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Terrestrial sedimentary basins are influenced by rapid changes in the clay
content, resulting in significant differences in the lateral sealing capacity (shale
gouge ratio, SGR) of different parts of the fault. In the present study, we used
a method of setting virtual wells and using seismic inversion data to accurately
calculate the SGR of faults in strata composed of interbedded sandstone and
mudstone calculate the clay content of the strata and to compensate for the
low level of the actual well control. Optimal well spacing was determined based
on the variable clay content of the formation. The planar variation of the fault
throw was characterized via seismic interpretation. We also examined the lateral
sealing of faults. The Putaohua oil layer in the S14 area of the Sanzhao Sag in the
Songliao Basin was chosen as an case study. Based on the calculation of fault
SGR values and the oil distribution, the evaluation criteria for the fault sealing
capacity were determined, and the changes in the lateral sealing capacity of the
faults were analyzed. This approach accurately estimates fault SGR values and
predicts the effective oil-bearing area within the fault zone. It is also suitable
for evaluating the lateral sealing of faults in strata composed of interbedded
sandstone and mudstone. Our findings provide an in-depth understanding
of the lateral sealing of faults and can aid in further research on petroleum
distribution patterns.
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Songliao basin, interbedded sandstone and mudstone, SGR value, lateral sealing of
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1 Introduction

Fault traps are common in sedimentary basins and are the main targets for increasing
oil reserves and tapping the remaining oil potential. These traps have played an important
role in oil and gas exploration (e.g., Aydin, 2000; Manzocchi et al., 2010; Liu et al., 2018;
Zhao et al., 2018; Song et al., 2020; Song et al., 2024). The lateral sealing capacity of faults
controls the degree of oil filling in fault traps.Therefore, the lateral sealing capacity of faults is
important for evaluating the effectiveness of fault traps (Clarke et al., 2005; Reilly et al., 2016;
Fisher et al., 2017; Fu et al., 2021). The shale gouge ratio (SGR) is an effective parameter
for quantitatively evaluating the lateral sealing capacity of faults (Yielding et al., 1997;
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Freeman et al., 1998; Yielding, 2002; Pei et al., 2015; Song et al.,
2022).This method is based on the principle of mudstone smearing.
In stratigraphic dislocation, the shale in the surrounding strata
smears along the fault surface. The higher the clay content is, the
better the lateral sealing of the fault is. By calculating the average
clay content (i.e., the SGR) of the formation sliding through the
breakpoint and using oil testing data, a quantitative relationship
between the SGR and the height of the sealed oil column can be
established, thus achieving effective prediction of the oil distribution
(Yielding et al., 1997; Bretan et al., 2003). This method has been
widely applied in various oil-bearing basins and has achieved good
results (e.g., Wang et al., 2017; Lei et al., 2019; Wang et al., 2021).

Several researchers have improved this method by considering
factors such as the degree of diagenesis, geological stresses, and
the fault dip angle to better solve the problem of fault sealing
under complex conditions (Wang et al., 2017; Hong et al., 2018; Hu
and Lyu, 2019; Jing et al., 2022). However, few studies have been
conducted on the lateral sealing of faults in strata composed of
interbedded sandstone and mudstone in terrestrial sedimentary
basins. The fault has a specific spatial distribution range, and the
lateral sealing of the fault’s different parts inevitably varies due
to the complex changes in the clay content and fault throw. It
is difficult to use a single well to reflect the clay content of the
strata along the range of the fault’s strike directions, especially for
strata composed of interbedded sandstone and mudstone due to
rapid changes in the planar lithology and the unstable clay content
(Zeng et al., 2017; Luo et al., 2021). Previous studies have relied
on logging data to calculate the clay content (Yielding et al., 1997;
Freeman et al., 1998; Yielding, 2002; Bretan et al., 2003; Wang et al.,
2017; Lei et al., 2019; Wang et al., 2021). Determining the optimum
well spacing to characterize the spatial variations in the clay content,
and calculating the clay content and SGR in areas lacking well
control, remain challlenging. If the SGR of the faults cannot be
accurately calculated, it is difficult to understand the lateral sealing
of the faults.

The Putaohua oil layer in the Sanzhao Depression in the
Songliao Basin is a typical continental formation composed of
interbedded sandstone and mudstone. Moreover, the fault traps are
well developed and drilling data are abundant, making this an ideal
area for conducting fine calculations of the fault SGR and research
on the lateral sealing of faults. In this paper, a method for precisely
calculating the fault SGRs based on detailed well seismic data from
the Putaohua oil layer in the S14 area is proposed. Lateral sealing
of faults are analyzed. This method can help clarify the distribution
pattern of oil, guide oil exploration, and, characterize waterflooding
development at the edges of the faults.

2 Geologic setting

The Songliao Basin is located in northeastern China. It is a
large terrestrial sedimentary basin developed in the Mesozoic and
Cenozoic and is one of the largest oil and gas-bearing basins
discovered (Yuan et al., 2019; Li et al., 2024). Years of exploration
practice have shown that refined exploration research is an essential
foundation for improving oil and gas recovery, and fault edges are the
main areas for potentially tapping the remaining oil in the Songliao
Basin (Wang, 2019; Yang et al., 2022; Feng et al., 2023).

The Sanzhao Depression is an important oil-generating and
oil-rich depression in the Songliao Basin, and it includes four
nose protrusions and three depressions. The S14 area is located
in the southern part of the Shengping nose-shaped structural belt
in the Sanzhao Depression, and it has a southward dipping slope.
The Putaohua oil layer is the most important oil-producing layer
in the study area, with the development of delta front subfacies
(Chen et al., 2019). The average thickness is approximately 50 m.
Vertically, it is divided into two sand formations, consisting of nine
sublayers and 13 sedimentary units. The sand body in the upper
sand formation is relatively thin, and the thickness of a single sand
body is generally 2–3 m. In contrast, the thickness of a single sand
body in the lower sand group ranges from 3 to 5 m. The faults in
the Putaohua oil layer are relatively developed. The fault density is
about 2/km2, and they are all normal faults. The maximum vertical
throw is 48 m, with an average of 15 m. The strike is variable,
and faults with different strikes overlap or cut each other. The
combination of inclined strata and striped underwater distributary
channel sand bodies makes it easy for fault-blocking traps to form
(Figure 1).

The study area is currently in the high water production
development stage. The uneven deployment of wells along
the fault edge has led to residual oil enrichment. Therefore,
there is room for further exploration (Chang and Liu, 2017;
Sun et al., 2018; Meng et al., 2021).

3 Data

The data required for this study included logging data, seismic
sandstone and mudstone inversion data, seismic data for the
interpretation of horizons and faults. Although there are 540 wells in
the study area, only the wells adjacent to the faults were useful. The
natural gamma curve data were used to calculate the clay content of
the formation. Seismic sandstone andmudstone inversion data were
used to calculate the clay content in areas without wells. The seismic
interpretation of the horizons and faults allowed us to characterize
the changes in the fault throw. The specific analysis methods and
uses of these data are described in detail in the next section. The
above data were provided by the No. Eight Oil Production Plant in
the Daqing Oil Field.

4 Principles and methods

The shale gouge ratio (Yielding et al., 1997; Freeman et al.,
1998; Yielding, 2002; Song et al., 2022) is calculated by
taking the average clay content of the beds that have
slipped past any point (as determined by the fault throw)
and treating it as an estimate of the upscaled fault-zone
composition. The calculation formula (Yielding et al., 1997) is
as follows:

SGR =∑(Vcl.∆z)/t× 100% (1)

where V cl is the clay volume fraction in the zone (0%–100% or
0–1.0), ∆z is the thickness of the host rock layer (m), and t is the
fault throw (m).

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2024.1459091
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liu et al. 10.3389/feart.2024.1459091

FIGURE 1
Map showing hte basic information for the S14 area. (A) Location of the study area. (B) Well locations and fault distribution in the study area.

FIGURE 2
Results of seismic inversion section, and profile location is shown in Figure 1B. By comparing the predicted lithology with the drilling lithology, it can be
seen that the lithology predicted via inversion is relatively accurate.

The clay content is obtained through logging curves
and inversion data, and the optimal well spacing needs to
be considered during the calculation process. The thickness
of the host rock layer is obtained based on the actual

sandstone and mudstone formation thickness data for the
study area. The vertical fault throw is determined using
stratigraphic projection. The specific calculation methods are
as follows.
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FIGURE 3
(A) GR inversion profile and pseudo-GR curve obtained through data inversion. (B) Comparison of actual GR curve and pseudo-GR curve for a single
well. P-Top is the top interface of the Putaohua oil layer, P-Middle is the interface between the upper and lower sand formations, and P-Bottom is the
bottom interface of the Putaohua oil layer. By comparing the GR curve for the same well with the inversion pseudo well curve, it can be seen that the
overall trends of the two are the same.

FIGURE 4
By intersecting the seismic interpretation horizon with the fault plane, the fault throw was determined between the intersection line of the hanging wall
horizon and the footwall horizon. The variation in the fault throw along the fault plane can be obtained. (A) Shape of the fault plane and fault throw of
the isolated growth fault; and (B) Shape of the fault plane and fault throw of the segmented growth fault.
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FIGURE 5
(A) Map of the average clay content in the layers with different thicknesses in the upper sand formation. (B) Map of the average clay content in the
layers with different thicknesses in the lower sand formation. The average clay content of the upper sand formation is higher than that of the lower
sand formation. The horizontal variation in the clay content in the 5-m to 10-m thickness range is relatively fast, while the horizontal variation in the
clay content in the thickness range of 10 m and above tends to be stable. (C) Scatter plot of the changes in the clay content in section A, with a
fluctuation distance of 800 m. The position of the section is shown in (B). (D) Scatter plot of the changes in the clay content in section B, with a
fluctuation distance of 600 m. The position of the section is shown in (B).

4.1 Calculation of clay contents of the
strata on both sides of the fault

4.1.1 Calculation of clay content in areas with
wells using the natural gamma curve

Generally, in sandstone and mudstone formations, due to the
small particle size and large specific surface area of the clay
components, it is easier to adsorb radioactive substances, resulting
in high gamma values (Mo et al., 2006). Therefore, natural gamma
curves are commonly used to indirectly characterize the clay content
of a formation. The calculation formulas are as follows:

Vcl =
2Ish⋅GCUR − 1
2GCUR − 1

(2)

Ish =
GR−GRmin

GRmax −GRmin
(3)

where V cl is the clay volume fraction in the zone (0%–100%
or 0–1.0), Ish is the relative value of the natural gamma curve,
GCUR is the empirical coefficient (for old formations, GCUR = 2;
for Paleogene and Neogene formations, GCUR = 3.7), GR is the
response value of the natural gamma logging curve, GRmin and
GRmax are the minimum and maximum natural gamma values in
the statistical well section.

4.1.2 Calculation of clay content in areas without
wells using seismic inversion data

In practical situations, there may be a lack of wells near the fault
to be evaluated due to the uneven distribution of well locations. In
this situation, virtual wells can be supplemented, and pseudo-well
curves can be extracted from seismic inversion data to calculate the
clay content.

Seismic inversion is a technical means of combining well and
seismic data to quantitatively predict the distributions of sandstone
and mudstone. The commonly used methods include geostatistical
inversion and waveform indicator inversion (Duan, 2019; Fan et al.,
2022). The meaning and range changes of the inverted data volume
representation vary depending on the characteristic curves used
(Chen et al., 2020; Xie et al., 2021).The inversion data body is a wave
impedance antibody if the wave impedance curve is used as the
characteristic curve. The clay content can be directly characterized
after standardizing the extracted pseudo-well curve. If the gamma
ray (GR) curve is used as the characteristic curve, the inversion
data body is the GR body. After standardizing the extracted pseudo
GR curve, the clay content is calculated using Equations 2, 3. In
this study, the waveform indication inversion method is used, and
the GR curve is selected as the characteristic curve. During the
inversion operation, the actual drilling curve in the study area is
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FIGURE 6
Classification and evaluation of the fault sealing capacity in the study
area. This study provides the relationship between the actual oil
column height and the minimum fault SGR within the reservoir range.
In this way, for the same SGR value, the actual oil column height
varies, and the highest value is approximated to represent the
maximum oil column height that a fault can seal. On the scatter plot,
the maximum envelope represents the relationship between the SGR
and the maximum oil column height a fault can seal. According to the
SGR, the fault sealing capacity is divided into three levels.

constrained, and 10% of the wells are reserved as posteriori wells
for verifying the accuracy of the inversion results (Figure 2). In
general, the sand conformity rate of 75% is qualified. In this study,
the coincidence rate of the inversion reaches the standard, so the
method of using the inversion data to calculate the clay content is
reliable. Seismic inversion is a mature technology, and the focus of
this work is to obtain the clay content in areas without wells by using
the inversion results. Therefore, the inversion process and precision
analysis process are not discussed.

By comparing the GR curve of the same well with the inversion
pseudo well curve, it can be seen that the overall trends of the two
are the same. However, the GR curve has a high vertical accuracy
and canmore accurately reflect the changes in the clay content of the
formation (Figure 3).Therefore, in practical applications, GR curves
are used to conduct calculations in areas with a high well density,
and inversion data are used as a supplement in areas lacking well
locations or GR curves.

4.2 Optimal well spacing for calculating
the clay content

In order to reflect the clay content of the fault surface containing
the smallest number of wells, the optimum well spacing should be
determined based on the planar variation pattern of the reservoir’s
clay content.

The SGR reflects the average clay content of the strata within
the range of the vertical fault dislocation. Therefore, the average
value within a specific thickness range should be considered when

studying the variation pattern of the clay content of the formation.
The thickness should be considered based on the actual fault throw.
For example, if the identifiable fault throw in this study area is
generally greater than 5 m, then when calculating the SGR, the
variation pattern of the average clay content in layerswith a thickness
of greater than 5 m should be studied. The clay content varies
horizontally, and if observed in a certain direction, it will exhibit
a wavey curve. In order to quantitatively characterize the clay
content, the distance between two adjacent maximum clay contents
along a certain direction is called the fluctuation distance, and
half of the fluctuation distance (the distance between the adjacent
maximum and minimum values) represents the area in which the
clay content changes the most. However, in practical applications,
the distribution pattern of the virtual wells is random, and it is
difficult to just set wells at the maximum or minimum value of
the clay content. Therefore, in order to more accurately control the
change in the clay content, 25% of theminimumfluctuation distance
of the average clay content was selected as the optimal well spacing.

4.3 Characterization of the spatial variation
of the fault throw

We accurately located and shaped the strata and faults based
on the precise interpretation of three-dimensional seismic data. By
intersecting the seismic interpretation horizon with the fault plane,
the fault throw was determined between the intersection line of
the hanging wall horizon and the footwall horizon. In this way,
the fault throw at different positions on the fault plane could be
determined. The example presented in Figure 4 shows that this
method can effectively characterize the spatial variation of the
fault throw along the fault plane. Horizontally, the fault throws of
isolated growth faults are large in the middle and small at both ends
(Figures 4–a). The fault throws of segmented growth faults decrease
at the horizontal segmentation point (Figures 4B). Vertically, the
fault throwof the Putaohua oil layer is consistent from top to bottom.
If there is a sudden change in the fault throw, the cause of this change
should be identified and the model should be adjusted to ensure the
accuracy of the spatial variation of the fault throw.

5 Results

5.1 Optimal well spacing for calculating the
clay content

For the case study presented in this paper, the average clay
contents of the layers with different thicknesses range from 5
to 30 m. First, the clay contents of the upper and lower sand
formations of the Putaohua oil layer were calculated using seismic
inversion data. The results show that the average clay content of
the upper sand formation is higher than that of the lower sand
formation (Figures 5A, B). The horizontal variations in the clay
content in the 5 m–10 m thickness range are relatively rapid, while
the horizontal variations in the clay content in the thickness range of
≥10 m tends to be stable. Among them, the average clay content of
the 5 m thick layer in the lower sand formation changes the fastest.
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FIGURE 7
Maximum oil content range of a fault block in the PI3 sublayer. Two underwater distributary channels are developed within the fault block in the PI3
sublayer, with the upward dip direction blocked by faults, which controls the oil distribution. By utilizing the quantitative relationship between the
maximum oil column height (H) and the SGR, the maximum oil column height that each sublayer of the fault can seal can be obtained. The maximum
oil bearing range sealed by the faults in each sublayer can be obtained by converting the maximum oil column height to a plane structural map.

Next, we selected a location without faults and with continuous
strata in this layer segment. We set an observation line along
the direction where the clay content changes the fastest (usually
perpendicular to the direction of the underwater distributary
channel) to observe the changes in the clay content. For
observation line A-A′, the clay content exhibits undulating
changes, with a fluctuation distance (distance between adjacent
extremely high values) of about 800 m (Figure 5C). At the
location of the B-B′ connection, the frequency of the change
in the clay content is higher, with a fluctuation distance of
about 600 m (Figure 5D). A quarter of the minimum fluctuation
distance (600 m) is sufficient to control the calculation of the
planar clay content variation. Therefore, the optimal well spacing
for calculating the clay content in the study area was determined
to be 150 m.

5.2 Evaluation criteria for fault sealing
capacity

Based on the calculation results of the SGR at each fault
plane and the actual oil distribution, we established a quantitative

relationship between the SGR and the maximum enclosed oil
column height, and the sealing capacity was quantitatively classified.
In the research process, considering that the actual trap may not
be fully filled, or even if it is oil-filled, the well fails to reveal the
bottom of the oil layer. Therefore, the actual oil column height
does not represent the maximum oil column height that a fault
can seal. This paper provides the relationship between the actual
oil column height and the minimum fault SGR within the reservoir
range. In this way, for the same SGR, the actual oil column height
varies, and the highest value is approximated to represent the
maximum oil column height that a fault can seal. On the scatter
plot, the maximum envelope represents the relationship between
the SGR and the maximum oil column height a fault can seal
(Figure 6).

The results indicate that the quantitative relationship between
the maximum oil column height (H) and the SGR in the example
area is H = 0.9536e0.1061∙SGR. According to the curve change, the
smaller the fault SGR value is, the lower the oil column that
can be closed is. When the SGR value is less than ∼15%, the
oil cannot be sealed. Therefore, an SGR of less than 15% is
classified as a weak sealing level. Furthermore, because the SGR
values of the sealed oil in this area are between 15% and 55%,
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FIGURE 8
Plane change analysis of the minimum SGR on the hanging wall of a fault in the P13 sublayer. (A) Plane classification of the sealing capacity of the
example fault. (B) Plot of the change in the SGR in the hanging wall of the fault. (C) Plot of the changes in the fault throw and mudstone proportion.
The SGR is related to the fault throw and the clay content within the range of the fault. In this instance, the fault exhibits a small fault throw and low
mudstone proportion in areas with a weak sealing capacity. In the areas with a moderate sealing capacity, is the fault exhibits a medium to low fault
throw and a medium to low mudstone proportion. In areas with a strong sealing capacity, the fault is characterized by a large fault throw and a medium
to high mudstone proportion.

FIGURE 9
(A) Comparative analysis of the sealing capacities of the footwall and hanging wall of the example fault. The average SGR of the footwall is greater than
that of the hanging wall. (B) Schematic diagram of the coating range of the strata on the fault. The footwall mainly receives a shale coating from the
upper part of the oil layer, while the hanging wall mainly receives a shale coating from the lower part of the oil layer. The clay contents of the upper and
lower parts of the oil layer are different, resulting in different average SGRs in the footwall and the hanging wall.
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FIGURE 10
Comparative analysis of the sealing capacity of the footwall of the example fault in different sublayers. (A) Plot of the change in the SGR in each
sublayer along the strike. (B) Plot of the average SGR of each sublayer. The average value of the upper sand formation is 48%, and the average value of
the lower sand formation is 40%.

a middle value (30%) is taken as the limit to divide the two
other levels: The range of 15%–30% is classified as a medium
sealing level, and the range of 30%–55% is classified as a strong
sealing level.

5.3 Maximum oil bearing range sealed by
faults in each sublayer

By utilizing the quantitative relationship between the maximum
oil column height (H) and SGR described above, the maximum oil
column height that each sublayer of fault can seal can be obtained.
Themaximum oil bearing range sealed by the faults in each sublayer
can be obtained by converting the maximum oil column height into
a plane structural map.

As shown in Figure 7, two underwater distributary channels
are developed within the fault block in the PI3 sublayer. The
upward dip direction is blocked by faults, which controls the
oil distribution. Due to the uneven distribution of the wells, the
actual location of the bottom of the oil in this sublayer is not yet

clear. Using the above method, the minimum SGRs of the two
river channels sealed by the faults are 31.2% (left pink field in
Figure 7) and 28.4% (right pink field in Figure 7). The maximum
oil column heights are calculated to be 26.1 m (left pink field in
Figure 7) and 19.4 m (right pink field in Figure 7), respectively.
These results are consistent with the oil distribution revealed by data
for knownwells (Figure 7).Themaximum elevation of the bottomof
the oil and the maximum oil bearing range can be determined. This
scope helps guide reservoir exploration and expand the scale of the
reserve volume.

6 Discussion

Due to the influence of the clay content in the strata composed
of interbedded sandstone and mudstone and the spatial variation of
the fault throw, the lateral sealing capacity of the different parts of
the fault varies greatly. Based on the precise calculation results of
the fault SGR, the lateral sealing of the faults can also be understood
in more detail.
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FIGURE 11
Analysis of the fault sealing critical throw in the S14 area. (A) Ternary diagram of the variation in the SGR with the fault throw in a single well (Sheng
55–34). When the fault throw is 0, the SGR represents the clay content of the original formation. High values represent the mudstone section, and low
values represent the sandstone section. As the fault throw increases, the SGR changes, which is manifested as a decrease in the SGR of the mudstone
section due to smearing and an increase in the SGR of the sandstone section due to smearing, and finally, it tends to stabilize. (B) Plot of the change in
the SGR with the fault throw in a single well (Sheng 55–34), in which the fault sealing critical throw of the single well is determined according to the
lower limit of the SGR. When the fault throw is greater than the critical throw, all of the SGR values on the fault plane are greater than 15%, and the
entire fault is sealed. (C) Plot of the minimum change in the SGR with the fault throw for multiple wells, in which the fault sealing critical throw in the
entire area is determined according to the lower limit of the SGR. The average fault sealing critical throw in the study area is 7 m, and the maximum
value is 14 m. Thus, when the fault throw in the study area is less than 7 m, the risk of fault unsealing is higher; and when the fault throw is greater than
14 m, the fault’s sealing capacity is good.

6.1 The sealing capacity of the different
parts of the same fault plane analysis

On the fault plane, the minimum SGR, corresponding to the
reservoir, controls the lateral sealing capacity of the fault. It can be
seen from the example fault (Figures 8A, B) that the minimum SGR
of the fault varies significantly on the plane. For this fault’s hanging
wall, from left to right, the fault’s sealing capacity is weak-medium-

strong-medium-strong.This is because the SGR is related to the fault
throw and the clay content in the range of the fault (Equation 1). In
this instance, the fault exhibits a small fault throw and lowmudstone
proportion in areas with a weak sealing capacity. In areas with a
moderate sealing capacity, the fault exhibits a medium to low fault
throw and a medium to low mudstone proportion. In areas with
a strong sealing capacity, the fault is characterized by a large fault
throw and medium to high mudstone proportion (Figure 8C).
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6.2 The sealing abilities of the hanging wall
and footwall of a fault in the same layer
analysis

As can be seen from Figure 8B, the sealing abilities of the
hanging wall and footwall of a fault in the same layer also differ.
By calculating the average SGR of the entire Putaohua oil layer, it
was found that the sealing capacity of the footwall is generally better
than that of the hanging wall. As shown in Figure 9A, the average
SGRs of the hanging wall and footwall of the example fault are
38.2% and 44.8%, respectively. This is because the footwall mainly
receives a shale coating from the upper part of the oil layer, while
the hanging wall mainly receives a shale coating from the lower part
of the oil layer, and the clay content in the upper part of the oil layer
is relatively high (Figure 9B).

6.3 The sealing capacity of the same fault
for different sub-layers analysis

Controlled by the period of the fault activity, most of the faults
in the Putaohua oil layer exhibit overall faulting in the study area
(Sun et al., 2013). For each small layer, there is almost no change
in the vertical throw of the fault. Therefore, the vertical change
in the SGR is mainly controlled by the clay content. In the study
area, the overall clay content of the upper sand formation is higher
than that of the lower sand formation (Figures 5A, B).Therefore, the
fault-sealing abilities of the individual sublayers in the upper sand
formation are generally better than those of the individual sublayers
in the lower sand formation (Figure 10).

6.4 The fault sealing critical throw
analikysis

Considering the complexity of fault sealing, in practical
applications, we hope to evaluate whether faults have sealing
properties with simpler and more easily obtainable parameters (i.e.,
the fault throw). Therefore, in this study, we explored the lateral
sealing of the faults in the study area under the influence of a single
factor, the fault throw, based on analysis of the regional clay content.
Furthermore, based on the lower limit of the SGR, the fault-sealing
critical throw was obtained.

6.4.1 Fault sealing critical throw for a single well
The single well SGR-fault throw ternary diagram and

corresponding scatter plots (Figures 11A, B) reflect the relationship
between the fault throw and the SGR for a specific formation
location, assuming that the lithology combination and clay content
are already clear. As the fault throw increases, the SGR changes,
which is manifested as a decrease in the SGR of the mudstone
section due to smearing and an increase in the SGR of the sandstone
section due to smearing, and finally, it tends to stabilize.

The lower envelope of the single well SGR-fault throw scatter
plot represents the relationship between the fault throw and the
minimum SGR (Figure 11B). Using the lower envelope and taking
15% of the SGR as the lower sealing limit, the corresponding fault
throw can be calculated. This is the fault sealing critical throw.

When the fault throw is greater than the critical throw, all of the
SGR values on the fault plane are greater than 15%, and the entire
fault is sealed.

6.4.2 Fault sealing critical throw within the case
study area

Due to the different lithological combinations and clay contents
at different locations in the entire study area, the fault sealing critical
throw is minor in the mudstone-dominated parts of the faults and
is significant in the sandstone-dominated parts of the faults. To
summarize the general conclusions for this region, a specific number
of wells should be evenly selected throughout the entire region and
compiled using the SGR-fault throw scatter plot of the data from
single wells. Then, the lower envelope can be extracted to analyze
the fault sealing critical throw (Figure 11C). Using this approach,
we conclude that the average fault sealing critical throw in the study
area is 7 m, and the maximum value is 14 m. Thus, when the fault
throw in the study area is less than 7 m, the risk of fault unsealing
is higher, and when the fault throw is greater than 14 m, the fault’s
sealing capacity is good.

Based on the relationships between various parameters and the
fault sealing capacity, we determined that different positions along
the fault plane have different sealing capabilities. Our results present
a more in-depth understanding, which will be helpful in further
research on petroleum distribution patterns.

7 Conclusion

(1) A method for calculating fault SGRs suitable for strata
composed of interbedded sandstone and mudstone was
established. The key point of this method lies in the precise
calculation of three parameters: the clay content, optimal
well spacing, and fault throw. For the clay content, logging
curves are used to calculate the clay content in areas with
wells; while in areas without wells, virtual wells are set up,
and the clay content is calculated based on seismic inversion
data. Regarding the optimal well spacing, one-fourth of the
minimum fluctuation distance of the average clay content is
selected as the optimal well spacing. For the fault throw, the
method of intersecting the seismic interpretation horizon with
the fault plane is used to accurately characterize the spatial
variation of the fault throw along the fault plane.

(2) Based on the actual oil distribution patterns in the study area,
the fault sealing capacity is divided into three levels based on
the SGR: weak (SGR < 15%), medium (15% < SGR < 35%), and
strong (SGR > 35%).

(3) Using the precise calculation of the fault SGR, the fault sealing
in the S14 area is clarified. ①The SGR varies significantly at
different positions on the fault plane and is mainly determined
by the changes in the clay content and fault throw.②The fault
sealing capacity of the upper sand formation in the Putaohua
oil layer is better than that of the lower sand formation.③The
overall sealing capacity of the footwall of the fault is better than
that of the hanging wall. ④ As the fault throw increases, the
fault SGR of the sandstone section initially increases and then
stabilizes. Taking the SGR value of 15% as the lower limit for
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fault sealing, the average fault sealing critical throw in the study
area is 7 m, and the maximum value is 14 m.
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