discriminant Model

Classification Functrion Coefficients

Fracture Type Fracture Type
1 2 1 2
836.978 | 850.831 Relative acoustic ratio 57.016 48.294
-26.307 | -22.732 Absolute difference
between deep and 1.990 1.122
shallow resistivity
10.122 9.271
Constant -36.171 | -25.132
-401.732 | -418.001

Fracture Type
1 2
Relative density ratio 934.675 | 938.039 Relative density ratio
Relative acoustic ratio 106.628 95.181 Relative neutron ratio
Relative neutron ratio | -41.736 | -36.499 Absolute difference
- between deep and
Absolute difference shallow resistivity
between deep and 13.824 12.575
shallow resistivity Constant
Constant -508.115 | -502.813

Typical Discriminant Function Coefficients

Typical Discriminant Function Coefficients

Typical Discriminant Function Coefficients

Function At Group Centroid Function Function At Group Centroid Function Function At Group Centroid Function
Fracture Type Function ~ - — 1 Fracture Type Function — ~ " 1 Fracture Type Functon - - - 1
1 Relative density ratio -1.518 1 Relative density ratio 8.841 1 Relative acoustic ratio 6.051
Relative acoustic ratio 5.167 Relative neutron ratio 2.285 Absolute difference between
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deep and shallow resistivity 5 Constant -10.333
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FIGURE 3 | The establishment of the fracture multivariate discriminant model and the typical discriminant functions.

There are some differences in the logging series for each well
collected in this study, but all of the sensitive logging data are used
to identify fractures as far as possible. It is necessary to establish
different fracture identification models according to the
differences in the logging series of different wells. In this
study, the fracture identification was carried out based on
cores and imaging logging, and the multivariate discriminant
model and the identification method based on rock integrity
evaluation are comprehensively used to predict fracture
distribution from conventional logging. It is worth noting that
conventional logging cannot identify the number of fractures and
can only identify effective fractures. Ineffective fractures are
generally filled fractures and have no mud intrusion, which is
basically the same as that of the surrounding rock in the
nonfracture development section.

3.3.1 Multivariate Discriminant Method

If the logging response of fractured intervals is greatly influenced
by other factors (such as wellbore, surrounding rock, drilling
fluid, etc.), the logging response of the fracture will be masked,
which makes it difficult to identify the fracture. Therefore, since
the method of mathematical statistics is to be used for fracture
identification, the sampling statistics should be carried out on
typical samples, and predictions should also be carried out for
typical fracture samples. The fractures observed from the cores
and imaging loggings were mapped to the conventional logging
through core location. Then, each logging electrical signal was
extracted according to the interval where it was located, and each
sample was normalized using range normalization on a
single well.

Taking the differences in logging data into account, the
Bayesian discriminant analysis method can be used to
establish a variety of fracture discrimination models in
combination with the reconstruction curves to enable all wells
to identify fractures from conventional logging as far as possible
(Qamar et al., 2022). Combining the data in the study area and
using the principle of discriminant analysis, three main

discriminant models were established this time (Figure 3): the
full-parameter model (including the relative density ratio, relative
neutron ratio, relative acoustic wave ratio, and absolute value of
deep-shallow resistivity), the pore-electric discriminant model
(including the relative density ratio, relative neutron ratio, and
absolute value of deep-shallow resistivity), and the acoustic-
electrical discriminant model (including the relative acoustic
ratio and absolute value of deep-shallow resistivity).

The relationship of the discriminant criterion for identifying
fractures using each discriminant model was determined based
on the different discriminant criterion coefficients of the fractures
and the nonfractures (Figure 4).

The typical discriminant function expression for the full-
parameter model is:

Grp = —1.518 - RDE + 5.167xRDT — 2.364 - RTH + 0.564 - ARR
(1)

where RDE is the relative density ratio; RDT is the relative
acoustic wave ratio;, RTH 1is the relative neutron ratio, and
ARR is the absolute difference between deep and shallow
resistivity.

When the Ggp is between 0 and 4, it can be judged as a
fracture. The recognition results of the full-parameter model are
88.9% in agreement with the fractures in the core and imaging
logging.

The discriminant function expression for the pore-electricity
discriminant model is:

Gp_p = 8.840 - RDE + 2.285 - RTH - 0.544 - ARR — 10.333 (2)

When Gp.x is between 0 and —4, fracture development is
indicated. The recognition result of this model is 80.0%
compatible with fractures in the core and imaging logging.

The discriminant function of the acoustic-electrical
discriminant model is:

Ga_g = 6.050xRDT + 0.602 - ARR — 7.048 3)
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FIGURE 5 | The relationship between the compressional wave transit
time and shear wave transit time in the LD-A gas field.

It can be considered a fracture when Gp g is between 0 and —4,
and the accuracy rate of this model is 78.1%. When using the
discriminant model to identify fractures, the most suitable model
should be selected according to the logging data and curve
conditions.

3.3.2 Identification Method Based on Rock Integrity
Evaluation

Although fracture identification models based on the
conventional logging curve have been established, to improve
fracture identification accuracy as much as possible, an
alternative fracture identification model is established to
facilitate the selection of an appropriate method according to
actual drilling data.

The change in the mechanical properties of the rock reflects
the difficulty degree of fracture development, so it is feasible to
carry out fracture identification from the perspective of the rock
mechanical properties (Zeng et al., 2022). Based on the sonic
transit time logging of the compression and shear waves, the
mechanical parameters of the rock can be calculated, and a
stability coefficient reflecting the rock fracture characteristics

can be constructed. The R/S analysis method was introduced
to identify possible fracture development sections (Hu, 2000).

The mechanical elastic parameters of the rock, such as
Poisson’s ratio (p), Young’s modulus (E), shear modulus, and
bulk modulus, are calculated by using the compression and shear
wave velocity and density logging data, and then the rock
mechanical strength parameters are calculated, including
compressive strength cohesion and tensile strength (Wayne,
2006). However, the compressional wave transit time (DTCO)
is generally measured during logging, but the shear wave transit
time (DTSM) is generally not. The DTCO and DTSM in two wells
with full-wave train logging data in the LD-A gas field show a
good linear relationship (Figure 5).

The relationship between DTCO and DTSM was established
by the full-wave sonic logging data collected in two wells:

DTSM = 2.4549 . DTCO - 50.8137 (4)

Researchers have established an index reflecting rock integrity,
which can evaluate the possibility of rock breakage (Wayne,
2006). They define the rock stability factor (RG) as the
product of the bulk modulus (G) and shear modulus (K).
Using the same lithology and burial depth, the larger the
stability coefficient is, the more stable the rock.

RG=G-K (5)

R/S analysis is a nonlinear statistical method. In this method, R
represents the range, calculated as the difference between the
maximum and minimum cumulative deviation. S is the standard
deviation, which represents the average trend of the time series
(Perez and Chopra, 1997). R/S reflects the degree of change in time
series, and the existence of fractures often leads to an increase in the
complexity of logging curves. Therefore, R/S analysis can be used to
evaluate the degree of fracture development in an interval (Hu,
2000). The variation with depth in the R/S curve of rocks in ideal
homogeneous strata is uniform. However, when the reservoir
heterogeneity changes abruptly, the R/S curve of the rock with
depth shows a sudden change. If the curve included in the analysis
has identified fracture information, the sudden change can be
considered as the fracture development section (Hu, 2000).
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2-1, depth 3,882.70 m.

FIGURE 6 | Fractures in the cores of low-permeability sandstone reservoirs in the LD-A gas field. (A) natural fracture in well LD-A-1-6, depth 4,093.80 m, (B) low-
angle shear fracture in well LD-A-1-5, depth 4,000.40 m, (C) low-angle tension fractures in well LD-A-1-5, depth 4,031.70 m, and (D) diagenetic fractures in well LD-A-

The R/S analysis method is used to establish a fracture
identification model based on the rock stability coefficient RG to
quantitatively evaluate the possibility of vertical fracture
development. The sampling point interval of the concave curve
may be the fracture development section of the reservoir. The slope
of the critical point is calculated by the slope limit evaluation
method, and the fractal dimension (fracture identification curve)
reflecting the possibility of fracture development is obtained from
D=2-K, which can be used to judge the possibility of fractures. If K
becomes negative, D is greater than 2, indicating that fractures may
exist; otherwise, if D is less than 2, the possibility of fractures is low.

4 RESULTS

4.1 Fracture Characteristics in Cores and

Thin Sections

Core observations show that tectonic fractures mainly developed
in low-permeability sandstone reservoirs in the LD-A gas field,
and shear fractures are the most common. The fracture surfaces
are relatively straight, and the opening degree is small (Figures
6A,B). Tension fractures are less common in cores, the fracture
surfaces are curved and uneven and extend in waves on the core,
and the change in occurrence is larger than that of shear fractures
(Figure 6C). Diagenetic fractures occasionally develop in core
samples, which have limited extension and narrow widths
(Figure 6D). Fractures are mainly low-angle (15-45°) fractures
and rarely high-angle (45-75°) and vertical (>75°) fractures. The
degree of fracture filling is relatively low, the fractures are
occasionally filled with organic matter or carbonate minerals,
and the effectiveness of the fractures is relatively high.

The observation results of the thin sections also show that the
natural fractures are dominated by tectonic fractures (Figure 7).
Shear fractures are mainly developed with a relatively straight
fracture surface. Some fractures are filled with calcite and
dislocated by late tectonic fractures (Figures 7B,C).
Nontectonic fractures, such as diagenetic shrinkage fractures,
are observed in the few samples, which show curved surfaces
and small openings (Figure 7D).

Microfractures can also be observed in wells LD-A-3-1 and LD-A-
2-1, which are partly filled with asphaltene and carbonate minerals,
and the fracture surfaces are relatively straight and should be formed
by tectonic effects (Figure 7E). The microfractures have poor
elongation, and the observed microfracture openings are between
10 and 80 pm. Some fractures are filled with retained asphalt formed
during hydrocarbon migration (Figure 7F). These fractures typically
extend along weak regions at the edges of mineral grains and do not
break individual high-strength grains such as quartz, indicating that
they were formed by fluid intrusion rather than the product of
tectonic stress.

4.2 Characteristics of Natural Fractures by
Imaging Logging

The shape, color, and morphological characteristics of the
sinusoid curves on the imaging logging of six wells can be
used to accurately identify the main types of natural fractures,
and occurrence information, such as fracture trend and dip angle,
can be quantitatively established. The types of natural fractures in
the actual formation are more complex, and the sinusoidal images
can be divided into four types: continuous dark, discontinuous
dark, continuous bright, and discontinuous bright. Four fracture
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FIGURE 7 | Fractures in the thin sections of low-permeability sandstone reservoirs in the LD-A gas field. (A) Unfilled shear fracture in well LD-A-2-1, depth
4,093.70 m, (B) shear fracture in well LD-A-1-1, depth 3,785.56 m, the fracture Biis cut up by fracture A, (C) filled shear fracture in well LD10-1-1, depth 4,083.05 m, (D)
diagenetic fractures in well LD-A-1-1, depth 2,235.50 m, (E) microfractures in well LD-A-1-1, depth 3,675.25 m, and (F) fracture filled with asphalt in well LD-A-1-1,
depth 4,107.05 m.
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FIGURE 8 | Fractures in the borehole image logs from wells in the LD-A gas field. (A) Continuous conduction fractures in well LD-A-1-13, (B) discontinuous
conduction fractures in well LD-A-1-13, (C) continuous high-resistance fractures in well LD-A-1-6, and (D) discontinuous high-resistance fractures in well LD-A-2-1.
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0

types can be identified according to the characteristics of the
image, namely, continuous conduction fractures, discontinuous
conduction fractures, continuous high-resistivity fractures, and
discontinuous high-resistivity fractures.

Due to the high degree of fracture effectiveness, continuous
conduction fractures exhibit an abnormally high electrical
conductivity due to mud immersion during drilling. Natural
fractures developed at depths between 4,219 m and 4,220 m in
well HE10-1-13, mainly continuous conduction fractures. The
fractures were mainly at low to moderate angles and correspond
to open fractures identified on cores and thin sections. There was an
obvious dark sine wave curve on the dynamic and static imaging
loggings. The images were clear with good continuity and cut the
entire wellbore. The color of the intervals with fractures is clearly
different in its upper and lower sections (Figure 8A).

Discontinuous conduction fractures show abnormally high
electrical conductivity, and their basic features are similar to those
of continuous conduction fractures. However, the dark image of

the sine curve shows irregular, discontinuous, and fuzzy features.
Nevertheless, in general, the continuity of the dark images is
higher than that of the bright ones. This type of fracture also has a
certain effectiveness and can still be classified as open fractures.
Well LD-A-1-13 developed three discontinuous conduction
fractures at 4,303m, and the image loggings were
discontinuous and mainly dark (Figure 8B).

Continuous high-resistivity fractures can be found in Well
LD-A-1-6, show high-resistivity anomalies, mainly oblique and
vertical, and generally complete sinusoidal waveform images with
continuous light color (Figure 8C). Such fractures are generally
filled with high-resistance minerals (such as carbonate minerals)
in cores and thin sections, and the degree of effectiveness is low.

Discontinuous high-resistivity fractures in well LD-A-2-
1 show abnormal high-resistivity and are sinusoidal curves
and horizontal images (Figure 8D). The color of the image
was dark and light, and the light-colored image representing
high resistance was more continuous than dark-colored images.
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Low-angle fractures are mainly developed in the study area,
and a few high-angle fractures and vertical fractures are locally
developed (Figure 9A), which is consistent with the core
observations. The strike direction distribution of fractures was
concentrated mainly to the NW or NWW, and a small number of
fractures show NE and NW trends (Figure 9B). Induced fractures
developed in the LD-A gas field, in a mainly NW-SE direction,
indicating that the direction of the maximum horizontal principal
stress should be NW-SE (Figure 9C).

4.3 Identification Results of Natural
Fractures From Conventional Logging

The fractures are mainly effective fractures and with relatively low
filling degrees. Therefore, the fractures identified by conventional
logging can represent the overall fracture distribution in the
study area.

The fractures identified by the discriminant model show
that the predicted result matches well with the results
identified by core and imaging logging (Figure 10A),
indicating that the discriminant model can be extended to
other wells for fracture identification. The fracture
identification results obtained by the R/S analysis are also
very consistent in the imaging logging fracture development
section. The mechanical properties of the rock in the fracture
development interval changed significantly, and the fracture
identification curve exhibits a jagged distribution greater than
2 (Figure 10B).

Two fracture identification modes were established in this
study and were used to identify the fracture in 10 single wells. The
thicknesses of the identified formations are more than 2000 m,
and the cumulative thickness of the fracture development
intervals is 152 m. The average relative density of fractures in
the study area is 0.076 m/m, indicating that the overall fracture
development rate is relatively low.

For the convenience of analysis and evaluation, the relative
fracture density is defined as the ratio of the thickness of the
fractured intervals to the thickness of the identified statistical
intervals. The statistical results for the fracture identification show
that the relative fracture density is mainly distributed between
0.05 m/m and 0.1 m/m. The results also reveal that the natural
fractures easily develop in shallow rock due to the low strength, and
the relative fracture density of deeper rocks is lower than that of
shallow rocks due to the enhancement of rock strength (Figure 11).

The fractures in the LD-A-1 wellblock are mainly developed in
the middle and deep lower part of the second member of the N,y
formation and the Njh formation. The fractures in the N,y
formation are mainly developed in mudstone, while the fractures
in the N;h formation are mainly developed in sandstone. The
average relative fracture densities in the first and second
members of the N;h formation are 0.03m/m and 0.058 m/m,
respectively (Figure 12). Fractures mainly developed in the
middle and deep layers of the N;h formation and Njm
formation in the LD-A-2 wellblock and LD-A-3 wellblock. The
fractures mainly occur in relatively thin sand layers, and the average
relative development density of fractures is 0.015 m/m (Figure 12).
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5 DISCUSSION

5.1 Main Factors Influencing Fracture

Development

5.1.1 Influence of Rock Mechanics Parameters

The dynamic mechanical parameters of the rock are calculated by
using the velocity of compressional and shearing waves. Using
these with the imaging logging interpretation results, the

Natural Fractures in Low-Permeability Reservoirs

relationship between rock mechanical parameters (Young’s
modulus and Poisson’s ratio) and the line density of tectonic
fractures was analyzed.

The development degree of tectonic fractures in the study area
shows a trend of first increasing and then decreasing with
increasing Young’s modulus (Figure 13A). Young’s modulus
is a basic parameter of rock mechanics, and its value directly
affects the stress state of the rock. Within a certain range, rocks
with high Young’s modulus show high brittleness and are prone
to fracture when subjected to the same tectonic stress (Douma
etal,, 2019). However, the rock expresses high strain energy when
the Young’s modulus is too high. When subjected to stress, a large
amount of energy is used to break through the confining pressure,
resulting in macroscopic fracture of the rock and destruction of
the rock matrix. Poisson’s ratio reflects the plasticity of the rock;
with increasing Poisson’s ratio, the degree of fracture
development first decreases and then increases (Figure 13A).

5.1.2 Influence of Mineralogy and Lithology

In low-permeability sandstone reservoirs, the linear density of
tectonic fractures is positively correlated with their quartz content
(Figure 13B). Because the brittleness of the rock increases with
increasing brittle mineral content while the tensile strength and
compressive strength of the rock decrease, fracture formation is
easy (Fall et al., 2015). With increasing clay mineral content, the
plasticity of rocks increases gradually, which results in a decrease
in the degree of fracture development. The linear density of
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FIGURE 12 | Well section profile showing the fracture-developed intervals identified from conventional logging in the LD-A gas field.
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fractures in the LD-A gas field gradually decreases with increasing ~ density of fractures gradually decreases (Figure 13D). Overall,

clay mineral content (Figure 13B). where the thickness of the rock layer is greater than 5 m, the linear
Lithology controls the development of natural fractures by  density of structural fractures is significantly reduced. This is

changing the content of the plastic and brittle minerals and  because, for the same lithology, the greater the thickness of the

grainsize (Lyu et al,, 2016). The fractures in the LD-A gas field  rock layer, the more dispersed the rock fractures are with the

are mainly developed in calcareous medium sandstone and  same stress. With increased thickness of the single layer in the

medium sandstone (Figure 13C), which contain more brittle  fracture development section, the spacing of different fractures

minerals. According to the analysis of whole-rock minerals, the  increases, and density decreases.

carbonate mineral content is 20-28% in the calcareous medium

sandstones. However, the plastic mineral content is relatively . .

high in fine sandstone and conglomeratic sandstone, so the 5.2 Characterization of Natural Fracture

fracture development is relatively low. Due to its high mud  Connectivity

content, fractures are least developed in argillaceous siltstones  The fracture networks that sometimes appear to be very dense are

and mudstones. not necessarily hydraulically connected. Only by solving the
fracture connectivity characterization can the effective fracture
5.1.3 Influence of the Thickness distribution and its permeability be evaluated, and the
Through the statistics of the imaging logging interpretation  distribution of high-quality reservoirs can be further clarified.
results, the relationship between the thickness of the rock layer Fracture nodes can be classified into different types, which

and the linear density of natural fractures is obtained, which  have different effects on fracture connectivity. To quantitatively
shows that with increasing thickness of the rock layer, the linear ~ characterize the connectivity of fractures, according to the spatial
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arrangement of fractures, fracture nodes are divided into three
types: isolated nodes (I-type), adjacent nodes (Y-type), and
intersecting nodes (X-type). Therefore, connectivity in one,
three, and four directions can be achieved, indicating that the
connectivity is also improving (Sanderson and Nixon, 2018).
First, a photo of the fracture distribution under the thin
section is obtained, and then the microscopic fracture
distribution is delineated to obtain the microscopic fracture
distribution pattern (Figures 14A,B). Then, the number of
different types of nodes (NI, NY, and NX) and the number of
fractures (NL) were counted, and the proportion of different
types of nodes was calculated. The statistical data are plotted on a
quantitative characterization of the fracture connectivity triangle
diagram. Then, the number of nodes occupied by each fracture
(CL) is calculated to analyze the probability of fracture
connectivity. Studies have confirmed that the fracture network
dominated by I-type nodes is disconnected; that is, when the

CL<2, it is difficult for the fracture network to reach a connected
state (Figure 14C). As the number of Y-type and/or X-type nodes
increases, CL will increase, and the connectivity of the fracture
network will improve. When CL is greater than 3.57, the fracture
network reaches the seepage threshold and enters a connected
state. Therefore, the three node-type triangles can be divided into
three regions to characterize fracture connectivity, namely, the
unconnected region, critical connected region, and connected
region (Lahiri, 2021).

The statistical results show that the distribution of the natural
fractures in thin sections on the triangular diagram is
concentrated in the upper part of the triangular diagram,
meaning that most points are closer to I-type fractures
(Figure 14C). We suggest that the natural fractures in low-
permeability sandstones in the LD-A gas field are part of
discrete fracture networks, indicating that the lateral
connectivity of the fracture system is poor.
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Based on the fracture identification results of thin sections, the ~ and the location of the fractures in the circle is related to the
fracture density of the area was calculated by calculating the total ~ fracture occurrence. The distance of the point from the center of
length of fractures per unit area in thin sections. The relationship  the circle represents the inclination angle, which is 0" at the center
between area fracture density and fracture connectivity showed a  of the circle and 90 at the edge. The orientation of the fracture in
good positive correlation, and fracture connectivity in the study  the projection map represents the normal projection of the
area was generally poor (Figure 14D). As fracture density  fracture surface. The black points in the projection map
increases, fracture connectivity gradually improves. When the  represent invalid fractures, and the white points represent
area fracture density is less than 0.024 m/m? only a few fractures  valid fractures. Different colors indicate the Coulomb stress
are connected with each other, and the fractures are in an  data. The larger the value is, the more stable the natural
unconnected as a whole. When the area fracture density is  fracture system and the more difficult it is to be an effective
0.024-0.03 m/m?, the number of connected fractures increases  fracture.
significantly, and the fracture is in a critical state. In the current state of in situ stress, the natural fractures in the
reservoir are generally inactive and are ineffective fractures
. . (Figure 15A). Then, fluid is injected to change the stress state
5.3 Effectiveness Analysis of Natural of the reservoir. With this injection of fluid, the pore pressure
Fractures increases in the reservoir, which leads to a continuous decrease in
Natural fractures will change the seepage state of the reservoir due  effective stress. The decrease in the effective stress reduces the
to fluid injection. In the process of oil and gas development, the  normal stress acting on the fracture surface, and Mohr’s circle
continuous injection of fluids causes changes in the internal stress  shifts to the left. When the pore pressure in the reservoir increases
state of the reservoir and the state of the natural fractures. With ~ to 19.8 MPa/km, some natural fractures with a small angle to the
increases in water injection pressure, the fracture gradually  current horizontal maximum principal stress direction and a
changes from an ineffective fracture to an effective one. To  large fracture dip angle are first to become effective fractures
quantify the effectiveness of natural fractures under the  (Figure 15B). When the pore pressure reaches 65.2 MPa/km due
present state of in situ stress, natural fractures were analyzed  to fluid injection, all fractures in the well become effective
based on the Coulomb-Navier failure criterion (Tingay et al.,  fractures (Figure 15C).

2003; Ju et al., 2020). Different fractures show different properties due to the

The effectiveness of natural fractures under the in situ stress  relationship between their occurrence and in situ stress.
field and fluid injection conditions is discussed. In the  According to the analysis of the in situ stress from the logging
stereographic projection map, small circles represent fractures,  interpretation, the maximum horizontal principal stress gradient
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(Sp) is approximately 23.42 MPa/m, the vertical principal stress
gradient (S,) is approximately 22.15 MPa/m, and the minimum
horizontal principal stress gradient (S,) is approximately
19.12 MPa/m, indicating the strike-slip stress model (Liu et al,,
2016). The induced fractures in the LD-A gas field indicate that
the direction of the maximum horizontal main in situ stress is
NW-SE. The results of fluid injection indicate that when the pore
pressure is 19.8 MPa/km, the dip of the effective fracture is
approximately 30°, and the dominant normal projection is the
NE direction (Figure 15B). Thus, fractures with a larger angle
between the normal projection and the horizontal maximum
principal stress direction first become effective fractures.
Quantitative analysis of the effectiveness of multiple drilling
fractures in the area is performed according to the same method.
The effective critical pressure of natural fractures in the Njh
formation in the LD-A gas field is 16.5-25.4 MPa/km, and the
fractures are considered effective when critical pressure is reached.

6 CONCLUSION

Natural fractures in low-permeability sandstone reservoirs in the
LD-A gas field are mainly tectonic fractures, dominated by low-
angle shear fractures. The degree of fracture filling is low, and
there are occasional fractures filled with organic matter or
carbonate minerals. The fractures are network-shaped in the
thin sections, but the distribution of the fractures in the thin
slices shows a discrete fracture structure, indicating that the
fracture connectivity is poor. The development of natural
fractures is mainly influenced by rock strength, petrographic
composition, and petrology. Natural fractures are more
developed in sandstone with a higher content of brittle minerals.

The natural fractures are divided into four types in imaging
logging, namely, continuous conduction fractures, discontinuous
conduction fractures, continuous high-resistance fractures, and
discontinuous high-resistance fractures. Low-angle fractures are
mainly developed in the study area, and a few high-angle
fractures and vertical fractures are locally developed. The main
direction of natural fractures is NW or NWW, followed by NE
and NW trends.

Two fracture identification modes were established in this
study to analyze the distribution characteristics of natural
fractures in the LD-A gas field. The overall linear fracture
density was mainly distributed below 0.05m/m and up to
0.1 m/m. The average relative fracture densities in the first and
second members of the N;h formation are 0.03m/m and
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0.058 m/m, respectively, in the LD-A-1 wellblock. The
fractures mainly occur in relatively thin sand layers, and the
average relative development density of fractures was 0.015 m/m
in the LD-A-2 and LD-A-3 wellblocks.
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considered effective. The research results provide a valuable
reference for fracture effectiveness and natural gas
development measures.
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