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Metamorphic rocks have almost no primary pore space, and their formation of
large-scale reservoirs depends on fractures and related secondary pore space
formed by tectonic and fluid activities. The BZ19-6 block in the Bozhong Sag,
Bohai Bay Basin, is the largest and deepest buried basement condensate field of
buried-hill in the world, and its reservoirs are characterized by strong
heterogeneity. In this paper, we systematically summarize the characteristics
of fracture development, explore the main factors controlling fracture
development, establish a fracture development model and clarify the
influence of fractures on reservoir quality by using core and microscopic
thin section observations, physical property data, imaging logging data and
3D seismic data analysis. The results show that the major types of fractures in
the study area are tectonic fractures and dissolution fractures. In particular, the
tectonic fractures are widely developed, accounting for 71.7% of the total
number of fractures. Migmatization controls the lithological distribution of
Archean metamorphic rocks. The migmatitic granite, having the highest
degree of migmatization, is the dominant lithology for fracture development
because it is rich in brittle minerals, such as feldspar and quartz. Strong
compressional orogeny occurred during Indosinian period when many
fractures initially developed, which become dominant among the tectonic
fractures. Compression-tension-compression multistage tectonic
movements characterized the Yanshanian period. During this period,
fractures of different degrees formed. The Himalayan period, critical for
fracture reconstruction, reactivated the early fractures and promoted the
positive influence of atmospheric freshwater and organic acids on fracture
reconstruction. Fractures are distributed unevenly in the vertical direction, and
fracture-intensive zones are the main development sites for favourable
reservoirs because they enhance the porosity and permeability of Archean
metamorphic rocks. It means that these fractures can provide effective storage

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://www.frontiersin.org/articles/10.3389/feart.2022.935508/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.935508&domain=pdf&date_stamp=2022-08-19
mailto:shanxl@jlu.edu.cn
https://doi.org/10.3389/feart.2022.935508
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.935508

Wang et al.

10.3389/feart.2022.935508

space for oil and gas, which is key for the formation of large-scale reservoirs. In
addition, fractures can provide migration channels for organic acids and
atmospheric freshwater, which lead to later dissolution, and connect various
dispersed dissolution pores to improve the effectiveness of reservoir space.

KEYWORDS

Archean metamorphic rocks, buried hill, fracture characteristics, controlling factor,
metamorphic reservoir, Bohai Bay basin

1 Introduction

With the continuous vertical development of oil and gas
exploration, basement buried hills have become increasingly
important targets in the exploration of hydrocarbon-bearing
basins (Hou et al, 2019). To date, several medium to large oil
and gas fields in buried hills of metamorphic rocks have been
discovered worldwide, such as the Bach Ho oil field in the Cuu Long
Basin, Vietnam (Cuong and Warren, 2009); the La Paz-Mara gas
field in Venezuela (Nelson et al., 2000); the Aryskum oil and gas field
in the South Turgay Basin, Kazakhstan (Han et al., 2020); the buried
hill in the Bongor Basin, Chad (Dou et al,, 2015; Li et al., 2017); and
the Xinglongtai buried hill in the Liaohe Depression, China (Song
et al, 2011). The Bohai Bay Basin is an important hydrocarbon-
bearing basin in China, and important achievements and
breakthroughs have been made in the exploration of buried hills
of metamorphic rocks for oil and gas in the past 50 years, including
the discovery of JZ25-1S, CFD18-1/2, BZ26-2, BZ19-6, BZ13-2,
JZ25-3 and other oil and gas fields (Li et al., 2012; Zhao et al., 2015;
Ye et al, 2021b). In particular, the discovery of the BZ19-6 gas field,
which is the largest and deepest buried basement condensate field of
buried hill in the world, shows the great exploration potential of deep
buried hill of metamorphic rocks in the Bohai Bay Basin (Xie et al.,
2018).

Buried hills of metamorphic rock have unique characteristics,
such as a weak influence of burial depth, large reservoir thickness
and strong physical heterogeneity (Luo et al., 2005; Liu et al.,
2020). Metamorphic rocks have almost no primary pore space
(Nietal, 2011, 2013), and the formation of large-scale reservoirs
in such rocks depends on fractures and related secondary pore
space formed by tectonic activity, so fractures play an important
role in reservoirs (Ameen et al., 2010; Carvalho et al., 2013; Guo
etal, 2017; Hou et al,, 2019). A large number of drilling records
have shown that there are abundant hydrocarbons within the
fractures in the Archean buried hills of metamorphic rocks in the
Bohai Bay Basin (Yang et al., 2016; Xue and Li, 2018), indicating
that fractures not only are effective pathways for hydrocarbon
migration and enhance the permeability of reservoirs (Carvalho
etal., 2013; Liu et al., 2016; Ye et al., 2020b), but also serve as the
main storage space for the accumulation of hydrocarbons (Luo
et al., 2005; Parnell, 2010; Ding et al., 2013; Shen et al., 2015; Guo
et al., 2016). Hence, for dense metamorphic rocks, the degree of
fracture development determines the scale and production of
reservoirs (Tong et al., 2012).
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At present, many scholars have carried out studies on fractures
in buried hills of metamorphic rocks (Fu et al., 2003; Eig and
Bergh, 2011; Zou et al., 2013; Achtziger-Zupandic et al., 2017; Li
et al., 2020; Ye et al., 2021b). It is believed that the distribution and
development of fractures are controlled by lithology, strata
thickness, weathering intensity, stress and other factors
(Bazalgette et al., 2010; Zeng et al,, 2013; Wang et al.,, 2016; Yin
et al., 2019; Chen et al., 2021; Zhao et al., 2021). Under the same
tectonic stress conditions, rocks rich in brittle minerals, such as
felsic minerals, are more likely to produce fractures (Ye et al,
2021b). Weathering and eluviation can cause irregular fractures of
different scales to form near the surface of rocks, resulting in a high
degree of rupture and well-developed fractures (Salah and
Alsharhan, 1998; Yue et al, 2014). Tectonics is a key factor
contributing to fracture generation in rocks. The intensity of
active faults is strongly correlated with fracture density
2018). faults
development of fractures by affecting the local tectonic stress

(Maerten et al, In addition, control the
around them, and the closer fractures are to faults, the more
intense the fractures are (Ye et al., 2021a). In the vertical direction,
folds can be divided from top to bottom into tensile strain zones,
transition zones and shortening zones according to stress changes.
In the tensile strain zone, tensile fractures develop, while shear
fractures develop in the shortening zone (Li et al., 2018).

Some scholars have studied the fractures of buried hills of
metamorphic rocks in the Bohai Bay Basin (Tong et al., 2012; Ye
et al, 2020b), and they have mostly focused on reservoir
descriptions, identifying tectonic fractures and dissolution
fractures as the main reservoir spaces (Zhou et al., 2005; Hou
et al., 2019). However, no clear fracture development model is
available that can comprehensively illustrate the development of
fractures and accurately predict buried hills of metamorphic
rocks reservoirs. To address this limitation, taking the
Bozhong Sag in the Bohai Sea area as an example, we
integrate core and microscopic thin section observations,
physical property data, imaging logging data and 3D seismic
data analysis to systematically summarize the characteristics of
fracture development, explore the main controlling factors of
fracture development, and establish a fracture development
model to clarify the impact of fractures on reservoir quality.
These research results are of great importance to fracture
prediction and the effective development of buried hill in the
study area, and provide insight that can guide the future
exploration of buried hill reservoirs.
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Geological features of the Bohai Bay Basin. (A) Location of the study area in the Bohai Bay Basin (modified after Ye et al., 2020); (B) Simplified
structural map of the Bozhong Sag (modified after Xue & Li, 2018); (C) Typical geological section through BZ19-6 and adjacent areas (location of the
section see Figure 1B)).

Geological setting

The Bohai Bay Basin with an area of 20 x 10* km?, in eastern

China, is a Mesozoic and Cenozoic superimposed basin
developed on the base of the Paleozoic craton in North China
via strike-slip and pull-apart interactions (Allen et al., 1997; Hou
etal., 2001; Li et al., 2010; Liang et al., 2016). The Bozhong Sag, a
secondary tectonic unit, is the largest hydrocarbon-generating
sag in the Bohai Bay Basin (Wan et al., 2009). It is surrounded by
the Jiao-Liao uplift to the east, Chengning uplift to the west,
Liaodong Bay Depression to the north and Jiyang Depression to
the south and has an area of approximately 2 x 10*km’
(Figure 1A) (Xu et al, 2019). Since the Mesozoic, the
Bozhong Sag has experienced a series of intense tectonic
movements, forming a complex fracture system mainly
composed of normal faults and locally developed strike-slip
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faults (Li et al, 2010). These faults control not only the
structural evolution of the basin but also the formation and
distribution of the basement hydrocarbon reservoir (Tong et al.,
2015).

The tectonic evolution of the basin created favourable
geological conditions for the formation of buried hills in
this the
movement involved strong migmatization and granitization,

basement uplifts. During evolution, Luliang
and the Jining, Galidon and Haixi tectonic movements were
the main orogenic movements during the Paleozoic era; these
movements manifested as vertical uplift in the North China
Platform, resulting in the absence of Upper Ordovician-lower
2013). During the
Indosinian period, due to the collision between the South
China and North China plates (Wang et al, 2018), the

Bozhong Sag was subjected to a nearly S-N oriented

Carboniferous sedimentation (Qi et al.,
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FIGURE 2
Stratigraphic column in the study area, showing the lithology and tectonic event (modified after Zhao et al., 2020). Fm.=Formation;

Sym.=Submember; SR.=Seismic reference; Mz=Mesozoic; E;=Paleocene; N,=Pliocene.

compressional stress field, which produced a series of folds nappe series of NE-oriented faults and associated fold structures

from south to north and nearly W-E oriented thrust fault systems (Wang et al, 2019b; 2019a); these tectonic activities caused
(Li et al., 2013; Wang et al., 2019b, 2019a), resulting in an E-W widespread deformation in the North China Craton region

oriented uplift-sag pattern. At this time, tectonic movement and was the key period of buried hills deformation
played a crucial role in the formation of buried hills (Yu and (Figure 1C) (Li et al., 2013; Zhu et al, 2017). The Himalayan
Koyi, 2016). Under the influence of NE-oriented subduction and period was mainly influenced by the India-Eurasia plate collision
the retreat of the Paleo-Pacific plate during the Yanshanian and the subduction of the Pacific plate; the pre-existing NE-
period (Hou et al, 1998), the basin experienced three stages oriented and nearly W-E oriented large-scale faults were
of tectonic evolution, namely, early Yanshanian compression- reactivated (Qi et al, 2013; Peng et al, 2018; Wang et al,
torsion, middle Yanshanian tension and late Yanshanian 2018), and a series of alternating topographic depressions and
compression-torsion (Zhou et al., 2003), and developed a uplifts formed between the fault zones.
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The study area is located on the deep structural ridge in the
southwestern part of the Bozhong Sag in the Bohai Bay Basin. It is
adjacent to the Bonan low uplift in the southeast and is connected
to the Chengbei low uplift in the southwest, Huanghekou Sag in
the south and Bozhong Sag in the north. This area shows the
characteristics of an uplifted anticline structural belt (Hou et al.,
2019) (Figure 1B). Drilling wells in the study area encountered,
from top to bottom, the Quaternary Pingyuan Formation (Qp),
Neogene Minghuazhen Formation (N, ;M) and Guantao
Formation (N,g); Paleogene Dongying Formation (Esd),
Shahejie Formation (E;.,S), and Kongdian Formation (E, ;K);
and Mesozoic (Mz) and Archean (Ar) strata. Mesozoic, Paleozoic
and Proterozoic strata are completely absent in the BZ19-6 block.
The Archean buried hill in the BZ13-2 block is partially covered
by Mesozoic rocks. Archean metamorphic rocks compose the
oldest crystalline basement in the Bozhong Sag and are the main
object of this study. The burial depth is approximately
4000-5500 m (Figure 2), and it is the deepest buried hill
reservoir of metamorphic rock in the Bohai Bay Basin.

3 Data and methods

We identified the lithologies and fracture types by observing
eight wells (BZ19-B, BZ19-G, BZ19-], BZ19-K, BZ19-L, BZ19-N,
BZ19-O, BZ13-E) with a total core length of 51.7 m and
306 sidewall cores and determined the development of
fractures and the degree of filling. A total of 277 ordinary and
casting thin sections were collected and observed to identify the
microscopic characteristics of features, filling and dissolution
along microfractures. Casting thin sections (30 um thick) with
blue dye resin and cathodoluminescence were used to analyse the
effective cracks and pores (Nabway and Kassab, 2013; Lai et al.,
2019). The clay minerals and microstructure were observed by
scanning electron microscopy (SEM). A total of 136 analyses of
reservoir physical property, including porosity and permeability,
and 13 analyses of whole-rock diffraction were collected to obtain
the mineral composition of different rock types.

Logging data, including conventional and imaging logging
data from 18 wells, were obtained to interpret the fracture
characteristics, including orientation, dip angle, scale, and
fracture density (Cui et al., 2013). In this study, we calculated
the fracture linear density as the total number of fractures per
unit core length or the total number of fractures divided by the
total length in the imaging log data (Ortega et al, 2006). In
particular, the linear density discussed in this paper is the
uncorrected original density. The principle of fracture
occurrence identification by imaging logging is as follows: For
any plane that is not parallel or perpendicular to the well axis and
intersects with the drilling hole, its intersection surface is an
elliptical surface, which is displayed as a sine wave curve on the
expanded diagram (Li et al., 2020). The core observation is a
statistical calculation of all fractures visible to eyes, including
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short fractures with small openings that cannot be detected by
imaging logs and fractures parallel to the well axis. Therefore, the
fracture linear density calculated by imaging logging is much
lower than that observed in cores due to the different observation
scales and methods of core and imaging logging. In addition, a
3D seismic dataset of approximately 1824 km? covering the study
area was obtained from the Tianjin Branch of the China National
Offshore Oil Corporation. The size of each data bin was 25 m x
25 m, and the overall vertical sampling rate of the seismic volume
was 2ms with a primary frequency of 35 Hz. All the above
information was provided by the Tianjin Branch of China
National Offshore Oil Corporation.

4 Results
4.1 Lithological characteristics

The lithologies of the Archean buried hills in the study area
are mainly regional metamorphic rocks formed from Archean
(tonalite-trondhjemite-granodiorite; TTG) protoliths under
different degrees of migmatization (Zhang et al, 2019; Ye
et al., 2021a), which can be further divided into migmatitic
granite (Figures 3A,B), migmatitic gneiss (Figures 3C,D) and
gneiss (Figures 3E,F) according to migmatization degree. The
migmatitic granite is light in overall colour with granitic
metamorphic structure, and the few melanosomes are usually
distributed with veins as sparse streaks and spots (Figure 3A).
These rocks are mainly composed of quartz, plagioclase and
alkali feldspar (Figure 3B), of which felsic light-coloured minerals
account for a large proportion, with contents of 80-90%, and
only a small amount of biotite is present (<5%) (Table 1). The
melanosome content is higher in the migmatitic gneiss, which is
usually distributed in massive and strips in the groundmass
(Figure 3C). In thin sections under crossed-polarized light, the
feldspar surfaces appear strongly altered, and a small amount of
biotite is weakly curved (Figure 3D). X-ray diffraction (XRD)
data show that the felsic content is reduced to 60-80%, and the
contents of biotite and hornblende are increased compared with
those of migmatitic granite, accounting for 10-20% of the total
(Table 1). After partial melting of the original rock occurs during
migmatization, the felsic component is separated, and the
remainder is rich in dark minerals, which together form
1999). The of
migmatization is lowest in the gneiss, and the columnar

gneiss (Vanderhaeghe et al, degree
minerals are oriented, with an obvious gneissic structure
(Figures 3E,F). The gneiss is mainly composed of plagioclase,
quartz and biotite. The XRD data show that the biotite content of
these rocks reaches 30% (Table 1). Most of the biotite is lamellar
and elongated with bending deformation characteristics and
strong chloritization, and it shows weak banding and
3F). addition to the

metamorphic rocks, some intrusive rocks (mainly diabase) are

schistosity  (Figure In regional
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FIGURE 3
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Petrological characteristics of the Archean metamorphic rocks in the study area. (A) Migmatitic granite, core, with a typical granitic
metamorphic structure and many leucosomes, BZ13-E, 4718m; (B) Migmatitic granite, thin section, with plagioclase, K-feldspar and quartz, BZ19-
G,4597m:; (C) Migmatitic gneiss, core, the melanosome are usually distributed in massive and strips in the matrix, BZ13-E, 4717m; (D) Migmatitic
gneiss, thin section, the feldspar surface is strongly altered, BZ19-N, 4490m:; (E) gneiss, core, with obvious gneissic structure, BZ19-K, 5127m:; (F)
gneiss, thin section, most biotite is lamellar and shows strong chloritization, BZ19-G, 4613m; (G) diabase, core, BZ19-0O, 4867m:; (H) diabase, thin
section, with a typical gabbroic structure, BZ19-B, 4076m:; (l) diabase, thin section, with intense alteration, BZ19-G, 4830m; Qtz=quartz, Pl =

plagioclase, Afs = alkaline feldspar, Bio=biotite.)

TABLE 1 X-ray diffraction (XRD) analyses showing the whole-rock mineralogy of intrusions and metamorphic rocks from the Bozhong sag (weight

Percent, %).

Well

BZ19-6-1

BZ19-6-1

BZ19-6-K
BZ19-6-K
BZ19-6-K
BZ19-6-M
BZ19-6-M
BZ19-6-M
BZ19-6-K
BZ19-6-M
BZ19-6-O
BZ19-6-O
BZ19-6-1

Qtz=quartz, Kfs=K-feldspar, Pl=plagioclase, Cal=calcite, Dol=dolomite, Py=pyrite, Ank=ankerite, Hbl= hornblende, Cl= clay, Bi=biotite.

Depth/m

4955
5305
5126
5127
4800
4682
4602
4882
5127
4560
5310
4868
5250

Frontiers in Earth Science

Qtz

24.0
22.0
26.0
27.0
18.2
12.5
17.3
18.0
23.0
18.5
12.0
17.6
23.1

Kfs

31.0
22.0
9.0
17.0
8.0
6.6
6.9
11.7
10.0
7.7
16.7
12.0
8.4

Pl

33.0
39.0
56.0
47.0
36.1
50.1
46.5
36.4
31.0
323
30.2
36.2
271

Cal

3.0
6.0

4.8
4.6
8.1
2.6
1.0
6.1
35
0.8
13.8

Dol

1.0

1.0

1.7

06

Py

0.3
0.4

2.7

2.2

Ank

2.0
3.0

0.3

Hbl

9.0
3.0

5.0

32

15

Cl

4.0
4.0
3.0
2.0
12.6
6.1
7.0
8.0
3.0
4.0
7.8
30.2
22.3

Bi

5.0
6.0
4.0
4.0
11.0
15.7
14.2
13.9
31.0
26.0
29.8
1.3
3.8

Lithology

Migmatitic Granite

Migmatitic Gneiss

Gneiss

Diabase
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TABLE 2 Main fracture types of Archaean metamorphic rocks in the study area.

Types Subtypes Charateristics
Tectonic Tension fracture They have unstable occurrence, short lengths, and rough surfaces
fractures and are surrounded by mineral grains. Unfilled or half-filled

Dissolution
fractures

Shear fracture

Micro fracture

Weathering
dissolution fracture

Inner dissolution
fracture

fractures are usually predominant

They occur consistently, are straight and smooth, and cut
mineral grains; they often appear as conjugate X shapes. Shear
fractures are commonly filled with ankerite and calcite

In feldspar, they usually form along the cleavage planes and
appear as regular and straight cracks; in quartz, they usually
appear as disordered cracks

They usually have a rough surface, network distribution,
irregular shape and high density. They are interlaced and
connected with dissolution pores and fractures and are often
found on the tops of buried hill

The core is “dendritic” and the fracture wall is irregular and not
smooth; they are mostly developed near faults

10.3389/feart.2022.935508

Formation mechanism

When the local extensional tectonic stress exceeds the ultimate
tensile strength of the rock itself, the rock fracture produces
tension fractures

When the three principal stresses are compressive stresses and
the derived shear stress exceeds the limit of the shear strength of
the rock itself, a shear fracture is generated

Microfractures are fractures less than 100 mm with width and
less than 10 mm in length, and their genesis is the same as that
of macro fractures. Microfractures are often developed at the
defects or weak points of rocks, such as the cleavage planes of
minerals and the boundaries of mineral grains

On the basis of the original fractures, weathering and
dissolution reconstruction in the later period are superimposed

Under the influence of deep fluid or organic acid, the original
rock minerals or cement in the buried hills are dissolved into

scattered in the buried hills within the study area. The diabase has
a typical gabbroic structure (Figure 3G). The main phenocrysts
are plagioclase (Figure 3H). The mafic intrusions tend to show
intense alteration (Figure 3I), with clay mineral contents reaching
20% (Table 1). The Archean buried hills have undergone
multistage fluid alteration and multistage filling in pores and
fractures. The XRD and thin sections show that the filling
materials mainly include ankerite, calcite and clay minerals.

4.2 Fracture development characteristics

After the formation of the Archean metamorphic basement
in the Bohai Bay Basin, a large number of fractures developed
through long-term complex tectonic movements. We call these
fractures related to tectonic activity tectonic fractures (Aydin,
2000), those related to mineral dissolution are called dissolution
fractures (Liu et al, 2020). According to their formation
mechanisms, scale and formation positions, tectonic fractures
can be subdivided into tension fractures, shear fractures and
microfractures (Zhao et al., 2020), and dissolution fractures can
be subdivided into weathering and inner dissolution fractures.
Through  detailed
consideration of with the regional geological setting, the main

observations and descriptions, and
fracture types and characteristics are identified and summarized

(Table 2; Figure 4).

4.2.1 Tectonic fractures

The tectonic fractures are unevenly distributed through the
cores (Figure 4). Tension fractures are generally caused by
ruptures in the direction perpendicular to the inferred stress
when the extensional tectonic stress exceeds the tensile strength
of the rock itself (Wang et al., 2017). These fractures appear to be
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fractures, which make the original fractures expand and extend

unstable in occurrence, short, and quite wide, with rough surfaces
in the core, as shown by the surrounding minerals (Figure 4A).
Tension fractures are usually poorly filled (Figure 4A). Shear
fractures are formed when the rock is ruptured by applying shear
force that exceeds the rock shear strength (Lyu et al., 2017; Zhang
etal., 2020). Core observations reveal that the planar morphology
is generally conjugate X-shaped; shear fractures commonly
develop in groups and are characterized by stable occurrence,
a straight and smooth appearance, and small crack openings
(Figure 4A). This morphology is also seen in the penetration of
cut mineral grains (Wang et al, 2017). Shear fractures are
commonly filled with ankerite and calcite (Figure 4A).
Microfractures are very common in these metamorphic rocks
according to thin section observations and SEM (Figure 4E-O),
with widths less than 0.5 mm. According to the relationship
between fractures and mineral particles, three types of
microfractures have been identified: 1) intra-particle fractures,
2) inter-particle fractures and 3) trans-particle fractures. Inter-
particle fractures mainly occur between mineral grains, and their
length is limited by the grain edges. They are commonly widely
developed within alkaline feldspar (mainly micro plagioclase)
and quartz. In feldspars, the intra-particle fractures are usually
ruptured along with cleavage fractures. They have regular and
straight features (Figure 4E), with a width of 6 um (Figure 4N).
However, in quartz, the intra-particle fractures usually appear as
disordered cracks (Figure 4F). Microcracks with a width of 4 pm
are visible under scanning electron microscope (Figure 40).
Inter-particle fractures are developed on the edges of mineral
grains, which shows the phenomenon of surrounding mineral
grains (Figure 4G). Trans-particle fractures cut through the
mineral grains, and the cut mineral grains are often relatively
displaced, with regular and straight shapes and long extents
(Figures 4H-J). The trans-particle fractures directly displace
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FIGURE 4

Fractures in cores and thin sections. (A) Tension fractures and shear fractures in a core, well BZ19-G, 4597.6-4598.1 m; (B) Weathering

dissolution fractures in a core, well BZ19-G, 4538.3-4538.7 m; (C) Inner dissolution fractures in a core, well BZ19-L, 5525.25-5525.70 m; (D)

Weathering dissolution fractures with strong fragmentation in a core, well BZ19-G, 4538 m; (E) Intra-particle fractures in feldspars with regular and

straight features, thin section, well BZ19-G, 4599 m; (F) Intra-particle fractures in quartz with disorderly cracks, thin section, well BZ19-J,

4614 m; (G) Inter-particle fractures, thin section, well BZ19-F, 4487 m; (H) Trans-particle fractures, thin section, well BZ19-N, 4497 m; (I) Trans-

particle fractures directly dissevered the plagioclase bicrystal; thin section, well BZ19-G, 4559 m; (J) Trans-particle fractures caused nearby

plagioclase twin-crystal bending deformation; thin section, BZ19-G, 4598m; (K) Multistage fracture development, thin section, well BZ19-B, 4265 m;
(Continued)
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FIGURE 4

DF(l)=inner dissolution fractures, MF= microfractures).

(L) Weathering dissolution fractures are often distributed in a network, thin section, well BZ19-H, 4584 m; (M) Inner dissolution fractures in thin
sections, well BZ19-0, 5156 m; (N) Intra-particle fractures in feldspars, SEM image, well BZ19-0O, 4856 m; (O) Intra-particle fractures in quartz, SEM
image, well BZ19-M, 4898m; Qtz=quartz, Pl=plagioclase, TF(T)=tension fractures, TF(S)=shear fractures, DF(W) = weathering dissolution fractures,

plagioclase bicrystals (Figure 4I), and nearby plagioclase twin-
crystal bending deformation is present (Figure 4]), indicating
that the trans-particle fractures formed under shear force. The
early fractures are cut by late fractures, indicating that fractures of
multiple stages have developed in the study area (Figure 4K).

4.2.2 Dissolution Fractures

The Archean metamorphic rock buried hills have been
strongly modified by dissolution associated with geological
fluids, and many dissolution fractures developd. According to
the source and distribution of the fluids, we subdivide the
dissolution fractures into weathering dissolution fractures and
inner dissolution fractures.

The top interface of the Archean buried hill in the study area
has been strongly modified by weathering and eluviation (Xu
et al,, 2020), and a large number of low-angle and high-density
fractures without obvious directivity are observed in the cores
(Figure 4B). These fractures mainly developed at the top of the
buried hill near unconformity surfaces in the 50-100 m range,
and strong fragmentation is observed (Figure 4D). The
weathering dissolution fractures observed in thin sections are
often distributed in networks and interlaced with dissolution
pores and tectonic fractures (Figure 4L). We define the pre-
existing fractures on the tops of buried hill in the study area that
formed after dissolution by atmospheric freshwater as
weathering dissolution fractures.

Some dissolution fractures are usually found far from the
Archean top surface, in this paper, we call these fractures inner
dissolution fractures to distinguish them from the weathering
dissolution fractures mentioned above. The inner dissolution
fractures are mainly fractures formed in the deep part of the
buried hill that were modified by dissolution and transformed by
organic acid fluids. Fractures are filled by early carbonate
minerals that are then dissolved. In the study area, the inner
dissolution fractures in the cores have widths of up to 2 mm
(Figure 4C). The aperture of the initial fracture is enlarged after
dissolution modification (Zhao et al, 2018). The core is
“dendritic”, and the shape of the fracture wall becomes
irregular, unsmooth and serrated (Figure 4C). Although the
newly formed fractures have evident corrosion characteristics,
the original shapes and distributions of the initial fractures
remain distinguishable (Figure 4M).

Frontiers in Earth Science

09

4.3 Characteristic parameters of fractures

A basic method to study the development degree and
distribution of fractures in metamorphic rocks is to measure
fracture parameters and statistical fracture filling in cores.
According to the observation and analysis of existing core
fractures, the results show that tectonic fractures are dominant in
the study area, accounting for 71.7% of all fractures, with tension
fractures accounting for 16.56% of all fractures and shear fractures
accounting for 55.14%. There are relatively few dissolution fractures,
which account for 28.3% of all fractures; weathering dissolution
fractures account for 24.2%, and inner dissolution fractures account
for only 4.1% (Figure 5A). Fractures are developed at low angles
(dips of 0°-30%), accounting for 47.75%; moderate angles (dips of
30°-60") account for 32.35%, and high-angle fractures (dips of
60°-90°) account for 19.9% (Figure 5B). Microscopic, observation
reveals that trans-particle fractures account for 53.6% of
microfractures, and intra-particle and inter-particle fractures
account for 29.7 and 16.7%, respectively (Figure 5E).

The early fractures experienced strong filling, which produced
three types of fractures: fully filled (45%), partially filled (23%) and
open (32%) (Figure 5C), among which both open fractures and half-
filled fractures are effective fractures. The filling materials are mainly
composed of ankerite (52.7%), calcite (38.1%) and clay minerals
(11.2%) (Figure 5D). The fractures show strong inhomogeneity in the
cores, with the average linear densities of fractures ranging from
24 m™ to 56 m™" and with linear density reaching 68 m™ (Figure 5F).

The analysis of the fracture characteristics of the comprehensive
columnar section from well BZ19-D (Figure 6) shows that fractures
from this single well show obvious changes in the vertical direction.
The average linear densities of fractures are calculated by using sine
or cosine curves displayed in dynamic images from FMI imaging
logs. According to the change in the logging curve from top to
bottom, the well is divided into upper and lower parts: the part above
4475 m and the part below 4475 m (Figure 6). The results show that
the upper fractures are generally well developed, the dip angles are
smaller than those of the lower fractures, and the average linear
density of fractures reaches 1.57 m™". The lower fractures are not as
continuously developed as the upper ones, and have an average
linear density of 0.98 m™'. However, there are also a few sections
with dense fractures. The reasons for the differential development
are discussed in the following Section 5.1.
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FIGURE 5

Statistical plot of the characteristic parameters of the fractures. (A) Statistical results of fracture types in cores; (B) Frequency distribution of
fracture dip angle in cores; (C) Frequency distribution of fracture fillings types in cores; (D) Frequency distribution of fracture filling materials in cores;
(E). Frequency distribution of microfractures types in thin sections; (F) Fracture density of cores in coring wells).

5 Discussion

5.1 Controlling factors of fractures in
metamorphic hills

Fracture formation and development in rocks are controlled
by both internal and external factors (Ding et al., 2013; Ju and
Sun, 2016; Ye et al, 2021b). The internal factors include the
lithology, mineral composition and structure of metamorphic
rocks. External factors are factors associated with tectonic
movement, weathering, and hydrothermal activity (Ding et al.,
2012; Zeng et al., 2013).

Frontiers in Earth Science 10

5.1.1 Lithology

Lithology is the most important internal factor controlling
the development of fractures (Ju and Sun, 2016; Wang et al.,
2016; Dai et al,, 2019; Zheng et al., 2020). Due to the various
mineral compositions of different lithologies, the mechanical
properties and fracture degrees of rocks significantly vary,
which results in great differences in fracture development
degree among different rocks under the same stress (Wang
et al., 2017).

Migmatization controls the lithological distribution and
influences the degree of fractures development in buried hills
of metamorphic rocks. Extensive regional metamorphism
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Fracture characteristics of the comprehensive columnar section from well BZ19-D.

occurred in the North China Block during 2.55-2.50 Ga (Ye
et al., 2021b), and the rocks dominated by TTG underwent
strong migmatization under a mantle plume-tectonothermal
regime (Geng et al., 2016); as a result, the rocks of Archean
buried hill are heterogeneous (Wang and Li, 2014). The
degree of migmatization is strongly controlled by the heat
source (Vanderhaeghe et al., 1999). Near the heat source,
granitic magma is formed by the preferential melting of felsic
minerals, and migmatitic granite is formed by ascent,
convergence and crystallization. Near the heat source,
there are residual melanosomes in the rock, which are
mainly migmatitic gneiss. The rock far from the heat
source shows the lowest degree of migmatization, and the
rock is dominated by melanosomes, which are rich in iron
and magnesium minerals such as biotite, and gneissic
structure has developed.

The statistical analysis of core fracture density indicates
significant differences in the degree of fracture development
among various lithologies (Figure 7E). The average linear
densities of fractures are highest in migmatitic granite at
60m™' (Figure 7A), followed by migmatitic gneiss and gneiss
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at 45m™' and 27 m™', respectively (Figures 7B,C), whereas the
average linear densities of fractures are least developed in diabase
atonly 10 m™" (Figure 7D). In addition, fracture density statistics
based on imaging logging data confirm that fractures are most
densely developed in migmatitic granite, and significantly less
developed in gneiss and diabase than in migmatitic gneiss
(Figure 6, Figure 8).

As feldspar has two cleavage directions, it is a brittle mineral
and easily fractures under stress. Quartz is also subject to rupture
under strong stress (Guo and Zhang, 2014; Li et al, 2016);
however, biotite and amphibole have good ductility, strong
plasticity and poor brittleness, and are more susceptible to
bending deformation than feldspar and quartz and difficult to
fracture under stress (Jarvie et al., 2007). Previous triaxial stress
experiments on Archean metamorphic rocks from the Bohai Bay
Basin have shown that rocks rich in felsic minerals have higher
Poisson’s ratios (mostly above 0.25) and lower elastic moduli
(20-30 GPa) and thus have lower compressive strengths and are
more prone to fractures than mafic rocks (Ye et al, 2022).
Compared with the other metamorphic rocks in the buried
hills of the Bohai Bay Basin, the migmatitic granites are more

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.935508

Wang et al.

| B

Diabase

Gneiss

igmatitic GranitgMigmatitic Gneiss|

10.3389/feart.2022.935508

Im

65

Fracture linear density(ri )
&
:

Gneiss

Migmatitic
Granite

Migmatitic
Gneiss

Diabase

FIGURE 7

(A) Fracture linear densities of migmatitic granite core; (B) Fracture linear densities of migmatitic gneiss core; (C) Fracture linear densities of
gneiss core; (D) Fracture linear densities of diabase core; (E) Schematic diagram comparing linear densities of fractures in different lithologies.

40 4 — Migmatitic Granite
— Migmatitic Gneiss
35 4 — Gneiss

Disbase

Frequency/%

0 T T T T
0.4 0.8 1.2 1.6 2.0 2.4 2.8

Fracture linear density(m')

FIGURE 8
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Archaean buried hill in the study area obtained from imaging
logging data.

likely to be broken and to develop more fractures under the same
stress because they have the highest degree of migmatization and
high brittleness (Maréchal et al., 2004; Ding et al., 2012; Lander
and Laubach, 2015; Li et al., 2017; Li, 2022). Furthermore, the
uneven distribution of lithologies and mineral contents results
from migmatization; hence, the heterogeneity of the rock mass in
the study area is enhanced and leads to the uneven distribution of
the stress field inside the rock. These phenomena have
contributed to the complexity of fracture development in the
study area.

5.1.2 Tectonic movement

Strong tectonic activity and stress conditions control the
nature, occurrence and scale of fracture development in buried
hills, and thus are important external factors that affect fractures
in rocks (Yin et al.,, 2019).
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5.1.2.1 Tectonic Stress Field

The Archean basement in the study area has been
controlled by many strong tectonic stress fields, including
the Indosinian, Yanshanian and Himalayan tectonic
movements, which formed a structural system with mainly
normal faults and partially developed strike-slip faults (Li
et al., 2010). Influenced by the collision between the South
China plate and the North China Plate during the Indosinian
period, a series of NWW-oriented thrusting folds and NW-
oriented to nearly E-W oriented faults formed in the Bozhong
area under NE-SW oriented compression (Cheng et al., 2018)
(Figure 9, Figure 10). These faults dip to the south and have a
gentle bottom in seismic profiles (Figure 10). The Yanshanian
period was influenced by oblique subduction of the Paleo-
Pacific plate beneath the Eurasian plate and deep mantle
upwelling (Cui et al., 2020). The study area was controlled
by a NW-oriented left-spinning torsional stress field (Hou
et al., 1998; Cao et al,, 2015), under which many nearly NE-
oriented compressional-torsional faults and strike-slip faults
developed (Figure 9). Meanwhile, the existing reverse faults
were negatively reversed under back-arc extensional stress,
controlling the Mesozoic stratigraphic deposition. In the late
Yanshanian period, differential uplift occurred in the study
area due to NW-oriented re-extrusion, which caused the
BZ19-6 block to be significantly uplifted and the Mesozoic
strata to be completely eroded (Figure 10). Because of the
decrease in rock strength after rupture, the pre-existing nearly
E-W oriented faults of the Indosinian period and the NNE-
oriented faults of the Yanshanian period had different degrees
of extensional activation under the strong S-N oriented
extensional action during the Himalayan period, improving
the effectiveness of the faults (Wang et al., 2018).

5.1.2.2 Control of faults on fractures
Many scholars have examined the relationship between faults
and fractures and found that faults control the development of
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FIGURE 11

Histogram of fracture linear density for different wells in the study area (Fracture linear density is derived from the imaging logs of 17 wells).

fractures by influencing the surrounding tectonic stress strength
(Kim et al., 2000; Yin and Wu, 2020; Lan et al., 2021). Ding et al.
(2012) and Lyu et al. (2019) concluded that the development of
fractures is mainly related to the distance to the fault, with the
degree of fracture development decreasing with increasing
distance from the fault. In the study area, due to the complex
tectonic movement and the simultaneous production of a
large number of fractures, the fracture development in each
well is controlled by multiple nearby faults, so the
relationship between fracture density and fault distance
cannot be well shown. However, according to a rose
diagram of fracture trends in 16 exploration wells, the
orientation of tectonic fractures is mainly parallel or
almost parallel to the orientation of adjacent faults, which
shows that faults play an important role in fracture
development. During the Indosinian period, the local
stress caused by NE to nearly E-W oriented faults caused
fractures to develop parallel to the fault direction. The
development of a large number of nearly E-W oriented
fractures in the study area indicates that the local stress of
the faults generated under the strong compression and thrust
was strong in the Indosinian period, which was the key period
for the large-scale development of fractures. Moreover, as
shown by wells BZ19-A, BZ19-B, BZ13-F, BZ19-H and BZ19-
N, many NE-oriented fractures are developed and parallel to
the adjacent NE-oriented faults, which proves that the local
stress caused by NE-oriented faults in the Yanshanian period
also produce some fractures (Figure 9). In addition, fracture
density is partially controlled by the fracture effect (Souque
etal., 2019). Wells BZ19-C, BZ19-F, and BZ19-H are located
at the intersections of multiple fault zones (Figure 9),
resulting in stress release centrally and a fracture density
as high as 1.5m™'. (Figure 11). It should be noted that
although the lithology of wells BZ19-C and BZ19-F is
gneiss, they have high fracture densities, which shows that
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the controlling effect of tectonics on fractures is greater than
that of lithology in the study area.

5.1.3 Fluid modification

The effect of dissolution on fracture improvement is obvious
(Ye et al,, 2020a). Fractures generated in the early stage provide
effective migration pathways for fluids. The circulation of fluids
promotes the evolution of the water—rock system, material
migration and enrichment. These processes lead to a series of
transformation reactions between minerals (Dou et al., 2010) and
promotes fracture modification.

Metamorphic rock dissolution is mainly controlled by two
types of fluids: atmospheric freshwater during the surface
exposure period and organic acids and carbon dioxide
generated by the thermal evolution of organic matter
during the burial period (Ye et al., 2022). During this
process, atmospheric freshwater dissolves and hydrates
calcium carbonate minerals as well as silicate and
aluminosilicate minerals in rocks to generate clay minerals
such as illite, kaolinite and chlorite (Tan et al., 2014; Hong
et al., 2020), and the original tectonic fractures expand and
dissolve to form weathering dissolution fractures
12A). These

dissolution pores

interlaced  with
(Figure 4L).
Furthermore, the study area was laterally docked with the

(Figure fractures are

and tectonic fractures

hydrocarbon source rocks of the Shahejie Formation;
therefore, the organic acids and carbon dioxide produced
by the mature hydrocarbon source rocks of the Shahejie
Formation migrated into the fractures of the inner buried
hill. The unstable minerals (such as calcite and ankerite) filling
the early fractures were again dissolved under the action of
organic acids (Figure 12B). Thus, inner dissolution fractures
formed, which enhanced fracture effectiveness
(Giammar et al., 2005; Aminul Islam, 2009; Liu et al.,

2022). In this process, local tectonic fractures improved the

were
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FIGURE 12

Dissolution fractures in thin sections of metamorphic rocks in the study area (A) Early tectonic fractures exhibiting corrosion and expansion, well
BZ19-G, 4599 m; (B) The mineral of calcite in the filling fracture is partially dissolved, which makes the initial fracture effective, BZ13-G,4732 m).
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FIGURE 13

The distribution pattern of fractures in buried hill of metamorphic rocks.

permeability of the reservoir, enhanced the fluidity of the
fluid, and facilitated dissolution. The existing dissolution
pores and fractures made the reservoir more prone to
producing fractures under the action of tectonic stress, and
the two processes complemented each other.

In general, stronger dissolution occurred within the weathering
crust near the tops of buried hill, and dissolution in the inner buried
hill was mainly controlled by the development of fractures. All kinds
of minerals near the fractures show obvious alteration characteristics
(You et al, 2021), while with increasing distance far from the
fractures, the degree of alteration obviously weakens until
gradually transforming into normal rock without alteration. This
phenomenon has been confirmed by thin section observation and
mineral diffraction studies as part of the exploration of buried hill in
the PL nine to one oilfield (Wang et al,, 2015).

Frontiers in Earth Science

5.2 Fracture development pattern

The fracture development of buried hill in the study area varies
significantly in the vertical direction due to the superposition of rock
lithology, tectonic stress and later fluid modification. Here, the above
controlling factors are used to establish a “native influence,
multiphase superposition, fluid modification” model of fracture
development in buried hill of metamorphic rocks (Figure 13).

The main rock type in the study area is migmatitic granite,
which has more brittle minerals than gneiss, laying a good
foundation for the development of fractures. The strong
compressional collision during the Indosinian and the left-
lateral strike-slip and thrust activities during the Yanshanian
provided external conditions favourable for fracture formation.
Under their combined effects, multiple phase fractures were
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FIGURE 14

Physical property relationships of buried hill reservoir core samples in the study area. (A) The relationship between porosity and permeability; (B)

The relationship between permeability and fracture linear density).

FIGURE 15

Thin-section photomicrographs and fluorescence scanning photos showing fractures and pores in the Archean metamorphic rocks in the
study area. (A) Fractures in migmatitic granite under fluorescence scanning photos, show significant oil and gas displays, BZ19-G, 4544 m; (B)
Fractures in migmatitic gneiss under fluorescence scanning photos, show significant oil and gas displays, BZ13-E, 4628 m; (C) Fractures act as
channels to connect the secondary pores BZ19-J, 4903 m; (D) Secondary pores develop along the fractures, BZ19-B, 4432 m; P = secondary

pore, F = fracture)

superimposed, resulting in the formation of many tectonic
fractures in buried hills. In the stress concentration areas,
such as the sides of faults and intersections, “mesh-like”
fracture dense zones formd. Influenced by the differential
uplift between the Indosinian and Yanshanian periods, the
high part of the buried hill experienced strong weathering and
erosion. The openings of the existing tectonic fractures near the
top of the buried hill enlarged and formed a “layered” weathering
fracture zone under the action of atmospheric freshwater
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dissolution. The reservoir space was dominated by weathering
dissolution fractures, and a few dissolution pores were also
developed. The absence of Mesozoic strata in the BZI19-6
block, in contrast to the BZ13-2 block, reflects the longer
and thicker
development in the former block. The Himalayan tectonic
movement reactivated the fractures that were closed and filled

exposure time weathering fracture zone

earlier. The pre-existing faults and unconformities are the weak
zones in buried hill and the dominant pathways for fluid
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migration in the later stage. The organic acids and carbon dioxide
produced by the mature hydrocarbon source rocks of the
Shahejie Formation were transported to the inner buried hill,
and the primary fractures around the faults were enlarged
through dissolution to form dendritic inner dissolution
fractures. This process is key to the development of effective
fractures in buried hill; however, it is difficult for fractures to
develop in areas far from faults or where gneiss is present.

5.3 Contributions of fractures to reservoir
quality

The basement reservoirs of the Archean metamorphic rocks
in the Bohai Bay Basin have experienced transformations and
processes such as metamorphic recrystallization, weathering,
dissolution, and tectonic disruption over a long geological
period, developing storage space that is complex and
heterogeneous (Luo et al, 2005). The basement petrophysical
properties of 136 samples were statistically analysed according to
the degree of fracture development (Figure 14A). The reservoir
physical properties in the study area vary widely, with porosity
mainly between 2 and 8% and permeability between 0.1 x
107 um®> and 1 x 107 um’ Further statistics on the
relationship between fracture density and physical properties
show that fracture density is positively correlated with
permeability (Figure 14B), indicating that fractures contribute
significantly to reservoir physical properties. Furthermore, we
observe in thin sections that most dissolution pores do not exist
in isolation but are connected by fractures (Figures 15C,D),
which is conducive to the formation of effective reservoir
space and enhancement of basement reservoir properties.
However, except for some samples with strong fragmentation,
the rocks with obvious fracture development observed in many
thin sections do not have high porosity (Figure 4]). Migmatite has
close to no primary porosity, and its porosity is mainly controlled
by later dissolution. Fractures provide migration channels for
later erosive fluids (such as organic acids and CO,), and only
rocks superimposed with dissolution can develop higher
porosity. Therefore, the influence of fractures on rock porosity
is indirectly controlled, and the formation of high porosity rocks
is related to the configuration of the source and migration path of
erosive fluids (such as unconformities, source rocks, and deep
and large faults). In addition, in the core fluorescence scanning
images, oil and gas are clearly present in these fractures (Figures
15A,B), which implies that fractures can provide effective space
for oil and gas storage and/or migration pathways for later oil and
gas seepage (Ding et al., 2013; Guo et al,, 2016). These results
imply that the development degree of fractures determines the
distribution of favourable reservoirs (Zeng and Li, 2009).
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6 Conclusion

1) Fractures in the study area can be divided into two genetic
types: tectonic fractures and dissolution fractures. Tectonic
fractures can be divided into tension fractures, shear fractures
and microfractures, while dissolution fractures include
weathering dissolution fractures and inner dissolution
fractures. Tectonic fractures are widely developed in the
study area. There is obvious variation in the degree of
fracture development in the vertical direction within single
wells.

2) Fracture development is controlled by lithology, tectonics and
fluid activity. The migmatitic granite is the most favourable
lithology for fracture development, having a higher content of
brittle minerals than other lithologies. The Indosinian and
Yanshanian were key periods for the development of fractures
due to tectonic movements in the study area, and the pre-
existing fractures are reactivated during the Himalayan
period. Organic acids and CO, generated by the thermal
evolution of atmospheric freshwater and organic matter are
dissolved along the fractures.

3) Fracture-intensive zones are the main development sites for
hydrocarbon reservoirs, which enhance the porosity and
permeability of buried hill of Archean metamorphic rocks
and provide effective space for oil and gas storage and
migration. They play an important role in the formation of
large-scale reservoirs.
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