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Abstract: The distribution of interlayers in reservoirs has a significant impact on the flow of
reservoir fluids. Accurate identification of interlayer distribution is crucial for analyzing oil–
water migration patterns and formulating optimal development strategies. Current research
on interlayers mainly focuses on qualitative analysis, particularly regarding sedimentary
environments and petrophysical characteristics. However, research on the quantitative
analysis of interlayers is relatively scarce, and most identification methods rely on manual
interpretation, which introduces human bias. To address this issue, this paper proposes an
automatic interlayer identification method based on logging curve units, in P Oilfield. By
analyzing the sedimentary and petrophysical characteristics of argillaceous and calcareous
interlayers, along with their logging curve responses, multiple logging curves are integrated
into a single comprehensive curve. This enables the automatic identification of both single-
well and inter-well interlayers, achieving an identification accuracy of up to 90%. This
method effectively improves the accuracy and efficiency of interlayer identification and
demonstrates high application potential. Analyzing actual data from the P Oilfield, this
study reveals the dominant role of interlayers in controlling the distribution of remaining
oil in bottom-water reservoirs. It also summarizes three typical remaining oil distribution
patterns: basal oil, dome oil, and cap oil. These findings provide practical guidance for
subsequent oilfield development and enhanced recovery. This method not only offers
an automated solution for interlayer identification in oilfields but also provides scientific
evidence for precise decision-making in oilfield development.

Keywords: interlayer; log interpretation; logging curve unit; auto-identification;
remaining oil

1. Introduction
Interlayers refer to impermeable layers within a reservoir that can delay or block fluid

migration. The distribution area and thickness of interlayers are significantly influenced by
factors such as depositional environment and material supply, exhibiting characteristics of
instability, small area, and limited extension [1,2]. During the oilfield development process,
the presence of interlayers causes interlayer interference, which has a considerable impact
on oil–water movement, especially in bottom-water reservoirs. Due to the blocking effect
of interlayers, bottom water tends to bypass and flow around the oil layer, altering the
characteristics of water flooding and making the distribution of remaining oil more complex,
thus affecting the effective sweep efficiency [3–6]. Therefore, accurately and efficiently
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predicting the extent of interlayers is of great significance for formulating development
plans for oil reservoirs [7,8].

Logging curves can reflect information such as lithology and fluid types in the forma-
tion. By combining multiple logging curves, interlayers can be effectively identified [9,10].
Figiel et al. [11] described the irregularity of logging data using four chaos quantification
parameters. By grouping similar intervals, they identified transition zones between differ-
ent layers, which improved the efficiency of interlayer identification. Jarzyna et al. [12] used
logging data to calculate the fractal correlation dimension and combined mercury porosime-
try results with nuclear magnetic resonance outcomes to identify and distinguish different
lithologies, revealing the complexity of reservoir pore structures. Hill and Uvarova [13]
developed an automated boundary detection technique based on continuous wavelet trans-
form (CWT), which efficiently extracts geological boundary information on multiple scales
and distinguishes between sharp and gradual boundaries, improving both the efficiency
and accuracy of geological boundary detection. However, the above methods are highly
dependent on data quality and involve complex algorithms that require significant compu-
tational resources. Therefore, some scholars have processed logging curves using methods
such as normalization and standardization to improve interlayer identification accuracy. Xu
et al. [14] standardized gamma ray logging data from both vertical and horizontal wells, al-
lowing them to be used within a unified analytical framework, thus improving the accuracy
of logging data analysis. Schlanser et al. [15] performed standardization on multiple types
of logging data, including gamma ray, density, and sonic data, by removing outliers and
noise. They then used clustering algorithms for lithofacies classification, achieving higher
efficiency and accuracy when processing large-scale logging datasets. Maalouf and Torres-
Verdin [16] proposed a method for analyzing sonic logging data, which not only improved
the accuracy of sonic velocity inversion but also enabled more precise interpretation of
sonic data in laterally anisotropic formations, enhancing adaptability to complex geological
conditions. Some scholars have also combined logging data with seismic data, core analysis,
and other methods to improve the accuracy of interlayer identification. Han et al. [17] used
the ensemble Kalman filter (EnKF) method to integrate microseismic data with logging data,
more accurately characterizing the permeability distribution of various reservoir layers.
Zhang et al. [18] combined multiple logging data with seismic reflection data and conducted
joint analysis of multi-well data to identify interlayer distribution characteristics, providing
important guidance for subsequent oil and gas reservoir development. Bhattacharya and
Carr [19] integrated core data from 17 wells with logging data from 517 wells to visualize
the distribution patterns of different lithofacies and interpret depositional environments
through rock physics analysis. Fu et al. [20] analyzed deepwater turbidite deposits and
used a combination of core analysis, seismic inversion, and sedimentological theory to
identify and characterize barrier layers and interlayers. Yi et al. [21] analyzed reservoir char-
acteristics such as lithology, porosity, and permeability, divided the reservoir into multiple
vertical units, and further optimized the results using downhole pressure, temperature, and
fluid characteristics, revealing the heterogeneity and distribution patterns of the reservoir in
the area. Li et al. [22] considered multiple factors such as porosity, permeability, geological
structure, and lithological variation to divide the reservoir into several development units,
representing different oil and gas potential areas. Different development strategies can be
formulated based on the characteristics of each unit. However, the manual selection of data
combinations is limited by the researchers’ knowledge, which leads to a higher degree of
subjectivity in the interlayer identification results. Singh et al. [23] proposed an automated
feature selection method that can effectively identify the optimal logging data combina-
tion, avoiding the limitations of fixed logging feature combinations in traditional methods.
Currently, the identification of logging curves for different sedimentary environments
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and reservoir characteristics mainly relies on manual differentiation, making it difficult to
achieve fast and accurate logging curve recognition. Furthermore, combining small-layer
division with interlayer identification remains challenging, which restricts the accuracy
of logging curve interpretation and hinders the precision of three-dimensional geological
modeling of reservoirs. Some scholars have used the curve element method based on the
characteristics of depositional cycles in strata to achieve sublayer division, providing a
reference method for the quantitative study of interlayers [24,25]. Other scholars have
defined logging curve activity based on distinct morphological changes in logging curves
at sedimentary microfacies variations, characterizing the amplitude of curve variations,
with the resulting stratigraphic divisions meeting the precision requirements of logging
interpretation studies [26].

For bottom-water reservoirs with developed interlayers, the blocking effect of interlay-
ers causes bottom water to be blocked or isolated during production. As a result, the water-
flood pattern continuously changes with variations in the position and size of interlayers,
and the distribution of remaining oil also changes accordingly. Therefore, the study of re-
maining oil distribution patterns is of great significance for reservoir development [27–29].
Xue and Cheng [30] studied the impact of different types of interlayers on water con-
ing and remaining oil distribution, indicating that the distribution of interlayers must be
fully considered in reservoir development. Zhao et al. [31] explored the specific effects
of sandstone body morphology, connectivity, and pore structure on the distribution of
remaining oil, revealing the influence of changes in sandstone architecture on the remaining
oil distribution in reservoirs. Liu et al. [32] conducted physical simulation experiments and
found that different levels of architectural units had varying impacts on the distribution
of remaining oil. By reasonably arranging well patterns and adjusting water injection
strategies in the transitional zones between high and low permeability areas, the recovery
factor can be effectively improved. Feng et al. [33] analyzed the genesis and sedimentary
evolution mechanisms of sandstone bodies using core and logging data, and established a
three-dimensional reservoir model to analyze the distribution patterns of remaining oil.
Chen et al. [34] divided the reservoir into flow units and studied the distribution charac-
teristics of remaining oil and methods for tapping its potential. Xie et al. [35] constructed
a single-sandbody reservoir geological model and used numerical simulation to predict
the distribution of remaining oil. Currently, further in-depth research is needed on the
influencing factors and distribution patterns of remaining oil in bottom-water reservoirs
under different interlayer distribution modes.

Interlayers are primarily influenced by changes in the hydrodynamic environment
during the sedimentary process [36,37]. Typically, due to a weakening of the hydrodynam-
ics, a large amount of fine-grained suspended material is deposited, forming argillaceous
interlayers. The main logging response for argillaceous interlayers is a finger-like uplift in
the gamma ray (GR) curve, a return phenomenon in the natural potential (SP) curve, and
an expansion of the borehole diameter. Among these, the gamma ray logging curve is the
most sensitive to argillaceous interlayers. Calcareous interlayers are primarily related to
diagenetic processes such as cementation and dissolution of sediments. As a result, they
are characterized by random distribution, poor continuity, and relatively thin thickness.
The logging response is mainly represented by deep lateral resistivity being higher than
or close to the resistivity of the oil layer, the microelectrode curve showing sharp peaks
with small amplitude differences, and the sonic time difference exhibiting low values.
There is no borehole expansion observed. Among these, the deep lateral resistivity logging
curve provides the best reflection of calcareous interlayers. Figure 1 shows core images of
calcareous interlayers and argillaceous interlayers, and Figure 2 shows that the logging
response characteristics differ for each type of interlayer. The logging response characteris-
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tics of argillaceous interlayers are as follows: an increase in GR, and a decrease in Porosity
(Por) and Permeability (Perm). These are generally of sedimentary origin. The logging
response characteristics of calcareous interlayers are as follows: an increase in Resistivity
(RT, RS), and a decrease in Porosity (Por) and Permeability (Perm). These are generally of
diagenetic origin. The influence of argillaceous and calcareous interlayers on reservoir fluid
flow is primarily a blocking effect. Both types exhibit low porosity and low permeability
characteristics. For the logging interpretation results, both show finger-like depressions in
porosity and permeability. Therefore, the gamma ray logging curve and the deep lateral
resistivity logging curve, which are more sensitive to these interlayers, are chosen as the
main criteria for identifying the two types of interlayers, with the results verified by the
porosity interpretation.
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P Oilfield is located on the western flank of the Dongsha Uplift in the Pearl River
Mouth Basin of the South China Sea, adjacent to the southern Zhu I Depression [38–40]. Due
to alternating depositional environments during geological history, the reservoir exhibits
significant heterogeneity with well-developed interlayers, particularly argillaceous and
calcareous interlayers showing the most extensive development. Among these, argillaceous
and calcareous interlayers are the most prominent. The reservoir of the P Oilfield is
characterized by a deltaic system of clastic sedimentation, alternating between delta plain,
delta front, and the prodelta, with the primary depositional microfacies being distributary
channels, tidal bars, and distributary bays. The main reservoir porosity is intergranular,
and the reservoir has well-developed porosity and good petrophysical properties. The
logging interpretation shows that the average porosity of the oil layers ranges from 21.5%
to 31.5%, with permeability values ranging from 1255.8 to 6042.7 mD, classifying the
reservoir as medium-to-high porosity and ultra-high permeability. Due to alternating
depositional environments. Vertically, the interlayers are composed of multiple sequences
of positive rhythms. The logging gamma ray (GR) curve generally exhibits box-like and
bell-shaped patterns. The lithology is mainly medium- to coarse-grained feldspar–quartz
sandstone, with quartz as the primary component, followed by feldspar, and locally
containing calcareous materials. The sandstone is generally moderately sorted, with
sub-angular to sub-rounded grains.

This study is conducted based on well logging data from P Oilfield. This study first
unifies multiple logging curves into a single curve through denoising smoothing and hier-
archical sorting matrices. Using the activity judgment method, the activity characteristic
value of the logging curve is calculated based on the morphological changes in the logging
curve. Then, small-layer division is performed according to the threshold of the characteris-
tic value, and interlayers are automatically identified using the logging curve unit method,
with the identification accuracy validated through core analysis. On this basis, the distri-



Processes 2025, 13, 425 5 of 17

bution characteristic function of the target reservoir interlayer is regressed based on the
interlayer width-to-thickness ratio. By combining the multi-well identification results, the
spatial extent of the target interlayer is determined, achieving automatic identification of
reservoir interlayers. Finally, a refined three-dimensional geological model of the reservoir
is established using Eclipse software (version 2021-03), provided by Schlumberger, located
in Paris, France. The influencing factors of remaining oil distribution are studied, and
the remaining oil distribution patterns are summarized, laying the foundation for further
potential tapping and development of the reservoir.
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2. Construction of Logging Curve Units
2.1. Logging Curve Units

To accurately describe the morphological changes in logging curves, the concept of
logging curve units is introduced. On a logging curve, if a certain property of the curve
being examined significantly differs from the adjacent segments, this portion of the curve
is referred to as a logging curve unit [24,25], abbreviated as curve unit, denoted as follows:

C : {X|x0, x1, · · · , xn} xj ∈ [a, b] j = 0, 1, · · · , n (1)
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where a and b represent the left and right scales of the logging curve. For each logging
curve unit, due to the different shapes of the curves, it will exhibit different statistical
characteristics. The statistical analysis of the logging curve unit mainly includes the
Mean µ, Range J, Mathematical expectation E, standard deviation D, etc. Since statistical
analysis is based on probability theory, it assumes that events occur with equal probability,
thus requiring the assumption that for any measurement point within the logging curve
unit: xi ∈ [a, b], i = 0, 1, 2, · · · n, the probability of selecting any xi value is equal. For a
specific layer, at a given scale point, the probability of the value is also random, and the
probability of any value occurring is equal. The probability size is as follows:

pi =
1
n

i = 1, 2, · · · n (2)

The introduction of the concept of logging curve units can reflect changes in the
depositional environment. Changes in factors such as material supply, sedimentation
rate, depositional position, and sedimentary processes can all lead to variations in the
logging curve. By dividing the logging curve into units, these changes in the depositional
environment can be identified, allowing for the automatic identification of interlayers.

2.2. Model Construction

This section details the specific methods for constructing log curve units, covering
key steps such as denoising, normalization, and activity calculation of log curves [41–43],
as follows:

Due to small disturbances in the logging curves, denoising is required before conduct-
ing interlayer identification based on curve units, in order to eliminate the influence of
random errors. A weighted moving average method is used for preprocessing the logging
curves to remove random disturbances.

yi =

N
∑

k=−N
wkyi+k

N
∑

k=−N
wk

(3)

wp·k = a|k| (0 < a ≤ 1) (4)

where yi is the logging curve value at point i; N is the weighted smoothing distance; wk is
the weight of the data point; a is the base number for calculating the weight parameter.

Since different logging curves reflect different characteristics of the formation, when
dividing logging curve units, it is necessary to consider the geological information reflected
by all three curves. Therefore, based on the denoising and smoothing of the logging curves,
normalization is applied to combine the three curves, integrating the geological information
reflected by them into a single standard logging interpretation curve. The division is then
based on the characteristics of the combined curve. Among the three selected logging
curves, the primary criteria for division are the natural gamma ray logging curve (GR) and
the deep lateral resistivity logging curve (RD), while the porosity logging interpretation
is only used as a verification basis. Therefore, based on the field expertise of petroleum
geologists, the analytic hierarchy process (AHP) matrix was established, and the weights
for the three logging curves were determined as follows:

A =

a11 a12 a13

a21 a22 a23

a31 a32 a33

 =

1 1 1
5

1 1 1
5

5 5 1

 (5)
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where A is the hierarchical sorting matrix; aij is the importance coefficient of element i
relative to element j.

The hierarchical sorting matrix can be used to obtain the maximum eigenvalue, and
the eigenvector corresponding to the maximum eigenvalue represents the weights of the
three combined logging curves. Since the values of the three logging curves have significant
differences, directly combining them would amplify the influence of high-value logging
data and reduce the influence of low-value logging data. Therefore, normalization of the
three logging curves is required.

Ex =
xi − xmin

xmax − xmin
(6)

where Ex is the normalized logging data; xi is the original logging data; xmin is the minimum
value of the logging curve; xmax is the maximum value of the logging curve.

After obtaining the weights of each curve through the analytic hierarchy process, the
three logging curves are combined to form a single curve that can comprehensively reflect
the formation characteristics. Since the merged logging curve can reflect changes in the
depositional environment, it can be used for the division of logging curve units.

By analyzing the merged logging curve activity, the variation pattern of the activity
values can be obtained. Where a turning point occurs, it indicates a significant change in
the morphology of the merged logging curve, corresponding to a location where lithology
changes. The lithology undergoes a sudden change, causing obvious fluctuations in the
logging curve response on both sides. This point is used as the location for the small-layer
sequence division.

E(H) =
i=H0+L/2

∑
i=H0−L/2

[(Xi(H)− X(H)]

2

(7)

X(H) =
1
L

i=H0+L/2

∑
i=H0−L/2

Xi(H) (8)

where E(H) is the activity calculation value of the logging curve; L is the calculation step
size; Xi(H) is the logging curve value; X(H) is the average logging interpretation value
within the step size.

Based on the extreme points calculated from the activity, the midpoint of the depths
between two extreme points is taken as the division point for the logging curve unit. This
allows for the identification of the logging curve unit division results. Due to the absence
of certain sedimentary features in some wells, a layering check is required to perform the
division again. By adjusting the step size, the level of detail in the small-layer division can
be modified, which in turn affects the number of layers divided.

Argillaceous interlayers and calcareous interlayers have different responses in logging
curves, thus forming different logging curve units. Argillaceous interlayers are mainly
shown as abnormal high values in the gamma ray logging curve unit, with finger-like
peaks. Calcareous interlayers are mainly shown as anomalies in the resistivity logging
curve unit, with raised peaks. Since the minimum scale of the logging curve is 0.125 m, a
logging curve unit requires at least three points (i.e., the distance between two sampling
points) for the shape of the curve to be observed. Therefore, the lower limit for identifying
interlayer thickness using the logging curve unit method is 0.25 m.
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3. Interlayer Identification of Logging Curves
3.1. Single-Well Interlayer Distribution

To determine the probability of interlayer presence for each logging curve unit, since
the number of data points S included in a curve unit is finite, the Range J and Standard
deviation D of the curve can be calculated. For argillaceous interlayers, the natural gamma
ray logging curve unit exhibits a finger-like uplift in shape, and its range amplitude is
relatively large. The porosity logging interpretation curve unit shows low-value areas and
more pronounced ranges, while the standard deviation for both can reflect the balance of the
data. The larger the standard deviation, the more intense the petrophysical variation, which
increases the probability of argillaceous interlayer occurrence. For calcareous interlayers,
the resistivity and porosity logging curves can also effectively reflect their development.
When calcareous interlayers are developed, the resistivity shows high values, and the
porosity shows low values.

The formula for calculating the probability of interlayer presence for a single curve
unit is defined as follows:

pl,i = J/2 + D/2 (9)

J =

∣∣∣∣∣Average(
s

∑
i=1

Xi)− Max(X)

∣∣∣∣∣ (10)

where pl,i is the probability of interlayer presence for a single logging interpretation curve
unit; J is the range amplitude of a single logging interpretation curve unit; D is the standard
deviation of a single logging interpretation curve unit; Max(X) is the maximum value of
the normalized logging curve value.

Since the logging curves used in the identification process are the natural gamma
ray logging curve, resistivity logging curve, and porosity logging interpretation results,
it is necessary to unify and correct the probability of interlayer presence determined by
each individual logging curve. Using Bayes’ theorem, the probability of the presence of
argillaceous and calcareous interlayers is given by the following:

Pl = 1 −
n

∏
i=1

(1 − Pl,i) (11)

where Pl,i is the probability of interlayer presence for a single logging interpretation curve
unit; n is the number of logging curves; Pl is the probability of interlayer presence in the
curve unit. Based on the threshold εp, the presence of an interlayer is determined. If Pl > εp

exceeds the threshold, the interlayer is considered to be present; otherwise, it is considered
not to be present.

The selection of the threshold can be based on geological research experience in the
region or determined using trial methods. In this study, the threshold εp for the P Oilfield
was obtained through trial methods. Using the interlayer curve unit identification method,
the interlayer distribution in the P Oilfield was identified. Different values of the threshold
εp were tested, and the results were manually evaluated. The threshold value εp with
the highest identification accuracy was chosen as the judgment threshold. The threshold
values εp and validation results for the P Oilfield are shown in Table 1. Through testing,
the threshold value εp for the P Oilfield was determined to be 0.75.

Based on the threshold determined above, the interlayers in the P Oilfield were
automatically identified. Table 2 shows the comparison between the results of the curve
unit method calculated for well A1 and the results from geological research. From the
comparison, it can be seen that the accuracy of interlayer identification using this method
is relatively high.
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Table 1. Identification results of interlayers with different critical values (partial).

Threshold Manually Identified
Interlayer Number

Automatically Identified
Interlayer Number Error

0.5 563 1087 93.07%
0.55 563 946 68.03%
0.6 563 803 42.63%

0.65 563 691 22.74%
0.7 563 571 3.55%

0.75 563 551 −2.13%
0.8 563 403 −28.42%

0.85 563 381 −32.33%
0.9 563 129 −77.09%

Table 2. Identification results of interlayers in well A1 (partial).

Number Top Depth of Curve Unit Bottom Depth of Curve Element Pl Interlayer Development Status

1 1609.2 1610.5 0.591 Sandstone section
2 1610.5 1611.7 0.565 Sandstone section
3 1611.7 1613.1 0.767 Interlayer development
4 1613.1 1615.9 0.579 Sandstone section
5 1615.9 1618.5 0.891 Interlayer development
6 1618.5 1620.8 0.224 Sandstone section
7 1620.8 1623.1 0.149 Sandstone section
8 1623.1 1624.9 0.155 Sandstone section
9 1624.9 1626.2 0.079 Sandstone section
10 1626.2 1628.0 0.425 Sandstone section
11 1628.0 1629.3 0.547 Sandstone section
12 1629.3 1630.7 0.548 Sandstone section
13 1630.7 1631.9 0.737 Interlayer development
14 1631.9 1634.9 0.829 Interlayer development

3.2. Inter-Well Interlayer Distribution

Based on the identification of single-well interlayer distribution, the study of interlayer
spatial distribution is conducted using the inverse distance weighted average method to
calculate the interlayer distribution probability. For the standard inverse distance weighted
average method, since it does not account for the density of known data points, there
may be a problem of redundant information for denser data. Therefore, it is necessary to
consider the angular factor when calculating the interlayer distribution probability.

Pi = ∑ (pwell ×
mai

/
mdi

)/∑ (
mai

/
mdi

) (12)

mdi =

√
(x1 − x2)

2 + (y1 − y2)
2 (13)

mai represents the process of calculating the influence of a known point on an un-
known point. When considering the triangle formed by the unknown point and any two
known points, the minimum angle at the unknown point is taken into account. This method
helps eliminate the redundant influence of dense data, ensuring that the information from
each known data point can be effectively utilized. Based on the interpolation results of the
entire plane and combined with the previous threshold values εp, the distribution charac-
teristics of interlayers between wells and within individual sublayers can be depicted, in
Figures 3 and 4.
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sublayers in the P Oilfield.

As shown in Figure 3, argillaceous interlayers dominate the reservoir with predomi-
nantly small-scale distributions, exhibiting barrier effects on fluid migration. To further clar-
ify the spatial distribution patterns of interlayers, three representative planar distribution
patterns of interlayers are illustrated in Figure 4. Figure 4a demonstrates underdeveloped
interlayers that mainly exhibit discontinuous distribution along reservoir margins with
sporadic occurrences in internal areas. Figure 4b reveals moderately developed interlayers
characterized by relatively continuous distributions and enlarged scales within the reservoir
interior. Figure 4c displays well-developed interlayers with systematic large-scale distri-
butions throughout both marginal and internal reservoir zones. Comprehensive analysis
indicates that P Oilfield contains moderately developed interlayers, predominantly con-
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sisting of small-scale heterogeneity elements that act as flow barriers, potentially inducing
residual oil accumulation by obstructing fluid migration pathways.

4. Remaining Oil Prediction Application
4.1. Numerical Model Construction

Based on the study of interlayer identification in the P Oilfield, a reservoir numerical
model was established, and the distribution characteristics of the remaining oil in the
reservoir were analyzed. The main controlling factors for the remaining oil in the bottom-
water reservoir with fully developed barriers and interlayers were identified, and the
distribution of the remaining oil was predicted, which provided support for the adjustment
of further development measures in the P Oilfield.

The modeling area of the P Oilfield is 15.7 km2. There are 16 reservoirs in the layer
series division. The grid step length is 20 m × 20 m × 0.5 m, and the total number of grids
is 105 × 107. The P reservoir is an edge-bottom water and ordinary heavy oil reservoir.
There is a large viscosity difference from the bottom to the top of the reservoir, and there is
no gas cap. The bottom water is fully developed. Therefore, the production mainly relies
on the bottom water drive. The distribution of interlayers will have a significant impact on
bottom water coning and cresting. The specific physical properties and fluid properties of
the reservoir are shown in Table 3.

Table 3. Physical properties of the numerical model of the target oilfield.

Threshold Manually Identified
Interlayer Number

Automatically Identified
Interlayer Number

Reservoir
Characteristics

Reservoir Burial Depth (m) −1438~−1822
Initial Formation Pressure (MPa) 14.7~18.1

Saturation Pressure (MPa) 0.207~0.752
Reservoir Temperature (◦C) 68.2~82.2

Permeability (10−3 µm2) 1255.8~6042.7
Porosity (%) 21.5~31.5

Rock Compressibility Coefficient (MPa−1) 4.859

Fluid
Characteristics

Surface Crude Oil Density (g/cm3) 0.90~0.96
Formation Crude Oil Viscosity (mPa·s) 31.71~137.98
Initial Solution Gas–Oil Ratio (m3/m3) 0.03~1.07

Crude Oil Volume Factor 1.037~1.043
Crude Oil Compressibility Coefficient (MPa−1) 7.73 × 10−4~1.03 × 10−3

Water Density (g/cm3) 1.029
Water Viscosity (mPa·s) 0.3

Water Compressibility Coefficient (MPa−1) 4.375 × 10−4

Gas Relative Density 0.86~1.35

4.2. Study of Remaining Oil Distribution Patterns
4.2.1. Small-Scale Interlayers

For bottom-water reservoirs, small-scale interlayers can effectively block the water,
forming secondary edge water drive and making it easy to form small-scale remaining oil
enrichment areas below the interlayers. Figure 5a shows the oil saturation field map of a
sublayer after five years of reservoir development, and Figure 5b is its oil saturation profile
diagram. By comparing these figures, it can be seen that due to the blocking effect of the
interlayers, the remaining oil is enriched below the interlayers. Meanwhile, because of the
interlayers’ blocking effect on the bottom water, the bottom water generates turbulent flow,
forming secondary edge water drive. The plane sweep area above the interlayers increases,
and the development effect becomes better.
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Figure 5. Oil saturation field map of a sublayer after five years of production. (a) Oil saturation
field map. (b) Cross-sectional profile. (a), the red lines represent the trajectories of the horizontal
wells. The red ellipses in both (a,b) correspond to the same region, indicating the areas of remaining
oil accumulation.

It can be seen from the profile diagram that small-scale interlayers have a certain
blocking effect on the bottom water. The bottom water flows around, and the edge water
displacement effect occurs, which leads to the enrichment of the remaining oil below the
interlayers. Moreover, the swept area in the region above the interlayers is relatively large,
and the development effect is better.

4.2.2. Combined Effects of Structure and Barrier Interlayers

For bottom-water reservoirs, small-scale interlayers can effectively block the water,
forming secondary edge water drive and making it easy to form small-scale elliptical
cap-shaped remaining oil enrichment areas above the interlayers and at the top of the oil
layer. Figure 6a shows the oil saturation field map of another sublayer after five years of
reservoir development, and Figure 6b is its oil saturation profile diagram. By comparing
these figures, it can be seen that due to the blocking effect of the interlayers, the remaining
oil is enriched at the high structural positions above the interlayers.
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oil accumulation.

The blocking effect of interlayers will lead to the formation of remaining oil enrichment
areas both above and below the interlayers. Meanwhile, for the high structural positions,
due to the limitation of the swept range of water flooding, remaining oil enrichment areas
will also be formed at the top of the structure. For the remaining oil jointly controlled by
interlayers and the structure, it has the characteristics of high oil saturation of the remaining
oil and an extremely low degree of production. Moreover, in terms of tapping the potential,
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it also has a high difficulty in tapping the potential because of the high requirements for
well placement and high risks.

4.3. Remaining Oil Distribution Models
4.3.1. Dome Oil and Bottom Dome Oil

For the remaining oil controlled by interlayers, it can be mainly categorized into dome
oil and bottom dome oil (as shown in Figure 6). The former refers to the remaining oil
that has not been produced in the upper part of the interlayer. During the seepage process,
the bottom water will be blocked by the interlayer, forming an unproduced cavity-shaped
area in the upper part. Generally, the potential of the remaining oil is relatively small. The
latter refers to the remaining oil formed below the interlayer, which is more like an inverted
bell shape and has a relatively high remaining oil content. In the actual process of tapping
the potential, due to the impermeable characteristics of the interlayer, it is very difficult
to increase the flow velocity or flow rate. For both dome oil and bottom dome oil, the
difficulty in tapping their potential is relatively high.

Figure 7a shows the cross-sectional view of residual oil distribution, while Figure 7b
illustrates the schematic model of dome oil and bottom dome oil. The red areas in the
figures represent the dome oil and bottom dome oil formed by interlayer barriers, which
are challenging to be effectively extracted by existing production wells. Wells can hardly
effectively produce them. Moreover, as development progresses, after the oil well starts to
produce water, its swept area will also be relatively fixed. Therefore, certain measures must
be taken to tap the potential of such remaining oil. Generally speaking, the methods of
sidetracking old wells or drilling new infill wells have a relatively good effect on tapping
the potential of this kind of remaining oil. Tapping the potential by increasing the liquid
production and supplementing oil has a relatively limited effect. However, in the early
stage, the method of increasing the liquid production can be adopted to increase the flow
rate, expand the swept area, and improve the recovery degree. In the later stage, this
method cannot be used to tap the potential.
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Figure 7. Remaining oil distribution characteristic map. (a) Remaining oil cross-sectional profile.
(b) Dome oil and bottom dome oil pattern map. (a) the black ellipse indicates the region where Dome
Oil and Bottom Dome Oil are located within the reservoir numerical model. (b) the black arrows
represent the direction of water movement, and the red area denotes the remaining oil.

4.3.2. Cap Oil

For the remaining oil jointly controlled by the structure and interlayers, it can be
summarized as cap-shaped oil. Having structural highs, lower completion intervals, and
developed interlayers are the conditions for its formation. Due to the existence of interlayers,
secondary edge water drive is generated, which leads to the phenomenon of “hollowing
out” at the bottom of the roof oil, thus forming the cap remaining oil.

As shown in Figure 8, remaining oil has been formed in the upper part of well, with
Figure 8a illustrating the cross-sectional distribution of residual oil saturation and Figure 8b
depicting the conceptual model of cap oil accumulation. Since it is difficult for the bottom
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water to sweep this area, the swept situation of this part of the area is limited. During
the production process, it can only be produced under the action of reservoir pressure
difference and gravity, and the production speed is slow. As the pressure at the bottom of
the well stabilizes, its production degree will be even worse. Therefore, certain measures
need to be taken to tap the potential. The tapping of the potential of cap-shaped remaining
oil can mainly be achieved by increasing the liquid production of old wells, using the
liquid to carry the oil, increasing the production pressure difference, and enlarging the
drainage area. In addition, methods such as sidetracking old wells, drilling infill wells,
and perforating passing wells can also be adopted to achieve effective control of the high
structural positions, and then improve the production effect of the remaining oil at the
structural highs. When deploying new wells in the early stage of oilfield development, it is
also necessary to be as close as possible to the structural highs, make full use of the blocking
effect of interlayers on the bottom water, improve the sweep coefficient of secondary edge
water, and then ensure efficient development.
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Figure 8. Remaining oil distribution characteristic map. (a) Remaining oil cross-sectional profile.
(b) Cap oil pattern map. (a) the black ellipse indicates the region where Cap Oil are located within
the reservoir numerical model. (b) the black arrows represent the direction of water movement, and
the red area denotes the remaining oil, the light blue and dark blue areas both represent the bottom
water of the reservoir.

5. Conclusions
This study proposes an automatic interlayer identification method based on logging

curve units and investigates remaining oil distribution. The key conclusions are as follows:

(1) An automated interlayer identification framework was established by integrating
multi-source logging data and dynamic activity-based layering methods. This frame-
work achieves 90% interlayer identification accuracy, significantly improving effi-
ciency over traditional manual interpretation. It provides an automated solution
for quantitative characterization of reservoir heterogeneity. The method has been
successfully applied to 3D interlayer modeling in the P Oilfield, demonstrating its
engineering applicability.

(2) The dominant controlling factors of remaining oil distribution were analyzed, reveal-
ing the impacts of small-scale interlayers and interlayer–structure interactions. Three
typical remaining oil distribution patterns were identified: dome oil, bottom dome oil,
and cap oil. These findings provide theoretical support for optimizing well placement
and development strategies.

(3) Future research will incorporate mineralogical data (e.g., thin-section analysis) and ma-
chine learning algorithms to enhance interlayer boundary prediction. This approach
will be extended to reservoirs with complex diagenetic facies to achieve intelligent
interlayer identification.
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