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Improving the oil production from nonmain oil layers is crucial for the complex fault block oilfields during the late stage of high
water cut development to ensure stable production and capacity expansion. However, the developing characterization of the
nonmain layers and their remaining oil distribution is still inadequate. Developing an efficient mode of development remains a
challenge. This paper presents a detailed characterization of the sedimentary microfacies and architecture of a nonmain
reservoir based on core and logging data analysis. A flexible injection-production development strategy model was designed
and applied in the Hetan oilfield, located in the southeast of Zhanhua Depression of Bohai Bay Basin as an example. The
results show that the nonmain oil layer of the Hetan oilfield is composed of estuary bar microfacies sand bodies. Deposits of
various shapes are formed on the side or in front of the main body of the estuary dam, which constitutes the nonmain oil
reservoir. The lithology is fine, the sand body thickness is small, and the plane heterogeneity is strong. The distribution is
banded, potato-shaped, and fragmented. The nonmain oil layer has a small oil-bearing area of 0.1-1.0 km2 and a high oil
saturation of over 58%. The Hetan oilfield has a significant amount of remaining oil enrichment and considerable potential for
production digging. To optimize production, a flexible injection and production adjustment scheme is proposed, which
includes designing multitarget horizontal wells and utilizing various methods such as optimizing well spacing, coupled
injection, and cycle injection. Field tests conducted in the area have shown an increase in the recovery factor of nonmain oil
layers from 16.7% to 28.5%. This indicates that identifying and characterizing nonmain oil layers through detailed analysis of
sedimentary microfacies and reservoir architecture is useful in the late-stage development of complex fault block reservoirs to
maintain sustainable and efficient oilfield development.

1. Introduction

During the late stage of high water cut in complex fault-
block oilfield development, the distribution of remaining
oil becomes increasingly complex and dispersed in space,
making development more challenging [1, 2]. The multilayer
property and heterogeneity of the reservoir, as well as the
complexity of the well pattern, have made the distribution
of oil and water in the reservoirs more complex, resulting
in a more dispersed, fragmented, or fractured remaining
oil reserve [1, 3]. The well pattern demonstrates a high level
of control over the main oil reservoirs, with a high degree of
reserve utilization and a high integrated water cut. In con-
trast, the well pattern for the nonmain reservoirs has less

adjustment, resulting in a relatively low degree of control
over the well pattern and poor reserve utilization [4].
Although the nonmain oil layer still contains a significant
amount of oil with high saturation, the main oil reservoir
experiences serious water breakthroughs in the later stages
of development, leading to a rapid decline in production
[5, 6]. Nonmain reservoirs are a relative concept character-
ized by geological features such as being small, scattered,
thin, and poor in comparison to the main reservoir in a
complex fault block oilfield [4]. To improve the development
of nonmain reservoirs, previous authors conducted micro-
structure, sediment microphase, and architecture element
analyses to study the development characteristics of various
nonmain reservoirs [7]. The detailed description of the
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reservoir is based on an analysis of the remaining oil control
factors. Supporting and adjusting technologies, such as
hydraulic fracturing and the dominant direction of the
injection well, have significantly improved the injection-
production relationship of a single sand body in a nonmain
reservoir, resulting in increased recoverable reserves and
improved development effects [8–10].

The Hetan oilfield is a typical small fault-block oilfield
located in the Zhanhua sag of the Bohai Bay Basin in north-
ern China [11]. The main oil layer of the field is facing sev-
eral issues, including high water cuts, scattered distribution
of remaining oil, poor utilization of water-flooding reserves,
and prominent injection-production contradictions. The
remaining oil in the nonmain oil layer is generally enriched
and has relatively high oil saturation [12]. The efficient
development of the Hetan oilfield greatly depends on the
reasonable potential digging development of the nonmain
reservoir. However, the nonmain oil layer still lacks suffi-
cient control over the well pattern, resulting in large uncon-
trolled oil reserves. Furthermore, the effective well spacing is
less than 500m, and the well pattern is poorly suited for the
area. Therefore, further research is necessary to identify the
characteristics and mode of development for the nonmain
oil layer. This study focuses on the distribution characteris-
tics and development mode of the nonmain reservoir of
the field. Core, deposition, and logging data will be used to
analyze the sedimentary microfacies and architecture of the
reservoir in order to characterize reservoir quality and
remaining oil distribution. Furthermore, injection and pro-
duction methods will be optimized. The results have signifi-
cantly improved the effectiveness of reservoir development.

2. Geological Setting

2.1. Reservoir Geology. The Hetan oil field is tectonically
developed in the Gunan sub-sag eastern part of the Zhanhua
sag in the Jiyang depression, Bohai Bay Basin, northern
China, separated from the Fulin sub-sag in the south by a
central fault zone (Figure 1(a)) [12]. The field is a reverse
ridge-type fault block reservoir that is controlled by the
Kenbei fault zone (Figure 1(b)). The stratum structure is
generally high in the south and low in the north, with a
stratigraphic dip of 8-10°. The highest point of the structure
is located near the GN24-76 well, which has a vertical inher-
itance and a consistent structure pattern. The oilfield struc-
ture is mainly influenced by the northeast, northern, and
eastern faults. The block is relatively intact and independent,
with two sets of subfaults developing internally parallel to
the main fault, making the block relatively closed.

The oil-bearing formation in the Hetan oilfield is the
Shahejie Formation, which can be divided into three sections
named S3, S2, and S1 from bottom to top (Figure 2). The S3
consists of sandy mudstone interbedded deposits with a
thickness of 140-230m. The reservoir lithology is siltstone
interbedded with conglomerate sandstone and gray dolo-
mite. The thickness of the oil layer varies greatly from 6 to
39m, and the sorting coefficient ranges from 1.27 to 1.58.
The reservoir has an average porosity of 28.9% and an
average permeability of 2153 × 10−3 μm2. The mud content

ranges from 4% to 8%, and the cementation type is contact
to pore type with the calcareous mud cementation. The S2
consists of interbedded sandstones and mudstones. The res-
ervoir is dominated by conglomeratic sandstones and silt-
stones interbedded with gray sandstones. The distribution
of sandstone is stable, with a thickness of 110-116m. The
oil layer thickness ranges from 12.8 to 34.4m. The sorting
coefficient is 1.17-2.85. The cementation is mud-calcareous,
with a contact-pore type and a basal-pore type. The mud
content is 8%, and the average porosity is 28.9%. The aver-
age air permeability is 1,880 × 10−3 μm2. The S1 consists of
biological limestone, dolomite, and calcareous sandstone,
with a thickness ranging from 70 to 95m. The depositional
environment of S2 and S3 consists of near-source river delta
deposits (Figure 3). These deposits belong to the delta front
subphase and develop submerged diversion waterway
microphase and estuary dam microphase deposits. They
have rich source types and diverse reservoir sand bodies,
mainly medium and fine sandstones, with well-developed
pore space and good reservoir permeability properties. The
oil has low density and viscosity, resulting in a large reserve
abundance (420 × 104 t/km2). This is a typical example of a
“small and fat” block oil reservoir [11]. The Hetan oilfield
consists of stratified oil reservoirs, comprising 44 small oil
layers from S1 to S3. Each layer has an inconsistent oil-
water boundary and a complex oil-water relationship. The
oil-bearing area gradually decreases from top to bottom.

2.2. Oilfield Development Condition. The Hetan oilfield
underwent development in 1987 and was initially highly
productive. However, the strong injection and production
approach resulted in a short period of water-free oil produc-
tion and a rapid rise in water cut for the field as a whole.
After one year of production, the water cut rose quickly
and production continued to decline [12]. The Hetan oilfield
was initially developed from three sets of development reser-
voirs: S2-1, S2-2, and S3. The average well spacing in the
field was 350 meters, as illustrated in Figure 4, which shows
the well pattern in the S2-1 developing layer as an example.
The average daily oil production per well was 87.5 t. The
layer S2 had an average of 80 t/day, while the S3 layer had
an average of 103 t/day. The maximum oil production rate
reached 5.49% (note: the oil production rate is the percent-
age of actual oil production per year in relation to the geo-
logical reserves or recoverable reserves of the field, which is
a key parameter of the development level of oil fields used
in China). During the initial development stage from 1987
to 1993, the average oil production rate was 4.0%. However,
the annual decline rate was higher, reaching 35.4%. In 1993,
the reservoir development system was adjusted to four sets
by subdividing S2-2 into S2-21-4 and S2-25-7. The injection
and production methods were strongly adjusted by imple-
menting unstable water injection, and the well pattern was
encrypted to produce the remaining oil and increase the
degree of reserve utilization. The oil production rate initially
reached 4.6% but gradually declined in later stages, with the
final rate being only 0.43%. In recent years, the Hetan oilfield
has further implemented measures to adjust the injection
and production structure and improve comprehensive
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management. These measures include stratified water injec-
tion, subdivision and restructuring of the reservoir system,
and interlayer replacement. As a result, the integrated oil

production rate decline has been reduced to 2.3%, and the
oil recovery factor has reached 52%, indicating positive
development effectiveness. The Hetan oilfield is currently
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Figure 1: Structural map of the Hetan oilfield. (a) The regional structural setting and location of the study area in the Zhanhua Depression
of Bohai Bay Basin, northern China. (b) The structural isoline, faults, oil-bearing area, and well pattern on the top structural map of the S2-2
reservoir of the Hetan oilfield at present.
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Figure 2: Reservoir geological profile of the Hetan oilfield in the south-north direction.
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facing significant challenges due to infrequent water well oper-
ations, poor injection water quality, high start-up pressure
(8.6MPa), and a low water absorption index (4.2m3/(d·MPa)).
These factors have led to a prominent contradiction between

injection and production, which threatens the sustainable
development of the Hetan oilfield.

3. Materials and Methods

This study employs sedimentary microfacies, architecture
anatomy, and well pattern optimization to develop a method-
ology for identifying and developing remaining oil in nonmain
reservoirs. The challenges of identifying and classifying non-
main oil reservoirs, as well as the distribution of remaining
oil and the imperfections of injection-production well pat-
terns, are addressed. This paper analyzes the oilfield drilling
cores, spontaneous potential log (SP), resistivity log (R4),
and conductivity log (COND), as well as the production data
from the Hetan oilfield. The research process of this study
consists of three main steps. First, we analyze the microfacies
and architecture characteristics of the nonmain oil layer based
on the sedimentary architecture principle and saturation log-
ging interpretation. Next, we identify and divide the nonmain
oil layers. The petrophysical properties and oil and water sat-
uration characteristics of the nonmain oil layer were analyzed
based on the core tests and logging data. Furthermore, the
spatial and remaining oil distribution characteristics of the
nonmain oil layer were defined. Finally, the technical limit well
spacing calculation method was used to optimize the well pat-
tern of nonmain oil layers. A development strategy for pro-
ducing remaining oil from nonmain oil layers was proposed
based on the existing well pattern. A field test was conducted
in the study area to verify the potential development effect of
nonmain oil layers.

4. Results

4.1. Fine Identification of Nonmain Oil Layers

4.1.1. Sedimentary Microfacies. The S2 and S3 of the Shahejie
Formation in the Hetan oilfield are primarily sourced from
the Chenjiazhuang high. The sedimentary environment is
characterized by near-source fluvial deltaic deposition,
which is a typical deltaic foreland subphase. The fine layer
of gray mud shale in S3 is straight and parallel to the layer
(Figure 5(a)) and continuous or intermittent. The S3 is a
subface of the delta front that forms in a low-energy envi-
ronment due to the continuous deposition of fine-grained
sediments.

The middle and upper sectors of S3 are primarily com-
posed of brown-yellow medium sandstone, fine sandstone,
and brown-gray siltstone. These layers exhibit good particle
sorting and fine-bedded mudstone, which often develop
cross-bedding, wavy bedding, and scour and fill structures
(Figures 5(b) and 5(c)). The fine layers within the strata
are inclined and oblique to the plane or layer interface
(Figure 5(d)), and fragments of plant fossils are visible
(Figures 5(e) and 5(f)). The induction logging curve exhibits
a toothed pattern, as shown in Figures 6(a) and 6(b), and is
mainly composed of microfacies from the underwater dis-
tributary channel. The lower part of S3 consists mainly of
gray and gray-white fine sandstone and siltstone with paral-
lel, cross, and oblique bedding. The SP curve has a funnel
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Figure 3: Comprehensive column chart of the main geological
formation in the Hetan oilfield, displaying the gamma ray (GR)
and spontaneous-potential (SP) log curves.
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shape, and the COND curve in Figure 6(c) also shows a
toothed pattern. The microfacies of the delta-front estuary
bar are predominant.

The upper sector of S2 is primarily composed of gray-
yellow pebbly sandstone and coarse sandstone (Figures 5(g)
and 5(h)). The SP curve exhibits a box-shaped and tooth-
shaped pattern, which indicates that the microfacies are char-
acterized by an underwater distributary channel (Figure 6(d)).
The lower sector of S2 is composed of brown-gray fine sand-
stone and siltstone. The sand layer is a medium-to-thick layer
and mainly consists of well-sorted sand and silty sand with
few fossils. Wedge cross-bedding, parallel bedding, and occa-
sionally bioturbation structures are present, as well as local car-
bonaceous dust. The SP curve has a funnel shape, while the
COND curve has a toothed shape (Figures 6(e) and 6(f)), which
corresponds to the microfacies of the delta front estuary bar.

4.1.2. Sedimentary Architecture. The study area’s fan delta
frontal reservoir was divided into three graded interfaces
vertically based on the principle of hierarchy in conforma-
tional studies. This was determined by analyzing the core
data and logging data of the S2 reservoir’s architectural
interface. The interface between the five-grade and four-
grade layers is composed of deltaic mud reservoirs located
between estuarine dams or diverging channel complexes.
The four-grade interface, on the other hand, is a petrophysi-
cal interlayer found between a single estuarine dam or a sin-
gle submerged diverging channel. This interlayer is typically
composed of mudstone or siltstone with poor petrophysical
properties, and it can act as a barrier to internal seepage in

the sand body. The three-grade interface acts as an interlayer
between accretionary bodies within a single estuarine dam
deposit. It is mainly composed of muddy siltstone with lim-
ited extension and thin thickness and generally acts as a local
barrier to fluids or retards their flow. The estuarine dam near
the underwater diversion channel is coarser in lithology and
thicker in sand and constitutes the main body of the estua-
rine dam. The deposits on the edge of the estuarine dam
have a different shape and are formed with finer lithology
and smaller sand thickness on the side or front of the main
body of the estuarine dam.

Based on the log curves of SP and COND logging, the
estuarine dam deposit face in the study area can be further
divided into two architectural elements: the main body of
the dam and the edge of the dam (Figure 7). The main body
of the dam consists mainly of fine sandstone and medium
sandstone, with thicknesses of 3-8m and exhibiting anticli-
nal characteristics. The reservoir is well-developed and
serves as the main oil layer. On the other hand, the dam’s
edge is primarily composed of fine sandstone and siltstone,
with thicknesses of 1-3m and exhibiting either anticlinal or
finger-like characteristics. The reservoir is poor and serves
as the nonmain oil layer. By applying this method to other
wells and sand formations in the study area, we can obtain
the distribution characteristics of nonmain layers. This will
allow us to evaluate the reservoir quality and remaining oil
distribution.

4.1.3. Distribution of Nonmain Oil Layer. Using the fourth
small oil layer of the S2-2 section (signed as S2-24) as an
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example, we first divided S2-2 vertically into a temporal
stratigraphic framework of submerged diversion channels
and estuarine dams based on the principle of sequence stra-
tigraphy. We then identified the estuarine dams and divided
them into the main body and the edge within the single
reservoir framework (Figure 8). The main body of the
estuary dam is primarily composed of fine sandstones, with
a smaller proportion of medium sandstones and siltstones.
Positive, uniform, and antigrain sequences are visible. Due
to the location of sand body deposition, the grain sequence
near the end of the distributary channel is positive, while
the grain sequence near the front delta is reversed. The sand
body’s grain size probability curve is three-stage. At the bot-
tom of the estuary dam, bioclasts, such as snails, are visible.
The sedimentary structures present include parallel bedding,
oblique bedding, and cross-bedding. The logging curves
exhibit various shapes, such as bell, box, funnel-box, and
trapezoid. The dam edge is characterized by fine grain size
and thin thickness, with lithologies of fine sandstone and
siltstone, and the development of parallel and undulating
laminations. The shape of its logging curve can be described
as funnel-shaped, tooth funnel-shaped, or spindle-shaped.
The main body of the dam is separated from the dam edge
by an unstable, muddy, or calcareous interlayer. Thus, the
main oil reservoir of the estuarine dam microfacies, which
was previously thought to be a single connected area, is actu-
ally a composite sand body consisting of multiple phases of
the main body of the estuarine dam and the sand body of
the dam edge stacked on top of each other in the longitudi-
nal direction. Thin, stable, and muddy interlayers develop
between them.

The distribution and contact relations of the nonmain oil
layer on the plane can be more accurately described by com-
bining the architectural elements. To characterize the distri-
bution morphology of a single architectural layer on the
plane, we analyzed the architectural elements in detail, using
the nonmain oil reservoir of S2-2 as an example. The results
indicate that the nonmain oil reservoirs in the edge face of
the estuary dam exhibit a striped, potato-like, and fragmen-
ted plan due to the spreading of the sedimentary architec-
tural element. These reservoirs display significant planar

variation and strong heterogeneity. As shown in Figure 9,
the S2-211 and S2-241 reservoirs are striped and fragmented,
covering an area of less than 1 km2 (Figures 9(a) and 9(b)).
On the other hand, the S2-251, S2-232, and S2-261 reservoirs
are potato-shaped, with a local distribution and a smallest
area of 0.1~0.3 km2 (Figures 9(c) and 9(d)).

The main oil layers in the Hetan oilfield are primarily
composed of sedimentary microfacies in underwater distrib-
utary channels and estuarine bars, as determined by lithol-
ogy and electrical calibration. These layers have a wide
development range, continuous distribution, large reservoir
thickness, and small differences in physical properties in
the plane. The sand thickness ranges from 3.2 to 6.5m, with
an average of 5.3m, and shows little variation in plane. The
porosity ranges from 15.1% to 33.2%, with an average of
26.5%. Physical properties are relatively uniform across
planes. While the nonmain oil layers are primarily located
in the interlayers or edges of estuarine dams and at the edges
of lobes, the sand bodies are in contact with the main body
of dams and lacustrine mud and exhibit strong planar het-
erogeneity. They are characterized by being small, scattered,
thin, and poor, meaning that their development range is lim-
ited, their distribution is scattered, the thickness of the sand
bodies is thin, and their physical properties are poor.

4.2. Reservoir Quality and Remaining Oil Distribution of
Nonmain Formation

4.2.1. Reservoirs Petrophysical Differences. There are signifi-
cant differences in sediment grain size, sorting, and mud
content among different microfacies architectures in delta
front reservoirs, indicating a strong planar petrophysical
heterogeneity [13]. This paper determines the quality differ-
ence of the nonmain oil reservoir in the delta front estuary
dam edge facies in the Hetan oilfield by combining core
sampling analysis data and reservoir architecture anatomy
based on the fine division of the nonmain oil layer architec-
ture element. The results are listed in Table 1. The results
show that the thickness of the sand body in the nonmain res-
ervoir is generally between 1.0 and 3.0m with a small area of
0.1 to 1.0 km2. The porosity ranges from 10.0% to 30.0%,

(g) (h)

Figure 5: Rock specimen photos of Shahejie Formation in Hetan oilfield. (a) Predelta mudstone interlayer. (b) Parallel bedding in fine
sandstone. (c) Parallel bedding of medium sandstone. (d) Wave-built cross bedding. (e) Bioturbation structure. (f) Fragments of fossil
plants. (g) Coarse sandstone parallel bedding. (h) Parallel bedding of medium-fine sandstone.
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and the permeability ranges from 221 × 10−3 to 1054 ×
10−3 μm2. The reservoir has good porosity-permeability
properties, belonging to a high-porosity and middle-
permeability reservoir. However, there is strong heterogene-
ity in the permeability distribution within the plane, with
coefficients of variation ranging from 0.71 to 0.9. The petro-
physical properties of the nonmain layer exhibit significant
changes due to the sedimentary architecture, resulting in

strong heterogeneity. However, there is some regularity to
this heterogeneity.

4.2.2. Potential Remaining Oil Distribution. The distribution
of remaining oil is typically affected by both geological and
development factors. Geological factors, such as reservoir
heterogeneity, and development factors, such as develop-
ment tools and processes, play a role [10, 14, 15]. However,
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Figure 6: Maps of sedimentary microfacies of (a–c) S3 and (d–f) S2 in the Hetan oilfield. Logging curves for typical wells are also shown,
with the SP curve on the left side of the well and COND on the right.
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under certain geological and development conditions, the
main influence on the distribution of remaining oil will shift
to reservoir architecture and the difference in reservoir
quality under its control [13]. The reservoirs of the estuary
dam main body and the submerged diversion channel in
the Hetan oilfield are of good quality and connectivity. The
estuary dam’s main body exhibits vertically reversed or
homogeneous rhythmic characters. Due to the vertical dif-
ference in permeability and gravity divergence, the main
reservoir of the injection and extraction linkage has a high
degree of oil production development. However, it also

suffers from severe waterflooded features, and the remaining
oil is scattered and mixed in distribution. In the past, the
development process focused mainly on the main reservoirs
of the estuary dam main body or the submerged diversion
channel, neglecting the recognition of the nonmain reservoir
due to the constraints of a small oil-bearing area and the thin
thickness of the nonmain reservoir. During the injection and
production process of the main reservoir, the surrounding
nonmain reservoir can be easily overtaken due to the differ-
ence in reservoir quality between the main reservoir of the
dam body and the nonmain reservoir at the dam edge. As
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a result, injection and production are ineffective in the non-
main reservoir at the dam edge, which has a low degree of
waterflooded or is not waterflooded, leading to remaining
oil enrichment. However, the nonmain reservoir on the
dam edge has poor reservoir quality, making it challenging
for injected water to penetrate the sand body during water
injection and oil production. This results in a none or weak
waterflooded features of the nonmain formation on the dam
edge, leading to remaining oil enrichment and distribution.
Therefore, even though the oil-bearing area of the nonmain
reservoir at the dam margin is small, it still holds significant
remaining oil reserves.

Based on the core description and saturation logging
interpretation, the main oil layer of the Hetan oilfield
exhibits medium-strong waterflooded features, high dis-
placement efficiency, ratios of oil reserves in development,
and recovery percentages of reserves. The nonmain reser-
voirs in the Hetan oilfield are estimated to contain a signifi-

cant amount of remaining oil, with estimated reserves of
approximately 1.42 million tons, accounting for 10% of the
total reserves of the oilfield. However, the nonmain reservoir
architecture imposes constraints, resulting in small oil-
bearing areas for individual layers and overall limited
remaining oil. For instance, the oil-bearing area of the
nonmain reservoir S2-211 is only 0.77 km2 (Figure 9(a)),
with a predicted reserve of approximately 220,000 tons. The
oil-bearing area of the nonmain reservoir S2-241 is 0.96 km2

(Figure 9(b)), with a predicted reserve of nearly 200,000 tons.
In contrast, the oil-bearing area of the nonmain reservoir S2-
251 is only 0.14 km2 (Figure 9(c)), with a predicted reserve of
about 25,000 tons. The oil-bearing area of the nonmain reser-
voir S2-261 is 0.36 km2 (Figure 9(d)), and the predicted
reserves are about 73,000 tons. Therefore, the nonmain reser-
voir of the dam-edge architecture contains a certain scale of
remaining oil enrichment due to the lack of direct injection
and production correspondence. The reserves in the

0 200 m
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Denudation line
Layer region

(d)

Figure 9: Plane distribution characteristics of nonmain reservoirs in the Hetan oilfield. (a) S2-211 reservoir planar distribution with striped
and fragmented shape. (b) S2-241 reservoir planar distribution with striped and fragmented shape. (c) S2-251 reservoir planar distribution
with potato-shaped and only local distribution. (d) S2-261 reservoir planar distribution with fragmented shapes.

Table 1: Statistics on the difference in reservoir quality of the nonmain reservoirs of S2-2 in the Hetan oilfield.

Reservoir Area (km2) Thickness (m) Average permeability (mD) Coefficient of variation Reserves (×104 t)
S2-211 0.8 2.8 726 0.82 21.8

S2-223 0.2 2.5 1054 0.86 4.9

S2-232 0.2 1.2 457 0.81 2.1

S2-241 1.0 1.5 527 0.71 19.2

S2-271 0.5 1.6 679 0.8 8.2

S2-274 0.3 1.2 820 0.8 4.7

S2-275 0.1 0.6 498 0.9 0.1

S2-251 0.1 1.4 388 0.8 2.4

S2-252 0.7 2.0 856 0.7 16.1

S2-253 0.5 1.8 1003 0.8 11.1

S2-261 0.4 1.4 465 0.9 7.3
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nonmain reservoir can be better utilized through optimiza-
tion and development method improvements.

4.3. Potential Digging of Nonmain Oil Layer and
Field Application

4.3.1. Well Pattern Optimization Method. This paper pre-
sents a three-step optimization process for the new oil pro-
duction well location and development of the nonmain
reservoir in the Hetan oilfield. The geological characteristics
of the oilfield, such as the scattered distribution of the non-
main reservoir, the large number of single-layer sand bodies,
the small oil-bearing area, and the thin thickness of the oil
layer, are taken into account. Additionally, the injection
and production well pattern of the nonmain reservoir is
missing, and the degree of reserve utilization is low with high
remaining oil abundance. First, the minimum oil-bearing
area required for the deployment of the new oil well is deter-
mined by calculating the limit well spacing. Due to the low
permeability property of the nonmain oil layer, which is
similar to the low-permeability reservoirs of Shengli Oilfield,
the technical limiting well spacing is calculated using the
limiting oil supply radius formula for low-permeability res-
ervoirs in Shengli Oilfield [16]. The formula is as follows:

r = 3 226 × Pi − Pwf i × K
μ

0 5992
, 1

where r is the technical limit well spacing, m; Pi is the for-
mation pressure, MPa; Pwfi is the bottom flow pressure of
the well, MPa; K is the effective permeability, ×10-3μm2;
and μ is the viscosity of the subsurface crude oil, mPa·S.

The calculated results indicate that the technical limit
well spacing is 210m. Referring to the current effective well
spacing used in the test field, a reasonable technical well
spacing of 200m is determined. Therefore, the minimum
oil-bearing area for the deployment of the new well is deter-
mined to be 0.04 km2.

Second, the minor oil layer screening was conducted,
and a new well site proposal was designed based on the
remaining oil area and predicted reserves of the nonmain
reservoir sand body. The criteria for minor oil layer screen-
ing were established as follows: (1) the oil-bearing area of a
single sand body should be ≥0.04 km2, (2) geological reserves
should be ≥1 × 104 t, and (3) the average effective thickness
should be ≥1m. Among the 47 nonmainstay single sand
bodies, 22 potential sand bodies (accounting for 47%) with
reserves of 117 × 104 t (accounting for 93%) and 25 nonpo-
tential sand bodies (accounting for 53%) with reserves of
8 8 × 104 t (accounting for 7%) were screened out.

Finally, 22 sand bodies were identified and subjected to
screening for potential. Well optimization was then carried
out by designing multitarget wells. The plane projection
and target positions of multitarget wells are illustrated in
Figure 10(a), while the cross profile displaying target posi-
tions for each nonmain oil layer is shown in Figure 10(b).
The design criteria for new wells were a single well control
effective thickness of ≥5m and control reserves of ≥5 × 104 t.
The remaining 25 nonpotential sand bodies were either

flexibly adjusted by drilling new oil wells in other oil layer
development systems or by using old oil wells to change
target layers. Following optimization, 76 new potential well
targets were identified, along with seven new oil wells and
two new water wells.

Due to the limited small oil-bearing area, thin reservoir
thickness, and complex structure of the nonmain reservoir,
the vector well pattern typically consists of a single-flow line
or double-flow line. Continuous water injection is suscepti-
ble to water breakthroughs. In order to establish imitation
marginal water flooding, it is important to flexibly adjust
and exploit production potential through various means
such as coupled water injection, periodic water injection,
and suppressing strong and supporting weak water injection.
This will lead to a more stable and effective production out-
come. For instance, in the case of oil well GN24-55, the long
flowline of well GN27-6 was utilized to maintain formation
pressure. Additionally, well GN24-41 was used to establish
a vector well pattern (Figure 11) and conduct periodic water
injection to enhance the effectiveness of the water flooding.
The results indicate that the water cut of the well GN24-55
was effectively controlled and production remained stable
for seven years.

4.3.2. Field Application. The flexible injection and produc-
tion development strategy proposed in this paper has been
applied at the field site of the nonmain oil reservoir develop-
ment in the Hetan oilfield. While simultaneously developing
and adjusting the main oil layer, we consider the remaining
oil enrichment and distribution characteristics of the non-
main oil layer. We use a series of screening and evaluation
techniques for the nonmain oil layer and flexible injection
and production adjustment studies to develop multitarget
trajectory optimization for directional wells. The optimiza-
tion and development of the nonmain oil layer were
achieved by modifying the old wells and considering the
reserve utilization of the nonmain layer in the new oil wells.
Finally, a vector well pattern of flexible injection and pro-
duction was established for the development of the nonmain
oil layer in the Hetan oilfield.

The results of field application practice demonstrate that
utilizing the flexible injection and production adjustment of
nonmain oil layers maintains stable annual oil production
and comprehensive water cuts in the oilfield. As of the end
of 2021, the Hetan oilfield had achieved an oil recovery fac-
tor of 53.4%, with a recovery percentage of reserves of 59.8%
and a maintained oil production rate of 0.62%. These results
indicate high-quality, high-speed, and high-efficiency devel-
opment. The development of the nonmain oil layer has
improved the oil recovery factor of the entire Hetan oilfield
from 43% to 53.4%, resulting in an incremental increase of
over 10%. The natural decline rate over the past five years
has remained within 7%, and the reservoir performance
indicators of development have been positive. The effect of
nonmain oil layer development is particularly significant.
Using the nonmain oil layer of the S2 formation as an exam-
ple, the cumulative effective thickness of the nonmain reser-
voir system in the S2 is over 200m. The predicted remaining
geological reserves of oil are about 1.25 million tons, with
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Figure 10: Multitarget well optimization model for the nonmain oil layer development in GN24-1-GN24-22-GN24-59 well profile in the
Hetan oilfield. (a) New multitarget well track plane projection and targets position map. (b) New multitarget well track in well cross
profile showing target position of each nonmain oil layer.
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only an 8.5% recovery percentage of reserves. By utilizing
flexible injection and production adjustment methods, 7
new oil wells and 2 new water wells were drilled. Addition-
ally, 6 old oil wells and 8 old water wells were reutilized,
and 3 oil wells and 5 water well adjustment measures were
taken. These actions resulted in the formation of a reason-
able injection and production well pattern for the nonmain
oil layer development of the S2 reservoir, as shown in
Figure 12. After adjustment and optimization, the oil pro-
duction capacity has increased to 12,000 tons, the water
flooding control degree has reached 78.5%, the recoverable
reserves controlled by a single well have reached 11,000 tons,
and the oil recovery factor has increased from 16.7% to
28.5%, resulting in an increase of 11.8% in the oil recovery
factor increment. It is worth noting that the best incre-
mental oil recovery factors are found in nonmain oil layer
developments.

5. Discussion

5.1. Sedimentary Model of Nonmain Reservoir. The microfa-
cies map conventionally describes the distribution character-
istics of composite sedimentary sand bodies in the plane,
including submerged distributary channels, estuarine bars,
and front sheet sand. However, this map may not fully
reflect the heterogeneity of the reservoir. Utilizing a sedi-
mentary model allows for a more accurate depiction of
contact relationships and distribution characteristics of
single-stage sedimentary sand bodies in the plane through
the planar combination of sedimentary architecture elements.
When studying nonmain oil layers, it is important to focus on

the key contents, which are the fifth- and fourth-order archi-
tecture interfaces. The predelta mud layer between the estua-
rine bar and the distributary channel complex serves as the
fifth-order architecture interface. The gamma-ray (GR) log
curve is a baseline and effective interlayer due to its thickness
and wide extension range. The fourth-order architecture inter-
face serves as the physical interlayer between a single estuary
bar or a single submerged distributary channel. This layer is
typically composed of mudstone or silty mudstone and has
poor physical properties that can impede fluid seepage in the
sand body [7, 17]. As a result, the fourth- and fifth-order
architecture elements usually form nonmain oil reservoirs
with limited physical properties and local distribution.

The Gunan sub-sag, the location of the Hetan oilfield, is
a remote deposit. Its source is primarily the Chenjiazhuang
high in the south, along with two large braided river delta
lobate deposits on the plane. The single submerged distribu-
tary channel is distributed in a strip on the plane, and its
width is generally less than one well spacing (300m). The
single estuarine bar body is distributed in the shape of a lobe
or ribbon, with an average width of 800~2000m. The micro-
facies of the estuarine bar edge are situated at the boundary
between the estuarine bar and the lacustrine mud. This
results in the formation of nonmain oil reservoirs that are
small, scatted, thin, and poor.

5.2. Controlling Factors of Remaining Oil Enrichment in
Nonmain Reservoir. The distribution characteristics of the
remaining oil in the high water cut period for the main res-
ervoir of a thick sand body are mainly controlled by the
blocking of different internal architecture element interfaces
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Figure 11: Diagram of the flexible adjustment of the well pattern in the nonmain reservoir of S2-132 showing an 850m well spacing for
ensuring formation pressure through a long flowline and a 500m well spacing for vector well pattern.
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(interlayers), in addition to gravity and deposition rhythm.
These interfaces exhibit complex and diverse waterlogging
characteristics such as bottom, middle, and top [10, 15].
However, the distribution of remaining oil in the thin non-
main layers is controlled by the seepage barrier and seepage
difference of the accretion order architecture element in the
single sand body. This is due to its relatively simple internal
sedimentary structure. The inner interlayer of the estuarine
dam is mainly composed of mudstone and silty mudstone,
and it forms during the intermittent period of multistage
growth. Therefore, the interlayer is mainly distributed in
the progradation mode due to the progradation action of
the estuarine bar [13]. The estuarine bar is divided into sev-
eral independent accretions, causing lateral occlusion of the
interlayer and resulting in uneven displacement of injection
water, which leads to the enrichment of the remaining oil.

When the oilfield reaches the high water cut stage, the
injection and production of the main oil reservoir are opti-
mized, resulting in a high degree of reserve production.
However, the injection and production of the nonmain oil
reservoir have a relatively poor correlation, resulting in a
low degree of reserve production and leaving a high amount
of remaining oil reserves. During the high water cut period, a
significant amount of remaining oil remains in the nonmain

reservoir due to the combined influence of sedimentary archi-
tecture elements and plane injection-production relationships.

5.3. Optimization Processes of Improved Remaining Oil
Recovery in Nonmain Reservoir. Improving production in
small, scattered, and thin nonmain oil layers presents a sig-
nificant challenge due to their unique characteristics. Accu-
rately characterizing the distribution of the reservoir layer
and remaining oil is necessary to flexibly adjust the remain-
ing oil production plan of the nonmain oil layer when
adjusting the main layers [9, 10]. Vector well patterns can
be constructed by establishing multilayer perforating and
horizontal wells and combining them with the secondary
enrichment rule of remaining oil. Continuous optimization
can be achieved through regular injection and production
plan adjustments. The optimized well pattern should accu-
rately focus on the distribution layer and location of remain-
ing oil to continuously improve water drive efficiency.

To develop the remaining oil in nonmain oil layers,
follow these feasible development, adjustment, and optimi-
zation processes. First, analyze the sedimentary architecture
of the reservoir to accurately identify and divide the
nonmain layers. Then, analyze the reservoir quality and
heterogeneity of the nonmain layers and characterize the
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distribution of remaining oil. Finally, the injection and pro-
duction well pattern will be formulated based on distribution
characteristics and the law of secondary enrichment of the
remaining oil. The optimal well spacing will be determined,
and the vector well pattern and production plan can be con-
structed to achieve the best development effect for enhanced
oil recovery. Field tests have shown that this method greatly
improves the understanding of reservoir and remaining oil
distribution in nonmain layers. Targeted and flexible adjust-
ment strategies can effectively improve oil recovery in non-
main oil reservoirs.

6. Conclusion

The nonmain oil layer is a crucial potential target for excava-
tion during the late development stage of a complex fault
block reservoir. Its significance lies in its ability to stabilize
oil field production and expand capacity. This paper iden-
tifies the nonmain oil layers in the Hetan oilfield of Bohai
Bay Basin, which are mainly deposited on the edge of the
estuary dam, through the fine characterization of sedimen-
tary microfacies and sedimentary architecture elements.

The lithology of the nonmain oil layers in the Hetan
oilfield is primarily composed of gray and gray-white fine
sandstone and siltstone, exhibiting parallel bedding and
cross-bedding structures. The logging curves display funnel
shapes and bell shapes, indicating sedimentary characteristics
of multiple layers, small reserves, thin thickness, dispersed
distribution, and poor physical properties. The reservoir thick-
ness typically ranges from 1 to 3m, with a permeability of less
than 1mD. The areas with favorable petrophysical properties
were either banded, potato-shaped, or blocky. However, the
connectivity between the injection and production planes
was poor, with a coefficient of variation ranging from 0.71 to
0.9. The oil area of the single layer of the nonmain reservoir
is small, ranging from 0.1 to 1.0 km2, and the degree of water-
flooded feature is low or nonexistent, resulting in a significant
amount of remaining oil enrichment.

An efficient method for optimizing the trajectory of direc-
tional wells for multiple targets has been developed by using
coupled water injection, periodic water injection, strength
inhibition, and weakness reduction. The recovery factor of
the nonmain oil layer increased from 16.7% to 28.5%, indicat-
ing successful development practices. By characterizing the
reservoir more accurately and constructing flexible well pat-
terns, the utilization of remaining oil in the relatively rich non-
main oil layers can be effectively improved.

The research and application tests in this paper demon-
strate that for nonmain oil layers with relatively remaining
oil enrichment, the utilization degree of remaining oil can
be effectively improved by fine reservoir characterization
and the construction of flexible development strategies of
well patterns. This has important guiding and reference sig-
nificance for the development of similar oilfields. However,
to effectively address the development effectiveness of the
nonmain oil layers, future work should focus on highlighting
their development effectiveness and formulating an oilfield
development program for these nonmain oil layers.
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