Hindawi

Geofluids

Volume 2022, Article ID 2414506, 16 pages
https://doi.org/10.1155/2022/2414506

Research Article

WILEY | Q@) Hindawi

Evaluation of the Accumulation Conditions and Favorable
Areas of Shale Gas in the Upper Palaeozoic Marine-Continental
Transitional Facies in the Daning-Jixian Area, Ordos Basin

Xu Zeng®,' Wei Wang,” Qian Cao,' Shangwen Zhou(,' Guodong Dong,’ Aiming Wang,*

Zhixin Chen,”> and Hua Mei*

'Research Institute of Petroleum Exploration and Development of PetroChina, Beijing 10083, China

2Hebei Gas Storage Branch Company of China Petroleum Huabei Oilfield Company, Langfang 065007, China

Exploration and Development Research Institute of China Petroleum Changqing Oilfield Company, Xi’an 710000, China
*Exploration and Development Research Institute of China Petroleum Qinghai Oilfield Company, Dunhuang 732001, China

Correspondence should be addressed to Xu Zeng; zengxu20212021@163.com

Received 18 August 2021; Revised 3 December 2021; Accepted 17 December 2021; Published 17 January 2022

Academic Editor: Afshin Davarpanah

Copyright © 2022 Xu Zeng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This study focuses on the organic-rich mud shale in the Upper Palaeozoic transitional facies in the southeastern margin of the
Ordos Basin. It systematically analyzes the shale gas accumulation conditions of the organic-rich mud shale in the Lower
Permian Shanxi-Taiyuan Formation, including the thickness, distribution, organic matter type and content, thermal maturity,
reservoir space, gas-bearing property, and rock brittleness. The results show that the thick dark mud shale contains a high
organic matter content, is a suitable kerogen type for gas generation, and exhibits moderate thermal evolution, providing
excellent conditions for hydrocarbon accumulation. Residual primary pores formed by shale compaction, secondary pores
formed by organic matter hydrocarbon generation, clay mineral transformation and dissolution, and fractures provide suitable
reservoir spaces for shale gas. The shale in the study area has a higher gas content than the shale strata in the marine basins of
the United States. In addition, the content of brittle minerals such as quartz is higher, and Poisson’s ratio is lower, facilitating
the subsequent transformation. The accumulation conditions indicate the high potential of the study area for shale gas
exploration and development. The geological analogy method is used to compare the study area with five major shale gas
basins in the United States. The results indicate that the shale gas resources of the Shanxi-Taiyuan Formation in the study area
are in the range of 2800-3200 x 10® m>. The primary controlling factors affecting shale gas reservoirs in this area are the
abundance of organic matter, thermal maturity, shale thickness, and quartz content. Favorable areas are predicted based on
these factors.

1. Introduction

Shale gas is an unconventional natural gas [1-3]. Due to the
increasing difficulty of the exploration of China’s conven-
tional oil and gas resources and the success of the shale gas
revolution in the United States, China’s shale gas production
has reached 20 billion cubic meters, accounting for 28% of
the growth of total natural gas production [4]. Shale gas pro-
duction has become an essential part of China’s natural gas
production. Shale gas in the United States is dominated by
marine facies [5]. In contrast, China’s shale gas resources

are predominantly marine-continental transitional facies,
with a volume of about 19.8 x 10'* m?®, accounting for 25%
of China’s total shale gas resources [6], representing an
important aspect of shale gas exploration. China’s marine-
continental transitional organic-rich shale is widely distrib-
uted in the Ordos and Sichuan Basins. These areas have
good shale gas resources and the potential for exploration
and development [7-9]. The Ordos Basin in China is a large
onshore petroliferous basin with natural gas resources of
29.2x 102 m?. A preliminary breakthrough in shale gas
exploration in the marine-continental transitional facies
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has been achieved at the eastern margin of the basin [10]. How-
ever, few studies have been conducted on shale gas in marine-
continental transitional facies in China. Some scholars have
investigated the sedimentary environment, shale gas-bearing
characteristics, and storage space of the shale gas resources in
the marine-continental transitional facies in the Upper Palaeo-
zoic of the Ordos Basin. However, these studies were based on
regional data of the entire basin. It is also necessary to select
representative blocks in the basin to conduct in-depth research
on the exploration potential of the entire basin. Some scholars
focused on the evaluation and optimization of favorable shale
gas exploration areas in this region. Yan et al. [11] and Zhai
et al. [12] carried out an evaluation of favorable areas for shale
gas exploration in the Upper Palaeozoic transitional facies of
the Ordos Basin and investigated the shale gas deposition envi-
ronment, source rock characteristics, and gas-bearing proper-
ties. Dazhong et al. [13] analyzed the shale development
environment and single well production conditions to evaluate
the prospects of marine-continental transitional shale gas
exploration in the Ordos Basin. An evaluation of favorable
areas for gas exploration requires a comprehensive analysis
with a focus on the generation, storage, and sealing characteris-
tics of shale gas. An analysis of the accumulation conditions
based on a single factor is insufficient to support the subsequent
oil and gas exploration [14]. This study focuses on the Daning-
Jixian area at the southeastern margin of the Ordos Basin.
Many exploratory wells have been drilled in the study area,
and some have shown significant oil and gas potential in the
shale section of the Shanxi-Taiyuan Formation of the Permian
strata in the Upper Palaeozoic facies. Therefore, this study
systematically investigates the characteristics of the organic
matter, petrology, storage space, and mechanical properties of
the shale section in the block. Other accumulation features,
such as formation brittleness and roof and floor conditions,
which are closely related to shale gas exploration and develop-
ment, are evaluated. The study area is scientifically and com-
prehensively evaluated by comparing its shale gas zones with
those of the United States, and favorable regions are predicted
based on geological conditions. This study provides a founda-
tion for evaluating the exploration potential of the Upper
Palaeozoic shale gas region in the entire Ordos Basin.

2. Geological Background

2.1. Structure. The study area is located at the southeastern
margin of the Ordos Basin on the western flank of the
Lvliang Mountain anticline and the west side of the Zijing-
shan fault zone. As shown in Figure 1, the study area is char-
acterized by a northwest-inclined monoclinic structure. The
strata strike northeast or north-northeast and dip gently to
the west or northwest, with dip angles of 5°-10". The entire
structure is nearly rectangular and has a north-south orien-
tation (Figure 1). Few geological structures are found in the
study area, such as small folds and faults. For example, the
Guyi-Yaoqu anticline and Xueguan-Yukou flexure spread-
ing in the northeast-southwest direction are parallel, juxta-
posed, and run through the entire area. The Guyi-Yaoqu
anticline is the main structure in the study area. Its overall
trend is 30°, the length is 40 km, and it has a steep eastern
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flank and gentle western flank. In conjunction with the
Guyi-Yaoqu anticline, the Xueguan-Yukou flexure devel-
oped at a distance of 3 km-3.5km from the southeastern side
of the anticline and parallel to it, with a total length of nearly
40 km. Its flexural strength is strong at both ends and weak
in the middle [15]. In addition, small-scale anticlines have
developed locally, such as the Hougetai anticline, Shanggou-
kou syncline, Fengjialing anticline, and Huangjiazhuang
syncline. The primary fault structure in the study area is
the Zijingshan fault zone on the eastern side, whose attitude
is moderately steep near the flexure zone. There are rela-
tively few faults in the study area; most are small faults, with
no large faults in the central and deep areas.

2.2. Stratigraphy. The basement of the basin in the study
area is composed of Cambrian, Ordovician, Carboniferous,
Permian, Triassic, Neogene, and Quaternary strata. The
Upper Palaeozoic includes the Carboniferous and Permian
strata. The lower Permian consists of marine-continental
transitional to continental delta deposits, forming thick
layers of dark mud shale. The upper Shihezi Formation
and Shiqianfeng Formation have developed sand-shale
interbedded deposits. The regional geological conditions
indicate that the Permian Taiyuan and Shanxi Formations
are potential areas to develop marine-continental transi-
tional facies shale gas reservoirs. Therefore, these two forma-
tions are the target horizons of this study (Figure 2).

2.2.1. Carboniferous Strata (C). Only the Benxi Formation of
the Upper Carboniferous strata has been developed, with
layers of coal-bearing rock deposited in a marine and alter-
native continental environment. This formation has parallel
unconformity contact with the underlying Fengfeng Forma-
tion of the Middle Ordovician. It is mainly characterized by
yellow-green bauxitic mudstone with thin coal seams and
limestone strata.

2.2.2. Permian Strata (P). The Permian strata are widely
distributed in the study area, mainly including marine-
continental transitional coal-bearing strata, continental clastic
coal-bearing strata, and clastic non-coal-bearing strata. The
Taiyuan Formation, Shanxi Formation, Shihezi Formation,
and Shiqianfeng Formation are found from bottom to top. Rel-
atively complete Permian strata have been exposed in Taitou
Town, Shanxi Province, and the section has been measured
and investigated. As shown in Figure 2, the Taiyuan Formation
is mainly composed of dark mud shale, limestone, and sand-
stone. The limestone is abundant and rich in biological fossils.
The Shanxi Formation is primarily composed of continental
clastic rocks with many coal seams in the lower part. Based
on the regional data, it has been concluded that the Shihezi
Formation is in direct contact with the underlying Shanxi
Formation and the overlying Shigianfeng Formation. There
are multiple sand and mudstone assemblages with interbeds
of unequal thickness. A massive thick layer of grayish-yellow,
grayish-green, medium-thick, medium coarse-grained sand-
stone has developed at the bottom of the Lower Shihezi Forma-
tion, marking the bottom of the Shihezi Formation.
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FIGURE 1: The location of the study area.

3. Samples and Methods

Total organic carbon (TOC) is an essential indicator for
evaluating the abundance of organic matter. A total of 383
core samples were analyzed for organic carbon, including
280 samples from the Shanxi Formation and 103 samples
from the Taiyuan Formation.

The petrological characteristics of the shale gas reservoir
were quantitatively characterized by X-ray diffraction (XRD)
analysis, a method to determine the internal spatial distribution
of materials consisting of crystals [16]. Random-powder XRD
(Bruker D2 PHASER X-ray diffractometer) was used to analyze

the mineral components. The shale powder (<300 mesh) was
placed in a sample plate and scanned from 4.5°to 50°with a step
length 0.02°. Core samples from more than 20 exploration wells
in the area were analyzed using whole-rock XRD.

Imaging techniques and quantitative measurement were
used to analyze the micropore structure of the shale. A field
emission scanning electron microscope (FE-SEM) was used
to analyze 15 samples from 6 exploration wells (J6, J51, J5,
J57, and J45). The dried samples were pressed into cubes
(Iecm x 1 cm x 1 cm), which were polished by argon ions.
The samples were analyzed by the SEM to obtain the backscat-
tered electron (BSE) image of the sample. A pore permeability
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FIGURE 2: The C-P measured section column of the Taitou profile in Shanxi Province.

test was conducted on samples obtained from 20 exploration
wells in the Shanxi Formation and Taiyuan Formation to
determine the overburden pressure.

3.1. Source Rock Characteristics

3.1.1. Organic Matter Characteristics. A large dark mud shale
area exists in the study area, representing favorable condi-
tions for the development of source rocks. The abundance
of organic matter determines the hydrocarbon generation
capacity of shale and its adsorption capacity for shale gas.
As shown in Figure 3, the highest value of TOC in the
samples of the Shanxi Formation is 29.25%, and the lowest
value is 0.07%; 67.86% of the samples have a TOC of 0%-
2%, and 32.14% have a TOC higher than 2%. The highest
value of the samples from the Taiyuan Formation is 22.52%,
and the lowest value is 0.011%; 43.69% of the samples have a
TOC of 0%-2%, 40.78% of the samples have a TOC of 2%-
4%, and 56.31% of the sample have a TOC higher than 2%.
The TOC content of the five major shale gas basins in North
America is 0%-25% [17], and the lower limit is generally

2.0% [18]. Based on previous studies, 2.0% was used as the
lower limit of TOC to evaluate the organic matter abundance
in the study area. As shown in Figure 4, areas in the Shanxi
Formation with a TOC higher than 2% are mainly located in
the central and eastern areas of the study area (wells G1-10,
7,71, G5, G4,]3,]20, J45,]19,]24, ]34, and ]25), with the high-
est value of 19.57%. Areas with a TOC higher than 2% in the
Taiyuan Formation are located in a region with northeast to
southwest orientation. The northeast to southwest direction
represented by Wells J16-J9-G5 is a high-value area with a
TOC of more than 6%. Wells J25-J19-]23 in the east represent
a high-value area of organic carbon content, with values
exceeding 5%. The area between the wells with the two high
values has a relatively low organic carbon content, but the
organic carbon content in wells J20 and J29 is relatively high
(more than 4%). In summary, the organic carbon content of
more than 32.14% (56.31%) of the samples in the Shanxi
group (Taiyuan group) is higher than 2%. The study area is
rich in organic matter. The primary type of organic matter
in the Shanxi Formation and Taiyuan Formation in the study
area is type I12, which is rich in humic kerogen and can



Geofluids

Shanxi formation

80
70 -
60 -
50
40 -
30 4
20 -
10 , 28625 D

67.86

Percentage

T
0-2 2-4 4-6 6-8 >8
TOC distribution

(a)

Taiyuan formation

>0 43.69
: 40.78
40 -
5o
i 30
=
8
T 20
a
10 - - -5.83 . - LI7 -
1.94
0 T T T T T
0-2 2-4 4-6 6-8 >8
TOC distribution

(®)

FIGURE 3: The total organic carbon content of the mud (shale) stone reservoirs in the study area.
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FIGURE 4: The contour map of the TOC of mud (shale) reservoirs in the study area. (a) Shanxi Formation; (b) Taiyuan Formation.

generate large amounts of natural gas [19]. Therefore, these
two areas show excellent potential for shale gas formation.

3.1.2. Shale Thickness. The burial depth of the Shanxi Forma-
tion in the study area is 571 m-1447.5m, and the shale thick-
ness is 23.18 m-99.84 m, with an average of 54.18 m. The shale
is thicker in the northeast, with a maximum thickness of more
than 90 m. Only a few well areas in the central, western, and

eastern parts of the study area show high shale thickness
values. The burial depth of the Taiyuan Formation is
620.5m-1503m, and the thickness of the shale ranges from
17.22m to 66.94 m, with an average of 30.72 m, thinner than
the shale of the Shanxi Formation. Wells J11 and J13 in the
northwest, east, and south of the study area have larger shale
thicknesses (Figure 5). In summary, the shale in the study area
is relatively thick and has adequate conditions for shale gas



Geofluids

0246 8km
—

Jixian

[e] Well
@ Place

Fault
B Boundary of work area

(a)

0246 8km
—_

Jixian
[ Well Fault
@ Place Boundary of work area

(®)

FiGURE 5: The contour map of the thickness of the mud (shale) reservoirs in the study area. (a) Shanxi Formation; (b) Taiyuan Formation.

hydrocarbon accumulation. The area experienced deep burial
historically and subsequent uplift, resulting in a relatively shal-
low burial depth [20].

3.1.3. Types of Organic Matter. Under normal circumstances,
the four components in kerogen can be observed under the
microscope (vitrine, inertinite, exinite, and sapropelite). Dif-
ferent types of kerogen are formed by different combinations
of these four microscopic components. The hydrogen-rich
saprolite and chitinous formations have better hydrocarbon
generation potential [20]. Vitrinite generally has only gas
generation potential. Fluoro vitrinite has the potential to
generate oil, while inertite cannot generate oil or gas.

The analysis results show that the main type of organic
matter in the Shanxi Formation in the study area is typell2,
with some occurrences of type III. The Taiyuan Formation is
dominated by type 112, with some occurrences of type IIl.
Therefore, the main type of organic matter in the Shanxi
Formation and Taiyuan Formation in the study area is type I12.

3.1.4. Thermal Maturity. The statistics of the samples show
that the vitrinite reflectance values of the shale in the study
area are in the range of 1.0%-3.0%, and more than 80%
are in the range of 1.0%-2.0%, which is favorable for shale
gas formation.

As shown in Figure 6, the vitrinite reflectance of the
Shanxi Formation is relatively low in the north and high in
the south, with the highest value of over 2.2% in Well J45
in the south. The vitrinite reflectance characteristics are sim-
ilar in the Taiyuan Formation. The highest values are found
in Wells J45 and J23 (>2.1%), and most of the values in the
north are lower than 1.4%. In summary, the vitrinite reflec-
tance values are high in the south and low in the north; thus,
the south of the study area is more favorable for shale gas
generation than the north (Figure 6).

3.2. Reservoir Characteristics

3.2.1. Mineral Composition. The results show that clay minerals
are the dominant minerals in the shale member of the study
area, followed by quartz and plagioclase. The plagioclase con-
tent is low, but the areas of plagioclase are well developed.
The average mineral composition of the shale members of
the Shanxi Formation is as follows: clay (51.04%), quartz
(40.74%), potassium feldspar (1.00%), plagioclase (2.56%),
calcite (1.00%), dolomite (4.00%), pyrite (3.00%), and siderite
(7.10%). The average mineral composition of the shale member
of Taiyuan Formation is as follows: clay (48.35%), quartz
(40.91%), potassium feldspar (1.56%), plagioclase (1.68%), cal-
cite (24.00%), dolomite (2.67%), pyrite (4.23%), and siderite
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FIGURE 6: The contour map of vitrinite reflectance (Ro) of the mud (shale) stone reservoirs in the study area. (a) Shanxi Formation; (b)

Taiyuan Formation.

(4.04%) (Figure 7). The quartz content of the Shanxi Formation
is higher than 35%, and the quartz areas are located in the
northwest, central-east, and southwest of the study area. Wells
J13,J15, and J32 have the highest quartz content (>50%).

The quartz content in the Taiyuan Formation is relatively
high (>30%) in many areas, and the highest value exceeds
60%. Quartz is found in wells J17, J25, J65, and J58; only G1-
5, G1-10, J29, and J49 have a quartz content of less than
20%. Regarding clay minerals, the average illite content of
the Shanxi Formation is 25.97%, and the high-value area is
located near Well J7, with a quartz content of more than
45%. The areas near Well J15 in the north, J3, J6, and J7 in
the middle, and J28, J30, and J24 in the south have relatively
higher illite contents (>25%). In the Taiyuan Formation, the
average illite content is 21.29%, and that of Well J15 is higher
than 35%. The relatively high-value areas in the region are
found in the northwest and southeast of the study area, with
contents exceeding 20%. The average content of clay minerals
in the ironite-montmorillonite mixed layers in the Shanxi
Formation is 36.50%. The contents are generally low in the
center and high around the periphery. The high-value areas
of ironite- montmorillonite mixed layers are in the vicinity
of Wells J12 in the northwest, J26 in the northeast, G4 in the
west, and J60 and J65 in the southeast of the study area, with

contents exceeding 35%. The average content of the ironite-
montmorillonite mixed layer in the Taiyuan Formation is
26.60%. Wells J16, J9, J4, and J28 in the northwest and south-
west of the study area and Wells J20, J19, and J34 in the south-
east are relatively high-value development areas with a content
of more than 25%.

3.2.2. Storage Space. The porosity of the shale formation in the
study area is generally less than 3%, and the permeability is less
than 0.1md. The porosity of the Shanxi formation ranges
from 0.72% to 1.33%. Relatively high-value areas are located
in the north, central, and western regions of the study area.
The porosity of the Taiyuan formation ranges from 0.76% to
2.61%. Relatively high-value areas are found in a few well areas
in the north, west, and southeast of the study area.

The reservoir space of mud shale in the study area
includes matrix pores and fractures, especially pores related
to organic matter, clay minerals, and dissolution. The pores
include primary pores, secondary pores, intergranular pores,
and dissolution pores. Fractures include structural fractures
and diagenetic fractures (Figure 8).

(1) Residual primary pores: these are scattered among
the silty intergranular pores of the clay flakes. The
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FIGURE 7: The detrital components of the mud (shale) stone reservoirs in the study area. (a) Shanxi Formation; (b) Taiyuan Formation.

samples from the Shanxi Formation mostly exhibit
point-line contacts between particles, whereas those
from the Taiyuan Formation primarily show line-
concave-convex contacts and some point-line con-
tacts. The compaction increases, and the number of
residual primary pores decreases substantially with
the burial depth.

(2) Organic matter pores: these are pores formed in the
organic matter in the shale by large amounts of hydro-
carbon generation, including micropores inside organic
matter, pores between organic matter and other detri-
tus, and pores formed by dissolution of organic matter
clumps. Most pores have a honeycomb or irregular
shape, and the pore size is about 5-30 ym.

(3) Micropores formed by clay mineral transformation:
the montmorillonite in the ironite/montmorillonite
mixed-layer clay minerals is transformed into illite,
and micropores are generated due to volume reduc-
tion. Secondary dissolution pores are produced by

the strong dissolution of feldspar and rock debris
along the joints. Most of the pores are arranged in long
strips, and the pore size ranges from 5 ym to 20 ym.

(4) Fractures: the study area is located at the margin of
the basin. Fractures have developed in the shale
segment. Most have high angles, and a few have
low angles, and most are filled with calcite.

3.2.3. Brittleness and Mechanical Properties of the Reservoir.
The brittleness of rock depends primarily on its petrological
characteristics [21]. The higher the content of brittle compo-
nents (such as silica), the stronger the brittleness of the rock
is [22, 23]. The average quartz content and clay content in
the target strata in the study area are 40% and 49%, respec-
tively. The silica content is relatively high, which is favorable
for the fracturing of shale gas reservoirs [24, 25]. Poisson’s
ratio (u) of the rock is an indispensable rock mechanics
parameter for fracturing, drilling, and engineering. It is the
ratio of the relative transverse compression to the relative
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longitudinal elongation of an elastomer; it is typically calcu-
lated using the density and the time difference between the
P-wave and S-wave.

The shear wave velocity was calculated using the empir-
ical formula and acoustic time difference and density data,
and Poisson’s ratio and Young’s modulus were calculated.
Figure 9 shows the results for Well Ji 5. Poisson’s ratio is
below 0.35, with an average of 0.32, and Young’s modulus
is generally above 20.00 MPa, which is similar to the shale
brittleness of the Monterey formation in the San Joaquin
Basin of the United States. According to well logging data,
Poisson’s ratio of the Shanxi Formation is 0.29-0.45, with
an average of 0.31. Poisson’s ratio of the Taiyuan Formation
is 0.28-0.42, with an average of 0.31. At present, it is gener-
ally believed that Poisson’s ratio of shale is relatively high
(>0.4) and the plasticity is high, whereas sandstone has a
relatively low Poisson’s ratio (<0.3) and high brittleness.
Therefore, the lower the Poisson’s ratio of rock, the higher
its brittleness is. Poisson’s ratios of the shale reservoirs in
the study area are generally less than 0.35. Therefore, they
contain components with high brittleness, which results in
good mechanical properties of shale gas reservoirs after frac-
turing. Only Well J18 in the north has a high Poisson’s ratio,
and the mudstone has high plasticity, which is not conducive
to fracturing and shale gas reservoir development.

3.3. Gas Content Analysis. The total gas content of the Barnett
shale in the Fort Worth Basin is 8.49-9.91m’/t, with an
adsorbed gas content of 40%-60%, ranking first among all
shale gas scales. The gas content of the Antrim shale in the
Michigan Basin is 1.415-2.83 m’/t, indicating a positive corre-
lation with the organic carbon content. This shale gas forma-
tion has a high proportion of adsorbed gas (more than 70%).
The total gas content of the Ohio shale source rocks in the
Appalachian Basin ranges from 1.70 to 2.83m’/t, and the
adsorbed gas content is about 50%. The total gas content of
the New Albany Shale in the Illinois Basin is relatively low,
ranging from 1.13 to 2.26 m*/t, and that of the Lewis shale in
the San Juan Basin ranges from 0.42 to 1.27 m’>/t, with 60%
to 88% adsorbed gas content. The gas contents of the Gordon-
dale shale (0.7-3.0m*/t) in northeastern British Columbia,
Canada, and the Qiongzusi shale (0.27~1.03 m>/t) are signifi-
cantly lower than that of the Barnett shale (8-9 m>/t). The
measured gas content of the shale core of Well Daji 51 in the
study area is 0.5-3.7 m’/t, indicating an upper-medium level.

3.4. Calculation of Resource Quantity. The resource quantity of
the Shanxi Formation and Taiyuan Formation in the study
area was calculated. Although the shale gas reservoirs are
discontinuous, they have strong heterogeneity. Therefore, the
resource quantity of shale gas reservoirs should be calculated
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FiGure 9: Calculation results of rock mechanics parameters of Well J5.

by integrating geological factors, technical factors, and eco-
nomic factors. At present, evaluation methods of shale gas
resources in foreign countries include the analogy method,
material balance method, trend curves, and numerical simula-
tions. Since the study area is currently in the early stage of
shale gas exploration, there are insufficient geological data.
Thus, we used existing data, regional geological survey data,
the geological characteristics of mature shale gas reservoirs
in the province, and resource evaluation to determine the
resource quantity in the Shanxi Formation and Taiyuan For-
mation by analogy. One of the key parameters in the analogy
method is the selection of the calibration area. The study area
was compared with five major shale gas basins in North Amer-
ica using six evaluation parameters: organic carbon content,
maturity, brittle mineral content, porosity, thickness, and
burial depth. We created a comprehensive score for all shale
gas basins and used the basin with the closest score as the cal-
ibration area.

As shown in Table 1, Barnett shale has the highest score,
followed by the New Albany Shale and the Ohio Shale. The
Shanxi Formation in the study area has a score of 72.98,
which is lower than the score of the five largest shale gas
basins in North America. It is most similar to the Antrim
Basin shale. Therefore, the Antrim Basin shale is selected

as the calibration area. Equation (1) is used for an analogy
calculation of the shale gas resources in the study area and
the calibration area to obtain the shale gas resources in the
study area. The calculation results are listed in Table 2.

R, = (;)-()-Qi, (1)

where R; is the number of analogous resources in the study
area (x10'2 m>); S is the area of the study site (x10%*km?); A,
is the calibration area (x10*km?); A/A, is the study area and
calibration area score ratio; and Q; is the resource amount in
the calibration area (x10"*m®).

As shown in Table 2, the Shanxi Formation and Taiyuan
Formation have similar geological conditions, areas, and shale
gas resources. Compared with the shale in the Antrim Basin,
the resources of the Shanxi Formation and Taiyuan Formation
are 1500 x 10® m? and 1300 x 10® m?, respectively. The aver-
age analogous resources of the Shanxi Formation and Taiyuan
Formation are 1680 x 10® m? and 1560 x 10® m?, respectively,
and the total amount of resources in this area is
2,800-3,200 x 10° m”.
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FIGURE 10: Prediction results of favorable areas for shale gas exploration in the lower Permian strata in the southeastern Ordos Basin. (a)

Shanxi Formation; (b) Taiyuan Formation.

4. Discussion

4.1. Comparison of Shale Gas Characteristics in the Daning-
Jixian Block and in the United States. The commercially
developed shale gas in the United States has a higher organic
matter content (above 5% on average) than the domestic
shale gas. However, its maturity is generally lower than 2%
before the main gas generation stage, resulting in insufficient
hydrocarbon generation (shale gas) and limited resource
potential. China’s main shale gas areas include the Qiongz-
husi shale and Longmaxi shale in the Sichuan Basin, the
Shanxi-Taiyuan formation in the Ordos Basin, and the
Cambrian-Ordovician shales in the Tarim Basin. Their high
maturity of organic matter means that they are in the high
maturity and overmaturity stages beyond the main gas gen-
eration stage [8]. The degree of transformation from organic
matter to hydrocarbon is relatively high, and the resource
amount is massive. Shale gas reservoirs in the United States
are mainly carbonate rocks in shale layers and generally have

a thickness of less than 50 m [26], limiting the abundance of
shale gas. Meanwhile, shale gas reservoirs in the United
States are brittle, form structural fractures easily, and have
poor roof and floor conditions [27]. However, domestic
shale is generally thicker. For example, the thickness of the
shale in the study area of the Edong gas field exceeds
100 m in some areas. The roof and floor conditions are supe-
rior, providing good source rock and preservation condi-
tions for the generation and preservation of shale gas.
These conditions are favorable to the development and pres-
ervation of shale gas reservoirs. Furthermore, the three
major shale gas areas in China are located in several large
basins, such as the Ordos Basin. The widely distributed
shales are superimposed in the same basin with a relatively
high concentration and strong comparability, which is con-
ducive to large-scale exploration and development.

4.2. Prediction of Favorable Shale Gas Zones. Based on previ-
ous studies [27-31] and the geological characteristics of the
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study area, the following factors should be considered to pre-
dict favorable shale gas zones. (1) When the abundance of
organic matter is high and has reached a certain level of
thermal maturity, the hydrocarbon gas can be stored in the
form of adsorbed gas on the surface of the clay and organic
matter [32, 33]. Therefore, the abundance and thermal
maturity of organic matter are crucial geological factors for
determining shale gas accumulation. (2) The porosity and
permeability of the mud-shale formation are low, and there
is no significant difference between the regions in the study
area. (3) The shale formation depends on the brittleness
degree of the formation, which is related to the mineral type.
Usually, a high silica content results in better mechanical
properties of the shale gas reservoir. Therefore, the main
factors affecting the economic value of shale gas reservoirs
are the abundance of organic matter, thermal maturity,
thickness, and quartz content. Thus, the favorable areas for
shale gas exploration were predicted using these factors.

Figure 10 shows the prediction results of the favorable
areas for shale gas exploration. The favorable areas in the
Shanxi Formation are located in the central and eastern parts
of the study area and in the north near Daning area. The
organic carbon content of the favorable area in the middle is
2%-8%, the vitrinite reflectance ranges from 1.5% to 2.0%,
the thickness ranges from 20m to 70 m, and the quartz con-
tent is 40%-52%. In the favorable eastern area, the organic car-
bon content is 2%-4%, the vitrinite reflectance exceeds 1.8%,
the thickness is larger than 60m, and the quartz content is
greater than 40%. In the favorable northern area near Daning,
the organic carbon content is greater than 2, the vitrinite
reflectance is higher than 1.3%, the thickness is larger than
40m, and the quartz content exceeds 50%.

The favorable areas in the Taiyuan Formation are located
in the northwest, southeast, east, and middle of the study area.
The favorable area in the northwest contains 2%-7% organic
carbon, the vitrinite reflectance is 1.3%-1.9%, the thickness
is 20m-40m, and the quartz content is 40%-70% quartz. In
the southeast, the organic carbon content is 2%-9%, the vitri-
nite reflectance is 1.6%-2.2%, the thickness is 17 m-40 m, and
the quartz content is 40%-70%. In the eastern part, the organic
carbon content is 2%-4%, the vitrinite reflectance is greater
than 1.7%, the thickness is larger than 25m, and the quartz
content exceeds 60%. The central area has a TOC of 2%-
3.5%, vitrinite reflectance of more than 1.6%, and a thickness
greater than 35m, and the quartz content exceeds 55%.

5. Conclusions

The Shanxi-Benxi Formation in the study area is a transitional
marine-continental shale system with good reservoir-forming
conditions. The organic matter in the study area is abundant,
the kerogen type is predominantly of type II 2, and the area
has high maturity. These conditions are favorable for gas
generation.

The Shanxi-Benxi Formation has diverse reservoir spaces
and contains mainly residual primary pores formed by com-
paction, secondary pores formed by organic matter hydrocar-
bon generation and clay mineral transformation, secondary
dissolution pores, and fractures. The average content of clay
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minerals is about 50%, the quartz content near the provenance
is relatively high, and Poisson’s ratio is 0.31. The rock is brittle
and fractures easily.

The shale gas reservoir characteristics in the study area and
five major shale gas basins in the United States were compared
using the analogy method based on geological conditions. The
Antrim Basin was selected as the calibration area. The cumula-
tive resources of the Shanxi and Taiyuan Formations in the
study area were calculated as 2,800-3,200 x 10 m’.

The organic matter abundance, thermal maturity, thick-
ness, and quartz content are the main controlling factors
affecting the development of shale gas in the study area.
The favorable areas of shale gas are predicted using these
factors. The most favorable areas of the Shanxi Formation
are located in the middle, east, and north of the study area,
and those of the Taiyuan Formation are located in the north-
west, southeast, and east, with a small area in the middle.
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