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Predicting the distribution of fractured and dissolved reservoirs in granitic buried hills is a
prerequisite for finding high-quality hydrocarbon reservoirs and improving the success rate
of exploration activities. Granitic buried-hill reservoirs in the Bongor Basin are characterized
by strong heterogeneity and poor lateral continuity. Through the analysis of seismic, core,
logging and dynamic production data, this study predicts the distribution of fractured
reservoirs and fractured-cave reservoirs in the granitic buried hills in the BC Block of the
Bongor Basin. In this study, we predict fractured reservoirs using coherence cubes and
linearly enhanced attributes and identify fractured-cave reservoirs with single-frequency
attribute bodies. Integrated predictions of fractured reservoirs and fractured-cave
reservoirs are conducted using attribute fusion techniques. With these methods, good
results have been achieved in reservoir prediction in BC buried hills. Furthermore, this study
summarizes a set of granitic buried-hill reservoir prediction techniques for densely inverted
rift basins in the Central African Rift System.

Keywords: granitic buried-hills, fractured reservoir prediction, fracture-cavity reservoir prediction, attribute fusion,
inverted rift basin, Bongor Basin

1 INTRODUCTION

Granite, as a dense rock formed by magma crystallization, has no primary pores. In addition, granite
is hard to detect when buried thousands of metres underground, resulting in little attention to be paid
during hydrocarbon exploration (Ye et al., 2020; Yi et al., 2021). However, with the development of
global oil and gas exploration, breakthroughs have been made in granitic buried hills worldwide, and
a few medium- to large-sized oil and gas fields have been discovered, such as the BachHo field in
Vietnam, the Dongping gas field in China, the Penglai oil field in China, and the BC oilfield
discovered in the Bongor Basin in Chad (Cuong andWarren, 2009; Dou et al., 2015; Chen et al., 2018;
Guo et al., 2019; Li et al., 2021a; Dai et al., 2021). The exploration of buried-hill reservoirs in the
basement has gradually become a new exploration field (Cuong and Warren, 2009; Dou et al., 2020;
Ye et al., 2020).

In 2013, the success of hydrocarbon drilling in the northern slope of the basin by the China
National Petroleum Corporation (CNPC) targeting Precambrian granitic reservoirs expanded the
boundary of petroleum exploration in the Bongor Basin, and industrial amounts of oil and gas were
obtained from the granitic reservoirs of five buried hills (Dou et al., 2015; Chen et al., 2018). This
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reveals the huge exploration potential of the bedrock buried-hill
reservoir in the Bongor Basin. Therefore, the Precambrian
basement is a good reservoir for hydrocarbon accumulation
(Li et al., 2017; Dou et al., 2018).

The Bongor Basin is an important hydrocarbon-rich basin in
southwestern Chad. Preliminary exploration results reveal the
huge exploration potential of bedrock buried-hill reservoirs in
this area (Dou et al., 2015; Li et al., 2017; Chen et al., 2018; Dou
et al., 2018). Scholars have reached an agreement that granitic
reservoirs are mainly composed of secondary reservoir spaces,
including structural fractures, weathering fractures, dissolved
fractures and dissolved pores, and the physical properties
change tremendously spatially, showing strong heterogeneity
(Salah and Alsharhan, 1998; Cuong and Warren, 2009; Wang
et al., 2018). Longitudinally, there is a certain zonality, but it is not
obvious. Maerten and Panza proposed that the basement buried-
hill reservoir consists mainly of structural fractures and caves
formed by later modification. With the increase in depth below
the buried hill surface, the type of basement buried-hill reservoir
gradually transitions from a fractured-cave reservoir to a
fractured reservoir. Through the calibration of the core and
well seismic data, the oil-producing section of the well is
mainly concentrated in the upper part of the buried hill
(Wang et al., 2018; Dou et al., 2020). Therefore, the
predictions of buried-hill reservoirs in the BC block are
mainly fractured and fractured-cave reservoirs.

Fractures play a key role in basement buried-hill reservoirs and
are important reservoirs and channels that communicate with
reservoir space (Maerten et al., 2018; Panza et al., 2018; Shang
et al., 2021). Therefore, the prediction of fractures is a key and
difficult aspect of exploration and exploitation in basement
buried-hill reservoirs (Salah and Alsharhan, 1998; Yan et al.,
2019).

For the study of fractured reservoirs in the subsurface,
outcrops and core observations were initially used, but they
have the disadvantage of being less accurate and limited to
areas with drilled wells. Logging evaluation is also an effective
method for identifying and evaluating fractures. In recent years,
emphasis has been placed on the combined application of
multiple logging profiles to identify and evaluate fractured
reservoirs (Li et al., 2021b). The combined application of
multiple logs has improved the accuracy and precision
compared to direct observation methods, but for areas with
limited wells, only mathematical algorithms can be used to
interpolate and predict the planimetric distribution of
basement buried-hill reservoirs (Ye, 2019). The use of seismic
detection technology for fracture prediction began later; however,
because seismic data cover a much wider space than drilling data,
have a greater range of applications and are more practical, they
are more generally used (Gong et al., 2013; Zhang et al., 2022). At
present, the main techniques for the fracture prediction of
reservoirs using seismic data are shear wave exploration,
multiwave and multicomponent detection, and three-
dimensional p-wave fracture detection (Pu and Qing, 2008).
The reservoir prediction in basement buried hills is limited by
the heterogeneity of the reservoir and the quality of the seismic
data, and the use of single-attribute prediction techniques will

increase the multisolution nature of the reservoir prediction.
Therefore, in this paper, multiple geophysical methods are first
used to predict the spatial distribution of fractured and fractured-
cave reservoirs in basement buried hills, and then they are
combined to evaluate the granitic buried-hill reservoirs. This
method achieves good results in predicting the granitic buried-
hill reservoirs in the BC block of the Bongor Basin in
southwestern Chad.

2 GEOLOGICAL SETTING

The Bongor Basin in southwestern Chad is an important
hydrocarbon-bearing basin (Figure 1A). Tectonically, it is in
the northern part of the middle Central African shear zone and is
a Mesozoic-Cenozoic intracontinental rift basin developed under
the influence of the Central African shear zone (Genik, 1992; Li
et al., 2017; Chen et al., 2018; Dou et al., 2018).

The BC block is in the northeastern part of the Northern Slope
belt of the Bongor Basin (Salah and Alsharhan, 1998)
(Figure 1B). It developed at the bottom of the basin during
the Precambrian period and shows the present structural-
depositional morphology after long-term weathering
denudation, subsidence, and sedimentary filling. Precambrian
basement rock, Lower Cretaceous (P, M, K, R, and B
formations) and Cenozoic strata are developed sequentially
from bottom to top in the basin, while the Upper Cretaceous
strata are absent after denudation (Chen et al., 2018) (Figure 2).
According to the hydrocarbon exploration and investigation,
three hydrocarbon plays are considered to have developed in
the Bongor Basin, namely, the upper (R-K), lower (M-P) and
basement rock plays (Figure 2). The target of this study is the
basement rock play (Genik, 1992; Dou et al., 2014; Dou et al.,
2018).

According to core observations, the lithology of the basement
rock is mainly granite or mixed granite, and this rock features a
brittle texture and is prone to develop structural fractures, joint
fractures, and dissolution pores along these fractures. The
crystalline basement of the Bongor Basin is mainly composed
of metamorphic rocks with a high degree of metamorphism and
magmatic rocks formed by remelting. Intercrystalline pores are
difficult to retain, and the size of intercrystalline pores is small. In
addition, due to the extent of drilling and coring, only a small
amount of reservoir space of physical origin can be found in the
cores of weathering crusts (Chen et al., 2018; Wang et al., 2018).

The FMI data show extensive development of horizontal to
low-angle fractures in the basement rock (Figures 3A,B). The
larger the fracture angle is, the more intense the dissolution is
(Wang et al., 2018). The rocks at the intersection of faults are
heavily fractured and easily form collapse caves (Dou et al., 2014;
Dou et al., 2015; Li et al., 2017; Dou et al., 2020). Multistage and
multiangle fractures and dissolution are superimposed on each
other to form buried-hill fractured and fractured-cave reservoirs,
which are often characterized by strong heterogeneity and limited
distribution (Chen et al., 2018).

The most developed reservoir spaces in the basement rock are
mainly structural fractures, intergranular pores and dissolution
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pores formed by chemical dissolution (Dou et al., 2014). With the
increase in depth below the buried hill surface, the type of
basement buried-hill reservoir gradually transitions from a
fractured-cave reservoir to a fractured reservoir. Through the
calibration of the core and well seismic data, the oil-producing
section of the well is mainly concentrated in the upper part of the
buried hills (Wang et al., 2018; Dou et al., 2020). Therefore, the
predicted types of pore space in the buried-hill reservoirs in the
BC block are mainly fractures and dissolution pores.

At present,more than 30wells exploring the basement rock of the
BC block have obtained good oil and gas shows. Through years of
research and drilling, it has been verified that basement buried-hill
reservoirs in the BC block are typical fractured reservoirs with strong
heterogeneity, large differences in oil-bearing layer thickness, and
complex gas–water distributions (Chen et al., 2018). The
accumulation degree of oil and gas is mainly controlled by the
spatial distribution of reservoirs such as fractures and cavities.
Therefore, the accurate prediction of the distributions of fractures
and caves is key to the prediction of buried-hill reservoirs.

3 MATERIALS AND METHODS

3.1 Structure-Oriented Filtering Technology
A structure-oriented filter is a diffusion filtering process for
seismic data anisotropy under the control of dip and azimuth
bodies. The seismic data after structure-oriented filtering have the
functions of directivity and edge detection directivity. It smooths
the information parallel to the seismic in-phase axis and does not
deal with the seismic information perpendicular to the fault or the
main tectonic direction. This technology was first applied in the
field of image processing and analysis (Höcker and Fehmers,
2002; Saleh et al., 2002; Fehmers and Höcker, 2003; Wang et al.,
2021; Luo et al., 2022). During the early stage, linear operators
were used to filter noisy images. However, although this method
was good at reducing noise, edge information of images would be
damaged. Later, a nonlinear operator defined by a nonlinear
partial differential equation was developed to convolve the
original image with a series of Gaussian kernel functions with
different noise scales to obtain smooth images of the original

FIGURE 1 | Location map of the study area and study area with main faults. (A) Location of the Bongor Basin and Central African Trans-Current Slip zone and
adjacent basins, such as the Termit, Muglad, andMelut basins. (B) Themain faults, tectonic division, and location of the BC block in the Bongor Basin and the discovered
buried-hill hydrocarbon reservoirs with wells (Modified from Chen et al., 2018).
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image at different scales, which can effectively protect the
structural information of the image (Höcker and Fehmers,
2002; Fehmers and Höcker, 2003; Zhou and Li, 2018; Luo
et al., 2022). Structure-oriented filters have the advantages of
reducing invalid signals, increasing effective signals, and
highlighting small and microscale faults, which can effectively
reduce the noise of seismic profiles, improve the quality of seismic
data, improve the signal-to-noise ratio, improve the accuracy of
small and microscale fault identification, and guide oil and gas
exploration (Höcker and Fehmers, 2002; Chen, 2015; Zhou and
Li, 2018; Luo et al., 2022).

3.2 Fractured Reservoir Prediction
Technology
The BC buried-hill fractured reservoir prediction technique is
based on poststack migration seismic data. First, spectrum
analysis is used to determine the reasonable calculation
parameters to fabricate coherence. Then, linear enhancement
of the AFE module in Paradigm software is used to enhance the
resolution of microfault recognition by coherence. Finally, the
coherent slices of a certain time window are extracted from the
linear enhanced coherence to predict fractured reservoirs based
on seismic geometry attributes.

FIGURE 2 | Comprehensive stratigraphic histogram of the Bongor Basin (Modified from Chen et al., 2018).
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3.2.1 Coherence Attributes Technique
Coherence attributes reflect the similarity of adjacent seismic
trace waveforms in the time window centered on the target point
and can be used to obtain the discontinuous variation
characteristics of the stratum through the similarity between
waveforms (Bahorich and Farmer, 1995; Marfurt et al., 1999;
Wang et al., 2016; Gao et al., 2018). The coherence data reflect the
difference between adjacent seismic tracks. Mathematically, the
difference value is mainly expressed by variance. The worse the
continuity of the strata is, the greater the variance value.
Coherence highlights discontinuities by emphasizing unrelated
anomalies (Zhang et al., 2002;Wang et al., 2012; Gong et al., 2013;
Wang et al., 2015). When the continuity of a stratum is broken,
such as by a fault, pinching, intrusion, deformation, etc. causing
seismic waves to change, sudden changes are evident at the edges.

The data used are the coherence attributes extracted from the
resulting data after structure-oriented filtering using the
eigenvalue algorithm of coherence attribute technology of
GeoEast software. The number of coherence channels is 5 × 5,
and the coherent time window is selected as 25 ms after the test
(approximately 2/3 wavelength, the main frequency of the data is
approximately 30 Hz).

3.2.2 Coherent Linear Enhancement Technique
The main function of the AFE module in Paradigm software is
automatic fault extraction. The intermediate part of this

module, linear reinforcement processing, supports the search
for microcracks and can help predict the planar distribution of
cracks. The discontinuity of seismic reflection events mainly
contains two kinds of information: noise irrelevant to geological
factors and fractures and faults. The main effect of linear
reinforcement in the AFE module is to suppress noise and
enhance and amplify the desired geological information.
First, linear filtering is carried out; that is, according to the
actual geological conditions, the noise distribution is correctly
understood, and INLINE, XLINE, and BOTH are flexibly used
in three ways to remove noise, save related geological
information as much as possible, and improve the quality of
the data. Then, through the line detection method and
reasonable selection of the detection line length, linear
strengthening is conducted to highlight the fracture
information and solve the actual geological problems (Zhang
et al., 2013; Shang et al., 2021).

The fabrication of coherence is the basis of the linear
strengthening technique for crack detection. To obtain a
higher-quality data volume sensitive to fractures, the
coherence data volume should be further linearly enhanced.
In the process of linear strengthening, noise suppression is
mainly carried out along the direction of noise in the
plane, and the direction perpendicular to the main
measuring line is usually considered the main direction of
noise. Its purpose is mainly to filter the noise that can be seen in
the coherence data. The effect of noise filtering can be achieved
by selecting the length of the noise filtering factor. In the

FIGURE 3 | (A) Well log interpretation of well Baobab C-2. (B) Image log of well Babab C-2 (729–737 m).
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process of linear strengthening, fracture seismic reflection in
the direction of the main survey line is retained, and the
noise information of fractures in other directions is
suppressed to enhance the fracture information in the
study area.

3.3 Spectral Decomposition
Fractures inside a buried hill are the main cause for the
formation of a cavity, and the response characteristics of
seismic data with different acquisition directions vary. The
collection direction vertical to the cavity is most sensitive to the
response characteristics of the cavity (Lu et al., 2007; Liu and
Ning, 2009; Su et al., 2020). The technique of spectral
decomposition transforms the seismic signal from the time
domain to the frequency domain by mathematical
transformation. The reservoir is characterized in the
frequency domain to avoid the mutual interference of
different frequencies in the time domain (Sinha et al., 2005;
Zhang et al., 2017; Li et al., 2019; Wu et al., 2020). Therefore,
the seismic response characteristics of the same cavity to
seismic waves with different frequencies are also different.
The low-frequency amplitude energy of the reservoir
increases when oil and gas are present (Li et al., 2019; Luo
et al., 2020). In other words, the energy of the low-frequency
component of seismic waves passing through oil–gas reservoirs
is stronger than that of seismic waves passing through
nonreservoirs (Liu, 2013; Tian et al., 2016; Zheng et al.,
2019). It is possible to predict the distribution of fractured-
cave reservoirs by using weak seismic spectral variation (Wang
et al., 2004; Liu, 2013). Based on the above understanding, it
can be considered that seismic waves in the low-frequency
segment have a clearer representation of fractures and caves.
To clarify the distribution rules of buried hill cavities, the

following research ideas are designed: the short-time Fourier
transform (STFT) is applied to seismic data to obtain a single
frequency attribute body of multiple frequencies, combined
with along-layer slicing technology, to identify the cavity plane
distribution of various time windows (theoretically, the
frequency division information can reflect the aperture of
the 1/4 wavelength specification) (Raeesi et al., 2012; Tian
et al., 2016; Li et al., 2019; Yang et al., 2021).

3.4 Attribute Fusion Technology
The extraction of seismic attributes is mainly based on
mathematical transformation, and the geological significance
of a single attribute may be relatively fuzzy, which requires
geological researchers to determine the attributes
comprehensively according to experience and various data
(Zhou et al., 2021). However, the mixed attribute generated
after seismic attribute fusion has no specific geological
meaning. The purpose is to enable different attributes to be
displayed simultaneously in the same palette mode, which is
convenient for researchers to conduct comprehensive analysis
and consideration of multiple attributes.

The GeoEast system attribute fusion technology is, according
to a certain proportion relationship, to fuse attribute A and
attribute B to generate a new attribute C. An appropriate
dividing line is selected within the value range of attribute C,
and the value range to be displayed by data A and that by data B
are placed on either side of the boundary point of data C (Meng
et al., 2018) (Figure 4).

Amax, Amin: the maximum and minimum values of seismic
attribute data A; Data between (A1, A2) in data A are selected for
fusion; Amin ≤ A1 ≤ A2 ≤ Amax.

Bmax, Bmin: the maximum and minimum values of seismic
attribute data B; Data between (B1, B2) in data B are selected for
fusion; Bmin ≤ B1 ≤ B2 ≤ Bmax.

The maximum and minimum of data C after fusion are Cmax
and Cmin.

In the program, the maximum and minimum of data C are
designed to be equal to the maximum and minimum of attribute
data A, that is, Cmax = Amax, Cmin = Amin.

Amax and Amin: maximum and minimum values of seismic
attribute data A, respectively. Data between (A1, A2) in data A are
selected for fusion, and Amin ≤ A1 ≤ A2 ≤ Amax.

Bmax and Bmin: the maximum and minimum values of
seismic attribute data B; data between (B1, B2) in data B are
selected for fusion, and Bmin ≤ B1 ≤ B2 ≤ Bmax.

The maximum and minimum of data C after fusion are Cmax
and Cmin. In the program, the maximum and minimum of data
C are designed to be equal to the maximum and minimum of
attribute data A; that is, Cmax = Amax, Cmin = Amin.

To scale the attribute data A and B into data C, an appropriate
value between the maximum and minimum of data C is selected
as the cut-off point Cx, and Cmin < Cx < Cmax (or Amin < Cx <
Amax). Then, the selected part of data A (A1, A2) is fused into the
(Cmin, Cx) segment of data C, and the selected part of data B (B1,
B2) is fused into the (Cx, Cmax) segment of data C. The specific
calculation formula is as follows (Zhang et al., 2015; Meng et al.,
2018) (Formulas 1, 2):

FIGURE 4 | Schematic diagram of attribute proportion fusion
calculation.
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CA � Cmin + (A − A1)
(A2 − A1) (Cx − Cmin) (1)

CB � Cx + (B − B1)
(B2 − B1) (Cmax − Cx) (2)

Cmin < Cx < Cmax, Amin ≤ A1 ≤ A2 ≤ Amax, Bmin ≤ B1 ≤ B2
≤ Bmax.

4 RESULTS AND DISCUSSION

4.1 Seismic Data Preprocessing
In the BC block, there is a large difference in wave impedance
between the granitic buried hill and the overlying clastic rocks in
the P formation, which has a certain shielding effect on the
seismic reflection characteristics of the underlying basement rock.
As a result, the reflection signal is lost, and the resolution
gradually decreases as the depth inside the buried hill
increases. Seismic interpretation requires enhancement of the
seismic reflections within the buried hill to maximize the accuracy
of fracture prediction. Currently, the structure-oriented filtering
technique is widely used for the preprocessing of seismic data
because of its simplicity and effectiveness.

The signal-to-noise ratio of seismic data can be improved by
structure-oriented filtering, thus improving the quality of the

seismic data. Although the raw seismic data can reflect fault and
fracture information to some extent, the resolution of the
breakpoints is low (Figure 5A). Parameters suitable for the
area were selected for structure-oriented filtering (Figure 5B).
After filtering, the seismic profiles and breakpoints are clear. In
addition, the continuity of seismic reflection events was
improved, which provides a basis for subsequent prediction
studies of buried-hill reservoirs.

4.2 Coherent Linear Enhancement
Figure 6A is the coherence attribute map along the top of the
buried hill in the test area of the BC block, in which dark shadows
represent low coherence, and bright areas represent high
coherence. Because of the poor continuity of the reflected
wave at the fault, it shows dark lines or curved features.
Superposed with the fault system, the faults in the buried hill
are found to have strikes of NW–SE and nearly E–W. This
attribute is good for identifying large fractures but has a weak
sensitivity response to fractures. Therefore, further linear
strengthening technology is needed to improve the prediction
accuracy of fractures.

Figure 6B shows the prediction plan of fracture development
after coherent linear enhancement within 100 m below the upper
surface of the buried hill in the test area of the BC block. In the
figure, black areas represent areas with well-developed fractures,

FIGURE 5 | Seismic profile before and after structure-oriented filtering. (A) Original seismic profile; (B) Seismic profile after structure-oriented filtering.
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and blue areas represent areas with poorly developed fractures.
The results of fracture prediction are verified by the high oil and
gas production of well BC-4 and well BC-2 in the buried hill
section. The results show that the degree of coincidence is high,
which suggests the feasibility of this fracture prediction method,
which can effectively predict the planar distribution of fractured
reservoirs.

4.3 Fractured-Cave Reservoir Prediction
Combined with accurate reservoir calibration, the development
location and seismic reflection characteristics of the cavity were
determined. The GeoEast time-frequency analysis module was
used to obtain the highest coincidence between the 5 Hz single
frequency attribute body and the actual drilling core calibration,
which can accurately reflect the plane distribution of the
fractured-cave reservoir in the buried hill (Figures 7A–C).

Figure 7B shows the core photos of Well Baobab C1-4 and the
5 Hz frequency volume profile of well Baobab C1-4. Red and
yellow represent abnormal bodies such as cavities, and green
represents conventional strata. In the drilling of Well Baobab C1-
4, multistage caving and mud leakage occurred, and holes were

found in the drilling core at 1,419.72 m, which was consistent
with the characteristics of the frequency attribute body at the
corresponding position, indicating the sensitivity of low-
frequency hole detection. Therefore, 5 Hz single-frequency
attribute body data can be used to predict the distribution of
fractures or cavities.

4.4 Comprehensive Prediction of Buried-Hill
Reservoirs
The planar prediction results (as shown in Figures 8A,B) of the
buried hill fractures and fractured caves in the BC block described
above are used for attribute fusion. Figure 9A is a comprehensive
evaluation diagram of buried-hill reservoirs in the BC block after
splicing and fusion of the two types of reservoirs at depths of
0–100 m below the buried hill surface. The blue values indicate
the development area of fractured reservoirs, which are mainly
concentrated in the higher area in the northeast. The distribution
characteristics are influenced by the NW–SE strike. Because the
northeastern part of the section is strongly affected by tectonic
stress, the buried hill is steep and narrow, and a series of large

FIGURE 6 | Coherence attribute properties and coherent linear enhancement properties. (A) Coherence attribute properties on the top of the granitic buried hill in
the BC2 well area. (B) Coherent linear enhancement properties of cracks on the top of granitic buried hill in the BC2 well area.

FIGURE 7 | (A) Plan view of the single-frequency volume in the area of well Baobab C1-4 (5 Hz). (B) Single-frequency profile of well Baobab C1-4. (C) Image of the
core of well Baobab C1-4 (1,419.72 m–1420 m).
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first-order faults are developed in the NW–SE direction. The
strata adjacent to the large faults are seriously broken, and a
fracture zone is developed. The buried hill landform in the
southwestern section is relatively broad and has been weakly
affected by tectonic stress. It is located at the tail end of the large
fault, the strata are relatively intact, and the fracture development
intensity is relatively weak. The fracture system around the long-
term active fault associated with multistage tectonic movement is
dense and complex and represents the final result of the crossing
and superposition of multistage fractures (Sun et al., 2013). The
red and yellow values indicate the development zones of
fractured-cave reservoirs. Figure 8B shows that the basement
rock pores in this area are mainly developed in the southwest of
the section (West of the black dotted line in Figure 8B), are
weakly developed in the East and are least developed in the North.
The development degree of basement rock pores weakens from
SW to NE.

Comprehensive analysis shows that the granitic rocks mainly
host fractured reservoirs with little difference in development
intensity. During the formation of the central African shear zone,
the uplift height in the northeast of the section was greater than
that in the southwest due to tectonic stress (Cuong and Warren,
2009). As the large fault developed, the formation fragmentation
was more severe in the northeast than in the southwest. In the
southwestern part of the section, the stress intensity has remained
low, and the strata are relatively intact. Later developed faults or

fractures intersect with early fractures, which is conducive to local
formation dissolution and fractured-cave formation. The
reservoir connectivity of the whole area gradually increases
from southwest to northeast.

According to the above observations, the types of buried-hill
reservoirs in the BC block are divided according to the relative
development degree of fractures and caves. From southwest to
northeast, the reservoirs gradually transition from the fractured-
cave type to the fracture type. With gradually decreasing porosity,
reservoirs are divided as follows: A) fractured-cave reservoir, B)
cavity-fracture reservoir, and C) fracture reservoir. Finally, based
on the comprehensive consideration of porosity and connectivity,
it is considered that the B type (cavity-fracture reservoir) is the
preferred high-quality reservoir (Figure 9B).

4.5 Application Effect Evaluation
Reservoir production dynamic data can effectively reflect the
production characteristics of a large section of the play zone,
which can further verify the reservoir prediction results (Guo
et al., 2019). Wells BC1-10 and BC1-13 are located in the high
part of the buried hill, and the fracture and frequency data are
displayed in the fusion profile and on the horizontal plane
(Figures 10A,B). Black represents the fractured reservoir
response, and yellow–green represents the fractured-cave
reservoir response. Fractures are well developed in both wells.
However, the amplitude energy of the 5 Hz single-frequency

FIGURE 8 | (A) Prediction map of the fractured granitic buried-hill reservoirs in the BC block (100 m below buried-hill surface). (B) Prediction map of the fractured-
cave granitic buried-hill reservoirs in the BC block (0–100 m below the buried-hill surface).

FIGURE 9 | (A)Overlap map of the buried-hill reservoirs in the BC block (0–100 m below the buried hill surface). (B) Planar distribution of the three types of buried-
hill reservoirs in the BC block (0–100 m below the buried hill surface).
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FIGURE 10 | (A) Fusion profile of fracture data and fractured-cave data through wells BC1-10 and BC1-13 (coherent linear enhancement attribute and 5 Hz
frequency volume). (B) Reservoir overlap diagram of buried hills in the BC block. (C) Dynamic production curves of wells BC1-10 and BC1-13.

FIGURE 11 | Structural diagram of the top of the buried hill in the BC block (green indicates oil-bearing areas and yellow indicates traps).
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attribute body in BC1-13 is stronger, suggesting that the
fractured-cave reservoir is more developed, with better
reservoir connectivity and better reservoir evaluation. The
logging interpretation of the BC1-13 well buried-hill oil layer
is 142.69 m, and that of the BC1-10 well buried-hill oil layer is
16 m. Based on the dynamic production curve statistics of the past
year (Figure 10C), well BC1-10 averaged 90 m3 of oil per day,
while well BC1-13, which was predicted to have a more developed
buried-hill formation, averaged 180 m3/day, in line with the
predrilling forecast.

The three types of reservoir areas are compared with the
previous prediction results (Figure 11), combined with dynamic
data from all producing wells in the field. The average daily oil
production per well in the buried-hill type B reservoir is 253 m3/
day; the average daily oil production per well in the buried-hill
type C reservoir area is 161 m3/day; the average daily oil
production per well in the buried-hill type A reservoir area is
66 m3/day; and the average daily production of oil and gas per
well decreases successively. This is consistent with the
comprehensive prediction results of basement buried-hill
reservoirs in the BC block area, which confirms the
effectiveness of this method. Buried-hill oil and gas
accumulations are controlled by structural location and
reservoir type. In a buried-hill fault block with a high
structure, the type of buried-hill reservoir is the main
controlling factor affecting productivity change. The cavity-
fracture reservoirs are characterized by the highest oil production.

5 CONCLUSION

(1) A set of reservoir prediction methods suitable for granitic
buried-hill reservoirs is summarized. These methods have
been successfully applied to predict the most favourable
development zones in the BC block. According to the
different types of basement buried-hill reservoirs, different
methods can be used to predict the spatial distribution of
fracture reservoirs and fractured-cave reservoirs in
complicated and heterogeneous basement buried-hill
reservoirs.

(2) The basement buried-hill reservoirs in the BC block are
dominated by fractured reservoirs, with locally developed
fractured-cave reservoirs. The fractured-cave reservoirs
formed from fractured reservoirs and are mainly
associated with tectonic faults in the southwestern part.
The tectonic faults in the northeastern part are close to
the tectonic stress release zone. The formation is heavily
fractured. The reservoirs are mainly fractured. The overall
connectivity is better in the northeast than in the southwest.

(3) A comprehensive study shows that the basement buried-hill
reservoirs in the BC block can be divided into three types: A)
fractured-cave reservoirs; B) cavity-fracture reservoirs; and

C) fracture-type reservoirs. From the southwest to the
northeast, the reservoirs gradually transition from the
fractured-cave type to the fracture type, with a gradual
decrease in porosity and a gradual increase in
connectivity. Based on the comprehensive evaluation of
porosity and connectivity, it is concluded that the B-type
cavity-fracture reservoir is the best reservoir type. Actual
drilling data are consistent with the predictions.

(4) The comprehensive reservoir prediction results show that the
method proposed in this study can effectively predict the
reservoir distribution in the depth range of 0–100 m from the
top of the buried hill but still has some limitations (e.g., it
cannot distinguish effective fractures from ineffective
fractures).

(5) The reservoir potential of the Precambrian basement has
been greatly underestimated. This favourable finding has
potential implications for exploration in the future. The
oil discovery in the fractured buried hills in the
Precambrian basement of the Bongor Basin will aid the
hydrocarbon exploration of new plays in the central
African rift system. It is also a milestone in the onshore
exploration of the central African rift system.
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