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Abstract: China has focused on the exploration and development of shale gas resources to reduce
its reliance on coal and shift to cleaner energy sources. While significant progress has been made
in the Sichuan Basin, unlocking the shale gas potential in other regions of South China has proven
challenging due to the complex geology and mountainous terrain. In 2021, Well QSD-1 was deployed
in southwestern Guizhou and achieved a daily shale gas flow of 11,011 m3 in the Dawuba Formation,
marking the first time an industrial gas flow had been obtained from shale gas drilling in the marine
strata of the Upper Paleozoic in China. This breakthrough has deepened the understanding of the
southern China Carboniferous marine strata and highlighted key aspects of the formation: (1) Sedi-
mentation occurred in alternating platforms and basins, with most organic-rich shale developed in
sloping and basin areas; (2) the formation exhibits favorable static indicators, with a relatively thick
section (over 200 m), and an organic carbon content of approximately 1%, (3) the intercalation of
argillaceous limestone and shale intervals is conducive to the preservation of shale gas within the
formation. These results demonstrate the potential for the Upper Paleozoic in South China to become
a significant shale gas producer, which could contribute significantly to China’s energy security.
Furthermore, exploring shale gas in the region may have positive economic and environmental
impacts, including reducing China’s dependence on coal and decreasing greenhouse gas emissions.
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1. Introduction

Carboniferous shale gas has become one of the most promising unconventional natural
gas resources in the world, particularly in North America where huge reserves have
been discovered [1-3]. The abundant resources and the advancement of exploration and
production technology have resulted in a significant increase in shale gas production. The
strata in North America are primarily composed of interbedded shale, sandstone, and
limestone, with shale thickness usually ranging from 30 to 150 m. The high organic content
and thermal maturity of the shale make it a suitable host rock for natural gas, especially in
the Marcellus and Utica formations in the Appalachian Basin.

In recent years, China has placed a significant emphasis on exploring and developing
shale gas resources, with notable progress made in the Sichuan Basin. However, unlocking
the potential of shale gas in other regions, particularly the Carboniferous in South China, has
been challenging [4-6]. One of the primary challenges is the complex geological conditions,
which can make it difficult to locate and extract shale gas accurately. Additionally, the
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formation is situated in a mountainous region, which adds to the logistical challenges of
exploring and developing shale gas resources.

Since 2014, the Oil and Gas Resources Survey Center of the China Geological Survey
has been working in South China to advance geological knowledge and engineering
technologies, with an emphasis on discovering Paleozoic shale gas [7-9].

The Yadu-Ziyun-Luodian aulacogen (YZLA) was identified as a priority location for
investigation through a thorough analysis of prior data [10-15]. Field surveys, seismic
exploration, and electromagnetic prospecting were conducted in the YZLA, which resulted
in the discovery of the Liupanshui area as a promising shale gas area [11-13]. The Car-
boniferous Dawuba Formation shale’s gas content was investigated by drilling the QSD-1
well, which turned up approximately a thousand meters of high-quality shale with 53
interpreted as gas-bearing strata [14,15]. At various depths throughout the drilling process,
shale gas was discovered, and all can be ignited. With an average daily production of
11,011 m® of shale gas in 2021, a vertical well formation gas content test made a notable
discovery in South China’s Carboniferous shale gas [16].

Although shale gas in South China’s Carboniferous Dawuba Formation has recently
been discovered, total Paleozoic oil and gas exploration in the area is still at a low level [17-21].
Analyzing the importance of the QSD-1 breakthrough and comprehending the shale gas ac-
cumulation circumstances in the YZLA are imperative if we are to expedite the exploration
of Carboniferous shale gas. In order to gain important insights into the geological study of
shale gas in South China, this research investigates the characteristics of shale reservoirs
and the conditions of well QSD-1’s shale gas accumulation.

2. Geological Setting

In the southeastern region of the Upper Yangtze Plate in South China, there exists
a slim and highly deformed structural belt that extends along the Yadu, Ziyun, and Luodian
line in Guizhou Province, following a northwest-southeast orientation [22-25]. This belt
is a large-scale, intracontinental reverse fault and strike-slip structural belt that evolved
gradually and eventually took shape during the Yanshanian Orogeny. It differs significantly
from the deformation zones on either side in terms of deformation direction, style, and
intensity (Figure 1). In the Late Paleozoic, this structural belt developed into a NW-trending
aulacogen, known as the Yadu-Ziyun-Luodian aulacogen [26,27]. The aulacogen spans the
Sinian to Silurian, Devonian to Middle Triassic, Upper Triassic to Cretaceous, and Tertiary
to Quaternary periods in its extensive stratigraphic succession.

During its formation and evolution, the Yadu-Ziyun-Luodian fault zone has under-
gone complex tectonic changes. Seawater from the Yuebei Uplift invaded during the late
Early Devonian period from the southeast, resulting in the formation of an early platform-
basin separation [28]. An NW-trending sub-deepwater basin formed on the foundation
of the shallow water continental shelf, where the uneven subsidence of fault blocks led
to the deposition of shallow water carbonate on high fault blocks and deep-water carbon
mud and siliceous on low fault blocks (Figure 1c). In the slope zone along the platform
edge, deposits slumped and gravity flowed. In the early Late Devonian, regional trans-
gression reached its maximum extent, and the aulacogen extended to its largest range,
reaching from Zhaotong in Yunnan Province to Weining and Ziyun in Guizhou Province,
and then fanning southeastward to Liucheng and Luzhai in Guangxi Province, forming
an NW-trending, approximately 400-km-long trough-platform pattern with shallow water
carbonate platforms isolated within deep waters [29].

During the Early Carboniferous, the NW boundary of the rift trough gradually filled
and shallowed, causing the aulacogen to move southeastward towards the Weining and
Liupanshui areas in Guizhou Province. In the Late Carboniferous, extensive deposition
caused significant changes in the basin landscape [30], with the aulacogen being filled
by extensive deposition and the aulacogen continuing to shrink southeastward. The sub-
deepwater basins filled up, reducing the difference between them and the surrounding
water bodies, and shallow water areas expanded. Under the continuous influence of
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faulting, a NE-trending sub-basin developed in Qinglong and Ziyun, approximately 120 km
long and 50 km wide.
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Figure 1. Study area location map (a), regional tectonic outline map (b), Early Carboniferous sedi-
mentary facies map (c), Lithological columnar characteristics of mudstone and argillaceous limestone
in the basin-slope facies of the Upper Carboniferous Dawuba Formation (d).

After the Dongwu Movement, the shallow and deep-water areas in the basin once
again became mutually enveloping as the Qinfang Seaway, which had long been in a deep-
water environment, folded into mountains. The range of the platform-basin facies changed
significantly, and the aulacogen shrank south of the Guanling-Zhenxiong line. By the
Triassic, the Yuebei and Yangtze blocks collided, and the stress direction within the aulaco-
gen began to change. The Paleo-Tethys subducted to the north and east, causing intense
subsidence within the aulacogen, and by the end of the Late Triassic, seawater completely
withdrew, the basin closed, and the aulacogen was uplifted to form a landmass [31-35].
An NW-trending fold-fault belt formed along the structural line. During the Yanshanian
to Himalayan period, strong intracontinental compression from south to north resulted
in intense folding and uplift in the aulacogen, ultimately forming the present-day topo-
graphic features.
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3. Samples and Experimental Methods
3.1. Samples

The well QSD-1 encountered a total of 1009 m of the Lower Carboniferous Dawuba
Formation (Figure 1d). This formation is composed of different types of sedimentary rocks
including shale, mudstone, and limestone [36,37]. This set of strata is sandwiched by
the limestone strata of the Nandan Formation and the Muhua Formation. Based on the
lithology, electrical properties, and outcrop conditions in the Liupanshui area, the Dawuba
Formation can be divided into four members [38,39].

The fourth member of Dawuba Formation measures 66 m in thickness in well QSD-
1 and is composed of mudstone interbedded with carbonaceous shale and argillaceous
mudstone (Figure 2a). The third member, on the other hand, has a thickness of 288 m
and is characterized by argillaceous shale, mudstone, and mudstone interbedded with
carbonaceous mudstone (Figure 2b). The second member, measuring 122 m in thickness,
features thin interbedded mudstone and shale within the mudstone (Figure 2c). The first
member has a thickness of 533 m, dominated by thick layers of mudstone (Figure 2d).

Figure 2. The core images of the Lower Carboniferous Dawuba Formation encountered by well QSD-
1. (a) Dark gray mudstone in the fourth member; (b) gray-black shale and mudstone interbedded in
the third member; (c) black shale and mudstone in the second member; (d) black fragile mudstone in
the first member.

3.2. Mineral Composition Analysis

X-ray diffraction analysis is currently a simple and efficient experimental method for
identifying, analyzing, and quantifying the mineral composition characteristics of shale.
To ensure the objectivity and reliability of the data analysis for the Dawuba Formation,
16 shale samples were selected from different members for the analysis, including 3 samples
from the fourth member, 6 samples from the third member, 4 samples from the second
member, and 3 samples from the first member. During the experiment, the shale samples
were ground to a 200-mesh size and then dried under 110 °C conditions. The glass slides
were cleaned with alcohol to remove any impurities that could potentially interfere with
the test results. X-ray diffraction measurements were conducted using the BTX-II portable
X-ray diffractometer from Olympus (Tokyo, Japan), which is equipped with a Co target
and operated at a voltage of 31 kV and a current of 0.4 mA. The diffraction angle (26)



Processes 2023, 11, 1896

50f 20

measurement range was 3-55°, with a scanning interval of 0.02° (26). The data were
analyzed using the MDI JADE software 6.5.

3.3. Geochemical Characteristics Analysis

To determine the total organic carbon content (TOC), 50-80 mg of prepared powder
samples were weighed and placed in a permeable crucible. An excess volume ratio of 15%
HCL was slowly added and left to stand for over 24 h to remove carbonate minerals. The
crucible was washed repeatedly with distilled water until the sample’s PH became neutral,
then dried in a constant temperature drying oven at 80 °C for future use. Total organic
carbon analysis was performed using a Leco TOC (CS-230 HC) analyzer (Leco Corporation,
St. Joseph, MI, USA) and the TOC value of the sample was calculated based on the CO,
peak area generated during combustion.

Before measuring the reflectance (Ro) of vitrinite, equipment calibration was con-
ducted using two standard samples with known reflectance values. Separated and purified
macerals were ground into slides and observed via a microscope equipped with an oil
immersion lens and a fully automated microphotometer (Leica MPV Compact II reflection
light microscope- Leica Microsystems GmbH, Wetzlar, Germany). Ro values reflected the
thermal maturity of Dawuba Formation shale samples, with each Ro value representing
the average of 20-30 measurement points.

3.4. Pore Microstructure Observation

The pores present within the Dawuba Formation shale were visualized using an elec-
tronic scanning microscope. Prior to observation, each sample underwent a 48-h polishing
process with an acceleration voltage of 3 kV, resulting in a flatter surface. To enhance con-
ductivity, as well as improve image clarity and accuracy, a thin layer of gold was applied
to the surface of the sample following argon ion polishing. The microscopic structure of
the samples was examined using the ZEISS Sigma300 (Oberkochen, Germany) scanning
electron microscope and Bruker Quantax 200G (Berlin, Germany) energy spectrometer.
During observation, the instrument operated at a voltage of 1.5 kV, a working distance of
2.5-8 mm, and a maximum resolution of 5 nm for images.

3.5. Full Pore Size Characterization

In accordance with the pore size classification standards established by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) in 1994, micropores have diameters
less than 2 nm, mesopores range from 2-50 nm, and macropores larger than 50 nm [40]. To
provide a full characterization of shale pore sizes, this study employed multiple testing
methods, including CO, adsorption, N, adsorption, and high-pressure mercury injec-
tion experiments, taking into account the advantages of each method for different pore
size ranges.

CO; adsorption experiments were conducted using a NOVA4200e surface area and
pore size distribution analyzer manufactured by Quantachrome Instruments (Boynton
Beach, FL, USA). Samples were ground to 60-80 mesh and then subjected to CO; blowing
under heating conditions for 4-6 h. Once the sample mass remained constant, indicating
the removal of gas adsorbed on the sample surface, the degassing process was considered
complete. CO, was then used as the adsorbate to measure the adsorption and desorption at
different relative pressures at 273.15 K, and micropore distribution was calculated through
the DFT theoretical model [41].

N, adsorption experiments were executed using an ASAP2460 automatic surface
area and pore size analyzer produced by Micromeritics Instrument Corporation (Norcross,
GA, USA), possessing a relative pressure range of 0.00-0.995 and capable of measuring
pore sizes ranging from 0.35-400 nm with a minimum measurable specific surface area of
0.0005 m?/g. Samples were ground to 20-50 mesh before undergoing nitrogen blowing
under heating conditions for 4-6 h using nitrogen with a purity greater than 99.999%.
Once the sample mass became stable, nitrogen was utilized as the adsorbate to measure
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the adsorption and desorption at various relative pressures at 77.35 K [42]. The specific
surface area was calculated via the Brunauer-Emmett-Teller (BET) equation, while the pore
volume was determined using the Barrett-Joyner-Halenda (BJH) equation.

High-pressure mercury injection experiments were carried out utilizing an AutoPore-
59500 automated mercury porosimeter (Micromeritics Instrument Corporation, Georgia,
USA) with a maximum working pressure of 400 MPa, capable of measuring pore sizes
ranging from 0.003-1000 pm and a volumetric accuracy of 0.1 mL for mercury intrusion.
Prior to testing, cylindrical samples were dried in a 150 °C oven for 1 h to eliminate moisture
within the sample. Then, under vacuum conditions, mercury was injected into the sample
to determine the amount of mercury intrusion and extrusion in low- and high-pressure
conditions [43]. The Young-Dupre equation was utilized to calculate specific surface area,
while the Washburn equation was used to determine pore volume.

3.6. Gas Content Analysis

Gas content is composed of three parts: Lost gas, desorbed gas, and residual gas.
To accurately determine the desorbed gas content of a rock sample, gas content analysis
experiments are performed. After extracting the core from underground, it is immediately
placed in a sealed steel cylinder filled with saturated saltwater to remove as much air
as possible and avoid interfering with the results. The steel cylinder is then placed in
an adjustable temperature heating box, and as the temperature gradually increases, the
gas in the core is released and collected through the water vapor displacement method.
The resulting gas content is the desorbed gas content, which is accurately recorded. After
no more gas is produced, the sample is weighed and mechanically crushed in closed
equipment to obtain the residual gas content. The lost gas content can be calculated via
regression analysis using the analytical gas content, residual gas content, and the time used
for drilling and exposing the core to the surface.

4. Results
4.1. Mineral Composition Characteristics

XRD analysis showed that the Dawuba Formation predominantly consists of high
levels of carbonate and clay minerals, with minimal pyrite content. The carbonate mineral
content ranged from 4-93%, averaging 53%, while the clay mineral content ranged from
5-82%, averaging 33% (Figure 3a). Quartz mineral content was present within the range
of 4-27%, with an average of 11%. The main clay minerals found in the formation were
an illite and illite/smectite mixed layer, while chlorite and kaolinite were present in small
amounts. Illite content ranged from 5-70% with an average of 43.56%, while illite/smectite
mixed layer ranged from 13-82%, with an average of 26.43%. Chlorite content ranged from
5-47% with an average of 17.71%, while kaolinite content ranged from 0.5-23%, averaging
11.78% (Figure 3b).
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Figure 3. Mineral composition characteristics of Dawuba Formation in well QSD-1. (a) Relative
content distribution of bulk-rock minerals; (b) relative content distribution of clay minerals.
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In terms of the four members, there is a gradual decrease in average carbonate mineral
content from 86% to 4%, while clay mineral content increases from 6% to 69% from the
fourth member to the first member. The fourth and third members have similar features,
with an average carbonate rock content of 86% and 73%, and an average clay mineral
content of 6% and 15%. Conversely, the second and first members exhibit strong similarities,
with a low carbonate mineral content and high clay mineral content.

4.2. Organic Geochemical Characteristics

The results of testing 51 shale samples from the Dawuba Formation showed a variation
range of 0.25-1.42% in total organic carbon (Figure 4a). Among these, 34 samples had TOC
values distributed between 0.5 and 1.5%, accounting for 67% of the total samples. The
remaining 17 samples had TOC values ranging from 0-0.5%, making up 33% of the total
samples. None of the samples had a TOC value greater than 1.5%. The fourth member
had the lowest TOC, averaging 0.39%. From the third member to the first member, the
average TOC value gradually increases, reaching an average TOC value of 1.14% in the
Dawuba Formation.
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Figure 4. Distribution of total organic carbon frequency (a) and vitrinite reflectance (b) of the Dawuba
Formation in well QSD-1.

The Ro distribution range of the Dawuba Formation is between 1.92 and 2.57% (17 sam-
ples). The reflectance values increased from the fourth member to the first member, with
the average Ro values being 1.92% for the fourth member, 2.18% for the third member,
2.29% for the second member, and 2.57% for the first member (Figure 4b). These results
suggest that shale samples from the Dawuba Formation are in the stage of gas generation.

Shale samples were also used for organic matter maceral composition analysis, with
most samples containing type II-III organic matter. Sapropelinite and vitrinite were the
main macerals identified [44], while the inertinite accounted for a certain proportion of
unidentifiable debris or fragments, showing a moderate hydrocarbon generation potential
(Table 1). The same conclusion can be drawn from the analysis of H/C and O/C ratios
(Figure 5), which shows that the kerogen types in the Dawuba Formation shale are more
inclined towards the I and III types that originated from biogenic processes [45].

Table 1. The maceral composition of all the Dawuba Formation shale samples.

Sample Depth/m

Member

Vitrinite/% Inertinite/% Types Classification

Lithology  Sapropelinite/% Normal
. Fusinite Index
Vitrinite

Type

5-1 1475.70

Fourth Black shale 84.0 0.0 16.0 68.00 1L

S-2 1532.00

Fourth Black shale 72.7 0.0 27.3 45.45 18]

S3 1542.60

Fourth Black shale 52.0 30.0 18.0 11.50 11,
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Table 1. Cont.

Vitrinite/% Inertinite/%  Types Classification

Sample Depth/m Member Lithology = Sapropelinite/% Normal
. Fusinite Index Type
Vitrinite
S-4 1648.80 Third Black shale 39.3 35.7 25.0 —12.50 111
S-5 1650.70 Third Black shale 54.5 45.5 0.0 20.45 1L,
S-6 1658.00 Third Black shale 75.0 0.0 25.0 50.00 1
S-7 1661.00 Third Black shale 52.1 29.2 18.8 11.46 1L,
S-8 1686.20 Third Black shale 50.0 33.3 16.7 8.33 1L,
S-9 1688.40 Third Black shale 27.8 47.2 25.0 —32.64 111
S-10 1938.40 Second Black shale 36.4 36.4 27.3 —18.18 11T
2
@ The forth member
@ The third member
@ The second member
1.5 @ The first member
@]
= 1
0.5
O T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3

0o/C

Figure 5. The main types and evolutionary pathways of the kerogen in the Dawuba Formation.

4.3. Characterization of Pores

In contrast to shale in deepwater shelf environments, the Carboniferous shale in South
China exhibits less-developed organic matter and organic pores (Figure 6b,i,j,n). Some pores
within organic matter appear as pinholes or elongated elliptical shapes (Figure 6d,g,p),
while others have irregular shapes (Figure 6i). This is in contrast with the marine shale,
which has elliptical and circular pores. Pore throats between mineral and organic particles
can be seen at high magnification, and pores are frequently present in minerals that coexist
with organic matter (Figure 6f,j k). Intergranular pores typically occur along the edges of
quartz and feldspar and also appear within pyrite crystals (Figure 6¢,h,m).

In this set of strata, clay mineral interlayer fissures and microfractures are the most
prominent types of pores (Figure 6a,e). Clay minerals have numerous intergranular pores
and fractures (Figure 61,0), and compaction makes the clay minerals take on a flaky structure,
leading to voids between them. For samples polished with argon ions, the pore types of
clay minerals cannot be further identified or classified. Nevertheless, the microfractures
and interlayer fissures in the Dawuba Formation shale offer excellent storage space for
hydrocarbon gases when compared to organic pores.
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Figure 6. Microstructure of shale samples from Dawuba Formation in well DSD-1. (a) Black shale, the
fourth member, 1468 m, micro-fractures and pyrite developed. (b) Black shale, the fourth member,



Processes 2023, 11, 1896

11 of 20

1468 m, small amount of filling-like organic matter and rare organic pores. (c) Black shale, the fourth
member, 1468 m, large amount of nodular pyrite and mineral interstitial pores. (d) Black shale, the
fourth member, 1480 m, organic matter in fractures, organic pore developed. (e) Black shale, the fourth
member, 1480 m, micro-fractures developed. (f) Black shale, the third member, 1540 m, intergranular
pores and micro-cracks around the pyrite mineralization. (g) Black shale, the third member, 1540 m,
organic matter developed in elongated fissures, with abundant pores. (h) Black shale, the third
member, 1690 m, inter-crystalline pores in strawberry-shaped pyrite mineralization. (i) Black shale,
the third member, 1660 m, irregular blocky organic matter with few visible organic pores. (j) Black
shale, the second member, 1930 m, pores between mineral particles. (k) Black shale, the second
member, 1930 m, development of intergranular and interlayer pores of clay minerals. (1) Black shale,
the second member, 1930 m, clay mineral interlayer fissures and microfractures. (m) Black shale,
the first member, 1940 m, pores between pyrite particles. (n) Black shale, the first member, 1940 m,
organic matter suspected to be continental margin debris, with poorly developed organic pores.
(o) Black shale, the first member, 1940 m, clay mineral interlayer fissures and microfractures. (p) Black
shale, the first member, 1940 m, organic matter filling the cracks, pores developed.

Numerous variables, including the type of organic material, TOC, Ro, formation
pressure, and burial depth, affect the development of organic pores. Since there is no
siliceous hard framework support in the Dawuba Formation, the high clay mineral content
and significant plasticity make it difficult to effectively preserve pores. Additionally, the
organic matter types II and III produce only a few organic pores since they are difficult to
break down. However, when examined using a scanning electron microscope, numerous
interlayer clay fissures and microcracks, as well as a great deal of pyrite, were found. These
findings imply an anoxic sedimentary environmen, and repeated tectonic events have
helped shale reservoirs rebuild.

4.4. Porosity

Utilizing high-pressure mercury, CO,, and N, adsorption techniques, the pore volume
and specific surface area of shale samples were characterized. By combining results from
these methodologies, we were able to describe the characteristics of variance in the total
pore volume and specific surface area of the shale samples.

Except for the fourth member of the Dawuba Formation, the majority of the samples
had well-developed macropores larger than 50 nm. The second and third members ex-
hibited better connectivity compared to the first member. The hysteresis loop of the first
member was the widest, which had a small difference in mercury injection and withdrawal
volume (Figure 7a). This indicated that the pore throats of the shale in the first member
were the narrowest and had poor connectivity. The second and third members’ hystere-
sis loops were wider, with a significant difference in mercury injection and withdrawal
volume, and the efficiency of mercury extrusion was approximately 25%. This indicated
that the shale pores of the second and third members had better connectivity. In the fourth
member, the pores were relatively undeveloped, and the mercury intrusion curve remained
unchanged as the intrusion pressure increased. The mercury saturation was still less than
10% at a pressure of 400 Mpa.

Although the N; adsorption curves of each shale sample differed slightly in shape,
they all exhibited an inverse “S” feature. The N, adsorption rate increased rapidly in the
first half of the curve, then slowly rose and approached a slight upward convexity until
the relative pressure was close to 1.0 without reaching saturation adsorption (Figure 7b),
indicating the existence of a certain amount of macropores in the shale. The N, adsorption
curve of each sample began to deviate from the desorption curve around a relative pressure
of 0.43, forming a hysteresis loop, indicating that capillary condensation occurred during
N, adsorption, reflecting the existence of a certain amount of mesopores in the shale.
According to the IUPAC classification of hysteresis loops [46], the pore types of samples
from the third and fourth sections were primarily narrow slit-like pores with four open
faces (H3 type), while the pore types of samples from the first and second sections were
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primarily cylindrical pores with openings on both ends or ink bottle-shaped pores with
narrow necks and broad bodies (H1, H2 types).
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Figure 7. Characteristics of shale pore development in Dawuba Formation in Well QSD-1. (a) The
mercury injection-withdrawal curve of different members; (b) nitrogen adsorption-desorption curve
of different members; (c) the distribution of pore volume change rate by N adsorption; (d) specific
surface area distribution of different members based on N, adsorption.

The relationship between the pore size distribution and pore volume change rate
of the Dawuba formation shale samples was ascertained using the BJH model. Results
revealed that as the pore size increases beyond an average size of 10 nm, the decrease
in pore volume change rate slows down considerably. In contrast, when the pore size is
less than 10 nm, the pore volume change rate decreases rapidly with increasing pore size
(Figure 7c). Furthermore, the study observed that the pores in the second member had the
highest pore volume (with an average of 0.024 cm3/g) and specific surface area (with a BET
specific surface area of 14.2 m?/g) among the four members studied, and these values
decreased progressively from the first member to the fourth member (Figure 7d). These
findings underscore the importance of small and medium-sized pores with sizes less than
10 nm in determining the pore volume and specific surface area, while the impact of pores
larger than 10 nm was relatively minor.

Additionally, a considerable prevalence of bedding cracks can be noticed in the electri-
cal imaging logging results (Figure 8). In particular, the mudstone and mudstone-limestone
layers in the second, third, and fourth members of the Dawuba Formation have distinct
layering characteristics and clearly defined bedding planes, which make them more prone
to developing micro-cracks. The first member, on the other hand, has fewer fissures because
it is primarily made of pure mudstone and has a high clay content.
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Figure 8. Electrical imaging logging results of the Dawuba Formation in well QSD-1. (a) Elec-
trical imaging logging results of the second member, (b) electrical imaging logging results of the
first member.

4.5. Gas-Bearing Characteristics

Twenty-nine samples of shale from the Dawuba Formation were tested for gas concen-
tration; results ranged from 0.08 m3/t to 2.89 m3/t (Figure 9). The first and fourth members
had a gas content range from 0.08 m?/t to 1.24 m3/t, averaging at 0.38 m3/t and 0.54 m>/t,
respectively. In contrast, the second member showed a gas content range from 0.14 m> /t
to 2.9 m3/t, with an average of 1.63 m3/t. Similarly, the third member had an average
gas content of 1.21 m3/t. The study suggested that the shale trapped by mudstone and
limestone presented a better match between gas content and organic matter abundance
due to its unique lithological rhythmic structure, facilitating efficient gas preservation.
The primary component of shale gas in the four member samples was methane (98.187%),
which indicates a strong economic production value (Table 2).
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Figure 9. Desorbed gas content of Dawuba Formation shale in well QSD-1.

In addition, during drilling, the well QSD-1’s gas logging records revealed active gas
layers, including 17 high gas content layers with thicknesses ranging from 1-8 m, and
a total of 53 interpreted gas layers (Figure 10). In terms of total hydrocarbon content, the
highest value was 63.4% (drilling fluid density: 1.15 g/cm?). The vertical well fracturing
of well QSD-1 was finished in December 2020, and a consistent daily gas production of
11,011 m? was attained.
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Table 2. Gas composition data for well QSD-1.

Component Concentration/% Component Concentration/%
Methane 98.187 Nitrogen 0.560
Ethane 0.402 Helium 0.045
Propane 0.021 Hydrogen 0.001
Carbon dioxide 0.784 - -

Lithology Total gas/%|AC/us+ft'| GR/api | RD/Q *m| TOC/% Ro/% | Carbonate/%| Clay/% | Quartz/%
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Figure 10. Comprehensive drilling column diagram of well QSD-1.

Argillaceous limestone

5. Discussion
5.1. Comprehensive Evaluation of Shale in Dawuba Formation of Lower Carboniferous

Shale gas exploration in South China has shown that the area’s marine strata are geo-
logically conducive to the accumulation of oil and gas [47]. Despite historic regional oil and
gas accumulations, multiple tectonic movements since the Indosinian period have caused
the geological structure to become more complex. This has disrupted reservoir-forming
conditions and led to the dispersal of oil and gas in some areas while redistributing and
accumulating it in others. As a result, the preservation process has become more complex
and diverse, with highly complex oil and gas reservoirs characterized by multiple periods
of reconstruction, hydrocarbon generation, migration, loss, and accumulation [48,49].

Since the Early Devonian, South China has undergone a marine transgression that
advanced from south to north, with a slight retreat during the Early Carboniferous. The
platform-basin system plays an essential role in the evolution of South China. As the rift
trough where the Carboniferous marine shale is concentrated, the region is characterized
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by frequent vertical and horizontal facies changes, which have posed significant challenges
to oil and gas exploration in the area.

The shale deposited in the YZLA has favorable material and physical properties for
the formation of large gas fields. It is thick and has a moderate level of organic carbon
and evolution degree. The mudstone porosity ranges from 5% to 8%, and the presence
of bedding fractures and intergranular fractures provides sufficient storage space. The
anticlinal area may have even better preservation conditions and exploration potential for
oil and gas because the underground pressure coefficient is weak overpressure, up to 1.2.

The mudstone and mudstone-limestone that were unevenly interbedded in the Dawuba
Formation were found to have the highest concentration of gas, according to the drilling
results. The formation’s complex rhythmic deposition and reservoir-forming characteristics
are unique and significantly differ from those of the Wufeng-Longmaxi Formation shale
gas reservoirs currently being developed in the Sichuan Basin.

Significant differences were found in the development and shale gas enrichment
characteristics of the Lower Carboniferous Dawuba Formation in the YZLA and the Upper
Paleozoic Wufeng-Longmaxi Formation. (1) The Dawuba Formation primarily consists of
unevenly rhythmically interbedded mudstone-limestone and mudstone, shale, mudstone-
limestone, mudstone, and limestone, which is considerably thicker than the siliceous shale,
carbonaceous mudstone, silty mudstone, and calcareous siltstone of the Wufeng-Longmaxi
Formation [50-53]. (2) The Wufeng-Longmaxi Formation shale is influenced by paleo-
uplifts and passive continental margin rifting, while the Dawuba Formation is located in
a rift-type basin formed on the southern passive continental margin of the Yangtze Craton,
with asymmetric features having steep northern and gentle southern slopes [54]. (3) The
mineral composition of the Dawuba Formation shale is dominated by carbonate minerals
with lower quartz content, whereas the Wufeng-Longmaxi Formation organic-rich shale has
relatively high quartz content and low carbonate mineral content (Table 3). (4) Although
the organic richness of the Wufeng-Longmaxi Formation organic-rich shale is generally
higher than that of the Dawuba Formation, the thermal evolution degree of the shale is
lower than that of the Dawuba Formation. (5) The Dawuba Formation organic-rich shale
has a larger burial depth span than the Wufeng-Longmaxi Formation, with a shale burial
depth in the rift trough generally less than 3 km, while the depth of the Wufeng-Longmanxi
Formation in the Sichuan Basin is generally greater than 2.5 km. (6) The gas content of the
Dawuba Formation shale ranges from 0.08 m3/t to 2.89 m3/t, slightly lower than that of the
Whufeng-Longmaxi Formation, which ranges from 0.96 m3/tto 3.5 m3/t, with an average of
2.1 m3/t[55,56].

Table 3. Comparison of shale characteristics between the Dawuba Formation and Wufeng-
Longmaxi Formation.

Wufeng-Longmaxi Formation

Dawuba Formation

Distribution area

Most of the middle and upper Yangtze region
except the central and western Sichuan basin

Southern Guizhou Province, Guangxi Province,
most of Hunan Province, and northeastern
Yunnan Province

Shale thickness 50-900 m, 60-1200 m,
organic-rich shale 20-80 m organic-rich shale 30-260 m
System Upper Ordovician-Lower Silurian Lower Carboniferous

Lithofacies characteristics

(1) organic-rich, siliceous bioshales; (2) black,
fine-grained, oil-bearing biolimestone;
(3) Siliceous shale is more brittle than clay-rich
shale, and fractures are easier to develop.

(1) thythmic interbedding of marl and shale
with unequal thickness; (2) The first and third
members of Dawuba Formation have
developed foliation and high shale content;
(3) The shale organic matter pores are not
well developed.
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Table 3. Cont.

Wufeng-Longmaxi Formation

Dawuba Formation

Mineral composition

quartz: 18-70%, calcite: 3-11%,
illite: 13-36%, chlorite: 3-28%,
dolomite: 4-38%, feldspar: 3-10%,
pyrite: 1-4%, gypsum: 1-2%

quartz: 4-27%, calcite:4-93%,
illite: 5-70%, chlorite: 5-47%,
feldspar: 1-3%

Sedimentary background

influenced by paleo-uplifts and passive
continental margin rifting

a rift-type basin formed on the southern
passive continental margin of the Yangtze
Craton, with asymmetric features having steep
northern and gentle southern slopes

Geological structure
characteristics

Central Guizhou uplift, central Sichuan uplift,
Motianling ancient land and Hannan
ancient land

Yadu-Ziyun-Luodian aulacogen, Qiannan
depression, Qianxinan depression,
Nanpanjiang depression and
Guizhong depression

Sedimentary environment

Detained deep water basin with distinct water
body stratification and anoxic bottom water; In
some areas, there are also areas connected with
the wide sea, which leads to the local
prosperity of marine radiolarians; Water depth

The lithofacies palaeogeographic framework of

the secondary deep-water basin and platform

distributed alternately in NW direction and NE

direction, and the sedimentary subfacies such
as shore, platform, slope and basin

is 100-300 m are developed
Burial depth 3-6 km 0-5 km
TOC 1-10%, the kerogen type is mainly type I 0.5-5.2%, the kerogen type is mainly type I
Ro Ro > 1.6% (Up to 3.6%) 2.0-3.0% (Up to 4.0%)

The differences between the Lower Carboniferous Dawuba Formation shale and the
Wufeng-Longmaxi Formation shale are not only reflected in the significant differences
in stratum thickness, lithologic combination characteristics, and various static indicators
but also in the completely different shale gas accumulation mechanisms and formation
conditions. The significant shale gas discovery made by well QSD-1 has significant ram-
ifications for determining the peculiar shale gas accumulation rules in the South China
Yunnan-Guizhou-Guangxi region and indicates a novel direction for China’s shale gas
exploration and development.

5.2. Investigation Direction of Upper Paleozoic Marine Shale Gas in South China

The Lower Carboniferous Dawuba Formation is an essential hydrocarbon source rock
layer in South China, primarily located in the YZLA, providing favorable storage conditions.
After evaluating the shale gas resources in southern China, a prospective shale gas area in
some regions of Guizhou province has been identified, covering an impressive 15,300 km?,
with a staggering resource volume of up to 6.37 trillion cubic meters, which displays a high
potential for exploration activities. By analyzing the sedimentary environment, organic
carbon content, thickness, and maturity, and considering the geological conditions, re-
gional research level, and practicality of shale gas exploration, three promising exploration
directions for the Lower Carboniferous Dawuba Formation are proposed.

Weining-Liupanshui favorable area: The drilling of well QSD-1 confirmed that the
Weining backfold and surrounding synclinal areas have favorable conditions for high-yield
shale gas accumulation, making it a realistic exploration area within the YZLA in the short
term (the well QSD-1 is currently in a temporary shut-in state, awaiting future operations
for commercial purposes). Currently, the Lower Carboniferous Dawuba Formation gas-
bearing shale in this area is well preserved, with a stable distribution, gentle formation dips,
and burial depths of 2000-3000 m. The burial depth gradually increases from southwest
to northeast, primarily distributed in high and medium hills and hilly areas. The organic
carbon content of the Lower Carboniferous Dawuba Formation mudstone ranges from 0.9%
to 2.1%, indicating a high hydrocarbon generation potential. The single-layer thickness of
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gas-bearing shale ranges from 20 m to 70 m, with a moderate maturity (Ro 1.92-2.57%),
presenting a good prospect for shale gas exploration. However, the challenge in this
area is the low signal-to-noise ratio of the 2D seismic data due to surface conditions,
topography, and large-scale carbonate rock coverage, resulting in a low degree of structural
interpretation. It is necessary to strengthen the 3D seismic technology to accurately identify
regional structures and the development of underground strata.

The Ziyun-Changshun favorable area is located in the eastern part of YZLA, with
well-preserved gas-bearing shale. The area is covered by Permian-Triassic strata, with
burial depths ranging from 1000 m to 4000 m, and the topography is relatively complex,
with a distribution of medium and low hills. The organic carbon content in this area ranges
from 1.13% to 2.19%, indicating a good hydrocarbon generation potential. The average
single-layer thickness of gas-bearing shale is more than 170 m, and the maturity ranges
from 1.72% to 3.05 %, indicating a high maturity stage of organic matter thermal evolution.
In the northeastern part of the block, wells have a gas content of 0.24-4.97 m3/t, with an
average value of 1.54 m3/t, suggesting good shale gas exploration prospects. The focus of
the next investigation should be on clarifying the distribution range of downslope facies
and platform facies, identifying the development patterns of organic-rich shale, and looking
for areas with low thermal evolution and effective preservation. Furthermore, exploring
the impact intensity of regional sliding and mineralization on hydrocarbon source rock
thermal evolution is crucial to evaluating the preferred favorable targets.

Rongshui-Huanjiang favorable area: This area refers to the extension of the YZLA in
Guangxi, which is located from Huanjiang County to Rongshui County in the northern part
of Guizhong depression. The Dawuba Formation (also referred to as the Luzhai Formation
in Guangxi) has a shale thickness that varies from 50 m to 300 m. It is characterized by
deep-water sedimentation and primarily consists of gray-black argillaceous shale and black
carbonaceous shale. The formation contains brittle minerals, which range from 59.2%
to 89.10%. The first member of the Luzhai Formation is the most well-developed shale
formation with a total organic carbon content ranging from 0.43% to 6.53% and an average
of 1.63%. Impressively, this section also presents a cumulative thickness of organic carbon
content larger than 50 m. The Ro of shale ranges between 2.1% and 2.8%. Drilling data
confirms the area’s outstanding potential for shale gas exploration, with a shale desorption
gas volume of up to 1.21 m3/t, making it an attractive location for shale gas exploration in
China’s southern Paleozoic Era.

6. Conclusions

(1) The Lower Carboniferous Dawuba Formation in QSD-1 well has yielded a signifi-
cant amount of shale gas, with a daily production of 11,011 m>. This breakthrough
confirms the hydrocarbon generation potential of the Lower Carboniferous shale
and identifies a new set of high-quality shale gas reservoirs that are different from
the Wufeng-Longmaxi Formation. This discovery suggests that the YZLA may be-
come a substantial area for shale gas industrialization and commercialization in the
Yunnan-Guizhou-Guangxi region of South China.

(2) The Lower Carboniferous Dawuba Formation has favorable conditions for the for-
mation of large-scale shale gas reservoirs due to the following reasons: Firstly, the
Dawuba Formation has a stable development and a large thickness. Secondly, the
kerogen type of Dawuba Formation shale is primarily Type II-III, with an organic
carbon content ranging from 0.25% to 1.42% and thermal evolution degree ranging
from 1.92% to 2.57%. Thirdly, the study area’s thrust and reverse thrust structures in
the compressional environment, affected by the Yanshan and Himalayan movements,
are favorable for the formation of near-source gas reservoirs, which are advanta-
geous for shale gas preservation. Fourthly, the static index elements of the Dawuba
Formation match well, and the dynamic evolution in some areas is conducive to
the large-scale aggregation of hydrocarbons. Finally, the development of synclines
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and anticlines with favorable overlying strata sealing conditions provides a good
preservation environment for the formation of large gas fields.

(3) The YZLA in South China offers three promising directions for the exploration of
Carboniferous shale: (1) The Weining-Liupanshui area in the northwestern part is
arealistic field for increasing reserves; (2) the Ziyun-Changshun area in the eastern part
of the YZLA is a favorable location for exploring shale gas in the Lower Carboniferous
formation; (3) the Rongshui-Huanjiang area in Guangxi Province presents favorable
prospects for shale gas exploration. The Lower Carboniferous Luzhai Formation
displayed tremendous potential for exploring new shale gas resources, promoting it
as an ideal location for the exploration and development of China’s shale gas resources.
Although Lower Carboniferous shale presents an encouraging exploration potential,
a deeper comprehension and appraisal of the shale gas potential in this geological
formation are necessary with more expertise.

(4) The shale from the Carboniferous differs significantly from the shale from the Wufeng-
Longmaxi Formation. The Carboniferous shale contains interbedded limestone and
marl layers, which have a good match with organic matter, resulting in high methane
content and indicating the combined control of limestone interbedded preservation
conditions and organic matter on the adsorbed gas volume. This new type of shale
gas in South China shows promising potential and warrants further exploration
and research.
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