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Abstract: Analysis of natural fractures is essential for understanding the heterogeneity of basement
reservoirs with carbonate rocks since natural fractures significantly control key attributes such as
porosity and permeability. Based on the observations and analyses of outcrops, cores, borehole image
logs, and thin sections from the Mesoproterozoic to Lower Paleozoic in the Jizhong Sub-Basin, natural
fractures are found to be abundant in genetic types (tectonic, pressure-solution, and dissolution)
in these reservoirs. Tectonic fractures are dominant in such reservoirs, and lithology, mechanical
stratigraphy, and faults are major influencing factors for the development of fractures. Dolostones
with higher dolomite content are more likely to have tectonic fractures than limestones with higher
calcite content. Most tectonic fractures are developed inside mechanical units and terminate at the unit
interface at nearly perpendicular or high angles. Also, where a thinner mechanical unit is observed,
tectonic fractures are more frequent with a small height. Furthermore, the dominant direction
of tectonic fractures is sub-parallel to the fault direction or oblique at a small angle. In addition,
integrating diverse characteristics of opening-mode fractures and well-testing data with oil production
shows that, in perforated intervals where dolostone and limestone are interstratified or dolostone is the
main lithologic composition, fractures are developed well, and the oil production is higher. Moreover,
fractures with a larger dip angle have bigger apertures and contribute more to oil production.
Collectively, this investigation provides a future reference for understanding the importance of
natural fractures and their impact on oil production in the carbonate basement reservoirs.

Keywords: natural fracture; influencing factor; oil production; carbonate rock; basement reservoir;
Jizhong Sub-basin

1. Introduction

Basement reservoirs usually refer to traps that accumulate oil and gas in topographic uplifts
of basement rocks under unconformities, which are covered by younger sediments [1–4]. Based on
their location in topographic uplifts, these reservoirs are divided into weathering crusts and inner
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reservoirs [5–7]. Basement rocks include metamorphic rocks and some volcanic and carbonate
rocks [4,8–10].

As an important type of unconventional petroleum system for further exploration and
development, basement reservoirs are receiving increasing attention worldwide, and hydrocarbons are
being exploited from them in areas such as China, North Africa, the USA, and Southeast Asia [1,2,11,12].
Considering recent advancements in production technology and demand for more resources, research
to extract oil and gas from the deep inner reservoirs of basements is growing as well [6,13,14]. In the
Bohai Bay Basin, basement reservoirs are the primary type of petroleum traps, particularly in the
Jizhong Sub-Basin, which is considered as one of the structural units in the Bohai Bay Basin, where 29
out of 43 oil and gas fields are basement reservoirs or related to basement rocks [15]. Volumetric
calculations showed proven reserves of 526.83 million tons (3861.66 million bbl) of original oil in place
(OOIP) in basement reservoirs, accounting for 51.66% of the total OOIP in the Jizhong Sub-Basin [9].
Carbonate rocks are the primary basement rocks in the Jizhong Sub-basin [16].

Previous studies have shown that primary pores are less in these basement reservoirs,
and secondary pores dominate the storage space, mainly composed of dissolution pores and
natural fractures [17–19]. Since basement rocks have experienced multiple periods of tectonism
and diagenesis, various natural fractures are generally developed, causing significant heterogeneity
in such reservoirs [13,20,21]. Like other types of fractured reservoirs, natural fractures are the main
flow pathways for hydrocarbons in basement reservoirs [8,12,22,23]. Moreover, natural fractures are a
significant component of storage space for petroleum accumulation in these reservoirs as well [24–26],
where fractures at different scales can connect pores to control the quality of the reservoir [3,13,27,28].

Despite the vital role that natural fractures play in the reservoir quality as explained above, limited
studies are carried out to delineate their significance entirely in basement reservoirs with carbonate
rocks. The development of fractures, the main factors affecting their existence, and their contribution
to the performance are unclear in such reservoirs and demand further investigation.

This study’s primary purpose is to characterize natural fractures and understand their role in oil
production in the deep inner reservoirs of carbonate basements in the Jizhong Sub-Basin of the Bohai
Bay Basin. Therefore, outcrops, cores, borehole image logs, and thin sections were used in a detailed
analysis for fracture characterizations, including orientation, dip angle, height, length, density, aperture,
and filling. Based on these, lithology, mechanical stratigraphy, and faults were also analyzed to reveal
how they would affect the growth mechanism of fractures. Moreover, the significance of opening-mode
fractures on oil production was presented as well. These efforts will enable us to understand the
heterogeneity of petrophysical properties and reservoir performances in these basements.

2. Geological Setting

2.1. Location and Structure

The Bohai Bay Basin, which is in the eastern part of China, is a Cenozoic rift basin developed
in the basement of the North China Platform [9,29,30] (Figure 1a). The Jizhong Sub-Basin in the
northwest is one of the sub-basins in the Bohai Bay Basin. It is distributed in an NNE–SSW direction
and covers an area of 32,000 km2 (12,355 mile2) [31,32] (Figure 1b). A number of NNE–SSW-oriented
depressions, uplifts, and slopes have been developed within the sub-basin. Additionally, two transfer
zones—Xushui-Anxin-Wenan and Wuji-Shenxian-Hengshui—are developed in the Jizhong Sub-Basin,
near E–W and NW–SE strikes, respectively (Figure 1b). The two transfer zones have divided the
sub-basin into three regions: northeast, center, and southwest. The extensional faults formed by
multistage tectonic movements are developed in this sub-basin, while grabens and half-grabens,
from these faults, have created various topographic uplift structures in this sub-basin [33,34] (Figure 2).
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Figure 1. (a) Location of the Jizhong Sub-Basin in the Bohai Bay Basin in China (modified from Zhao 
et al., 2015) [9]. (b) Map showing the faults, structural units, transfer zones, wells, and outcrops in the 
Jizhong Sub-Basin (modified from Chang et al., 2016) [35]. The fault data was modified from the 
Huabei Oilfield database. A-A’ is the Xushui-Anxin-Wenan transfer zone, and B-B’ is the Wuji-
Shenxian-Hengshui transfer zone. C-C’ represents the position of the cross-section in Figure 2. 

 
Figure 2. A geological cross-section in the Jizhong Sub-Basin, showing the structural pattern of the 
strata (modified according to He et al., 2017) [36]. The position of the cross-section is shown by C-C’ 
in Figure 1. 

  

Figure 1. (a) Location of the Jizhong Sub-Basin in the Bohai Bay Basin in China (modified from Zhao et al.,
2015) [9]. (b) Map showing the faults, structural units, transfer zones, wells, and outcrops in the Jizhong
Sub-Basin (modified from Chang et al., 2016) [35]. The fault data was modified from the Huabei Oilfield
database. A-A’ is the Xushui-Anxin-Wenan transfer zone, and B-B’ is the Wuji-Shenxian-Hengshui
transfer zone. C-C’ represents the position of the cross-section in Figure 2.
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2.2. Stratigraphy

Basement rocks in the Jizhong Sub-Basin are developed in the Archean, Proterozoic, Paleozoic,
and Mesozoic from bottom to top (Figures 2 and 3) [19,37]. The Archean and Paleoproterozoic are
composed of metamorphic rocks, while the Changcheng, Jixian, and Qingbaikou systems, which are
developed in the Mesoproterozoic and Neoproterozoic, are a set of sediments made up of marine
carbonate rocks. The Lower Paleozoic develops the Cambrian and Ordovician, which are typical
sediments dominated by carbonate rocks of neritic platform facies. The Carboniferous and Permian
in the Upper Paleozoic are clastic rocks of continental and transitional facies, where coal-bearing
strata are relatively abundant. The Mesozoic is mainly Jurassic and Cretaceous, which are continental
clastic rocks containing volcanic rocks. Due to the erosion and intermittent deposition caused by
multistage structural uplifts, the Jizhong Sub-Basin strata are absent from the Silurian, Devonian,
Early Carboniferous, and Triassic periods [29]. The Cenozoic strata consist of a set of interbedded
depositions that are mainly sandstone and mudstone of lacustrine and deltaic facies [38].

The target layer in this study is the basements of carbonate rocks in the Mesoproterozoic,
Neoproterozoic, and Lower Paleozoic periods. These basement rocks have undergone complex
sedimentation, diagenesis, and tectonism, forming various reservoirs with proven economic
hydrocarbon accumulations [39]. Source rocks are mainly dark mudstones of lacustrine facies
in the Paleogene, along with coal and dark mudstones of transitional facies in the Carboniferous and
Permian periods [40]. These source rocks are often adjacent to the basements, where hydrocarbons
have migrated into the reservoir through faults and unconformities [34,41]. It should be noted that
these coal and dark mudstones are also good regional caprocks for the carbonate basement reservoirs
in this sub-basin. Additionally, many interlayers with high argillaceous content exhibit high-quality
caprocks in the inner reservoirs of these basements [36,42]. As a result, combinations of source rocks,
reservoirs, and caprocks have created a suitable petroleum system in the carbonate basements of the
Jizhong Sub-Basin and have provided great potential for oil and gas exploration and development in
this area [9].

2.3. Reservoir

The carbonate rocks that constitute the basement reservoirs in the Mesoproterozoic and
Neoproterozoic are mainly dolostone, while in the Lower Paleozoic are dominated by limestone [38].
In these reservoirs, a network of pores and natural fractures have provided the storage space for the
economic accumulation of hydrocarbons [17–19]. The pores are mainly secondary and are formed by
dissolution, and natural fractures are more frequent and have multiple genetic types. These storage
spaces provide favorable conditions for oil and gas accumulation and migration in these reservoirs.
The carbonate rocks have an average matrix porosity lower than 12%, while the porosity analysis
from cores has shown that samples with a porosity higher than 3% account for more than 70% of all
samples [29,43]. The permeability of these basement reservoirs is relatively high, and samples with an
air permeability greater than 1 mD account for more than 60% of all measured samples [43].
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Figure 3. The stratigraphic column of the Jizhong Sub-Basin, showing the major petroleum systems
(source rocks, reservoirs, and cap rocks) (modified according to Wu et al., 2011, and Liu et al.,
2017) [19,37]. The gray mark in the system is the target layer of this study.

3. Dataset and Methodology

In this investigation, we collected data and samples from outcrops, cores, thin sections, and borehole
image logs in the basement reservoirs of carbonate rocks in the Mesoproterozoic to Lower Paleozoic in
the Jizhong Sub-Basin of the Bohai Bay Basin in eastern China. The outcrops and subsurface targets
are from the same formation and have experienced similar tectonic movements and diageneses [39,44].
Cores and borehole image logs from 19 wells from these basement reservoirs were analyzed as well.
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The length of the cores is 123.8 m (406.2 ft). Thin sections are 119 pieces coming from cores. In addition,
other useful information such as lithology, fault, perforated interval, and oil production, were collected
from the Renqiu Oilfield database and relevant literature. We combined these different sources of data
to comprehensively analyze and study the natural fractures in deep inner reservoirs of these basements
from macro to micro-scale.

Natural fracture characteristics, including height, length, orientation, dip angle, density, fracture
zone, spacing, aperture, and filling, were examined closely from the sources mentioned above.
The fracture density in this study refers to the linear density that was measured based on the number
of fractures per unit length. The fracture zone is defined as multiple sets of tectonic fractures that are
developed in rocks and usually are interwoven into a network, which makes it difficult to measure
and count individually. These parameters in outcrops and cores were identified and measured on-site,
while in borehole image logs, they were manually picked and interpreted [45,46]. It should be pointed
out that in the cores, there are some unnatural fractures caused by the drilling activity and pressure
release. Usually, the surface of fractures produced during the drilling activity is uneven, and these
fractures do not have obvious directionality. However, the natural fracture surface is relatively flat
or even smooth and has a strong directionality. Moreover, because there was no underground fluid
flowing through, the surface of fractures produced during the drilling activity and formed by pressure
release is very new. Based on these characteristics, we distinguished such unnatural fractures from
natural fractures in the observation and statistics of fractures in cores, in order to minimize their
influence on the real data.

Natural fractures in borehole image logs usually appear as sinusoidal curves, making it possible
to quantify their orientation, dip angle, density, and aperture [47,48]. Moreover, in borehole image logs
with water-based mud, opening-mode fractures are usually filled with mud filtrate or low-resistance
minerals and appear as dark sinusoidal curves, while filled fractures with high resistance minerals
(such as dolomite and calcite) often present as light or white sinusoidal curves [49]. Thin sections with
a thickness of 30 µm were made with blue-dye resin to highlight natural fractures and pores, and some
of them were impregnated with alizarin red to distinguish calcite and dolomite [50]. These thin sections
are divided into two types, vertical and parallel to the wellbore. The specific directions of each thin
sections are marked in the captions of Figures. Fractures in these thin sections were observed and
measured by the Olycia g3 software from Olympus, Japan [51].

By studying the variation law of the characteristics and intensity of natural fractures, the factors
controlling fracture development in these reservoirs were determined. Furthermore, by comparing
the lithology, fracture characteristics, and oil production in six perforated intervals, we evaluated the
role of natural fractures on oil production and proposed ideas to optimize development plans in the
carbonate basement reservoirs to enhance production. It should be noted that, in this analysis, the
fracture density refers to the linear density of opening-mode fractures, and oil production refers to the
daily production of oil during the well-testing stage.

4. Results

4.1. Fracture Characteristics

This study distinguished three genetic types of natural fractures, including tectonic, pressure-
solution, and dissolution fractures, in the basement reservoirs of carbonate rocks in the Jizhong
Sub-Basin [39,52,53]. Among these, tectonic fractures have a higher development degree than others
and are the dominant type in these reservoirs.

4.1.1. Tectonic Fractures

Tectonic fractures in the outcrops appear in sets, and their occurrences are stable (Figure 4).
Statistical analysis of outcrops confirms that tectonic fractures are developed in three major sets of
NNE–SSW, NW–SE, and near E–W strikes, while less developed in other directions (Figure 5). On the
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cross-section, tectonic fractures may pass through the rock formation interface and have a height of
several meters (Figure 4a). Other tectonic fractures within the rock formation with a height of less than
a few tens of centimeters were also observed (Figure 4b). On the horizontal plane, tectonic fractures
show mutual crosscutting relations, and their lengths vary considerably, from several centimeters to
meters (Figure 4c). The dip angles of these fractures are mainly high (>60◦) and near-horizontal (<15◦).
Ultimately, the number of tectonic fractures with oblique dip angles (15◦–60◦) was found less than 20%
of the total (1326).

Based on core observations, tectonic fractures usually exhibit a fracture plane with steps (Figure 6a).
In mudstones and argillaceous carbonate rocks, these fractures demonstrate clear striaes along the
direction of fractures propagation, with a very smooth surface (Figure 6b). Borehole image log
interpretation indicates that tectonic fractures appear as sinusoidal curves and are randomly distributed
(Figure 7a). Some tectonic fractures are intertwined to form a fracture network (Figure 7b). The dip
angels of these fractures are concentrated in the range of 60◦ to 85◦, followed by those with angles less
than 30◦. In particular, the dip angels of fractures in mudstones are mainly less than 20◦. The linear
density of tectonic fractures in a single well varies notably, ranging from 1.2 m−1 to 8.6 m−1. Furthermore,
borehole image logs confirm the existence of fracture sets similar to those in the outcrops, mainly in the
NNE–SSW, NW–SE, and near E–W strikes. More than 65% of tectonic fractures are opening-mode ones
in which minerals are not filled, while others are entirely or partially filled by calcite, hydrocarbons,
and clay minerals (Figures 6c and 7c).
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The inspection of thin sections reveals that tectonic fractures are widely distributed in these
carbonate rocks (Figure 8). Two sets of tectonic fractures can cut through or arrest each other
(Figure 8b,c), and multiple sets are interwoven to form a network (Figure 8d). The development of
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these fractures does not exhibit any relationship with the bedding plane of carbonate rocks. If early
developed fractures are filled with minerals such as calcite, pyrite, clay, or hydrocarbons, they will
not provide effective storage space and seepage channels for the reservoir and become ineffective
(Figure 8d–f) [54,55]. In this regard, the same fracture could be filled multiple times with different
minerals (Figure 8e,f). More than 60% of tectonic fractures in thin sections are open and do not show
any mineral fillings. The apertures of these fractures vary, while most of them are less than 100 µm and
are concentrated below 60 µm.Energies 2020, 13, x FOR PEER REVIEW 9 of 23 
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4.1.2. Pressure-Solution Fractures

Pressure-solution fractures are formed during structural and diagenetic processes due to pressure
solution [56]. The pressure-solution fractures in these reservoirs are composed of bed-parallel fractures
and stylolites. The bed-parallel fractures are formed along the depositional interface under various
geological conditions, with distinguishable characteristics such as bending, discontinuity, and branching
(Figures 9a–c and 10a) [57]. These fractures exhibit small dip angles and are nearly parallel to the
depositional interface. There are normally insoluble mineral residues recognized in them, such as clay
minerals, while they can also be filled with hydrocarbons or other minerals. Stylolites are generally
irregularly wavy or serrated, parallel or sub-parallel to the horizontal plane, with a small number
intersecting the horizontal plane at a small angle (Figures 9c,d and 10b). Iron argillaceous minerals
and hydrocarbons can fill some of these fractures. These pressure-solution fractures are poor in lateral
continuity, and their apertures in the thin sections are commonly less than 35 µm.

4.1.3. Dissolution Fractures

Dissolution fractures are formed through long-term underground fluid, including the new fracture
formed after the dissolution transformed the earlier fracture and the fracture formed when the
dissolution connected a lot of pores [58,59]. When dissolution fractures are formed from earlier
ones, their fracture walls are rough and uneven, and their apertures are larger than the previous
stage fractures (Figure 11a). Although newly dissolved pores are preserved inside or at the edges
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of the original fractures and the shape of the initial sets are changed after the dissolution process,
the original distribution of these fractures can still be discerned. Dissolution fractures that are formed
when multiple pores are connected like a string of beads will become an effective storage space for
hydrocarbons in the reservoir (Figure 11b). Besides, fractures filled with minerals can also become
dissolution fractures when unstable filling minerals like calcite entirely or partially are dissolved
via acidic water leaching or groundwater scouring (Figure 11c,d). Overall, dissolution fractures are
irregular in shape, often in the pattern of snake-like and anastomosing (Figures 10c and 11) [60].
The apertures of dissolution fractures measured in thin sections vary significantly and are between
40 µm and 80 µm and sometimes become relatively large (up to 200 µm).
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Figure 8. Tectonic fractures in thin sections. (a) Fractures in Well R2, depth 5039.60 m (16,534.12 ft).
(b) Fractures in Well R2, depth 5039.35 m (16,533.30 ft). Group B terminated Group A. (c) Fractures
in Well R5, depth 5916.02 m (19,409.51 ft). Group D terminated Group C. (d) Fractures are filled with
calcite in Well R9, depth 4548.10 m (14,921.59 ft). (e) Fractures in Well R5, depth 5728.31 m (18,793.67 ft).
E shows hydrocarbons, and F is calcite. (f) Fractures in Well R8, depth 4703.26 m (15,430.64 ft). G is
dolomite, and H is calcite. The directions of these thin sections are vertical to the wellbore.
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are often regular and can be accurately measured and counted (Figure 7a); and (2) multiple sets of 
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Figure 11. Dissolution fractures in thin sections. (a) Fractures in Well R12, depth 3105.18 m (10,187.60 ft).
(b) Fractures in Well R12, depth 3112.35 m (10,211.12 ft). (c) Fractures in Well R17, depth 2764.60 m
(9070.21 ft). (d) Fractures in Well R17, depth 2764.00 m (9068.24 ft). The directions of these thin sections
are vertical to the wellbore. The minerals dissolved in these filled fractures are calcite.

4.2. Factors Influencing Fracture Development

4.2.1. Lithology

The lithology in the basement reservoirs of carbonate rocks includes dolostone, limestone, and a
small amount of mudstone [39]. The development of tectonic fractures is divided into two categories:
(1) only one or several sets of tectonic fractures that are developed in the rocks, and they are often regular
and can be accurately measured and counted (Figure 7a); and (2) multiple sets of tectonic fractures that
are interwoven into a network, which makes it difficult to measure and count each fracture, creating a
fracture zone (Figure 7b). Observations and statistical analysis of different lithologies depict that
the fracture zone is developed in both dolostone and limestone, but barely in mudstone (Figure 12).
Based on borehole image logs, the ratio of the fracture zone thickness to the rock thickness in dolostone
is 18.1%, while in limestone, it is 12.5%. Moreover, the linear density of tectonic fractures in the borehole
image logs, excluding the fracture zone, was also analyzed (Figure 12). Hereof, the average linear
density of tectonic fractures in dolostone is found the largest, which can reach 6.8 m−1, followed by
limestone, and finally mudstone, 4.1 m−1 and 1.3 m−1, respectively. Also, in the outcrops, tectonic
fractures are more developed in dolostone than limestone, while tectonic fractures in mudstone have
the least development degree (Figure 13). All of these indicate that lithology controls the abundance of
tectonic fractures in the target layers.

Lithology controlling fracture development is essentially due to the rock composition, particle size,
and particle arrangement [61,62]. Both dolomite and calcite are the major minerals in carbonate rocks,
but the Young’s modulus of dolomite (8.71 × 104–14.18 × 104 MPa) is higher than calcite (5.69 × 104–8.82
× 104 MPa) [63–65]. Therefore, under the same stress conditions, dolostone with higher dolomite
content is more likely to develop tectonic fractures than limestone with higher calcite content. However,
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the abundance of these minerals (calcite and dolomite) in the mudstone is very low, hence tectonic
fractures are developed poorly. Based on thin sections, limestone is more likely to host dissolution
fractures than dolostone and mudstone due to its higher calcite content [66].
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4.2.2. Mechanical Stratigraphy

Mechanical stratigraphy subdivides stratified rock into discrete mechanical units consisting of one
or more stratified rock units with consistent or similar rock mechanical properties such as brittleness,
tensile strength, elastic stiffness, and fracture mechanics properties [49,67,68]. These mechanical units
are generally, but not always, one layer with uniform lithology, which is not exactly the same as
the lithologic layer. Further analysis in these basements reveals that mechanical stratigraphy which
controls tectonic fractures can work in two ways: (1) the interface of the mechanical unit controls the
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growth and termination of tectonic fractures, and (2) the thickness of the mechanical unit controls the
development degree and height of tectonic fractures.

Tectonic fractures in the outcrops mainly are developed inside the mechanical unit, and most of
them cut through the entire mechanical unit and end at the interface of two separate mechanical units
(Figure 14). These fractures are nearly perpendicular to or are inclined at a high angle to the interface of
mechanical units. As the mechanical unit thickness increases, the height of tectonic fractures increases
as well. Based on core observations, tectonic fractures only are developed in the same mechanical
unit and terminated at the interface when lithological variations dictate a different mechanical unit
(Figure 15). Moreover, tectonic fractures of the same set are developed at approximately equal intervals
in the same mechanical unit. The outcrop observations show that in the mechanical units that are
limited in thickness, the mean spacing of tectonic fractures displays a strong linear relationship with
the thickness of mechanical units, which means the mean spacing of tectonic fractures increases as
the thickness of mechanical units increases (Figure 16) [45,69,70]. Consequently, the stress regime has
caused tectonic fractures in the thinner mechanical unit to be more frequent and with smaller heights,
unlike thicker mechanical units.
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9.3 m−1 in III, 3.6 m−1 in IV, and 6.7 m−1 in V.
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4.2.3. Fault

Since the Paleozoic, the Jizhong Sub-basin has experienced three large-scale tectonic movements:
Indosinian, Yanshan, and Himalayan movements, to form a typical multi-period structural superimposed
sub-basin [39]. The sub-basin mainly has caused two-set extensional fault systems of NNE-SSW and
NW-SE strikes, in addition to some near E–W strikes [34,42] (Figure 17). The characteristics of these
faults indicate that the faults with NNE–SSW strikes are major ones that control the orientations of deep
tectonic belts, and the faults with NW–SE and near E–W strikes are the lateral faults which segment the
tectonic belts and control the formation and scale of deep reservoirs [44]. Interpretations of borehole
image logs explain that tectonic fractures in these reservoirs are mainly NNE–SSW, NW–SE, and near
E–W strikes overall. Nevertheless, in different locations of the sub-basin, fracture directions vary notably
(Figure 17). In the northeastern and southwestern regions of this sub-basin, the dominant direction
of tectonic fractures is the NNE–SSW strikes, while in the central part and near the transfer zones,
the dominant direction of these tectonic fractures becomes more complicated where all the three sets
(NNE–SSW, NW–SE and near E–W strikes) can appear.
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Figure 17. The relationship between fault and fracture strikes. (a) Location of the Jizhong Sub-Basin
in the Bohai Bay Basin in China (modified from Zhao et al., 2015) [9]. (b) Faults and tectonic fracture
orientations in the carbonate rocks of the Jizhong Sub-basin. The fault data was modified from the
Huabei Oilfield database. The data regarding fracture orientations is derived from the borehole image
logs of 14 wells.

The main reason is that the NNE–SSW strike faults are the only one set that is developed in the
northeastern and southwestern regions of this sub-basin and all the NNE–SSW, NW–SE, and near E–W
strike faults are developed in the central area of the sub-basin. The orientation of the fractures and
faults is consistent, and the dominant direction of these fractures is sub-parallel to the direction of
faults or oblique at a smaller angle. Therefore, one can conclude that tectonic fractures in this sub-basin
are associated with faults, and these faults have a significant influence on the fracture direction.

5. Discussion

The basement reservoirs of carbonate rocks that are discovered in the Jizhong Sub-Basin in the
Bohai Bay Basin are mainly dolostones and limestones from the Mesoproterozoic, Neoproterozoic,
and Lower Paleozoic periods [38]. Reservoir properties determine the oil and gas accumulation in
these reservoirs [17,71,72]. Initial structures and pores of carbonate rocks in these basements are mostly
transformed by recrystallization, dolomitization, and tectonism, and has formed the interconnected
composite reservoir system consisting of pores and fractures [18,19]. Qiao et al. (2002) studied the
relationship between the porosity and burial depth of 32 carbonate basement reservoirs in the Bohai Bay
Basin [73]. They found that the porosity does not decrease significantly with the increase of burial depth,
while the average porosity generally varies between 5% and 6%, with a negligible change. This infers
that because the height variation is not significant in these reservoirs, pores are less affected by the
buried depth, and a relatively larger amount of porosity can stay intact to provide a suitable reservoir
quality [71]. Moreover, a single basement reservoir has a relatively uniform pressure system and small
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changes in fluid properties, and the lithology distribution in the reservoir is relatively stable [9,18,19,38].
However, the above research results show that the development of fractures in these reservoirs has
strong heterogeneity. Observations from outcrops, cores, borehole image logs, and thin sections show
that these fractures are usually connected (Figures 4 and 6–8). We speculate that the development
of opening-mode fractures improves the effectiveness of the storage space, thereby influencing the
reservoir’s effective permeability and oil production in these carbonate basement reservoirs.

Through a comprehensive analysis of lithology, opening-mode fractures, and well-testing data,
we found that geological characteristics and oil production in the carbonate basement reservoirs vary
regionally within the reservoir unit. Considering Well R10, which is drilled in a typical basement inner
reservoir with a total of 6 perforated intervals at a depth of 4095–4142 m (13,435.0–13,589.2 ft), significant
differences in oil production from each perforated interval is reported (Figure 18). Among them,
the V and VI perforated intervals displayed higher oil production, 16.62 and 45.58 tons per day
(124.30 barrels and 340.95 barrels per day), respectively, making them the main oil production section
of Well R10. These intervals are followed by the II and III perforated intervals, with oil production
of 4.94 tons and 6.53 tons per day (36.93 barrels and 48.88 barrels per day), respectively. Finally,
perforated intervals I and IV are dry layers without any oil production. The lithologic comparison of
different perforated intervals indicates that the I and IV perforated intervals without any oil production
are mainly limestones, especially the I perforated interval, which is only limestones. In this regard,
other perforated intervals with oil production have different degrees of dolostone content where in the
V and VI perforated intervals with the largest quantities of oil production, dolostone and limestone are
interstratified (Figure 18).
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Figure 18. Schematic diagram showing the lithology combination, fracture density, perforated interval,
and oil production in Well R10. Oil production refers to the daily production of oil in the well-testing
stage. Lithology and fracture data were derived from the borehole image logs, and the data pertaining
to perforated intervals and oil production were collected from the Huabei Oilfield database. I to VI
refer to the name of perforated intervals, which correspond to the names also shown separately in
Figure 19. Unit t·d−1 refers to the average number of tons of oil produced per day.
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each perforated interval, respectively. Perforated interval numbers are similar to Figure 18. Red lines
represent tectonic fractures that appear as sinusoidal curves.

Fracture interpretations from borehole image logs reveal that opening-mode fractures are well
developed at a depth of 4095 m to 4142 m (13,435.0 ft to 13,589.2 ft) in the Well R10, and the average
fracture linear density can reach 6.78 m−1. Besides, the development degree and dip angle of these
fractures in different perforated intervals demonstrate a large discrepancy (Figure 19). In this aspect,
comparing the oil production with the fracture linear density of each perforated intervals, a positive
correlation can be found, which means higher fracture linear density can lead to better oil production
(Figures 18 and 19). Considering II, III, V, and VI perforated intervals with higher oil production,
opening-mode fractures are developed better, and their dip angles are usually greater than 45◦

(Figure 19II–VI). However, opening-mode fractures are developed less in the I and IV perforated
intervals where layers are dry (Figure 19I,IV). In particular, the dip angles of these fractures in IV
perforated interval are lower than 45◦, and some are even near horizontal.

Geological characteristics of these perforated intervals reveal that the primary reason for different
oil production is the varying degree of regional development of opening-mode fractures. Specifically,
oil production grows with the increasing of fractures density (Figure 20). In the intervals where the
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dolostone and limestone are interstratified or dolostone makes up the primary lithology, fractures are
generally more developed, thus the oil production is higher. However, in the intervals with higher
quantities of limestone, the development of opening-mode fractures is relatively poor, and the oil
production is lower as well. In addition, tectonic fractures are the dominant type of natural fractures in
these basement reservoirs, and their effectiveness varies with the dip angles where tectonic fractures
with smaller dip angles exhibit smaller aperture because of the overburden stress. This has caused their
connectivity to become relatively poor, thus, their contribution becomes less to oil production [50,74,75].
Also, when the dip angle of tectonic fractures becomes larger, aperture increases and their contribution
to oil production enhances. Therefore, it is deduced that tectonic fractures play a major role in the
quality of basement reservoirs with carbonate rocks in the Jizhong Sub-basin, and their development
has a significant impact on the oil production from these reservoirs.
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refers to the average number of tons of oil produced per day in one-meter perforated interval.

6. Conclusions

This study indicates that natural fractures are abundant in genetic types, including tectonic,
pressure-solution, and dissolution ones, in the carbonate basement reservoirs in the Jizhong Sub-Basin,
where tectonic fractures are the dominant type. Macroscopic fractures vary in height and length from
several centimeters to meters, with a wide range of linear densities and dip angles. These fractures
are found in three sets of NNE–SSW, NW–SE, and near E–W strikes. The apertures of microscopic
fractures are concentrated below 60 µm, and more than 60% of them are opening-mode ones without
mineral fillings.

Dolostones with higher dolomite content are more likely to develop tectonic fractures than
limestones with higher calcite content, and tectonic fractures have the least development intensity
in the mudstone. Most tectonic fractures are developed inside the mechanical units and end almost
perpendicularly or with a higher angle to the mechanical unit interface. In a thinner mechanical unit,
these fractures are more frequent and have a smaller height. The dominant orientation of fractures
changes regularly and is sub-parallel to faults or oblique at a small angle.

The analysis of opening-mode fractures and well-testing data in perforated intervals reveals that
oil production is related to fracture characteristics. In intervals where dolostone and limestone are
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interstratified or dolostone is the main lithologic composition, fractures are generally more developed,
and oil production is higher, unlike intervals where limestone is the main constituent. Moreover,
tectonic fractures with larger dip angles present a bigger aperture and contribute more to oil production.
Finally, it is concluded that natural fractures are the main controlling factor of oil production to create
favorable reservoir conditions in these basements. This study provides reference and future guidance
for a better understanding of natural fractures and reservoir heterogeneity in the basement reservoirs
of carbonate rocks.
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