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Abstract Natural fractures are of crucial importance for
oil and gas reservoirs, especially for those with ultralow
permeability and porosity. The deep-marine shale gas
reservoirs of the Wufeng and Longmaxi Formations are
typical targets for the study of natural fracture
characteristics. Detailed descriptions of full-diameter shale
drill core, together with 3D Computed Tomography scans
and Formation MicroScanner Image data acquisition, were
carried out to characterize microfracture morphology in
order to obtain the key parameters of natural fractures in
such system. The fracture type, orientation, and their
macroscopic and microscopic distribution features are
evaluated. The results show that the natural fracture
density appears to remarkably decrease in the Wufeng and
Longmaxi Formations with increasing the burial depth.
Similar trends have been observed for fracture length and
aperture. Moreover, the natural fracture density diminishes
as the formation thickness increases. There are three main
types of natural fractures, which we interpret as (I)
mineral-filled fractures (by pyrite and calcite), i.e., veins,
(I) those induced by tectonic stress, and (III) those formed
by other processes (including diagenetic shrinkage and
fluid overpressure). Natural fracture orientations estimated
from the studied natural fractures in the Luzhou block are
not consistent with the present-day stress field. The
difference in tortuosity between horizontally and vertically
oriented fractures reveals their morphological complexity.
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In addition, natural fracture density, host rock formation
thickness, average total organic carbon and effective
porosity are found to be important factors for evaluating
shale gas reservoirs. The study also reveals that the high
density of natural fractures is decisive to evaluate the shale
gas potential. The results may have significant implications
for evaluating favorable exploration areas of shale gas
reservoirs and can be applied to optimize hydraulic
fracturing for permeability enhancement.

Keywords marine shale, natural fracture, filled fracture,
tortuosity

1 Introduction

As one of the most important sources of energy, shale gas
is becoming a key unconventional resource in China (Zou
etal., 2010; Chenetal., 2014; Liuetal., 2022). Reser-
voirs with multiple natural fracture networks are generally
suitable for enhancing their seepage capability because
hydraulic fractures can positively influence fracture con-
nectivity (Zhao et al., 2020a). Accordingly, the presence
of natural fracture networks in shales is one of the main
controlling factors that determine shale gas reservoir
productivity (Curtis, 2002; Gale and Holder, 2010; Zeng
etal.,2016). The evaluation of natural fractures in
hydrocarbon reservoirs has been a hot research topic in
recent years (Belfield, 1994; Gale et al., 2007; Ding et al.,
2012; Gasparrini et al., 2014; Zhao et al., 2020b; Sun et al.,


https://doi.org/10.1007/s11707-022-1021-2

338

2021). Previous studies have shown that the presence of
natural fractures in shales contributes to shale gas
accumulation and, therefore, promotes gas production
(Mullen et al., 2010; Ding et al., 2012). Most natural
fractures form owing to tectonic stress, but there are cases
in which they can form mostly induced by other
processes such as fluid overpressure (Ding et al., 2012).
Different types of natural fractures can be found in shales
and, in many cases, they can appear in the form of veins,
sealed with cement (Gasparrini et al., 2014). Although
sealed fractures are not pathways for fluid flow (Laubach,
2003), the vein cement may have different mechanical
properties than those of the host rock components, in a
way that the vein walls (i.e., interfaces between vein
cement and their host rock) can be weaker than the intact
host rock and thus may be prone to reactivation (Gale and
Holder, 2010; Walton and Mclennan, 2013). The existence
of crack-seal veins with localized crack events is an
example of how vein walls can be sites of fracture re-
activation (Bons et al., 2012). Accordingly, sealed frac-
tures normally play a key role during hydraulic fracturing
operations.

Key attributes of natural fractures are their orientation,
length, height in the vertical scale, spacing, aperture,
fracture-plane strength, and cement (including mineral
composition and degree of cementation) (e.g., Huy et al.,
2010; Pommer et al., 2012; Wang et al., 2017). Quantify-
ing and predicting natural fracture aperture is of great
importance to determine reservoir permeability (Olson
et al., 2007; Huy et al., 2010). Many studies have proven
that the orientation of natural fractures can be considered
as reliable evidence for determining the maximum
horizontal principal stress (o) direction from which these
structures formed (Brudy and Zoback, 1999; Paul and
Chatterjee, 2011a,2011b; Liu et al.,, 2016). However,
depending on the tectonic history, fractures may or may
not remain aligned with the present-day maximum
horizontal stress (Laubach et al., 2004). The evaluation of
the reservoir petrophysical properties and the prediction
of the propagation direction of hydraulic fractures
requires a deep understanding of the in situ stress (Huang
etal., 2019), and also of the orientation of natural
fractures in the reservoir. In addition, the natural fracture
tortuosity is another factor that directly controls the
available flow paths, which have a significant effect on
subsurface fluid flow (Cook et al., 1990). Tsang (1984)
showed that the smaller the aperture distribution, the
larger the effect of tortuosity.

Fluid inclusions trapped in the vein cements can record
the fluid pressure, temperature and fluid composition
during fracture crack and seal events (Fall et al., 2012).
Therefore, the thermal history of the reservoir can
potentially be reconstructed from fluid inclusions in
veins. Moreover, the uncertainties of relative and absolute
time of fracture formation and sealing can be reduced by
combining natural fracture analysis and modern
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geochemical and geochronological methods (Cruset et al.,
2021). Owing to the key role that natural fractures play in
oil and gas reservoirs, it is extremely important to

understand the mechanisms that determine their
formation and evolution, before exploring and developing
shale gas plays.

The Longmaxi and Wufeng Formations of the Sichuan
Basin (China) contain the most promising hydrocarbon
reserves in organic-rich shale in China. Commercial shale
gas production has recently been successful in some shale
plays. The Luzhou block has the most productive shale
gas well, Lu 203, whose daily test output is up to 137.9
x 10* m3 (Zheng et al., 2019). However, there is a wide
variation in production from the different wells of the
same play. Although many factors can be responsible for
these production differences, a study by Fan et al. (2016)
showed that the presence of natural fractures can make
differences in production of up to 30%—50% from a
single well under the same reservoir conditions. Since
recent studies have rarely evaluated the influence of
natural fractures in the Luzhou block, here we explore the
influence of the natural fracture networks on shale gas
production in this area. The analysis of drill core and
outcrops is the main way of obtaining information on
natural fractures (Abouelresh and Babalola, 2020; Tabata-
baei et al., 2021; Cruset et al., 2021). However, natural
fractures in outcrops are inevitably affected by exhuma-
tion and weathering, sometimes increasing the difficulty
of obtaining fracture information that can be represent-
ative of subsurface conditions (Mlella etal., 2014).
Therefore, a total of five drill core groups (namely LZ1,
LZ2,1.73, LZ4, and LZS) from the Longmaxi to Wufeng
Formations in the Luzhou block were evaluated to
characterize the fracture networks in shale. These drill
cores were recently obtained from those shale gas wells
and are hence unaltered. Moreover, the micro-fractures in
the samples were characterized by multiscale 3D CT
scanning, which is a commonly used solution to study
natural fractures at the microscale (Kim, 2007; Geng
etal., 2017; Ranjith et al., 2018; Sang et al., 2019). Ac-
cordingly, natural fracture data were obtained and stu-
died at various scales from the microcosmic (approx.
15.68 pm) to the macroscopic (10 cm) scales. The first
value corresponds to the 3D CT scan resolution, while the
latter is that of the drill core diameter. The research
results may have significant applications for the
exploration and production of shale gas in this area, and
also in similar systems elsewhere.

2 Geological setting

The Luzhou block, located in the southern Sichuan Basin,
is one of the crucial shale gas production demonstration
areas in China. The study area is located in the Fuji
syncline, which belongs to the north-western Yanggaosi
tectonic group that is part of the high and steep area of the
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middle uplift in south-eastern Sichuan. This area is
located between the north of the Luoguanshan anticline
and the south of the Gufoshan anticline, and its west end
is connected with the Shengdenshan field (Fig. 1(a)).

Folds are commonly developed in the southern region of
the Luzhou block, displaying a NE-SW trend. They are
usually distributed in straight or arc-shaped bands, mainly
concentrated at the central southern parts of the region,
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Fig.1 (a) Isopach map of the Longmaxi Formation in the southern Sichuan Basin and location of the Luzhou block (modified from
Chen et al. (2011)). (b) Sedimentary and petrophysical logs of the target interval of well LZ4 in the Luzhou block.
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and are less developed in its northern part. The synclines
are gentle and wide, while the anticline limbs are steeper.
Faults are mainly reverse, locally resulting in rock uplift.
The study area experienced multiple tectonic evolution
events (Feng et al., 2022). The south-eastern Sichuan area
was uplifted during the Dongwu movement in the
Hercynian orogeny, resulting in the absence of the Upper
Silurian, Devonian and Carboniferous units. Moreover,
the study area lacks Paleogene and Neogene deposits due
to tectonic uplift during the Himalayan period. Thus, the
area is mainly dominated by Cambrian and Cretaceous
rocks, with occasional Quaternary deposits.

The target reservoirs are located within the Upper
Ordovician Wufeng Formation and the Lower Silurian
Longmaxi Formation. These two formations mainly
consist of black shale, black—gray shale, and gray—black
shale. The Longmaxi Formation is about 600 m thick in
the Luzhou block (Fig. 1(a)). Organic-rich shales reach
95-140 m in thickness, while high-quality shale gas
reservoirs can be up to 40—52 m thick (Chen et al., 2011).
The shales of the Longmaxi Formation are divided into
two members, L, and L,. L, is further divided into two
layers, L1 and L,2. L,1 is the main shale gas producing
reservoir (Fig. 1(b)). Furthermore, L,1 is divided into
four sublayers of L;1!, L,1%, L,13, and L,14, and the TOC
(Total organic carbon) is much higher in L,1!, L,1? and
L,13, than in L,1* and in the rocks of the Wufeng
Formation.

3 Methodology

3.1 Observation and description of natural fractures

Natural fractures are complex in shales, and their shape is
usually irregular (Gale et al., 2014). Normally, the
fracture length, height along the vertical scale, and
aperture are the basic assessment parameters when
analyzing drill core (Fig.2(a)). Furthermore, fracture
spacing is another important factor for the evaluation of
fracture density (Fig.2(b)). In this study, full-diameter
shale cores are observed and described in detail. It is
difficult to predict the actual size of natural fractures
merely from drill cores, given that the diameter of the
drill core is only 10 cm, whereas many fractures may run
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through the core resulting in censoring bias (Zeeb et al.,
2013). Moreover, it is always problematic to characterize
the length scale from fracture logs. Therefore, the
maximum natural fracture lengths in this type of
description depend on the well orientation. Drill cores
were newly collected in shales of the Luzhou block, and a
total of five groups of cores from each shale gas well
were observed. They correspond to the Longmaxi and
Wufeng Formations. A total of 247 m of full-diameter
shale core was observed, and the description accuracy of
the natural fractures found reaches the millimeter scale.
Essential data, including the type of fracture, their length,
aperture, density, and dip were recorded, together with
their filling. Moreover, fractures were divided into three
types according to their aperture: large (larger than
5 mm), intermediate (between 1 to 5 mm), and small (less
than 1 mm). Furthermore, we divided natural fractures
from drill cores according to their orientation in vertical
(with dips greater than 80°), oblique (with dips ranging
between 10° and 80°), and horizontal fractures (with dips
lower than 10°).

In addition, the FMI (Formation MicroScanner Image)
data of formation resistivity were used to identify the
natural fractures and determine their orientation. The total
thickness of FMI interpreted data was 74 m for the LZ1
well, 52 m for LZ2, 45 m for LZ3, and 51 m for LZ4. The
threshold segmentation of the image was defined through
the processing of gray band of the original FMI data.
Fracture orientation parameters like dip direction and dip
were obtained by using the Hough transformation. The
fracture data were summarized for every 5 m, and then
summed up together for every well. Interpretation of FMI
data allowed an accuracy at least 5 mm. The in situ stress
orientation data around the Luzhou block was obtained
from the World Stress Map Database Release 2016
(Heidbach et al., 2016a, 2016b, 2018) with the aim of
analyzing differences between the present-day stress field
and that inferred from natural fracture orientations to
better understand potential fracture formation time.

3.2 Evaluation of shale gas well considering natural
fractures

A wide range of reservoir properties like depth, reservoir
thickness, TOC, vitrinite reflectance, permeability, gas

Fig.2 (a) Sketch of a natural fracture in shale. (b) Diagram showing some of the key parameters used to describe fractures in this

study.
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content, reservoir pressure etc. can be used to predict
shale-gas production (Curtis, 2002). For example, Hill
and Nelson (2000) proposed thermal maturity, gas in
place, TOC, reservoir thickness, and proportion of sorbed
gas as key parameters to predict gas-shale and
geochemical properties of different petroleum systems. A
similar evaluation method was applied in this study. After
the description of the natural fractures in shale, the wells
were evaluated according to four parameters from the
target formation: density of natural fractures, formation
thickness, average TOC, and effective porosity. Among
these data, the average TOC, and the effective porosity
are quantified from the well logs, while the fracture
density results from the detailed description of the cores.

3.3 Multiscale 3D CT scans of fractures in shale

In addition to the macroscopic observations of natural
fractures from drill cores, their microcosmic characteri-
stics were also analyzed using multiscale 3D CT scans.
The core from well LZ4 in the sublayers of L,13 with the
depth of 3776.98-3777.11 m was scanned at multiple
scales to visualize the natural fractures. For the target
core with a diameter of 25 mm, three sections in the
horizontal and vertical directions were selected to analyze
fracture tortuosity. The scanning resolution reached
15.68 pm, which is high enough to characterize natural
fractures. A total of 3000 slices were obtained from CT
scanning, and then analyzed to display the fracture
morphology using the program Avizo. Tortuosity (a) is
considered a useful parameter to describe the fracture
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roughness on a cross-section, which can effectively
reflect the geometrical complexity of natural fractures:

a=—,

. M

where [ is the real length of the natural fracture and L is
the straight-line distance between the two fracture
endpoints.

4 Results

4.1 Macroscopic distribution characteristics of natural
fractures

The distribution of natural fractures along the vertical
direction of the five wells is displayed in Fig. 3. The
maximum frequencies of natural fractures are mainly
observed in the lower part of the Longmaxi and Wufeng
Formations. They are marked in Fig.3 by the red
rectangles, which correspond to the major shale gas
production reservoirs in the Luzhou block. The fracture
densities for wells LZ1, LZ2, LZ3, LZ4, and LZ5 are
6.94/m, 6.33/m, 3.72/m, 9.1/m, and 4.28/m, respectively.
In general, fracture density remarkably decreases with the
increasing burial depth of the shale gas reservoir (Fig. 4).

By analyzing the observed data from the shale gas well
LZ1, the natural fracture occurrence shows a gradual
increasing trend in the Lower Silurian Longmaxi
Formation, while the number of fractures rapidly
decreases during the transition to the Upper Ordovician
Wufeng Formation and then continuously decreases in
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Fig.3 The total number of natural fractures in the vertical dimension for wells LZ1 to LZ5. The red rectangles indicate the part

with a higher fracture density.
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Fig. 4 Fracture density vs. reservoir depth in the Luzhou block.

the Wufeng Formation (Fig.5). The fracture aperture
range between 1 and 5 mm is dominant, and horizontal
fractures constitute the majority of the natural fractures
analyzed. Moreover, a high TOC content appears in the
lower part of the Longmaxi Formation, and fracture
density shows a similar trend to that of the TOC.

4.2 Natural fracture type and its physical characteristics
Natural fractures observed in the full diameter shale cores

have been divided into three types in this study. Type I
fractures are defined as those filled with cement (i.e.,
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veins). Type II fractures are those that show evidence of
slip along fault walls, while Type III fractures include
bedding-parallel fractures and those fractures without slip
evidence. The minerals filling type I fractures (i.e., veins)
are mostly calcite and pyrite (Fig. 6). Although quartz-
filled fractures are also commonly found in the Wufeng
and Longmaxi Formations (Nie et al., 2020; Qiu et al.
2020), only a small proportion of the fractures appear
cemented by quartz in our studied well intervals. Calcite-
filling fractures often occur in the form of fracture
networks, and sometimes calcite also fills bedding-
parallel fractures on a small scale of less than 0.5 mm
(Fig. 6(a)). In addition, since calcite is a brittle mineral
that can easily get cracked, many small fractures can be
found within the calcite veins (Fig. 6(b)). The fracture
network filled with calcite always shows a heterogeneous
distribution (Fig. 6(c)). Overall, secondary fractures are
more likely to be generated within the shale, where
calcite veins are developed. Fractures filled with pyrite
always appear in the form of bands (Figs. 6(d) and 6(¢)),
and, as it happens to calcite veins, it is common that
refracturing affects pyrite veins. Moreover, features
indicating fracture dissolution can also be observed
(Fig. 6(e)). Furthermore, nodules of pyrite are spheroidal,
commonly found in shale, and calcite rims can
occasionally be seen at the edge of the pyrite nodules
(Fig. 6(f)). Filled fractures (i.e., veins) can form from
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Fig. 5 Distribution of natural fractures in well LZ1.
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Fig. 6 (a—e) Example of Type I natural fractures (i.e., veins). (a) Fracture filled with calcite vein from LZ1 well (3935.21-3935.53
m), (b) fracture formed in calcite vein from LZ1 well (3951.07-3951.22 m), (c) fracture network filled with calcite veins from LZ1
well (3946.48—3946.69 m), (d) fracture with pyrite filled from LZ2 well (3799.55-3799.86 m), (e) fracture formed in pyrite vein
from LZ2 well (3798.55-3798.80 m), (f) pyrite nodules from LZ2 well (3795.10—-3795.42 m).

type Il and III fractures.

Type II fractures are interpreted as those formed by the
action of tectonic stress (the so-called “structural
fractures” by Zhang et al. (2019)). In general, they show
evidence of relative displacement between fault walls.
For example, Fig. 7(a) shows two fractures all go through
the full-diameter core, and the angle of the crossing
fracture is close to 75°. Some of these fractures are
irregularly shaped (Fig. 7(b)), and mineral precipitates are

barely found sealing them. A complex fracture network
with parallel fractures is observed in Fig. 7(c), without
cement filling. An oblique fracture with normal dip slip
displacement can be found with cement-filled (Fig. 7(d)).
The Type Il fractures are generally observed in our study.

The bedding-parallel fractures of Fig. 8(a) are easy to
recognize with the naked eye, normally have a
characteristic banding distribution along the plane, and
are actually parallel to each other, but barely found filled

Fig.7 Example of type II fractures. (a) Conjugate strike-slip faults from LZ2 well (3842.70—-3842.90 m depth), (b) from LZ1 well
(3968.46—3968.64 m), (c) parallel strike-slip faults from LZ1 well (4034.47-4034.66 m), (d) sub-vertical normal fault from LZ1 well

(4022.20—4022.37 m).
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1 mm

1 mm

Fig. 8 Several examples of typical fractures formed by other
processes than tectonic stress (so-called non-structural by Zhang et al.
(2019)). (a) Bedding-parallel fractures from LZ1  well
(4035.38—4035.55 m), (b) bedding-parallel fractures from LZ4 well
(3782.75-3782.95 m), (c) induced fracture from LZ4 well
(3772.17-3772.32 m) and (d) induced fracture from LZI well
(3983.72-3983.99 m).

with mineral precipitates. An example of a bedding-
parallel fracture is displayed in Fig. 8(b). It is short and is
not continuous compared to the fracture of Fig. 8(a).
These fractures are hard to identify unless the rock
surface is wiped with a wet towel in which case, they
become visible because they absorb water. The further
action of in situ stress in shale can result in heterogeneous
deformation at the small scale, thus leading to bending
and discontinuity of bedding-parallel fractures. These
fractures, which present irregular shapes and small sizes,
are not continuously observed in shale (Fig. 8(c)). They
are irregularly shaped and are can be connected together
by a large number of small filled vugs at different depths
(Fig. 8(d)). Consequently, these fractures are likely to
disappear by late compaction or mineral filling.

4.3 Natural fracture parameters

Figure 9 presents information on fracture parameters
from wells LZ1, LZ2, LZ3, LZ4, and LZ5. Apparently,
horizontal (bedding-parallel) fractures are the most
abundant (Fig. 9(a)). The apertures of natural fractures
are mostly lower than 5 mm. Fractures from LZ2 and
LZ3 mainly have apertures ranging between 1 mm and 5
mm, and the majority of them are lower than 1 mm in the
LZ1, LZ4, and LZ5 wells (Fig. 9(b)). Although the
cements filling the fractures correspond to different
minerals, pyrite and calcite are the most visible cements
and the easiest to recognize. Pyrite is the most widely
distributed mineral fill (Fig. 9(c)), and sometimes appears

Front. Earth Sci. 2023, 17(1): 337-350

500 @
450+ [ Horizontal fracture
400 HH Oblique fracture

B Vertical fracture

Quantity of natural fracture

LZ1 LZ2 LZ3 LZ4 LZ5
300 x
2] I Over 5 mm (b)
3 2501 [ Between 1-5 mm
3 [ [ ess than 1 mm
&
— 2004
[+
El
g 150-
L
[«
> 100
=
S 50
o

LZ1 LZ2 LZ3 LZ4 LZ5
300 ©
. c
o Il Pyrite
5 250{ [ Calcite
‘g B Others
= 2001
[+
E
g 1501
G
]
2 1001
g
5 504
04
LZ1 LZ2 LZ3 LZ4 LZ5

Fig. 9 Frequency of fracture (a) dip type, (b) aperture, and (c) filled
cement.

in the form of bands and nodules.
4.4 Burial depth vs. fracture length and aperture

The length and aperture of natural fractures in LZ4 are
displayed in Fig. 10. The natural fractures in LZ4 are
mainly divided into horizontal and oblique fractures. The
relationship between burial depth and fracture aperture
and length are analyzed. The results show that the
apertures have a decreasing trend with the increasing
depth (Fig. 10(a)). The length of natural fractures also
presents a similar trend (Fig. 10(b)). The range of
apertures of oblique fractures ranges between 0.2 mm and
1.8 mm, while the apertures of horizontal fractures vary
between 0.2 mm and 0.5 mm. Apparently, the apertures
of oblique fractures are larger than those of horizontal
fractures. However, their lengths are similar in the core
size. Furthermore, it seems that the length of horizontal
fractures decreases more rapidly than that of the oblique
fracture as the formation depth increases.



Shasha SUN et al. Natural fracture characterization of Wufeng and Longmaxi shale

2.0
18] @ Oblique fracture @

Horizontal fracture ®
1.6

~
1

o
1.24
1.0

I
oo
1

Fracture aperture/mm

e o
~
1 1

f=]
[\

3770 3780 3790 3800

Depth/m

3740 3750 3760

120
110

(b)

® © o
(=] (=] (=]
1 1 1
[ J
[ ]

~
(=]
1

Fracture length/mm

(o)
(=]
1

©® Oblique fracture

504 Horizontal fracture ®

40 T T T T T
3740 3750 3760 3770 3780 3790 3800
Depth/m

Fig. 10 (a) Burial depth vs. natural fracture aperture. (b) Burial depth
vs. natural fracture length.

4.5 Fracture density in the Wufeng and Longmaxi
Formations

The fracture densities were collected from four shale gas
wells for each formation. The thickness of the Wufeng
Formation ranges between 3 and 10 m, and falls between
30 and 65 m for the Longmaxi Formation in the Luzhou
block. The results show that the fracture density in the
Wufeng Formation decreases rapidly as the formation
thickness slightly increases, but decreases more slowly in

(b)
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the Longmaxi Formation (Fig. 11).
4.6 Natural fracture orientations estimated from FMI

The fracture dip direction and dip of natural fractures in
the Longmaxi and Wufeng Formations obtained from
FMI logs are displayed in Fig. 12. The dip directions of
natural fractures in LZ1 are relatively consistent and
commonly range between NW 40° and 60°. The main
orientation is approximately NW 50°, and the dip ranges
between 20° and 25° (Figs. 12(a) and 12(b)). Fractures
from LZ2 and LZ3 have small dips (< 10°), indicating
that that low-angle and horizontal fractures are both well
developed (Figs. 12(c) and 12(e)). It is quite unique that
fracture orientations in LZ2 are dominated by more than
one direction (Fig. 12d). The dominant fracture dip for
LZ4 is 35° (Fig. 12(g)). Similarly, the dominant dip
directions of LZ3 and LZ4 are NW 85° and NW 70°,
respectively. Therefore, both have approximately N-S to
NNE-SSW strikes (Figs. 12(f) and 12(h)).

4.7 Natural fracture microscopic features

Results from 3D CT scans are shown in Fig. 13. Three
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Fig. 11 Formation thickness vs. fracture density.
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Fig. 12 (a—h) Dip (red) and dip direction (blue) of natural fractures from LZ1, LZ2, LZ3, and LZ4 wells, respectively.
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horizontal and vertical sections of the drill core were used
to analyze microscopic fractures (Fig. 13(a)). As shown
in Fig. 13(b), some zones with a special concentration of
fine pyrites are observed (pyritization zones). Similarly,
similar zones can also be found in the vertical sections
(Fig. 13(c)). At a resolution of 15.68 um (i.e., that of the
CT scan), almost none of the natural fractures appear
filled with cement. However, pyritization zones are
commonly found. Moreover, natural fractures are nearly

NFS Len;,th‘%

(d)

Fig. 13 (a—c) 3D CT scans in the horizontal and vertical directions
with a diameter of 25 mm. The digitalised fractures (black lines) and
envelopes (dashed lines) are indicated. (d—) Summary of the natural
fracture orientation, (d) fracture dip directions and (e) dips respect to
bedding.
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spread along pyritization zones. The orientations of
natural fractures in both the horizontal and vertical
directions of the cores are summarized in Figs. 13(d) and
13(e). The NF length-L1 and NFS length-L2 in Fig. 13
are the natural fracture original lengths and the natural
fracture section length, respectively. The Tortuosity (o)
values of natural fractures have been calculated with Eq.
(1). The distribution of tortuosities in the horizontal and
vertical sections is displayed in Fig. 14. Values span
approx. from 1 to 1.10.

5 Discussion

5.1 Distribution of natural fractures in full-diameter drill
cores

Although the total number of natural fractures in the
vertical dimension for each well is different (Fig. 3), the
results show that the more productive shale gas formation
is consistent with depth levels in which fractures are
relatively well developed. This demonstrates that the
presence of natural fractures can be a potential factor in
order to select the most favorable shale gas plays.

Some authors classify natural fractures in shale into two
main categories: structural fractures and non-structural
fractures (Zhang et al., 2019). Here we have decided to
classify fractures in three types. Type I fractures are those
mineralized with cement (mostly with calcite or pyrite).
Since calcite veins can easily get cracked, these types of
fractures can help to connect fracture networks during
hydraulic fracturing. Type II fractures are interpreted as
formed as a result of the action of tectonic stress and are
commonly observed in the Longmaxi Formation. For
example, the evidence of conjugate shear fractures
(Fig. 7(a)) or slip displacement along fault walls (e.g.,
normal and strike-slip components) (Figs. 7(c) and 7(d))
allows us to interpret these structures as produced by
tectonic processes. Another typical fracture formed under
strike-slip (Fig. 7(c)) has associated fracture networks,
which can enhance the connection of pores of the shale
matrix. Faults with normal offsets and partial filling can
be found (Fig. 7(d)). This type of fracture often presents
large dips in the studied cores. Type II fractures would
correspond to the “structural fractures” of Zhang et al.
(2019) and are normally larger in width size than that of
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Fig. 14 Tortuosity of the natural fractures. (a) horizontal direction,
(b) vertical direction.
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type I and III. Type IIl fractures are typical small in
length, irregular, and without evident slip components, as
for example the fractures displayed in Fig. 8(c). They are
interpreted as the non-structural fractures of Zhang et al.
(2019), and most of them are probably induced by fluid
overpressure and shrinkage, etc. Such overpressure can
result from the organic matter hydrocarbon discharge in
shale. The difference in total filled cement of the five
wells in Fig. 9(c) indicates that shale is highly
heterogeneous, so a typical shale gas well cannot be
completely representative of the shale properties of the
entire research area. In addition, the fracture density
relationship with reservoir thickness as shown in Fig. 11
reveals that the target reservoir thickness can be used as
one of the factors to predict fracture density tendency in
the absence of fracture data in a new research area.

5.2 Orientation of natural fractures versus in situ stress
field

The summary of all the FMI logs shows that the natural
fracture dips are mostly lower than 22.5°, and the
dominating dip is approximately in the range of 5°—10°.
This reveals that horizontal fractures are the most
common type in the Luzhou block (Fig. 15(a)). Although
the dominant fracture dip directions of LZ2 are very
variable, the main orientations from the whole block are
NW 70°=75° and NW 55°. The similarity in fracture
orientations from the LZ1 and LZ4 wells indicates that
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Fig. 15 Natural fracture (a) dips (red) and (b) dip directions (blue)
compared to present-day maximum horizontal principal stress (oy)
orientations (green) for the Luzhou block.
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they were probably formed by a single tectonic event
(Figs. 12(a), 12(b), 12(g), and 12(h)).

An important question is if the observed natural
fractures reflect the current in situ stress field in the
reservoir or not. The World Stress Map Database Release
2016 (Heidbach et al., 2016a, 2016b, 2018) collects stress
field data and provides a way to infer the current regional
orientation of maximum horizontal principal stress (oy;).
Most of the data were obtained from earthquake focal
mechanisms, borehole breakouts, hydraulic fracturing
measurements, fault-slip data, drilling-induced tensile
fractures of the borehole wall and borehole slotter, etc.,
which are all effective ways to obtain the stress direction.
A total of data from 11 wells around the Luzhou block
were chosen from the World Stress Map Database
(Table 1), in order to compare o}, orientations with the
ones obtained from the fracture networks analyzed from
wells. The depth of these wells ranges between 3 and
4 km, and these values are close to those of the Luzhou
block target formations. The dominant present-day o
orientation is approximately NW 22°. Our data on frac-
ture dip directions show two dominant maxima (NW
70°=75° and NW 55°), making an angle of 30° and 55°
with respect to the present-day direction of o}, (Fig. 15(b)).
Tensile fractures form parallel to oy, while conjugate
shear fractures form at symmetric angles with respect to
oy, depending on the frictional coefficient of rocks (e.g.,
Fossen, 2010). Our data do not match the o, orientation
obtained from the World Stress Map, independent of if
natural fractures are interpreted as tensile or shear
fractures. Therefore, it can be concluded that these
fractures did not form according to the present-day stress
field. In addition, since hydraulic fracture propagation is
commonly influenced by the current direction of oy
(Lakirouhani et al., 2016; Zhang et al., 2018), it is neces-
sary to adjust the hydraulic fracturing measures to induce
more fracture networks, considering both the directions of
natural fractures and the present-day oy,.

Table 1 Detailed information of the orientation of the present-day
maximum horizontal principal stress (o) near the Luzhou block. Data
have been taken from Heidbach et al. (2016a, 2016b).

Well oy orientation  Method used to obtain the data ~ Depth/km
1 160° Borehole breakouts 3.03
2 160° Borehole breakouts 2.58
3 140° Earthquake focal mechanisms 8
4 160° Borehole breakouts 2.95
5 175° Borehole breakouts 3.15
6 5° Borehole breakouts 32
7 125° Borehole breakouts 3.12
8 38° Borehole breakouts 43
9 155° Borehole breakouts 4.33
10 165° Borehole breakouts 2.7
11 165° Borehole breakouts 44
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5.3 Comprehensive evaluation of the shale gas wells

Figure 16 shows that wells LZ1, LZ3, LZ4, and LZ5 have
no significant difference in the average TOC and
effective porosity. Therefore, these wells from the
Luzhou block all have similar reservoir physical
parameters. In addition, due to the obvious difference in
the natural fracture density and formation thickness, they
can be used as important parameters to evaluate shale gas
wells. A variety of factors, like natural fracture density,
formation thickness, effective porosity, average TOC,
average permeability, and gas content of the reservoir
should be taken into account to estimate the quality of a
well. However, the permeability and gas content data are
incomplete for the four wells, and therefore we cannot
discuss them in detail. The well LZ4 is recognized as that
with the greatest potential for shale gas well according to
the available data.

5.4 Natural fracture representation and tortuosity

Sample from the drill core corresponding to well LZ4
was chosen because this well shows the highest potential
for shale gas production according to the well
comprehensive evaluation of Section 5.3. Figures 13(d)
and 13(e) show that, although natural fractures are
discontinuous, their extension directions are relatively
consistent. Apparently, the a value in the horizontal
direction is much larger than that in the vertical direction
(Fig. 14). In fact, although the a values are obtained from
two directions that are perpendicular to each other, o
manifestly indicates the same group of fractures in the
core. The a difference between the horizontal and vertical
directions demonstrates the geometrical complexity of
natural fractures. Moreover, many studies have shown an
inverse correlation between tortuosity and permeability
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Fig. 16 Spider diagram evaluating the main four parameters for
predictive shale gas obtained from the four studied wells.
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(Wang et al., 2005; Zhu and Wong, 1996). Accordingly,
the role of tortuosity and its relation with connectivity for
the influence of permeability needs further investigation
(Caietal., 2019).

6 Conclusions

This study presents a characterization and evaluation of
natural fractures of the Wufeng and Longmaxi Formation
shales in the Luzhou Block, Sichuan Basin, based on
observations and descriptions of full-diameter shale cores,
FMI logs and 3D CT scans. The fracture types, their
orientation, and macroscopic and microscopic distribution
features are analyzed and discussed. Tortuosity was also
considered for the evaluation of the natural fracture
complexity. The results may have significant implications
for evaluating favorable exploration areas of shale gas
reservoirs. The following conclusions were obtained.

1) The natural fracture density remarkably appears to
fall with increasing burial depth in the Wufeng and
Longmaxi Formations. Similar trends are observed for
fracture length and aperture. Moreover, the natural
fracture density diminishes as the thickness of these
formations increases.

2) Natural fractures can mainly be classified into three
distinct types. The first type is filled fractures (veins). The
other two types correspond to fractures dominantly
formed as a consequence of tectonic stress or by other
processes such as fluid overpressure and diagenetic
shrinkage.

3) Natural fracture orientations in the Luzhou block are
not consistent with the present-day stress field.

4) Although natural fractures are discontinuous at the
microscale, their extension directions are relatively
consistent and often occur in clusters. The tortuosity
difference between the horizontal and vertical direction
manifestly indicates their geometrical complexity of these
natural fractures.
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