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Abstract: To study the spatial distribution and scale of oil and gas near faults in petroliferous basins,
a prediction model is established for the degree of damage that faults in different stages of evolution
exert on the sealing ability of mudstone cap rocks by calculating the stages and degree of fault damage
to the sealing ability of mudstone cap rocks. This model is applied to the Nanpu 5th Structure and the
results show that at survey lines L2 and L8, the F1 Fault destroyed the sealing capacity of mudstone
cap rock of the 2nd member of Dongying Formation (E3dy). The undamaged cap rock stage, when
the degree of damage was zero, persisted from 23.8 to 16.0 Ma at survey line L2 and from 23.8 to 13.6
Ma at survey line L8. Complete destruction, i.e., where the degree of damage was 100%, at survey
lines L2 and L8 occurred from 16.0 to 13.3 Ma and from 13.6 to 13.3 Ma, respectively. The partial
destruction stage began 13.3 Ma ago and persists today; the degrees of damage at survey lines L2
and L8 were 89.96% and 82.58%, respectively. This was not conducive to oil and gas accumulation in
the reservoir under the mudstone cap rock of Esd,. These results agreed with the current findings of
small amounts of oil and gas under the mudstone cap rock of Ezd; at survey line L8 and no oil and
gas at survey line L2. This indicates that the model is feasible for predicting the degree of damage to
the sealing ability of the mudstone cap rocks by faults at different stages in their evolution.
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1. Introduction

Mudstone cap rocks control the spatial distribution [1-4] and scale [5,6] of oil and gas
accumulation in petroliferous basins. However, whether a mudstone cap rock can seal-in
oil and gas is not just related to its own development characteristics [7,8], it also depends on
the destructive effect and degree of damage exerted via fault evolution [9-14]. The greater
the degree of damage that faults inflict on the sealing ability of mudstone cap rocks, the
smaller the scale of oil and gas accumulation in the reservoir under the mudstone cap rock,
and vice versa [15-17]. This displays that precisely ascertaining the degree of damage to the
sealing ability of mudstone cap rocks exerted by faults in different stages of their evolution
is crucial for improving the current comprehension of the role of faults in petroliferous
basins in oil and gas accumulation, as well as in steering hydrocarbon exploration.

Two significant aspects are summarized here from previous research on the effects of
fault damage on mudstone cap rocks. First, the effect of fault damage on the distribution
continuity of mudstone cap rocks is studied by comparing the relative size between the fault
throw and the thickness of mudstone cap rocks [18-23]. If the former is greater than the
latter, the faults completely stagger the mudstone cap rocks and destroy their distribution
continuity. If, however, the mudstone cap rocks are not completely staggered, and because
the shale content and degree of diagenetic compaction of the fault rocks are lower than for
the mudstone cap rocks, the distribution continuity of the mudstone cap rocks is partially
damaged. Second, in the light of the comparative magnitude of the displacement pressure
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of the fault rocks and the mudstone cap rocks, the impact of fault damage on the closure
ability of mudstone cap rocks is studied [10,24-29]. The general assumption is that the
greater the displacement pressure of the fault rocks relative to the mudstone cap rocks,
the lesser the damage to the closure ability of the mudstone cap rocks by the faults, and
vice versa.

However, few studies examine the degree of damage that faults exert on the sealing
ability of mudstone cap rocks, and no available studies have assessed how the sealing
capacity of mudstone caprocks can be destroyed by faults during different stages of their
evolution. This undoubtedly affects the accuracy of studies on the sealing ability of
fault-damaged mudstone cap rocks and brings certain perils to hydrocarbon exploration.
Consequently, here we try to establish a prediction model for the degree of damage that
faults in different stages of evolution exert on the sealing ability of mudstone cap rocks
based on the mechanism of faulting, so as to predict the spatial distribution and scale of
hydrocarbon near faults in petroliferous basins more accurately.

2. Geological Setting

Located in the northwestern part of the Nanpu Sag, with a structural low in the east
and a structural high in the west, the Nanpu 5th Structure covers an exploration area
of about 350 km? (Figure 1a). It is a buried-hill drape-fold anticline that developed on
the background Mesozoic and Paleozoic bedrock nose structures. It is controlled by the
Xi'nanzhuang Fault and its derived faults [30], and a series of NEE-trending faults are
developed on it (Figure 1a). The strata, developed from bottom to top in this structure,
include the Paleogene Kongdian Formation (E;k), Shahejie Formation (E3s), Dongying
Formation (E3d), Neogene Guantao Formation (N;g), Minghuazhen Formation (Nym), and
Quaternary strata (Q). A large volume of oil and gas was discovered under the mudstone
cap rock of the 2nd member of the Dongying Formation (Esd;). This comes mainly from
the source rocks of the 3rd member of Shahejie Formation (E3s3) and the 1st member of
the Shahejie Formation (E3s;). The cap rock of Ezd; is a part of the regional mudstone cap
rock, with a maximum thickness of more than 300 m. It is thickest in the eastern part of
the Nanpu 5th Structure, gradually reducing to zero in the western part [27]. The F1 Fault
is situated in the central part of the Nanpu 5th Structure, and is a normal fault extending
NEE (Figure 1a). The fault is inclined to the northwest, with an average dip angle of 25°.
The maximum fault throw is 185 m and the minimum is 20 m, from the lower part of the
3rd member of the Dongying Formation (Ezd3) to the upper part of Ny g (Figure 1b).
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Figure 1. Relationship between the F1 Fault and oil-gas distribution in the Nanpu 5th Structure:
(a) plan; (b) section views.
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In the process of the upward migration of oil and gas generated from the source rocks
of E3s3 and Egs; along the oil source faults (i.e., active faults connecting the source rock of
E3s3 or E3sq to the reservoir below the mudstone cap rock of Ezd, during the hydrocarbon
accumulation period in the late-stage sedimentation of Nym [31]), they will be obstructed
by the mudstone cap rock of E3dy. Accurately predicting the degree of damage by the F1
Fault to the sealing ability of the mudstone cap rock of Ezd; in different stages of fault
evolution is crucial for understanding the oil and gas enrichment degree, as well as for the
effective guidance of oil and gas exploration below the mudstone cap rock of Ezd,.

3. Methods

3.1. The Mechanism and Degree of Fault Damage to the Sealing Ability of Mudstone Cap Rocks
The process of fault damage to the sealing ability of mudstone cap rocks is divided

into three stages based on the relationship between segmented fault growth in mudstone

cap rocks and their effect on the sealing capacity of mudstone cap rocks (Figure 2).

H/m
P./MPa

H, Juxtaposition thickness of the mudstone cap rock T, Undamaged stage

t, Period when fault activity begins T, Complete destruction stage
t, Period when the faults cease their activity T Partial destruction stage

P, Displacement pressure of the fault rock T Geological period

t, Period when the faults start to destroy the sealing capacity of the mudstone cap rocks

H Maximum juxtaposition thickness required for the upward and downward
ma connections of the segmented growth faults in the mudstone cap rocks

Figure 2. Stages of division of the sealing ability of mudstone cap rocks destroyed by faults.

The first stage is the undamaged stage (T,), which is the period that marks the begin-
ning of the fault activity (ta) to when the faults begin to destroy the sealing capacity of the
mudstone cap rocks (t,) (Figure 2). The fault activity is relatively weak at this stage and the
fault throw is relatively small. As a result of segmented growth, the faults are not vertically
connected and they do not become a transport channel for oil and gas to migrate upward
through the mudstone cap rocks. It is believed that faults at this stage do not destroy the
sealing capacity of the mudstone cap rocks, and the degree of damage is zero.

The second stage is the complete destruction stage (T},), which is the period from when
the faults begin to destroy the sealing ability of the mudstone cap rocks (t,) to when their
activity stops (tp) (Figure 2). Unlike in the first stage, the faults that previously experienced
segmented growth are now connected; they extend both in the upward and downward
directions within the mudstone cap rocks. The gradual increases in fault activity and fault
throw make them transport channels for the upward movement of hydrocarbon through
the cap rocks. If the degree of damage is 100%, this suggests the complete destruction of
the sealing capacity of the mudstone cap rocks.

The third stage is the partial destruction stage (T.), which begins when the fault
activity ceases (tp) and extends to the present (Figure 2). The cessation of fault activity in
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conjunction with the overlying sedimentary load, regional principal compressive stress,
and mineral precipitation and cementation aided by groundwater results in the sealing
of fractures associated with the faults. The fractures lose the ability to transport oil and
gas. As the fracture fillers gradually begin to undergo compaction and diagenesis, the fault
rocks act as less-effective seals for oil and gas compared to the mudstone cap rocks. As the
closure ability of the mudstone cap rocks is partially destroyed by the faults in this stage,
the degree of damage is quantitatively expressed as [32]:

D=L =B 100% (1)

Pe

where D is the degree of damage (%); P. is the displacement pressure of the mudstone cap
rock (MPa) and Ps is the displacement pressure of the fault rock (MPa).

3.2. Method for Predicting the Degree of Fault Damage to the Sealing Ability of Mudstone
Cap Rocks

The above analysis shows that faults at different stages of their evolution exert a
different degree of damage to the closure ability of mudstone cap rocks; the method of
predicting the degree of damage is also different. Identifying various stages of damage
improves predictions of the effect the degree of fault damage has on the sealing ability of
mudstone cap rocks.

3.2.1. The Method for Determining the Stages of Damage

It is necessary to determine when the faults were activated, when they started to
destroy the sealing capacity of mudstone cap rocks, and when their activity ceased to
determine the different stages of fault damage.

The fault growth index [33], fault activity rate [34], and stratigraphic extension rate [35]
are used to determine the beginning and ending periods of fault activity. The fault activity
period is marked by a fault growth index greater than 1 or by a relatively large fault activity
rate or stratigraphic extension rate.

The period when faults begin to destroy the sealing capacity of mudstone cap rocks
can be determined according to the following steps. First, the ancient thickness of the
mudstone cap rocks during different geological periods is recovered using the ancient
thickness resumption method [36] based on calculations of the thickness of the mudstone
cap rock and fault throw from the drilling and seismic data. The ancient fault throws
from different geological periods are restored using the maximum fault throw subtraction
method [19]. The ancient juxtaposition thicknesses of the mudstone cap rocks in different
geological periods are calculated by subtracting the ancient fault throw from the ancient
mudstone cap rock thickness; the changes in the ancient juxtaposition thickness of the
mudstone cap rocks with time are plotted in Figure 2. Second, on the basis of the connection
between the juxtaposition thicknesses of the mudstone cap rocks at given well points in
the research area and their vertically segregated hydrocarbon distributions, the minimum
juxtaposition thickness where the hydrocarbon is only distributed under the mudstone
cap rocks is taken as the maximum juxtaposition thickness required for the upward and
downward connections of the faults with the segmented growth in the mudstone cap rocks
(Figure 3). If the juxtaposition thickness of the mudstone cap rocks exceeds this value,
the segmented growth faults will not be vertically connected in the mudstone cap rocks
and will not become transport channels for the upward movement of hydrocarbon via the
mudstone cap rocks. As a result, oil and gas can only accumulate under the mudstone cap
rocks. On the contrary, oil and gas can accumulate above and below the mudstone cap
rocks. The faults begin to destroy the sealing capacity of the mudstone cap rocks when the
juxtaposition thickness of the mudstone cap rocks is equal to the maximum juxtaposition
thickness required for the upward and downward connections of the segmented growth
faults in the mudstone cap rocks.
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Figure 3. Determination of the maximum juxtaposition thickness required for the upward and
downward connections of the segmented growth faults in the mudstone cap rocks.

3.2.2. Determining the Degree of Damage

During different stages of damage, the degrees of damage exerted by the faults to the
closure ability of the mudstone cap rocks are dissimilar. In the undamaged stage and the
complete destruction stage, the degrees of damage are zero and 100%, respectively. In the
partial destruction stage, the degree of damage is related to the displacement pressure of
the mudstone cap rocks and the displacement pressure of the fault rocks.

The displacement pressure of the mudstone cap rocks can be obtained via laboratory
sampling. In the absence of a sample, a two-parameter empirical formula (Equation (2))
is used. One parameter (Z) is the burial depth of the mudstone cap rocks compacted by
diagenesis; if the overlying strata has no obvious uplift and denudation, Z can be replaced
by the current burial depth. The second parameter (R) is the shale content obtained from

natural gamma logging data [37]:
b
ZR
p=a(fy) @

where P is the displacement pressure (MPa), Z is the diagenetic depth of compaction (m), R
is the shale content (%), and a and b are region-related parameters.

Although drilling and coring limitations make it impossible to obtain the displacement
pressure of fault rocks via the laboratory testing of samples, it can be estimated from the
displacement pressure of measured samples of surrounding rocks. For this calculation, it is
assumed that the fault is an inclined rock layer embedded in the surrounding rocks, and
its material composition comes only from the two adjacent blocks of the faulted strata. Its
sealing ability is also affected by the diagenetic depth of compaction and the shale content,
just like for the surrounding rocks. On the basis of this assumption, the shale content of
the fault rocks is calculated according to the fault throw, as well as the thickness and shale
content of the strata, which are staggered by the fault [38]. Substituting the calculation
results into Equation (2) gives the relationship between the measured displacement pressure
of the surrounding rocks and their diagenetic depth of compaction with the same shale
content as the fault rocks (Ps) (Figure 4). The relationship can be extended from the period
when the deposition from the surrounding rocks stops (t;) to the period when the fault rocks
begin to undergo compaction (tp). This defines the relationship between the displacement
pressure of the fault rocks and their diagenetic depth of compaction (Pf). Finally, the
displacement pressure corresponding to (zjcos ) is taken as the current displacement
pressure of the fault rocks (P¢;) (Figure 4).
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P, Displacement pressure of the fault rock t, Period when the faults cease their activity
P_ Displacement pressure of the surrounding rock ¢ Faultdip angle 7 Geological period
P, Current displacement pressure of the fault rock P Displacement pressure
t, Period when deposition from the surrounding rocks stops z, Current burial depth
z, Burial depth of the fault when it ceases its activity 7 Diagenetic depth of compaction

Figure 4. Calculation of displacement pressure of the fault rocks.

The degree of damage that faults impose on the sealing ability of mudstone cap
rocks in the partial destruction stage can be estimated by substituting into Equation (1) the
displacement pressure of the mudstone cap rocks and their fault rocks as determined above.

4. Results and Discussion
4.1. Stages of Damage

The F1 Fault destroyed the sealing ability of the mudstone cap rock of E3d,, but the
degree of damage was different at the different survey lines (Figure 1). As shown in Table 1,
atsurvey lines L1, L3, L4, L5, L6, L7, and L9, the juxtaposition thickness of the mudstone cap
rock of Ezd; overtakes the maximum required for the upward and downward connections
of the segmented growth faults in the mudstone cap rocks (about 120 m [28]). Therefore,
the F1 Fault has not destroyed the sealing ability of the mudstone cap rock of Ezd, i.e.,
the mudstone cap rock is in an undamaged stage. However, the F1 Fault destroyed the
sealing ability of the mudstone cap rock of Ezd, where the juxtaposition thickness at survey
lines L2 (25 m) and L8 (118 m) is less than the maximum (Table 1). This suggests that
it is necessary to study the degree of damage by the F1 fault to the sealing ability of the
mudstone cap rock of Ezd, in the different stages of fault evolution.

Table 1. Data for the juxtaposition thickness of the mudstone cap rock of Ezds.

Survey Lines L1 L2 L3 L4 L5 Lé L7 L8 L9

Thickness of mudstone
cap rock (m)

Fault throw (m) 20 185 110 100 95 100 127 80 50

Juxtaposition thickness
of mudstone cap rock (m)

269 210 243 239 269 305 252 198 290

249 25 133 139 174 205 125 118 240

The calculation results for the fault growth index (tantamount to the footwall thickness
divided by the hanging thickness of a fault) suggest that the F1 Fault was mainly active
during the deposition period of the lower Guantao Formation (N;g"), approximately 23.8
to 13.3 Ma (states for millions of years) ago (Figure 5). In other words, the F1 Fault activity
began 23.8 Ma ago and ceased about 13.3 Ma ago.
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Figure 5. Distribution of the growth index of the F1 Fault in different layers.

Determining when the faults begin to destroy the sealing capacity of the mudstone
cap rocks follows, and it can be concluded that approximately 16.0 Ma ago the F1 Fault
at survey line L2 began to destroy the sealing capacity of the mudstone cap rock of Esd;,
while at survey line L8 the destruction began about 13.6 Ma ago (Figure 6).
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Figure 6. Determination of the period when the F1 Fault begins to destroy the sealing capacity of the
mudstone cap rock of Egdy.

In summary, at survey line L2, the undamaged stage for the sealing ability of the
mudstone cap rock of Ezd, was from 23.8 to 16.0 Ma; the complete destruction stage
occurred from 16.0 to 13.3 Ma, while the partial destruction stage is ongoing and began
13.3 Ma ago. At survey line L8, the undamaged stage for the sealing ability of the mudstone
cap rock of Esd, was from 23.8 to 13.6 Ma, complete destruction occurred from 13.6 to
13.3 Ma, and partial destruction began 13.3 Ma ago and continues today.

4.2. Degree of Damage

The periods between 23.8 Ma and 16.0 Ma and from 23.8 to 13.6 Ma mark the undam-
aged stage for the sealing ability of the mudstone cap rock of E3d; at survey lines L2 and
L8, respectively, i.e., the degree of mudstone cap rock damage by the F1 Fault was zero.
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From 16.0 to 13.3 Ma at survey line L2 and from 13.6 to 13.3 Ma at survey line L8, the
sealing ability of the mudstone cap rock of E3d, underwent a stage of complete destruction,
i.e., the degree of damage was 100%.

The displacement pressures of the mudstone cap rock of Ezd, (from Equation (2)),
calculated from the relevant parameters listed in Table 2, are about 5.58 MPa and 4.42 MPa
at survey lines L2 and L8, respectively. On the basis of this calculation, the current dis-
placement pressures of the fault rocks at survey lines L2 and L8 are calculated to be about
0.56 MPa and 0.77 MPa, respectively (see also Table 2 and Figure 7). Substituting the
displacement pressure of the fault rocks and the displacement pressure of the mudstone
cap rock of Ezdy at survey lines L2 and L8 of the F1 Fault into Equation (1) gives the degrees
of damage during the partial destruction stage as 89.96% and 82.58%, respectively (Table 2).
Thus, the F1 Fault destroyed the sealing ability of the mudstone cap rock of Esd; to a
great extent resulting in the loss of large volumes oil and gas. This is not in favor of the
accumulation of oil and gas in the reservoir under the mudstone cap rock of Ezd,.

Table 2. Calculation of the degree of damage by the F1 Fault to the sealing ability of the mudstone
cap rock of Ezdj in the partial destruction stage.

Mudstone Cap Rock Fault Rock

Su‘rvey a b D (%)
Lines Z@m) R(%) P.(MPa) Z(m) R(%) P;(MPa)

12 317050 98.90 558 287342 5138 0.56 89.96
g 00319 1507[391 515600 g6.00 442 283309 63.80 0.77 82,58

Note: D is the degree of damage; P. is the displacement pressure of the mudstone cap rock; Ps is the displacement
pressure of the fault rock; Z is the diagenetic depth of compaction; R is the shale content; a and b are region-
related parameters.
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Figure 7. Determination of displacement pressures of the fault rocks at survey lines (a) L2 and (b) L8.
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4.3. Result Verification

The oil and gas drilling results show that well B10 at survey line L8 has obtained
low-yield oil flow in the reservoir below the mudstone cap rock of Ezdy, but the scale is
limited, while well Np5-96 at survey line L2 did not yield any oil or gas (Figure 1a). In
addition, the F1 Fault has not destroyed the sealing ability of the mudstone cap rock of E3d,
at survey lines L4 and L7, and the drilling results show oil and gas (well B38X1) and an oil
layer (well Np5-80), respectively. This is consistent with our assessment and indicates that
this model is feasible for application in sand and mudstone formations.

5. Conclusions

(1) A prediction model for the degree of damage that faults in different stages of evolution
exert on the sealing ability of mudstone cap rocks was established, and the practical
application demonstrated the feasibility of this model.

(2) The undamaged stage, i.e., when the degree of damage was zero, was 23.8 to 16.0 Ma
ago at survey line L2 and was 23.8 to 13.6 Ma ago at survey line L8. The complete
destruction stage, when the degree of damage was 100%, was 16.0 to 13.3 Ma ago at
survey line L2 and 13.6 to 13.3 Ma ago at survey line L8. The partial destruction stage
began 13.3 Ma ago and persisted to the present; the degrees of damage at survey lines
L2 and L8 were 89.96% and 82.58%, respectively.

(3) This model is best suited for predicting the degree of fault damage to the closure
ability of mudstone cap rocks in sand and mudstone formations.

Author Contributions: Conceptualization, G.E,; methodology, G.E.; project administration, G.F.;
validation, Q.L.; formal analysis, H.G.; investigation, M.L.; resources, B.Z.; data curation, Q.L.;
writing-original draft, M.L.; writing—review and editing, M.L.; visualization, H.G.; supervision,
G.F,; funding acquisition, G.F. and B.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (Grant
Nos. 41872157 and 42072157 to G.F. and 42002140 to B.Z.) and the Natural Science Foundation of
Heilongjiang Province of China (Grant No. LH2019D005 to B.Z.).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Z.T.; Lin, C.S.; Li, HY.; Zhang, G.K,; Dai, ].L. Characteristics of the Cenozoic cap rock and its control on hydrocarbon in
the western Bohai Sea area. J. Geomech. 2019, 25, 357-369. (In Chinese With English Abstract)

2. Wang, EW.; Chen, D.X.; Wang, Q.C.; Du, W.L.; Chang, S.Y.; Wang, C.; Tian, Z.Y.; Cheng, M.; Yao, D.S. Quantitative evaluation of
caprock sealing controlled by fault activity and hydrocarbon accumulation response: K gasfield in the Xihu Depression, East
China Sea Basin. Mar. Pet. Geol. 2021, 134, 105352. [CrossRef]

3. Han, X,; Fu, G.; Liang, M.G.; Jin, EM.; Han, G.M.; Jiang, W.Y. Prediction method of sealing capacity distribution of regional
mudstone caprocks damaged by fault during the hydrocarbon Accumulation Period. Front. Earth Sci. 2022, 10, 908627. [CrossRef]

4. Zhang, BW. A prediction method for hydrocarbon distribution associated with fault-shale caprock configuration leakages.
Energies 2022, 15, 2867. [CrossRef]

5. Zhao, L], Jiang, Y.L.; Pang, YM.; Yang, D.X,; Fan, B.D. Sealing ability of cap rock and its relationship with hydrocarbon
distribution of Neogene in Raoyang Sag. . China Univ. Pet. Ed. Nat. Sci. 2012, 36, 25-31. (In Chinese With English Abstract)

6. Ma, CF,;Lin, C.Y,; Dong, C.M,; Luan, G.Q.; Zhang, Y.; Sun, X.L.; Liu, X.C. Quantitative relationship between argillaceous caprock
thickness and maximum sealed hydrocarbon column height. Nat. Resour. Res. 2019, 29, 2033-2049. [CrossRef]

7. Armitage, PJ.; Worden, R.H.; Faulkner, D.R.; Aplin, A.C.; Butcher, A.R.; Espie, A.A. Mercia Mudstone Formation caprock to
carbon capture and storage sites: Petrology and petrophysical characteristics. J. Geol. Soc. 2013, 170, 119-132. [CrossRef]

8.  Fu, XF; Yan, L.Y;; Meng, L.D.; Liu, X.B. Deformation mechanism and vertical sealing capacity of fault in the mudstone caprock. J.
Earth Sci. 2019, 30, 367-375. [CrossRef]

9. Lyu, Y.F; Fu, G.; Yu, D. Comprehensive evaluation of sealing ability of cap rock in China’s large and medium gas fields and their
contribution to gas accumulation. Oil Gas Geol. 2005, 26, 742-745, (In Chinese With English Abstract).

10. Lyu, YE; Huang, J.S.; Fu, G.; Fu, X.FE. Quantitative study on fault sealing ability in sandstone and mudstone thin interbed. Acta

Pet. Sin. 2009, 30, 824-829. (In Chinese With English Abstract)


http://doi.org/10.1016/j.marpetgeo.2021.105352
http://doi.org/10.3389/feart.2022.908627
http://doi.org/10.3390/en15082867
http://doi.org/10.1007/s11053-019-09554-w
http://doi.org/10.1144/jgs2012-049
http://doi.org/10.1007/s12583-018-0998-7

Energies 2022, 15, 7676 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fu, G.; Wang, H.R.; Hu, X.L. Prediction method and application of caprock faulted-contact thickness lower limit for oil-gas sealing
in fault zone. J. China Univ. Pet. Ed. Nat. Sci. 2015, 39, 30-37. (In Chinese With English Abstract)

Fu, X.F,; Jia, R;; Wang, H.X.; Wu, T.; Meng, L.D.; Sun, Y.H. Quantitative evaluation of fault-caprock sealing capacity: A case from
Dabei-Kelasu structural belt in Kuqa Depression, Tarim Basin, NW China. Pet. Explor. Dev. 2015, 42, 329-338. [CrossRef]
Zhang, L.; Xie, Z.Y.; Wang, Z.H.; Zhang, M.W.; Guo, ]J.Y,; Li, Y.H. Caprock characteristics and sealing ability evaluation of
Sinian-Cambrian gas reservoirs in Gaoshiti-Moxi area, Sichuan Basin. Nat. Gas Geosci. 2015, 26, 796-804. (In Chinese With
English Abstract)

Chen, S.P; Yu, Y.X,; Chen, S.; Wang, X.P.,; Feng, G.M.; Yuan, HW.; Gou, Q.W.; Xu, S.D.; Zhao, H.B.; Kong, L.H. Methods and case
studies of ultra-deep fault seal evaluation. Acta Geol. Sin. (Engl. Ed.) 2022, 96, 1388-1401. [CrossRef]

Zeng, L.B.; Wang, H.J.; Gong, L.; Liu, B.M. Impacts of the tectonic stress field on natural gas migration and accumulation: A case
study of the Kuqa Depression in the Tarim Basin, China. Mar. Pet. Geol. 2010, 27, 1616-1627. [CrossRef]

Zeng, L.B.; Su, H.; Tang, X.M.; Peng, Y.M.; Gong, L. Fractured tight sandstone oil and gas reservoirs: A new play type in the
Dongpu Depression, Bohai Bay Basin, China. AAPG Bull. 2013, 97, 363-377. [CrossRef]

Gong, L.; Wang, J.; Gao, S.; Fu, X.F; Liu, B.; Miao, EB.; Zhou, X.P.; Meng, Q.K. Characterization, controlling factors and evolution
of fracture effectiveness in shale oil reservoirs. J. Pet. Sci. Eng. 2021, 203, 108655. [CrossRef]

Bouvier, J.D.; Kaars-Sijpesteijn, C.H.; Kluesner, D.F.; Onyejekwe, C.C.; Van Der Pal, R.C. Three-dimensional seismic interpretation
and fault sealing investigations, Nun River Field, Nigeria. Am. Assoc. Pet. Geol. Bull. 1989, 73, 1397-1414.

Knipe, R.J.; Jones, G.; Fisher, Q.J. Faulting, Fault Sealing and Fluid Flow in Hydrocarbon Reservoirs: An Introduction. Geol. Soc.
Lond. Spec. Publ. 1998, 147, vii-xxi. [CrossRef]

Fu, G,; Han, G.; Li, S.Z. A prediction method for fracture lateral-connected hydrocarbon migration. Oil Geophys. Prospect. 2017, 52,
1298-1304+1124. (In Chinese With English Abstract)

Fu, G,; Li, S.Z. Restoration method of closed evolution history of fractured mudstone cap rock and its application. Earth Sci. 2017,
42,1590-1598. (In Chinese With English Abstract)

Wang, C.; Lyu, Y.F; Wang, Q.; Fu, G.; Wang, Y.G.; Sun, Y.H.; Huo, Z.P; Liu, ].Q. Evaluations of oil and gas lateral migration across
faults: A case study of Shigezhuang nose structure of Wen’an slope in Baxian Sag, Jizhong Depression, Bohai Bay Basin, East
China. Pet. Explor. Dev. 2017, 44, 932-940. [CrossRef]

Zhan, M\W,; Fu, G.; Qiu, C.Y,; Yang, Z.Z. A new predicting method for comprehensive damage degree of mudstone caprock by
fault and its application. J. Jilin Univ. Earth Sci. Ed. 2017, 47, 1687-1694. (In Chinese With English Abstract)

Fristad, T.; Groth, A.; Yielding, G.; Freeman, B. Quantitative fault seal prediction: A case study from Oseberg Syd. Nor. Pet. Soc.
Spec. Publ. 1997, 7, 107-124.

Fulljames, ].R.; Zijerveld, L.J.].; Franssen, R.C.M.W. Fault seal processes: Systematic analysis of fault seals over geological and
production time scales. Nor. Pet. Soc. Spec. Publ. 1997, 7, 51-59.

Shi, J.].; Fu, G; Lyu, Y.F; Li, L.L.; An, Z.Y.; Zhu, N.N. Comprehensive evaluation of regional seal in the middle of the first member
of Shahejie Fm in the Qikou Sag. Oil Gas Geol. 2011, 32, 671-681. (In Chinese With English Abstract)

Lyu, Y.F; Xu, C.L,; Fu, G.; Liu, N.Y,; Cui, S.K,; Pang, L. Oil-controlling models of caprock-fault combination and prediction of
favorable horizons for hydrocarbon accumulation in middle-shallow sequences of Nanpu Sag. Oil Gas Geol. 2014, 35, 86-97. (In
Chinese With English Abstract)

Fu, G.; Zhan, M.W. Geological conditions for lateral sealing of active faults and relevant research methods. Nat. Gas Ind. B 2016, 4,
56-61. [CrossRef]

Hu, X.L,; Lyu, Y.E; Sun, YH.; Sun, TW. Comprehensive quantitative evaluation of vertical sealing ability of faults in caprock: An
example of Ed; mudstone caprock in Nanpu Sag. J. Jilin Univ. Earth Sci. Ed. 2018, 48, 705-718. (In Chinese With English Abstract)
Tang, ].C; Li, H.; Zhang, H.Y.; Wang, K.; Chen, C. Sandbody identification in the first member of sha-1 of Nanpu structure 5. Oil
Geophys. Prospect. 2016, 51 (Suppl. S1), 64-70+7. (In Chinese With English Abstract)

Zhang, BW.,; Fu, G.; Zhang, ].H.; Chen, X.Q.; Lan, ].J.; Hu, X.L. Analysis on the different sealing conditions required by mudstone
caprock at different fault evolution stages: A case study on the 1st member of Qingshankou Formation in the Sanzhao Depression
and 2nd member of Dongying Formation in the structure No. 5 of the Nanpu Sag. Oil Gas Geol. 2017, 38, 22-28. (In Chinese With
English Abstract)

Wang, W.; Fu, G.; Hu, X.L. A method study of destruction degree of faults to caprock comprehensive sealing gas ability and its
application. J. Jilin Univ. Earth Sci. Ed. 2017, 47, 685-693. [CrossRef]

Zhao, M.E; Liu, Z.R.; Xin, Q.L.; Li, Y.H. Fault activity features and its control over oil of Linnan area in Huimin Depression. Pet.
Explor. Dev. 2000, 27, 9-11. (In Chinese With English Abstract)

Yin, X.Y.; Ren, J.Y.; Pei, ].X.; Lei, C. Quantitative calculation on fault activity and fault propagation mechanism in Qiongdongnan
Basin, South China Sea. Geol. |. China Univ. 2010, 16, 388-396. (In Chinese With English Abstract)

Hu, M.; Fu, G.; Lyu, Y.F; Fu, X.F,; Pang, L. The fault activity period and its relationship to deep gas accumulation in the Xujiaweizi
Depression, Songliao Basin. Geol. Rev. 2010, 56, 710-718. (In Chinese With English Abstract)

Tan, K.J.; Wei, PS.; Lyu, X.M. Research on quantitative resumption method of stratum paleothickness and its application— Taking
Ludong area in Zhunge'er Basin as an example. Nat. Gas Ind. 2005, 25, 24-27. (In Chinese With English Abstract)

Wu, G.P;Su, J.Y,; Cheng, S.; Huang, J.Z. A method for obtaining shaliness using wiener filtering based on logging data natural
gamma ray. Earth Sci. 2008, 33, 572-576. (In Chinese With English Abstract)


http://doi.org/10.1016/S1876-3804(15)30023-9
http://doi.org/10.1111/1755-6724.14971
http://doi.org/10.1016/j.marpetgeo.2010.04.010
http://doi.org/10.1306/09121212057
http://doi.org/10.1016/j.petrol.2021.108655
http://doi.org/10.1144/GSL.SP.1998.147.01.01
http://doi.org/10.1016/S1876-3804(17)30105-2
http://doi.org/10.1016/j.ngib.2017.07.008
http://doi.org/10.13278/j.cnki.jjuese.201703104(In Chinese With English Abstract) 

Energies 2022, 15, 7676 11 of 11

38. Lyu, YF; Wang, W,; Hu, X.L.; Fu, G.; Shi, J.].; Wang, C.; Liu, Z; Jiang, W.Y. Quantitative evaluation method of fault lateral sealing.
Pet. Explor. Dev. 2016, 43, 340-347. [CrossRef]

39. Fu, G,; Wang, M.C;; Li, S.Z. A method for determining the sealing capacity evolution stage of fault rocks and its application. Nat.
Gas Ind. 2017, 37, 11-16. (In Chinese With English Abstract)


http://doi.org/10.1016/S1876-3804(16)30040-4

	Introduction 
	Geological Setting 
	Methods 
	The Mechanism and Degree of Fault Damage to the Sealing Ability of Mudstone Cap Rocks 
	Method for Predicting the Degree of Fault Damage to the Sealing Ability of Mudstone Cap Rocks 
	The Method for Determining the Stages of Damage 
	Determining the Degree of Damage 


	Results and Discussion 
	Stages of Damage 
	Degree of Damage 
	Result Verification 

	Conclusions 
	References

