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Since the discovery of the Yuanba gas reservoir, there has been no unified conclusion of
hydrocarbon accumulation. The Feixianguan Formation micrite and argillaceous limestone
are controversial as the direct cap rock. This research analyzed the integrity of the
limestone layer from delaminated fracturing to judge whether it can be as the caprock
and then discuss the mechanism of accumulation. Delaminated fracturing and its controls
on hydrocarbon accumulation were studied using seismic data, well logging data, rock
mechanic measurements, and petroleum geological data. Mudstones from the Upper
Permian Wujiaping Formation serve as the source rock. Changxing Formation dolomite
from the Upper Permian is the reservoir rock. The caprock is marlites from the Lower
Triassic Feixianguan Formation. The Changxing Formation had middle-high dip angle
fractures formed by integrating pore fluid pressures and the tectonic stresses in the Late
Triassic Indosinian Movements. The Feixianguan Formation had horizontal stylolites and
fewer fractures, which kept the Feixianguan Formation marlites good caprocks. The
adjacent Feixianguan and Changxing formations have their fracture system known as
delaminated fractures. As a result, the Upper Permian Changxing Formation dolomite has
good reservoir properties, while the Lower Triassic Feixianguan Formation limestone or
marlites have good capping performance. These delaminated fractures are formed
because of different lithologies and thicknesses in the carbonate rock series. It is the
key factor in controlling the formation of Yuanba Gas Field with weak deformation.
Delaminated fracturing suggests a significant exploration potential in carbonate strata
with weak deformation, particularly in ultra-deep areas.
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INTRODUCTION

Carbonate rocks are common in surface outcrops and
underground rock formations and are good targets for
petroleum exploration (Ehrenberg and Nadeau, 2005; Jin
et al., 2006; Zhao et al., 2014 and Zhao et al., 2015; Zhu
et al., 2019). Carbonate rocks are primarily composed of
limestone and dolomite with various thicknesses. Carbonate
rocks formed primarily in the Sinian, Cambrian, Ordovician,
Devonian, Carboniferous, and Permian periods in geological
history, accounting for 20% of the area occupied by
sedimentary rocks. The reserve and production of oil and
gas in carbonate rocks account for half of the world’s total
reserves and production. Dolomite has been a good reservoir
of carbonate rocks, even in ultra-deep formations (Bildstein
et al., 2001; Ehrenberg and Nadeau, 2005; Bai, 2006; Davies
and Smith, 2006; Jin et al., 2006; Zhao et al., 2014; Zhao et al.,
2015).

The existence of caprocks and the occurrence of fractures or
joints will determine the oil- and gas-bearing properties of the
carbonate rock areas. The common caprocks are mudstone, shale,
evaporites (salt and gypsum), and tight limestone. The tight
limestone encased a small petroleum reserve. According to the
statistical data from the world’s 334 largest oil and gas fields,
mudstone caprock accounts for 65% of the reserve, evaporites
account for 33% of the reserve, and tight limestone caprock
accounts for 2% of the reserve. In China, the caprocks of large-
scale gas fields were composed of 60% mudstone, 18% gypsum
salt rocks, 11% muddy shale, and 11% carbonate rocks (Hu et al.,
2009).

The fractures are significant in carbonate rocks. They increase
the porosity and permeability of carbonate rocks, thereby
improving their reservoir properties (Li et al., 2018; Wu et al.,
2020; Yang et al., 2020). The fracture density of the different
layers varies due to differences in lithology and thickness (Bai and
Pollard, 2000; Zeng et al., 2007; Hooker et al., 2013). Conversely,

some fractures are linked along the fracture plane or at the
intersections of different strike fractures. Some fractures are
separated from one another and do not intersect. Tectonic
stresses determine the occurrence of fractures, and pore fluid
pressures play an essential role in the occurrence of fractures
(Handin, 1958; Hubbert and Rubey, 1959; Tingay et al., 2009;
Hao et al., 2015). Although fractures can disrupt the continuity of
limestones, they can also serve as caprocks and are necessary for
carbonate rock areas, particularly in deep or ultra-deep
formations (Heap et al., 2018; Toussaint et al., 2018; Bruna
et al., 2019). The deep area is 4,500–6,000 m, while the ultra-
deep area is more than 6,000 m (Dyman et al., 2002; Zhang et al.,
2015). Deep or ultra-deep petroleum traps have recently received
increased attention (Arouri et al., 2010; Sun et al., 2013; Katz and
Everett, 2016).

The Yuanba Gas Field is an ultra-deep gas field located
northeast of the Sichuan Basin. Its source–reservoir–cap
assemblage lies in a series of marine strata, including the
Upper Permian mudstone source, the Upper Permian
dolomite reservoir, and the Lower Triassic limestone cap.
Since the discovery of this gas reservoir, there have been
discussions on the accumulation mechanism (Guo et al., 2014;
Guo et al., 2018; Shao, 2012; Fan, 2012; Fan, 2014), but there has
been no unified conclusion of the caprock of the reservoir. The
Lower Triassic Jialinjiang Formation gypsum salt rock is
generally accepted as the regional caprock, but the
Feixianguan Formation micrite and argillaceous limestone are
controversial as the direct caprock (Wu, 2020). We analyzed the
integrity of the limestone layer from fractures to judge whether it
can be as the caprock and then discuss the mechanism of
accumulation. Thus, the objectives of this study are based on
field observation, seismic data interpretation, core fracture
observation, paleo-stress measurement, and fluid pressure
analysis. This research will be an important guideline for
petroleum exploration in carbonate rocks of ultra-deep
formations with weak deformation.

FIGURE 1 | Tectonic location and 2D seismic profiles of the Yuanba Gas Field. (A) Location of the study area and seismic profiles (modified after Guo et al., 2018);
(B) NWW-SEE seismic profile; (C) NNE-SSW seismic profile.
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GEOLOGICAL SETTING

The Yuanba Gas Field, an ultra-deep carbonate gas reservoir, is
located in a weak deformation zone with no faults cutting through
the Sinian to Cretaceous strata (Figure 1). It has a general NWW-
SSE trend, with the Jiulongshan anticline, Chixi sag, and
Tongnanba anticline in the north and the Cangxi-bazhong
gentle dip slope in the south (Figure 1).

The strata associated with the Yuanba Gas Field include
Permian, Triassic, Jurassic, and Cretaceous (Figure 2). The
Permian was composed of marine sediments, shales,
limestones, and dolomites. The lower-middle Triassic was
composed of marine sediments like shales and limestones
and salt-bearing layers like gyprocks, polyhalite rocks, and
salt rocks (Zhu et al., 1986). The Permian and Triassic strata
belong to continental margin sedimentation. The overlying
strata were continental foreland basin sediments, including
the Upper Triassic, Jurassic, and Cretaceous with lithologies
of sandstones and shales. The Wujiaping Formation is
shallow-water shelf facies carbonate rocks with a gentle
slope. The lithology is mainly marl, carbonaceous
limestone, bioclastic marl, and dark black argillaceous
limestone. Based on the different depositional

environments, the Changxing Formation can be divided
into carbonate platform-type deposits, platform-margin
reef-shoal-type deposits, platform-margin slope-type
deposits, and shelf-type deposits (Guo et al., 2014). Among
them, the platform-margin reef-shoal deposits have the largest
thickness, about 200–300 m. They are mainly biogenic
limestone, bioclastic limestone, bioclastic dolomite, and
sandy dolomite. A set of oolitic limestone or oolitic
dolomite develops in the lower part of the Feixianguan
Formation, and evaporative platform mudstone or
anhydrite develops in the upper part.

The directions of tectonic stress fields changed several times
after forming primary reservoir rocks in the Changxing
Formation (Qin et al., 2017; Wang et al., 2019). They referred
to several compressions, including the NW-SE compression of
the Late Triassic Indosinian movements, the SN compression of
the Yanshanian movements, the NW-SE or EW compression of
the early and middle Himalayan movements, and the NE
compression of the late Himalayan movements (Qin et al.,
2017). The present maximum horizontal principal stress is in
the NW-SE direction or at 110–120° based on imaging logging
data, induced fracture data, and borehole caving data (Guo et al.,
2010; Zhang, 2010; Zhao et al., 2017).

FIGURE 2 | Comprehensive column of major source–reservoir–cap assemblages in the Yuanba Gas Field (modified after Guo et al., 2014).
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The Yuanba Gas Field was discovered in 2007. It was in an area
with a gentle dip and weak deformation. The Upper Permian
lover part mudstone served as the source rock, the Upper
Permian dolomite served as the reservoir, and the Lower
Triassic limestone served as the caprock. The paleo-pore fluid
pressures, fractures, high temperatures, and confining forces all
played important roles in forming the Yuanba Gas Field.

RESERVOIR CHARACTERISTICS

Reservoir Type
The structures do not control the distribution of the Yuanba Gas
Field, but it is done by organic reef and bank facies at the platform
margin (Figure 3). It is a structural and lithologic gas field with
reservoirs in both the Changxing and Feixianguan formations.
The central pay zone of the Yuanba Gas Field is the Changxing
Formation gas reservoir, with a burial depth of 6,682.9 m in the
middle of the gas reservoir, which is an ultra-deep, pore-type, and
fracture-pore-type gas reservoir (Guo et al., 2014 and Guo et al.,
2018; Yuan et al., 2019). The Feixianguan Formation was
composed of low-yield gas reservoirs only found in the
northwest of Yuanba and had a burial depth of 6,317 m in the
middle of the typical gas reservoir (Guo et al., 2014). The
mechanism of hydrocarbon accumulation has been debated
since the discovery of the Yuanba Gas Field (Fan, 2012; Shao,
2012; Fan, 2014; Guo et al., 2014; Guo et al., 2018). However, the
accumulation mechanism is still unknown, such as the gas-
bearing difference between the Changxing and Feixianguan
formations and the stratum of the caprock.

Source–Reservoir–Caprock Assemblages
The Wujiaping Formation of the Upper Permian is the source
rock of the Yuanba Gas Field, with bioclastic limestone and
mudstone (Figure 4). The thickness of the source rock in the
Yuanba area is 60,100 m. The organic matter in the source rock is
primarily sapropel, with a significant part of terrestrial organic
matter (Li, 2009).

The primary reservoir rock in the Yuanba Gas Field is the
Upper Permian Changxing Formation, which has a burial depth
of about 6,680 m, an ultra-deep pore-type fracture-pore-type gas
reservoir (Guo et al., 2014; Guo et al., 2018; Yuan et al., 2019).
Dolomite and biolimestone are the reservoir rocks (Figures 2, 4).
The development and distribution of the reef flat influenced the
distribution of the gas reservoir (Figure 3). The Changxing
Formation has two reservoir types: porosity-type and fracture-
porosity-type. The dominant lithology is crystalline dolomite,
bioclastic dolomite, and clastic dolomite, with a trace of clastic
limestone and bioclastic limestone (Figures 2, 4). The reservoir
rock of the Changxing Formation is mainly found at the platform
margins in reefs, retro-reef shoals, and reef flat complexes
(Figure 3). The Changxing reservoir rock covers an area of
350,450 km2. The reservoir rock thicknesses range from 30 to
150 m, with an average of 70 m. The reservoir rock in the
platform-margin reef flats is thick, whereas those in the retro-
reef shoal and intra-platform flat are thin.

For the Yuanba Gas Field, the regional caprock is gypsum,
polyhalite, salt rock, and gypsum dolomite of the Lower-Middle
Triassic (Figures 2, 4). However, the main gas pay zone of the
Yuanba Gas Field is the Changxing Formation of the Upper
Permian, and the Feixianguan Formation directly above it only

FIGURE 3 | Distribution diagram of reservoirs in the Changxing Formation in the Yuanba Gas Field (modified after Guo, 2019).
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produces gas locally. The Changxing Formation has a local
caprock, the marlites, in the Lower Triassic Feixianguan
Formation base.

Formation Process of the Gas Reservoir
The Changxing gas reservoir was formed through a complex
process, and it is a pyrolysis gas reservoir. The Wujiaping
Formation reached its peak oil generation during the Late
Triassic to the Early Jurassic, and the paleo-oil reservoir of the
Changxing Formation was formed. The oil was generated from
the Wujiaping Formation and injected into the Changxing
Formation reservoir (Zhang, 2010; Guo et al., 2014; Li et al.,
2016). The paleo-oil reservoir was pyrolyzed to form a paleo-gas
field at the end of the Middle Jurassic (Zhang, 2010; Guo et al.,
2014; Li et al., 2016). The paleo-gas reservoir was adjusted to its
present status during the late Yanshanian movements and
Cenozoic Himalayan movements.

Fracture Characteristics
It was found that tectonic deformation in the Yuanba Gas Field was
weak, with low-magnitude anticlines and no large-scale faults
(Figure 1). Different strata have been subjected to various
tectonic movements, resulting in multiple fractures. In terms of
attitudes, imaging logging data show that the fractures in the
Changxing Formation are mostly steep (Figure 5 and Figure 6A)

and strike NW-SE (Guo et al., 2010), with 8% at 0–30° dip angles,
35% at 30–60°, and 57% at 60–90°. The fractures in the Feixianguan
Formation have multiple strikes and are mostly low-angle fractures
and stylolites (Figures 5, 6B), with dip angles of 0–30° accounting for
19%, 3,060° accounting for 52%, and 60–90° accounting for 29%.

In terms of fillings and filling degrees, we counted the fillings of
the fractures on the core and identified the fillings. Fully filled
fractures in the Changxing Formation account for 57%, semi-filled
fractures account for 19%, and non-filled fractures account for 24%
(Figure 7A). Based on the types and distribution of fillings, there
are mainly five types of filling materials: dolomite, calcite, quartz,
muddy, and asphalt. The fractures filled with dolomite, calcite,
muddy, and asphalt account for 2.7, 15, 8, and 73%, respectively;
others were filled with pyrite (Figure 7B). The fractures in the
Feixianguan Formation have a filling degree of about 54%, followed
by non-filled and semi-filled fractures, accounting for about 23%
(Figure 7A). The fillings are mostly calcite materials (Figure 7B),
accounting for about 65%, followed by mud accounting for about
16%, and the remaining part is asphalt.

DISCUSSION

Several factors influence the formation of the Yuanba Gas Field.
The permeability and porosity of the dolomite reservoir were

FIGURE 4 | Lithology distribution and gas distribution of YB2.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8849355

Wang et al. Delaminated Fracturing and Hydrocarbon Accumulation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


improved by delaminated fracturing. The delaminated fracturing
was controlled by the mechanic layers, thicknesses, and pore fluid
pressures. High confining pressures in the deep crust gave the
marlite high plasticity, ensuring that it was caprock.

Delaminated Fracturing
Delaminated fracturing refers to various fracture densities and
patterns in different layers. It is determined by the magnitude of
tectonic stresses, the mechanical properties, and the thicknesses
of the rocks. The fractures are required to improve the reservoir
properties, but extensive deformation will result in fault
formation, which will destroy the gas reservoirs. Because of
differences in the inner structures, mineral composition, and
grain size, the rocks in the Earth’s crust have varying mechanical
properties. Different rocks have different fracture conditions,
implying that the rock will fracture when the stress reaches
the rock strength. In general, the compressive strengths (which
also reflect shear and tensile strengths) of rocks increase in
strength from dolomite to dense limestone, dense sandstone,
anhydrite, mudstone, shale, and gypsum (Ferrill et al., 2017). In
terms of strengths, given a rock section composed of shale
(mudstone), dolomite, tight limestone, and marlite, the
sequence of forming fractures should be shale (mudstone),
marlstone, dense limestone, and dolomite. However, there are
strains that different rocks can withstand before fractures can
vary. As a result, some rocks with higher strengths will fracture
earlier than rocks with lower strengths under identical tectonic
movements (Figure 8; Ferrill et al., 2017).

For rocks with identical mechanical properties, the density
and attribute of fractures formed in one-time deformation will
vary due to various thicknesses. Researchers show that joint
space in layered sedimentary rocks is proportional to the
thickness of the fractured layer (Bai and Pollard, 2000). The
delaminated fractures often are observed in outcrops around the
Sichuan basin (Figure 9). The inter-bed cohesion will affect

FIGURE 6 | Imaging logging of Yb27. (A) High-angle fractures of the
Changxing Formation; (B) Stylolites of the Feixianguan Formation.

FIGURE 5 | Fractures in the Yuanba area. (A) Steep fractures filled by pitch in the Changxing Formation; (B) steep dip fractures filled by calcite in the Changxing
Formation; (C) Steep dip fractures without filling in the Changxing Formation; (D) horizontal stylolites in the Feixianguan Formation.
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fracture development (Hooker et al., 2013; Surpless and
Wigginton, 2020).

Medium deformation occurred in the Yuanba Gas Field, and
the Feixianguan Formation and Changxing Formation are with
fractures but without faults (Figures 1, 3, 10). Fractures increase
the porosity and particularly the permeability of the dolomite
reservoirs in the Changxing formation (Guo, 2011; Fan, 2012).
Because the Upper Permian and Lower Triassic contacted
conformally, the Changxing and Feixianguan formations
experienced the same tectonic action processes (Figure 10).
The Early Indosinian movements in the late Middle Triassic
were responsible for forming the NW-SE fractures in the
Changxing Formation (Figure 11). The density, dip, strike,
and interstitial materials of fractures in the Feixianguan
Formation differed from those in the Changxing Formation,
indicating delaminated fracturing.

Pore Fluid Pressure Helping the Fracture
Formation
The Mohr envelope curves for dolomite and limestone were
obtained by measuring the strength of rock samples collected

from well cores in the Yuanba Gas Field and field crops (Table 1
and Figure 12).

The Mohr envelope curves of dolomite are as follows:

σ � 0.0034τ2 − 4.7685,

R2 � 0.9991.

The Mohr envelope curves of limestone are as follows:

σ � 0.0052τ2 − 13.5530,

R2 � 0.9889.

The burial depth of the Changxing and Feixianguan
formations in the Late Triassic was 2,200 and 2,000 m,
respectively (Figure 13). The density of the overburdened
rocks was 2.63 g/cm3. The Poisson’s ratio of rocks was
0.35–0.448. The Poisson stress in the horizontal direction was
19.8 and 18 MPa for the Changxing and Feixianguan formations,
respectively. The maximum principal stress measured by the
acoustic emission in Indosinian movements was 152.1 MPa
(Zhang, 2010). Due to zero porosity in the tight limestone, the
paleo-pore fluid pressure was 28.6 MPa for dolomite in the
Changxing Formation and 0 for limestone in the Feixianguan
Formation (Zhang, 2010). Considering all the above, we got the
maximum and minimum principal stresses of 123.5 and
−8.8 MPa in Changxing Formation dolomite, respectively. The
maximum and minimum principal stresses were 152.1 and
18 MPa in Feixianguan Formation limestone, respectively.
Mohr stress circles were constructed for the dolomite and
limestone according to the maximum and minimum principal
stresses. The figure showed that fractures occurred in the
dolomite of Changxing Formation but not in the limestone of
the Feixianguan Formation (Figure 14).

Marlite Being an Efficient Cap Rock
Although there is a small amount of gas in the Feixianguan
Formation, it is mainly caprock. The fractures may cut the marlite
at normal temperature and pressure. Due to high confining
pressure and temperature in the deep crust, ductility or
plasticity increases, leading to good caprocks like shale.
(Figure 8; Donath, 1970; Ferrill and Morris, 2003 and Ferrill
and Morris, 2008; Ferrill et al., 2012 and Ferrill et al., 2017). The

FIGURE 7 | Fracture fillings of the Yuanba Gas Field. (A) Histogram of the filling degree; (B) histogram of the filling substance.

FIGURE 8 | Strain curves of rocks before forming fractures under
different confining pressures (modified after Ferrill et al., 2017).
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FIGURE 9 | Outcrops with delaminated fractures. (A) Carbonate sequence with similar lithology and different thicknesses; (B) carbonate sequence with different
lithology; (C) sandstone sequence with similar lithology and different thicknesses; (D) sand and shale sequence. F1 - intrastratal fracture, F2 - interlaminar fracture, and
F3 - interlaminar extending fracture.

FIGURE 10 | Seismic profile of the Jiulongshan mountain.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8849358

Wang et al. Delaminated Fracturing and Hydrocarbon Accumulation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


strength of the marlite decreases like salt (Weijermars et al., 1993;
Jackson and Vendeville, 1994).

The deformation behavior of the marlite in limestone
samples from well cores was similar to that of the

Solnhofen limestone, according to the strength
measurements of the marlite of the limestone samples
(Figure 15 and Table 2). The limestone will undergo semi-
brittle deformation, with a confining pressure of 53 MPa. The

FIGURE 11 | Strikes of the fractures in the Yuanba Gas Field. (A) Changxing Formation; (B) Feixianguan Formation.

TABLE 1 | Result of strength measurements of rock samples.

Lithology Number Confining
Pressure
(MPa)

Pore
Fluid

Pressure
(MPa)

Differential
Stress
(MPa)

Lithology Number Confining
Pressure
(MPa)

Pore
Fluid

Pressure
(MPa)

Differential
Stress
(MPa)

Limestone 1–1 0 0 60.307 Limestone 7–12 60 10 385.963
Limestone 1–2 30 0 229.444 Limestone 7–13 60 15 366.307
Limestone 1–3 20 5 185.816 Limestone 8–1 0 0 279.2
Limestone 1–4 20 10 204.596 Limestone 8–2 20 0 321.4
Limestone 2–1 0 0 50.3 Limestone 8–3 40 0 335.9
Limestone 2–2 20 0 268.413 Limestone 8–4 60 0 447.8
Limestone 2–3 40 0 316.392 Limestone 8–5 80 0 471.3
Limestone 2–4 60 0 323.669 Limestone 8–6 100 0 448.2
Limestone 2–5 20 5 186.437 Limestone 8–7 120 0 544.2
Limestone 2–6 20 10 239.813 Dolomite 1–1 0 0 96.288
Limestone 2–7 20 15 264.912 Dolomite 1–2 20 0 311.53
Limestone 3–1 0 0 107.389 Dolomite 1–3 40 0 302.165
Limestone 3–2 20 0 215.227 Dolomite 1–4 60 0 358.698
Limestone 3–3 40 0 234.723 Dolomite 1–5 20 5 270.169
Limestone 3–4 60 0 276.111 Dolomite 1–6 20 10 276.394
Limestone 3–5 20 5 215.279 Dolomite 1–7 20 15 263.971
Limestone 3–6 20 10 220.306 Dolomite 2 0 0 119.984
Limestone 3–7 20 15 196.621 Dolomite 3 0 0 322.44
Limestone 4 0 0 116.853 Dolomite 4 0 0 230.728
Limestone 5 0 0 97.898 Dolomite 5 0 0 192.735
Limestone 6 0 0 117.611 Dolomite 6 40 0 521.147
Limestone 7–1 0 0 85.032 Dolomite 7–1 0 0 120.097
Limestone 7–2 20 0 305.238 Dolomite 7–2 20 0 283.854
Limestone 7–3 40 0 392.12 Dolomite 7–3 40 0 353.282
Limestone 7–4 60 0 382.407 Dolomite 7–4 60 0 424.203
Limestone 7–5 20 5 287.393 Dolomite 8–1 0 0 329.2
Limestone 7–6 20 10 266.399 Dolomite 8–2 20 0 571.9
Limestone 7–7 20 15 321.96 Dolomite 8–3 40 0 463.3
Limestone 7–8 40 5 372.976 Dolomite 8–4 60 0 704.6
Limestone 7–9 40 10 322.355 Dolomite 8–5 80 0 806.9
Limestone 7–10 40 15 340.602 Dolomite 8–6 100 0 867.8
Limestone 7–11 60 5 395.903 Dolomite 8–7 120 0 767.3

Note: Data were measured by State Key Laboratory of Petroleum Engineering, China University of Petroleum (Beijing).
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limestone will enter the plastic deformation stage when the
confining pressure reaches 140 MPa.

When gas production peaked at the end of the Middle
Jurassic, the burial depth of the Yuanba Gas Field was 5 km.
The Poisson horizontal stress was 70.80 MPa, and the vertical
stress was 131.5 MPa. Considering that the Sichuan basin was a
foreland basin during the middle Jurassic period, the
horizontal stress would have been greater than 70.80 MPa.
The acoustic emission measurement on the J1z sandstone in
well YB102 at a 3,921 m depth revealed two horizontal stresses
of 101.1 and 96.1 MPa, with a vertical stress of 100.4 MPa.
These stresses were referred to as Yanshanian movement stress
strength. The marlite has progressed to the semi-brittle stage.
Consequently, the marlite of the Feixianguan Formation was
continuously buried before being uplifted by the late
Yanshanian movements. Now, it has a 6,000 m burial depth
and is denudated with thicknesses of 1,000–3,400 m (Qiu et al.,

2008). The present maximum principal stress is in the NW-SE
direction, according to borehole caving and fracturing data.
The vertical stress in well YB1 is 186.0 MPa, and the horizontal
stresses are 243.8 and 154.8 MPa at a depth of 7,081–7,150 m.
The vertical stress in well YB2 is 173.0 MPa, and the horizontal
stresses are 235.9 and 140.8 MPa at a depth of 6,677–6,700 m.
As a result, the confining pressures in geological compression
settings were greater than 53 MPa or 96.1 MPa. Marlite has
been in a high plastic state to be a good caprock, similar
to shale.

Furthermore, the well cores revealed stylolites formed in the
Feixianguan Formation, with most of them filled with mud
(Figure 5D). They were sealing materials for oil and gas
(Heap et al., 2018; Toussaint et al., 2018; Bruna et al., 2019).
Many factors, including delaminated fracturing, plastic
deformation due to high confining pressures, and mud-filled
stylolites, determined the Feixianguan Formation marlite to be
a good cap (Figure 16). Since the late Jurassic, it has prevented the
pyrolysis gas from leaking out of the Changxing Formation
dolomite reservoir.

Gas Field Formation Mechanism
The major fractures in the Changxing Formation were formed
during the initial formation of oil reservoirs in the Yuanba
Gas Field from the Late Triassic to the Early Jurassic by
integrating pore fluid pressure with the Indosinian
movements in the Late Triassic. The fractures increased
the porosity and permeability of the dolomite from the
Changxing Formation. Due to the medium extent of
deformation, no faults cutting through the stratum section
from Permian to Jurassic systems were formed. The oil
migrated through the fracture network from the underlying
source rock, the Wujiaping formation, to charge the overlying
Changxing Formation dolomite reservoirs (Figure 17). Later,
in the Late Jurassic, the oil was pyrolyzed, resulting in the
formation of a paleo-gas field. The subsequent tectonic

FIGURE 12 | Mohr envelope curves in the Yuanba Gas Field. (A) Dolomite of the Changxing Formation; (B) limestone of the Feixianguan Formation.

FIGURE 13 | Burial history of well YB102 (modified after Zhang,2010)
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movements had a minor impact on the paleo-gas field, and
finally, the Yuanba Gas Field was formed.

A few vertical fractures were found in the overlying
Feixianguan Formation marlite, and they were not connected
to the fractures in the Changxing Formation dolomite. Because of
the plasticity caused by the deep burial, high confining pressure,
and mud-filled stylolites, the marlite served as a good caprock to
keep the gas in the underlying Changxing Formation.

CONCLUSION

Delaminated fracturing is critical in controlling the ultra-deep
Yuanba Gas Field formation. The interlayer fracturing was
determined by the various rock mechanics, deformation layer
thicknesses, the pore fluid pressures, and the magnitudes of the
tectonic stress strengths. A medium deformation extensity is
favorable for gas field formation because it ensures fractures
and prevents the formation of a fault.

The Feixianguan Formation, which directly overlies the
Changxing reservoir, was marlite. The Indosinian movement
was not fractured due to the low pore fluid pressure. Due to
high confining pressures, the marlite acquired high plasticity
during the burial and uplifting processes, preserving the
continuity of marlite. Dense horizontal stylolites formed in the
marlite and were filled with mud to form sealing. These factors
ensure that the Feixianguan Formation marlite will be caprock.

The Yuanba Gas Field is a reservoir filled with pyrolysis gas.
The reservoir rock is dolomite of the Upper Permian
Changxing Formation, the caprock is marlite of the Lower
Triassic Feixianguan Formation, and the source rock is
mudstone of the Upper Permian Wujiaping Formation.
The paleo-oil reservoir in the Changxing Formation was
formed from the Late Triassic to the Early Jurassic. The oil
was stored in the pores and fractures of the dolomite.
The fractures were formed by the interaction of the
pore fluid pressure and the tectonic stresses of the
Indosinian movements. The oil was pyrolysis gas from
the Late Jurassic and was stored in the original pores and
fractures.
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MB2 0 77.833 60 276.111
0 203.322 20 0 85.032

22.5 91.838 5 321.960
22.5 253.109 10 266.399
45 146.772 15 287.393

DS1 0 116.853 20 305.238
L1 0 97.898 25 340.602
HB102 0 117.611 30 322.355
38 0 60.307 35 372.976

10 204.596 40 392.120
15 185.816 45 366.307
30 229.444 50 385.963

44 0 50.300 55 395.903
5 264.912 60 382.407
10 239.813 8 0 279.2
15 186.437 20 321.4
20 268.413 40 335.9
40 316.392 60 447.8
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