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Introduction: The reservoir-forming rule in the paleo-slope zone outside
petroliferous basins’ source kitchens of the eastern basin in China is unclear,
manifested in the distribution of oil and gas in complex multi-layers. This study
focuses on petroleum migration along faults and sandbodies to clarify this
question and improve the exploration efficiency of petroleum in areas with
similar geological conditions.

Method: We summarized two models of petroleum migration based on two
factors: the connected sandbodies and the vertical unsealing faults. Model I is
conducive to the migration of hydrocarbons within a single layer, while Model II
is conducive to the vertical migration of hydrocarbons across layers. Combining
the means for evaluating fault sealing and sandbody connectivity, integrating
these models could form a set of characterization methods for the distribution
of the complex fluid migration pathways.

Results: Thismethod is applied to characterize the complexmultilayermigration
pathways distribution in the first and secondmembers of the Shahejie Formation
in the central-southern area of the Wen’an Slope in the Baxian Sag, Jizhong
Depression, Bohai Bay Basin, China. The results show that, in the first and
second members of the Shahejie Formation in the central-southern area of
the Wen’an Slope, the area for Model II is mainly distributed in the central-
eastern regions. The secondmember has aModel I area distributed in its western
region, and the first member has a Model I area distributed in its centraleastern
parts. The latter distribution area is larger than the former. According
to hydrocarbon migration analysis, the first member is more conducive
to large regional migration and accumulation of hydrocarbons than the
second member.

Discussion: The predicted result of petroleum migration is consistent with the
hydrocarbon distribution found in the central-southern areas of the Wen’an
Slope, which is that oil and gas distribution in the first member is significantly
greater than that in the second member. Thus, our method is feasible for
characterizing the regional distribution of complex multi-layer migration
pathways in simple tectonic setting and oil source conditions. However, further
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research is still needed to increase the effectiveness of present petroleum
migration analysis.

KEYWORDS

sandbody, fault, caprock, migration pathways, hydrocarbon migration, paleo-slope
zone

1 Introduction

The slope zone is one of the structural units of a basin. It
is a gentle monocline formed during the development of the
basin and is usually distributed at the edges, outside of the deep
source rock kitchens of the basin. According to the theory of
oil and gas accumulation, the geological structure background
during the large-scale generation and migration of oil and gas
has a controlling effect on the migration characteristics and
accumulation locations of oil and gas. In the paleo-slope zone,
the accumulated oil and gas all come from the kitchens in
the center of the basin, and the oil and gas have undergone
remarkable lateral and vertical migration. The relationship among
sandbodies, faults, and the caprock can provide conduits for the
migration of oil and gas within a single layer and between layers,
resulting in a significantly more complex oil and gas accumulation
distribution (Wang, 2007; Berndt et al., 2012; Foschi et al., 2014;
Liu et al., 2017; Bertoni et al., 2018; Sun et al., 2021; Zhu et al., 2021;
Wan et al., 2022).

Complex multi-layer migration pathways mean a three-
dimensional oil and gas migration network composed of
sandbodies, faults, and other factors (Wang, 2007; Berndt et al.,
2012). It is important to evaluate these factors when studying
the characteristics of oil and gas migration within the paleo-
slope zone outside of source rock kitchens: whether the faults
that break through the caprock are vertically sealed, whether the
faults are laterally sealed, and whether the formation sandbodies
are connected (Allen, 1978; Aydin, 2000; Ligtenberg, 2005; Fu and
Zhan, 2017; Zhu et al., 2021).

Previous scholars have conducted in-depth research evaluating
fault vertical and lateral sealing capacity (Allan, 1989; Knipe,
1992; Lindsay et al., 1993; Yielding et al., 2010; Fu and Zhan, 2017;
Nicol and Childs, 2018). Four types of fault sealing in siliciclastic
sequences have already been recognized. These are juxtaposition
sealing, shale-smear sealing, fault-rock sealing, and diagenetic
sealing (Yielding et al., 2010).

Juxtaposition seals can be produced by a permeability gradient
between the different rocks juxtaposed across the fault plane
when the hanging wall of a normal fault moves downward. Allan
(1989), Knipe (1992), and Lindsay et al. (1993) identified reservoir
juxtaposition areas across a fault surface to qualitatively evaluate
the sealing ability of a fault by stratigraphic juxtaposition diagrams
called an Allan Map (Allan, 1989) and a Knipe Diagram (Knipe,
1992; Knipe, 1997).

Clay smear (i.e., entrainment of clay or shale) into the fault zone
gives the fault itself a high entry pressure to form an extremely
effective fluid flow barrier. Several algorithms have been developed
to predict fault seal capacity using these geological properties,

including the shale-smearing factor (SSF) (Lindsay et al., 1993), the
clay-smear potential (CSP) (Bouvier et al., 1989; Fulljames et al.,
1997; Nicol and Childs, 2018), and caprock juxtaposition thickness
(CJT) (Fu and Zhan, 2017).

Fault-rock sealing is a type of fault sealing that relies on fault
rock having a lower permeability than the reservoir rock. Fault
rocks are composed of different types of host rocks entrained
into the fault zone (Schultz and Fossen, 2008). The shale-gouge
ratio (SGR) (Yielding et al., 1997; Yielding, 2002; Yielding, 2009;
Choi et al., 2015; Bretan, 2017) is a useful algorithm to evaluate
fault-sealing ability by predicting the average proportion of fine-
grained material entrained into the fault gouge from the host
rocks. Another algorithm has been developed by evaluating
the fault-rock-reservoir displacement pressure difference (DPD)
(Bretan, 2017; Shi, 2019).

When the porosity of fault rocks was partially or completely
removed by preferential cementation along a permeable fault plane,
a diagenesis seal was ultimately created. Cemented faults or fractures
are a common result of deformation (Fisher and Knipe, 1998; Fisher
and Knipe, 2001; Fisher et al., 2009). However, due to the complex
source timing and mechanisms of cementation, there is no effective
algorithm for evaluating the effectiveness of the cementation process
on fault sealing.

The above algorithms have successfully evaluated the
vertical and lateral sealing of faults from different perspectives.
Geologists can apply suitable methods based on their own
work conditions.

Success has also been achieved via research into sandbody
connectivity. The overlapping and connecting of sheet-like, wedge-
shaped (fan-shaped), banded, and complex branching sandbodies
are the basis for the long-distance migration of oil and gas along a
single formation. Allen (1978) put forward a quantitative model to
determine the connectivity of sandbodies in the 1970s. Additional
methods to determine the connectivity of sandbodies include
seismic, dynamic, and statistical analysis and reservoir geochemical
methods (Kaufman et al., 1987; King, 1990; Johnson et al., 1996;
Jackson et al., 2005). Determining the connectivity of sandbodies
according to their density threshold is a simple and widely
used method. The density threshold is usually represented by
the sandstone-formation ratio. The sandstone-formation ratio
is a ratio of the sum thickness of sandstone to the total
thickness of a stratum, which is a parameter that characterizes
the relative quantity of sandbodies within a set of strata and
can indirectly reflect the connectivity conditions of individual
sandbodies deposited in river and lake sedimentary environments
(Jackson et al., 2005).

The above-discussed research methods have played a vital role
in correctly understanding oil and gas migration and accumulation
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FIGURE 1
Simplified geologic background of the Wen’an Slope location map of the Bohai Basin in east China and the tectonic location of the study area (A). (B)
Stratigraphic sequences and lithology of the interval of interest and a map showing petroleum geological element details of the study area.

FIGURE 2
Model of the complex multi-layer migration pathway. (A) Model I is conducive to the migration of hydrocarbons within a single layer. The
hydrocarbons can migrate laterally across the fault but not vertically. (B) Model II is conducive to the vertical migration of hydrocarbons across layers.

behavior in sandbodies and faults. According to the combined
characteristics of the fault’s vertical and lateral seals and sandbody
connectivity, oil and gas migration can be divided into two types:
single-layer and cross-layer migration. However, relatively few
studies have accurately characterized the distribution of oil and gas
cross-layer migration pathways. The main research focus has been

on the required conditions for oil and gas cross-layer migration.
Thus, there is a gap in the literature regarding the prediction
of multi-layer oil and gas migration pathways. Predicting these
pathways would be conducive to accurately reflecting the oil and gas
distribution pattern in the slope area outside the deep source rock
kitchen and guiding oil and natural gas exploration. Therefore, it
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FIGURE 3
Schematic diagram of the prediction of connected sandbody distribution area in the slope area outside the source area. (A) By collecting the
sandstone-formation ratios and containing fluids of drilling wells within the same reservoir in the study area, we can determine the minimum
sandstone-formation ratio using the short plate theory. (B) According to the minimum sandstone-formation ratio, we can define the range of
connected sandbodies on the distribution map of the sandstone-formation ratio of the reservoir.

is of great significance to investigate the characterization of multi-
layer complex migration pathways through faults and sandbodies
to correctly understand the oil and gas accumulation distribution
patterns in the paleo-slope zone of a petroliferous basin to guide oil
and gas exploration.

This paper takes the first and second members of the Shahejie
Formation in the central-southern area of the Wen’an Slope in the
Baxian Sag as an example. The geological situation of the study area
is introduced in Section 2. The migration models and integrated
method for the distribution of the complex fluid migration
pathways on the basin paleo-slope zone outside petroliferous
basins’ source kitchens are presented in Section 3. In Section 4, the
distribution area of the connected sandbodies located above and
below the regional caprock and the vertical unsealed area of the
conducting faults that break through the regional caprock linking
the sandbodies for the first and second members of the Shahejie
Formation in the central-southern area of the Wen’an Slope were
evaluated.The distribution of the complex fluid migration pathways
was characterized.The relationship with the oil and gas distribution
in the first and second members of the Shahejie Formation is

discussed.The results illustrate the rationality and applicability of the
proposed method.

2 Geological setting

The central-southern area of the Wen’an Slope in the Baxian
Sag, Jizhong Depression, Bohai Bay Basin, China, was selected as a
case study example. The central-southern area of the Wen’an Slope
is located east of the Baxian Sag, adjoins the Dacheng Uplift in the
east, the Baxian Depression in the west, the Wuqing Depression
in the north, and the Raoyang Depression in the south. It is an
inherited monoclinic structure trending NE-SW. The Wen’an Slope
is filled with Eocene and Oligocene strata, containing the Kongdian,
Shahejie and Dongying formations from bottom to top (Figure 1).
The Kongdian Formation (abbreviated for Ek) developed river and
delta facies composed of dark mudstone with a small amount of
sandstone interbedded.The Shahejie Formation also developed river
and delta facies, and it is mainly composed of dark mudstone and
oil shale. It is usually divided into four submembers, numbered
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FIGURE 4
Fault lateral sealing discrimination chart. The burial depths and
calculated SGRs of fault rocks and containing fluid in the juxtaposition
reservoirs were organized. The chart uses different symbols located
within the two-dimension coordinates of SGR and depth. The
vectorized envelope curve was determined based on the minimum
SGR data on fault rocks placed against oil and gas layers at different
depths. It can be used to predict the minimum SGR value of fault rock
at different depths to seal hydrocarbons laterally.

from fourth to first from bottom to top (abbreviated for Es4, Es3,
Es2, and Es1). The sandstones are well-developed in Es3 and Es2;
meanwhile, a large amount of dark mudstone and oil shale is
developed inEs4,Es3, and the lower part ofEs1. Dongying Formation
(abbreviated as Ed) river facies are characterized by a sandstone
-mudstone interbed.

TheWen’an Slope has undergone three distinct stages of tectonic
evolution: early Paleogene, late Paleogene, and late Neogene (Wang,
2017). Multiple periods of tectonic evolution have led to well-
developed faults. The fault strike is mainly north-east and north-
northeast (Wang, 2017).

The oil and gas accumulations discovered in this area are mainly
distributed in Es1 and Es2. A small number of accumulations is
distributed in the Dongying Formation. The oil and gas mainly
originate from the Es1 source rock on the west side of the Baxian
Depression (Liu et al., 2017). The oil and gas were generated by
the Es3 source rock kitchen located in the Baxian Depression and
migrated to the sandbodies of Es2 through a consequent fault and
the sandbodies to the central-southern area of Wen’an Slope under
the effect of buoyancy (Wang, 2017). In this area, it is recognized
that the migration pathways changed between the sandbodies and
faults. However, how to determine the conditions and combination
models for the complex migration pathways in sandbodies and
faults is still unclear. Therefore, characterizing the Es1 and Es2
fault and sandbody migration pathways in the central-southern
area of the Wen’an Slope is crucial for correctly understanding
the oil and gas distribution pattern and guiding the exploration
for oil and gas.

FIGURE 5
Schematic diagram of the prediction of the vertically sealed area. (A)
CJTs with different hydrocarbon distributions above and below the
caprock were arranged in numerical order within the coordinate axis
at the known well points in the study area. (B) The vertical sealing
ability of faults within the caprock can be evaluated using the
minimum caprock juxtaposition thicknesses of the caprock. Then, the
range of the vertically sealed area in the fault-caprock collocation can
be defined.

3 Methods

3.1 Model of complex multi-layer
migration pathways

Under the influence of buoyancy and due to the limitation
of the regional continuous caprock at the top, hydrocarbons will
be limited to continuous lateral migration within a single layer
within the sandbodies of a monoclinic formation unless there
are lateral closed faults and pinch-out sandstone in the upward
dip direction of the strata (Fu and Zhan, 2017). If the fault
breaks the integrity of the caprock of the layer, the hydrocarbons
are more prone to vertical migration through the fault than
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FIGURE 6
Schematic diagram of multi-layer migration pathways in the paleo-slope zone. There are four strata and three faults. Caprock I and Caprock II are two
regional caprocks that are mainly composed of thick mudstone. Sandbody I and Sandbody II are connected, and oil and gas could migrate in them
laterally from the lower to the upper position of the slope. Three faults (abbreviated as F1, F2, and F3) cut different strata. F1 cuts Caprock 1 and
Sandbody I, while F2 and F3 cut four strata simultaneously. The CJTs for three faults in two caprocks were calculated as HF1, HF2I, HF2II, and HF3. HF2I is
smaller than the minimum CJT of Caprock I, and HF1 is larger than the minimum CJT of Caprock I. Therefore, a vertical unsealed section exists in the
lower caprock. Hydrocarbons from outside the deep source rock kitchens in the basin could only migrate within Sandbody I in the downward direction
of the slope on the left side of F2. Then, they migrated upward into Sandbody II above Caprock I through F2. HF2II and HF3 are larger than the minimum
CJTs of Caprock II. Hydrocarbon migration shifted toward the upward slope direction in Sandbody II on the right side of F2.

FIGURE 7
Schematic diagram of the prediction of the distribution area of the complex multi-layer migration pathways in the slope area outside the source. Model
I areas of different reservoirs above and below the caprock and a Model II area were overlaid in the paleo-slope. Then, we can establish the complex
multi-layer migration pathways by combining the Model 1 and Model 2 areas chosen by oil and gas under migration regularity, which are the areas
marked with red arrows and bullseye symbols.

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2024.1371864
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jijian et al. 10.3389/feart.2024.1371864

FIGURE 8
Determination of the lateral sealing threshold of the late active faults
in Es1 and Es2 in the Wen’an Slope. Drilling data obtained from the
Wen’an Slope are displayed in a two-dimensional coordinate system
using depth as the Y-axis and SGR as the X-axis. According to the
method shown in Figure 4, the vectorized envelope curve was used to
predict the minimum SGR value of fault rock at different depths to seal
hydrocarbons laterally in the Wen’an Slope.

lateral migration. Thus, the hydrocarbons enter the sandbodies
in the upper strata of the cap rock and multi-layer migration
pathways are formed.

Of course, there is an extreme situation. Hydrocarbon leakage
occurs when a fault that destroys the integrity of the only caprock
extends to the surface or the integrity of all the caprocks above
is destroyed.

Based on the composition and conditions of the complex multi-
layer migration pathways, we summarize two models (Figure 2).
Three parameters must be evaluated to clarify which model the
migration of hydrocarbons in the paleo-slope belongs to. The first
parameter is the connectivity of the sandbodies located above and
below the regional caprock. The second parameter is related to the
lateral sealing capacity of the faults that cut the sandbodies. The
third is the vertical sealing capacity of the faults that cut through
the caprock.

3.2 Connected sandbodies

Due to limited exploration data and research methods, studying
the subsurface sandbody connectivity is challenging. Therefore,
only drilling data can provide the sandstone-formation ratio
distribution of strata above and below the caprock. As shown
in Figure 3A, the sandstone-formation ratio and hydrocarbon
indication characteristics of the sandbody at known well points
in the study area are gathered and analyzed. In view of the
theory that oil and gas can only be transported in connected
sandbodies and thus can be found by drilling in the paleo-slope zone
outside source rock kitchens (Wang, 2007), we take the minimum
sandstone-formation ratio of sandbodies bearing oil and gas as
the minimum sandstone-formation ratio required for sandbody

connectivity (Figure 3B). Thus, the area where the sandstone-
formation ratios of the layers above and below the caprock are
greater than the minimum sandstone-formation ratio required for
Model I is delineated and combined with the evaluation results of
the fault lateral sealing in the region.

3.3 Lateral sealing ability of the fault
cutting the sandbodies

A lateral sealed fault in the upward dip direction of a
monoclinic formation can stop the lateral migration of oil
and gas within a single layer. Thus, determining the fault’s
lateral sealing and laying a foundation for characterizing the
single-layer migration pathway boundaries in the regional
sandbodies is critical.

Based on the difference between the regional fault throw and the
thickness of the caprocks and a single sandbody, the fault sealing
principle can be inferred (Choi et al., 2015). We can select the
Knipe graphical method or the shale-gouge ratio (SGR) standard
method to evaluate the lateral sealing ability of the fault cutting
the sandbody. In this study, we determined the limits of the SGR
(Eq. 1) values that can form a petroleum fault trap through the
corresponding relationship among the trap oil and gas-bearing
property, trap depth, and SGRs using statistical methods. Based on
the above data, a fault lateral sealing ability discrimination chart for
the study area was drawn, and the fault lateral sealing was judged
according to the attribute value of the target fault depth, the SGR
of the fault rock, and the properties of the fluids in the target layer
(Figure 4).

SGR = Σ (Vcl×∆z)/T× 100, (1)

where SGR is the shale-gouge ratio, Vcl× ∆z is the volume fraction of
clay in an interval of thickness ∆z, and T is the throw across the fault.

3.4 Vertical sealing ability of the fault
cutting the caprock

The mudstone forming the caprock undergoes plastic
deformation in the faulting process in this study area.Thus, we used
the CJT to evaluate the vertical sealing ability of the fault across the
caprock. The CJT can be calculated as the difference between the
thickness of the cap rock and the vertical displacement of the fault
across the cap rock.

The paleo-CJT is more significant than the present-CJT for
hydrocarbon migration. The process of obtaining the various
parameters to calculate the paleo-CJT is as follows. Present fault
vertical displacement and caprock thickness data were collected
from drilling and seismic testing. On this basis, the paleo-fault
throw in the oil and gas accumulation period was determined
using the maximum fault displacement subtraction method
(Dutton and Trudgill, 2009), and the paleo-caprock thickness was
obtained using the paleo-formation-thickness recovery method
(Tan et al., 2005).

The paleo-CJTs and hydrocarbon distributions above and below
the caprock at the knownwell points in the study areawere collected.
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FIGURE 9
Distribution map of the sand-formation ratios of the Es2 (A) and the Es1 (B) in the central-southern part of the Wen’an Slope. These maps were drawn
mainly by seismic attributes and corrected using the actual sand-formation ratio data from wells. The development of the sandbodies in Es2 and Es1 is
shown clearly through the two maps. It is possible to determine the planar area of the connected sandbody by the sandstone-formation ratio
thresholds within Es2 and Es1.

FIGURE 10
Determination diagram of the minimum sand-formation ratio required
for the sandbody connectivity of Es2 in the Wen’an Slope area. The
Y-axis of this graph represents the average sand-formation ratio, and
the X-axis represents the formations developed in the Wen’an Slope.
We analyzed the sand-formation ratios and bearing hydrocarbons of
formations from all exploration wells in the Wen’an Slope. The average
sand-formation ratios are drawn in the form of bar charts with
different colors in two-dimensional coordinates. Finally, the threshold
for sandbody connectivity was determined based on the minimum
sand-formation ratio.

TheminimumCJT of oil and gas distributed only under the caprock
was considered after statistical analysis, as shown in Figure 5A.
When the minimum CJT is reached, the segmented growth of the

fault in the caprock begins to connect, and the oil and gas can
migrate upward through the caprock at the fault, accumulating and
distributing above and below the caprock. The minimum caprock
juxtaposition thicknesses of different caprocks are different because
of the different geological conditions, which means Hfmin1 is not
necessarily the same as Hfmin2.

Finally, the Model II hydrocarbon migration area is shown in
Figure 5B.

3.5 Characterization of complex
multi-layer migration pathways

The complex multi-layer migration contains elements of both
Model I and Model II. The process of formation can be described as
shown in Figure 6. First, the connected sandbody distribution area
in a single layer above and below the caprock should be determined.
Sandstone-formation ratio threshold calibration presented earlier
can determine the connected sandbodies in reservoirs without
fault for the study area. If there was any fault in the reservoir,
the lateral sealing ability of the fault should be evaluated. The
fault lateral unseal means the sandbodies on both sides of the
fault could be connected. Otherwise, local unconnected sandbody
areas surround the fault. Second, the activities of faults linking
different layers of reservoirs should be carefully analyzed. Active
faults are more favorable to migration pathways during the period
of large-scale oil and gas production in source rocks. The vertical
sealing ability of these faults in caprocks should be determined. The
vertical unsealed faults are the main vertical migration pathways
for oil and gas to cross layers, and a Model II area on the
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FIGURE 11
Plane distribution map of the vertical migrating faults in Es2 (A) and Es1 (B) in the middle-south area of the Wen’an Slope. We drew all the fault-cutting
Es2 and Es1 in the plane map. The vertical unsealed fault is shown in red. The distribution area of Model II for vertical migrating pathways is delineated
by the dashed red line.

plane can be defined around the distribution of vertical unsealed
faults. Third, the area distribution characteristics of the complex
multi-layer migration pathways can be obtained by overlaying the
distribution ranges of Models I and II above and below the caprock
(Figure 7).

4 Results and discussion

The methods described above were used to characterize
the distribution of the complex multi-layer migration pathways
in the first and second members of the Shahejie Formation
(Es1 and Es2) in the central-southern area of the Wen’an
Slope in the Baxian Sag, Jizhong Depression, Bohai Bay
Basin, China.

4.1 Determination of Model I distribution

First, we selected the test wells in the study area and screened
the minimum SGR value of the fault rock related to the traps in
the Es1 and Es2 members. According to the correlation between the
SGR in the fault rock and the depth of the faulted strata, the lower
limit value of the SGR for the lateral fault sealing was determined
using the statistical method. The fault lateral sealing discrimination
chart of target layers in the study area was drawn based on this limit
value. Statistically, the lower limit value of the SGR in the Wen’an
Slope is about 20%–25% between the depths of 1,000 m and 3,500 m

(Figure 8). The fault traps that exceed the lower limit are laterally
sealed and can simultaneously form fault lateral sealing and oil and
gas accumulation.

Then, we determined the distribution range of connected
sandbodies in the formations above and below the caprock based
on fault lateral sealing evaluation. The Es1 and Es2 sandstone-
formation ratios in the central-southern area of the Wen’an Slope
were calculated using drilling data. The planar distribution map
was drawn, as shown in Figure 9. As the figure illustrates, the Es2
sandbodies in the central-southern area of the Wen’an Slope are
more developed than the Es1. The area with a high sandstone-
formation ratio in Es2 is widely distributed in the central part,
while the area with a high sandstone-formation ratio in Es1 is only
distributed in the eastern part. The Es2 sandstone-formation ratios
reach a minimum at the southwestern and eastern boundaries,
while Es1 sandstone-formation ratios reach a minimum at the
southwest. According to the relationship between the Es1 and
Es2 sandstone-formation ratios and the oil and gas distribution
in the sandbodies (Figure 10), the minimum sandstone-formation
ratio of the formation required for sandbody connectivity was
determined to be about 20%. Based on this, the Es1 and Es2
distribution area of connected sandbodies in the central-southern
area of the Wen’an Slope can be obtained. Figure 9 shows that
the Es2 connected sandbodies in the central-southern area of the
Wen’an Slope are mainly distributed in the central area. In contrast,
the connected sandbodies of Es1 are mainly distributed in the
eastern part, and the distribution area of the former is larger
than the latter.
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FIGURE 12
We determined the minimum CJTs in the lower (A) and upper (B) parts of Es1 in the central-south part of the Wen’an Slope in tabular form. In these
tables, the Y-axis represents the layers developed in the Wen’an Slope, and the X-axis represents the wells whose CJTs were calculated. The wells are
arranged from left to right in the order of CJTs from small to large. In the table, we marked the hydrocarbons shown in different layers of each well with
different symbols and also marked the target caprock with a gray stripe. Two types of oil and gas distribution are shown in the table. One is that there
are both oil and gas shows above and below the caprock, and the other is that there are oil and gas shows only below the caprock. Observing the table
from left to right, when Type one oil and gas shows become Type two, the CJT of the corresponding well undergoing type change is the minimum CJT.

4.2 Determination of Model II distribution

According to core logging, the oil and gas caprock of Es2 in the
Wen’an Slope area is mudstone in the lower part of Es1. The caprock
of oil and gas in Es1 is mudstone in the upper part of Es1. In addition,
the distribution of mudstone caprocks in the lower and upper parts
of Es1 in the central-southern area of theWen’an Slope was evaluated
based on drilling and seismic data.The research results indicate that
the mudstone caprocks in the lower and upper parts of Es1 in the
Wen’an Slope area are thick in the west and thin in the east. However,
the mudstone cap in the upper part of Es1 is thicker than that in the
lower part. The mudstone caprock thickness in the lower and upper
parts ofEs1 decreases gradually from thewest to the east. It decreases
to 100 m and 0 m in the eastern boundary of the central-southern
area of the Wen’an Slope. Based on seismic data interpretation,
faults have developed in the mudstone caprock of the lower and
upper parts of Es1 in the Wen’an Slope area. Only the faults active
during the oil and gas accumulation phases could accommodate
the migration of hydrocarbons. According to the tectonic evolution,
the main active period of the faults developed within the mudstone
caprocks was the deposition period of the middle and upper
Minghuazhen Formation (Wang, 2017). The distribution of the

hydrocarbon transporting faults in Es1 and Es2 was identified
(Figure 11).

Figure 11 shows that the hydrocarbon migration faults that
developed in the mudstone caprock in the lower and upper parts
of Es1 are in the central-southern area of the Wen’an Slope. They are
mainly distributed in the central part, followed by the south, and
few are distributed in the northern part of the slope zone. These
faults are mainly N-NE striking, followed by NE-E striking, and
some are S-N striking. The throw of the fault and the thickness
of the cut mudstone caprock in the lower and upper parts of
Es1 in the Wen’an Slope area were used to determine the paleo-
fault-throw and paleo-thickness of the caprock in the oil and
gas accumulation period using the maximum fault displacement
subtraction method (Dutton and Trudgill, 2009) and the paleo-
thickness recovery method (Xu et al., 2018). These two methods
allow the calculation of the migration fault and paleo-CJTs of the
mudstone caprock in the lower and upper parts of Es1. Based on
the statistics of the relationship between the fault-contact thickness
of the upper and lower parts of Es1 at the known wells in the
Wen’an Slope and the distribution of the oil and gas above and
below the caprocks, the minimum paleo-CJTs were determined
through the oil and gas distributed only under the caprocks at
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FIGURE 13
We overlaid the Model 1 area in Figure 9 on the Model 2 area in Figure 11 using the method of determining complex oil and gas migration pathways. (A)
shows the complex multi-layer pathway distribution in the central-southern part of the Wen’an Slope. The oil and gas shows of drilling wells in Es1 and
Es2 in the study area are marked with different symbols on the graph. In order to more clearly depict the complex migration pathways for oil and gas,
we have drawn a profile diagram of (B). The position of (B) is marked with black lines on (A).

approximately 133 m and 137 m (Figure 12). Based on the paleo-
CJT threshold, the hydrocarbon migration faults that are vertically
sealed aremainly distributed in the western part of theWen’an Slope
(Figure 11).

4.3 Distribution of complex multi-layer
migration pathways

The Model I and Model II migration pathways in Es2 and
Es1 were determined by superimposing the above-determined
distribution area of the connected sandbodies and the fault’s vertical
sealing area in the lower and upper parts of the Es1 caprocks in the
central-southern area of the Wen’an Slope (Figure 13).

It can be concluded that the Model I and Model II areas in Es2
are mainly distributed in the western and central parts, respectively.
In contrast, the migration pathways in Es1 are more complex.
The hydrocarbons migrated through the Model II pathways in
the central part of the study area from Es2 to Es1. Considering
that the connected sandbodies and vertical unsealed faults coexist
in the central part, the Model I migration pathways in Es1
and Model II migration pathways in Es1 to Ed are complicated
and combined.

The discovered hydrocarbon accumulations in Es1 and Es2 in
the central-western part of the Wen’an Slope are closely related
to the distribution of the complex multi-layer migration pathways
(Figure 13). The hydrocarbon accumulations in Es2 are mainly
distributed in the area of the Model I migration pathways in Es2.

Similarly, the hydrocarbons in Es1 are mainly distributed in
the combined Model I and Model II pathways in Es1. The west
boundary of the Model II migration pathways in Es2 divides the
hydrocarbon distribution range into two layers. This is because
oil and gas can only laterally transport and accumulate along
Es1 or Es2 in the distribution area of the Model I migration
pathways, and oil and gas drilling could be successful. Due to the
smaller distribution area of the Model I migration pathways in
Es2 than in Es1, oil and gas migration and accumulation in Es1 is
more favorable.

The feasibility of using this integrated approach to characterize
the distribution ofmulti-layermigration pathways for hydrocarbons
can be verified by calibrating the prediction results with the current
distribution of the hydrocarbon accumulations found in Es1 and Es2
in the central area of the Wen’an Slope.

The results from applying our method to the Wen’an Slope
highlight the possibility of successfully predicting the complex
multi-layer migration pathways for hydrocarbon. Faults and
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sandbodies are the main conduits in the study area. However, two
issues require further discussion.

One issue is the parameterswe used to evaluate the sealing ability
of the fault. SGR is a parameter that characterizes the shale content
of fault rocks at specific locations under ideal conditions. It only
characterizes the quantity of the clay-size -debris particles from host
rocks and cannot quantitatively reflect various diagenetic processes
that occurred during the formation of fault rocks, such as cataclasis,
cementation, and dissolution (Pei et al., 2015). Thus, predicting
the fault-sealing ability should be done with care in the basins
characterized by strong tectonic movement and hydrothermal
activity. In addition, CJT is a statistical parameter reflecting the
vertical sealing ability of faults within the regional cap rock and is
influenced by factors such as the lithology, thickness of the regional
cap rock, and fault activity and scale (Fu and Zhan, 2017). It is
only effective for faults within a specific caprock in a period. The
minimum CJT for faults in one caprock cannot be used to evaluate
faults in another caprock.

The other one is the parameter of sandbody connectivity.
Due to the complexity of the sandbody development and
distribution of river facies, geologists have creatively proposed
a sandstone-formation ratio parameter (Kaufman et al., 1987). It
has universal applicability in describing reservoir development,
identifying sedimentary environments, and predicting sandbody
connectivity. However, we should recognize that the algorithm of
a sandstone-formation ratio is an indirect way to determine the
connectivity of sandbodies from a probabilistic perspective. The
minimum sandstone-formation ratio representing the connectivity
of sandbodies has certain limitations and can only be used for a
certain basin. Some geologists believe that there are still effective
migration pathways for oil and gas in the areas of connected
sandbodies, for instance, a sandbody with higher porosity and
permeability or structural ridges (Fu and Zhan, 2017; wang, 2017).
Themechanism of oil and gasmigration is basically clear, but further
research is needed to establishmore effectivemethods for evaluating
sandbodymigration pathways based on the characterization of strata
development.

These problems could be solved if we take the effect of fault
development mechanism, sedimentation analysis, and diagenesis
into account based on the idea and workflow of our methodology.
Determining complex petroleummigration pathways could bemore
practical and accurate in the future.

5 Conclusion

(1) Three factors that affect oil and gas migration within the
paleo-slope area outside the source kitchen are the sandbody
connectivity, the fault’s lateral sealing ability, and the fault’s
vertical sealing ability. By integrating these three factors,
the complex migration pathways can be summarized into
two models.

(2) Sandbody connectivity can be determined by the minimum
sandstone-formation ratio of the reservoirs bearing oil and
gas. A fault’s lateral sealing ability can be judged by the limit
value of the SGR for the fault rock in the target layer. The
caprock juxtaposition thickness (CJT) can be used to evaluate
the vertical sealing ability of the fault cutting the caprock.Then,

the distribution areas of the Model I and Model II migration
pathways are determined. Integrating the definitions of Model
I and Model II forms a set of characterization methods
for determining the distribution of the complex migration
pathways in the slope area outside the source kitchens. The
feasibility of using this approach to predict the distribution of
complexmulti-layermigration pathways is verified using a case
study example.

(3) In the area of the Wen’an Slope in the Baxian Sag, Jizhong
Depression, Bohai Bay Basin, China, the Model II migration
pathways in Es1 and Es2 are mainly distributed in the central-
eastern regions. The Model I migration pathways in Es2 are
mainly distributed in the western region. In contrast, the
Model I migration pathways of Es1 are mainly distributed in
the central and eastern regions. The distribution area of the
latter is larger than the former.Therefore, Es1 is more favorable
for oil and gas migration and accumulation than Es2, which is
consistent with the fact that the oil and gas distribution of Es1
is evidently more than that of Es2 in the central-southern area
of Wen’an Slope.
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