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The sedimentary system of the delta front is complex. The hydrodynamic
conditions, changes in sediment supply, and mineral composition are crucial
factors that influence the quality of reservoirs. Reservoir quality varies among
different sedimentary units. In this field of research, there is a general tendency
to mainly use core data and logging curves for reservoir characterization
and prediction, while neglecting the combination with the microscopic
scale of the reservoir. This article proposes a new method to characterize
reservoir heterogeneity by studying the sedimentary characteristics of reservoirs.
This method uses casting thin-section data to aid in core and logging
research. This study consists of five parts: core analysis, casting thin-section
study, logging facies study, geological analysis, and single-well prediction.
Combining macroscopic and microscopic methods helps clarify the controlling
effect of sedimentary characteristics on reservoir heterogeneity. The research
results indicate that this research method effectively solves the challenge
of characterizing reservoir heterogeneity in the middle and later stages of
development of low-permeability reservoirs. The research outputs serve as
valuable references for the advancement of analytical matching fields.

KEYWORDS

low-permeability oilfield, Ordos Basin, Wuliwan, Chang 6 member, sedimentary
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1 Introduction

In recent years, the development strategy of old oilfields has been focusing on “water
flooding decline, benefit construction, and enhanced oil recovery” in order to fulfill the
goal of steady development of these oilfields in the Ordos Basin, China (Jiang, 2020).
Reservoir heterogeneity is a major difficulty in the middle and later stages of development
of old oilfields (Ma et al., 2019; Doorwar et al., 2020). The understanding of reservoir
heterogeneity often guides further development plan design and development measure
adjustment for oilfields (Chen etal., 2014; Ehrenberg, 2019). Reservoir heterogeneity
commonly refers to vertical and lateral variations in porosity, permeability, and capillarity
(Schmid etal.,, 2004; Medicietal,, 2019; Shehata etal., 2021). Reservoir quality is a
quantitative measure of reservoir heterogeneity. Heterogeneity and reservoir quality of
sandstone reservoirs often exist in different degrees and scales (Halisch et al., 2009; Dutton
and Loucks, 2010; Makeen et al., 2016). Heterogeneity of reservoirs is directly controlled
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by the sedimentary environment, lithofacies types, and mineral
composition of river-controlled deltas (Nichols, 2009; Morad et al.,
2010; Umar et al., 2011). The type of particles, type of pores, and
the degree of pore development are important factors that impact
the overall reservoir quality (Gong et al., 2019; Nabawy et al., 2023).
In low-permeability sandstone reservoirs (reservoir permeability
ranges from 1 to 10 mD), these sedimentary features at different
scales control the reservoir heterogeneity and reservoir quality.
The reservoir quality varies among different sedimentary units,
depending on their sedimentary hydrodynamic conditions and
sedimentation period, even though they were deposited in similar
environments (Munawar et al., 2018; Fang et al., 2022). Therefore,
reservoir quality controlled by sedimentary heterogeneity has
always been an important basic question for exploring potential
oil and gas reserves and developing oil and gas reservoirs
(Becker et al., 2019; Aroetal., 2023). However, little is known
about the complexity of sedimentary characteristics (including
lithofacies analysis, microfacies analysis, microfacies distribution,
and sedimentary environment) that need to be studied at the
development scale in low-permeability reservoirs, and further
research, description, and characterization are needed. Previous
studies on the sedimentary characteristics of oil and gas reservoirs
within the designated study area often roughly divided the
reservoirs into underwater distributary channels or mouth bars
(Zhao etal.,, 2012; Haoetal, 2014). Combining detailed facies
analysis, sedimentary environments, and research on mineral
composition will help effectively describe the characteristics of
reservoirs in the Wuliwan area (Turner et al., 2024).

This paper the
characteristics and reservoir heterogeneity by using core, cable

comprehensively —analyzes sedimentary
logging, and casting thin-section data, and the research scale
of sedimentary characteristics is further accurate to lithofacies.
We subdivided a variety of sedimentary microfacies, clarified the
reservoir quality differences caused by sedimentary heterogeneity
during development, and clearly solved the complex interaction
and genetic relationship between the two. Understanding
the sedimentary characteristics of low-permeability reservoirs
and the control of sedimentary characteristics on reservoir
heterogeneity can provide new ideas for oil and gas field
development and effectively guide the adjustment of further
development policies.

2 Geological setting
2.1 Tectonic setting

The Ordos Basin, with an area of approximately 26 x 10* km?,
located in northern-central China, is the second largest sedimentary
basin in China. The Helan, Liupan, Qinling, Luliang, and Yinshan
mountain ranges form the boundaries of the basin in four different
directions, respectively. In addition, the overall structural features
are rectangular in the north-south direction (Johnson et al., 1989;
Yuan et al., 2007; Zhang et al., 2018). The Ordos Basin consists of six
first-rank tectonic units: the Yimeng High in the north, the Weibei
High in the south, the Jinxi Folded Belt in the East, the Yishan Slope
in the center, and the Tianhuan Depression and the Western Thrust
Belt in the West (Luo et al., 2007). Wuliwan Oilfield in the research
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area is located in Jingbian County and Zhidan County, Shaanxi
Province (Figure 1).

2.2 Stratigraphic framework

The climate is and humid during the Middle and Late
Triassic periods; the Ordos Basin gradually evolved into an
inland freshwater lake basin (Jietal., 2006; Jietal., 2008). The
Upper Triassic Yanchang Formation, which was deposited in
the delta-lacustrine sedimentary system, can be divided into 10
intervals from top to bottom (Chang 1-10) determined by the
evolution of lake deposits in the Late Triassic (Yao et al., 2009).
Sections Chang 9 and 10 were deposited during the expanding
stage of the lake basin. When Chang 7 section was deposited,
the lake expanding evolution reached its peak stage. Subsequently,
delta sedimentation gradually extended toward the center of the
basin, and the lake basin significantly shrank during the deposition
period of sections Chang 4, 5, and 6. Toward the end of the
Late Triassic, when sections Chang 1, 2, and 3 were deposited,
the base of the basin rose and the lake disappeared (Li etal.,
2009; Lin et al., 2008; Guo et al.,, 2014). The target formation for
the study is the Chang 6 member of the Wuliwan Formation
(Figure 2). The reservoir is controlled by the provenance in
the northeast and the delta front subfacies. The primary sand
belt is distributed in a northeast to southwest direction, with
the porosity range of 10%-12% and an air permeability range
of 0.6-2.0 mD.

3 Samples and methods

Research was carried out and existing data, including core,
wireline logging, and cast thin sections, from PetroChina Changqing
Oilfield Company, were collected. The core comes from four
coring wells located in the Chang 6 member (Figure 3). Cable
logging consists of several conventional logging methods, including
gamma ray (GR), surface potential (SP), acoustic travel time
(AC), and density (DEN). The data of casting thin sections are
mainly based on the impregnated red dyed epoxy thin sections
obtained from the LJ75-61 well. However, this article mainly
uses GR curves obtained from 86 wells, with a sampling rate
of 0.125 m. After considering the influence of the environment
and equipment, the GR curves in the study area were calibrated
and normalized.

The research method is based on specific data obtained from
core and wireline logging, using knowledge of the structural
background and sedimentary environment to analyze the facies
distribution of the target interval and its impact on relative
reservoir heterogeneity. The macroscopic characteristics include
color, structure, and lithology exhibited by the core through
core analysis, and the sedimentary environment and process
of different reservoirs were analyzed. Then, combined with the
microscopic characteristics of the cast thin section, a facies
analysis of the reservoir is carried out to clarify the sedimentary
structure and physical characteristics of different sedimentary
microfacies. The sedimentological interpretation of cores (mainly
lithology associations, sedimentary textures, and structures) and
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FIGURE 1

Present locations of the Ordos Basin: the red dot represents Wuliwan (modified from Xiao et al,, 2019), and the green dot represents the coring wells.

Epoch Formation l Subsection Thickness (m) Lithology Lithology Characters Sedime ntary facies
X oo
i ——— Variegated mudstone mixed with gray white
Lower Jurassic Fuxian 250-300 p— medium coarse grained to gravelly coarse sandstone,| Fluvial-Lacustine-Svamp
in unconformable contact with the underlying strata
Dark mudstone, argillaceous siltstone, silty fine
Changl 0-240 sandstone interbed of unequal thickness, mixed Fluvial-Lacustine-Svamp
with carbonaceous mudstone and coal line
Gray green, light gray massive fine sandstone with
Chang2 120-180 dark mudstone
Light gray and grayish brown fine sandstone with
Chang3 90-110 dark mudstone
Interbedding of light grey silty fine sandstone and
Chang4+5 80-100
dark mudstone Fluvial-Lacus tine
Chang6, 3545 Gray green massive fine sandstone with dark
mudstone
Upper Triassic | Yanchang
Chang6é | Chang6, 35-45 Gray green silty fine sandstone with dark mudstone
Gray green mudstone, argillaceous siltstone,
Changé, 30-45 silty fine sandstone interbedding with thin tuff
Dark mudstone, carbonaceous mudstone, oil shale .
Chang? 80-100 with thin layer of siltstone Deep-Lacustine
Chang8 70-85 l_)ark.mudstone, sandy mudstone mixed with gray
fine siltstone
Lacustine
Chang9 90-120 Dark mudstone, shale mixed with gray fine siltstone
Chang10 280-350 Gray thick massive medium fine sandstone, coarse Fluvial
sandstone
The upper partis gray and brownish purple
Middle Triassic ZhiFan 500 mudstone with sandstone, and the lower part is Fluvial-Lacustine
grayish green sandstone and glutenite

Conglomerate Glutenite [¢_e] Sandstone

FIGURE 2

E Mudstone

== Sandy mudstone [£24] Oilshale

Tuff [] Coal

Upper Triassic and Lower Jurassic stratigraphy and depositional environment of the Ordos Basin (modified after Guo et al., 2014).

wireline logs (mainly stacking patterns) assists in identifying
sedimentary facies and facies associations and predicting facies
distributions (Xia etal., 2015). Based on the changes of lateral
and vertical facies, the corresponding sedimentary model
is established and the distribution of sedimentary facies is
described. Finally, by interpreting single-well facies and reservoir
dynamics, the potential for development of the Chang 6 reservoir

was analyzed.
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4 Results and interpretations

4.1 Subsurface facies analysis from

conventional cores

Core analysis is the most authentic reflection of reservoir
sedimentary heterogeneity (Worden et al., 2018; Soltani et al., 2019).
Through the description and interpretation of conventional cores,

frontiersin.org


https://doi.org/10.3389/feart.2024.1405111
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zou et al.

10.3389/feart.2024.1405111

FIGURE 3

corrugated bedding siltstone, and (L) massive bedding siltstone.

Cores showing sedimentary structures or lithofacies identified as the coarse-grained sandstone facies group in the Chang 6 member: (A) massive
bedding fine sandstone, (B) tuffaceous sandstone, (C) interdistributary bay mudstone and underwater distributary channel sandstone lithology change
interface, (D) massive bedding fine sandstone, (E) positive rhythmic bedding fine sandstone, (F) calcareous cementation phenomenon, (G) parallel
bedding fine sandstone, (H) reverse rhythmic bedding fine sandstone (l) trough cross-bedding fine sandstone, (3) climbing bedding siltstone, (K)

the lithofacies combination of the work area was analyzed. Core
description and interpretation reveal the lithofacies characteristics
of the Chang 6 member section in the Wuliwan area. According to
the difference in lithology and vertical distribution, the lithofacies

Frontiers in Earth Science

can be divided into eight lithofacies: massive fine sandstone
facies, positive rhythm fine sandstone facies, parallel bedding fine
sandstone facies, reverse rhythm fine sandstone facies, trough cross-
bedding fine sandstone facies, massive bedding siltstone facies, wavy
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cross-bedding siltstone facies, and climbing bedding siltstone facies.
The characteristics of lithofacies are analyzed in detail based on
lithological characteristics, hydrodynamic conditions, sedimentary
environment, and sedimentary process.

4.1.1 Massive fine sandstone
41.1.1 Description

The massive fine sandstone facies in Wuliwan are generally
brown, gray, or grayish white, with less mud. The sandstone is fine-
grained and well-sorted (Figure 3A). In general, it is a homogeneous
rhythmic cycle, usually formed through the superposition of several
cycles. The sedimentary thickness is large, ranging from 0.8 to 4 m,
and the bottom of a single cycle is often characterized by scouring
on the underlying basement. The thickness of this lithofacies is
different. It is usually shown as unstructural layered sandstone and
occasionally tuffaceous sandstone (Figure 3B).

4112 Interpretation
Due to the high quartz content of the parent rock, the debris

particles produced by mechanical weathering are transported to the
delta front deposition, and the gray and grayish white inherited
colors of the massive sandstone facies on the core are obtained.
Another part of the brown and brown massive sandstone facies
reflects that the reservoir has a strong oxidizing environment
during deposition, indicating that the water body in the delta
front sedimentary environment of the study area is shallow. The
fine sandstone belongs to the coarsest sandstone facies in the
study area, reflecting the most intense and stable hydrodynamic
characteristics of the delta front. At the bottom of the sandstone
layer, the objects carried by the water flow repeatedly collide with
the floor to form a stable scour basement (Figure 3C). Therefore,
the existence of massive fine-grained sandstone can be interpreted
as a sandy pure underwater distributary channel can be supported
(Figure 3D). Occasionally, tuffaceous sandstones are observed in the
massive fine sandstone facies, which reflects the magmatic activity
in the Chang 6 member saline water. The tuffaceous sandstones are
formed by condensation within the blocky, fine-grained sandstones
(Table 1). Tuffaceous sandstone may contain delicate diagenetic clay,
which can further degrade reservoir permeability in the subsurface,
particularly in fine-grained sandstones, but the phenomenon of
tuffaceous material in fine sandstone is extremely rare.

4.1.2 Positive rhythm bedding fine sandstone
facies
4.1.2.1 Description

The fine sandstone facies of positive rhythm bedding are mostly
brown. The erosion base can be seen at the bottom, and the
sedimentary grain size is slightly finer toward the top, which
is shown as positive rhythm layered sandstone (Figure 3E). The
thickness of the positive rhythm bedding fine sandstone facies on
the core is large, ranging from 0.6 to 4 m. There is often calcareous
cementation at the bottom of the sandstone layer, and conglomerate
deposits are rare.

4.12.2 Interpretation
The observed positive rhythm layered sandstone with upward

thinning of deposition is the result of the gradual decrease of
water flow velocity or intensity. After the water flow enters the
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delta front position from the delta plain, the river flow widens
and becomes shallower, the bifurcation increases, and the flow
velocity decreases. The grain size of the positive rhythm sediment
becomes finer upward, and the clastic particles deposited in the
lower part are thicker, which leads to the flow of calcium-rich
pore water along the reservoir with fresh water flow in the later
diagenetic process. Coarse grain size and high physical properties
facilitate easy flow to the lower part, contact with high salinity
formation water, precipitate, and generate calcareous cement at
the bottom (Figure 3F). The sedimentary characteristics of coarser
sediment grain size and positive rhythm bedding can be explained
as underwater distributary channel microfacies. The phenomenon
of rare conglomerate is due to the fact that after entering the
sedimentary environment of the delta plain, the water flow rate
decreases, and most of the conglomerates formed through the
weathering of the parent rock have been deposited in the delta
plain owing to a strong hydrodynamic force. The water flow within
the underwater distributary channel can carry less gravel debris
(Table 1). Therefore, compared with the deposition in the channel of
the delta plain, a small amount of gravel carried by the distributary
channel in the delta front can only have gravel deposition at
the bottom.

4.1.3 Parallel bedding fine sandstone facies
4.1.3.1 Description

The thickness of the parallel bedding fine sandstone facies is
relatively less, ranging from 0.6 to 1.5 m. It is brown, and the particle
size is uniform. Parallel bedding composed of parallel lamellar fine
sand and silt is developed (Figure 3G).

4.1.3.2 Interpretation
Parallel bedding sandstone commonly forms in the bottom of

flat riverbeds due to the influence of hydrodynamic forces. The
parallel bedding sandstone is generally deposited in the jet flow and
high-energy environment. The relatively less thickness of the parallel
bedding fine sandstone facies in the study area can be attributed to
its formation as an underwater distributary channel at the delta front
position during the rainy season. The increase in water volume and
the faster flow rate are the lithofacies formed by deposition in the
distributary channel.

4.1.4 Anti-rhythmic bedding fine sandstone facies
4.14.1 Description

The thickness of the fine sandstone facies with anti-rhythm
bedding is medium, ranging from 0.5 to 3 m. Typically, the bottom
is fine sandstone, and the grain size gradually increases upward
(Figure 3H). The core is characterized by dark gray, less muddy, well-
sorted fine sandstone facies, and calcareous cementation is common
at the upper portion of the core.

4.14.2 Interpretation
The anti-rhythm bedding fine sandstone facies is regularly

deposited within a sedimentary environment as a result of
hydrodynamic force changes. The rhythmic characteristics reflect
that the sediments are also affected by the periodic activities of rivers,
waves, and tides, and the turbulent nature of the water environment.
Most of sediments can be deposited by coarse-grained sandstone, so
there is less mud and good sorting. It can be interpreted as a mouth
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TABLE 1 Summarized description of the litho and microfacies and the depositional processes and complex of Chang 6 formation.

Formation | Subsection Unit Microfacies = Compositional| Lithological Depositional  Characteristics
framework characteristic process of logging
curves
Distal bar
Silty sized quartz is
Sand sheet cemented with Protruding trend
feldspar. The Wavelike E:err::\ie:;ezzf 2 ¢
mineral sorting in cross-bedding o 8
Mouth bar the upper sequence siltstone facies indicates that the
u L1 1 1€8, .
Chang 61 is relatively poor, trough bydrodynamlc for-ce
Underwater . . is weak and deposits
presenting angular cross-bedding fine .
? at a more distal
to subangular shapes sandstone facies .
Distributary and mica position Irregular trend
deformation
Interchannel
Mouth bar
Anti-rhythmic Fining-up trend
After the water flow
Underwater bedding fi
S:n dsllgne?:cies enters the delta front
- ’ ition fi h
Distributary Well-sorted fine to positive rhythm g:lst 1t101n ,:)IE:: or
a plain, Vi
silty-sized quartz is bedding fine flow vl\ji dens and
Yanchang Chang 6 Chang 62 Interchannel cemented with a sandstone facies, becomes shallower
small amount of parallel bedding fine . . ’ .
Underwater feldspar and calcite sandstone facies the bifurcation Coarsening-up
? i d the d
and climbing increases, an tren
| bedding siltstone flow velocity slows
Natural
facies down
Levee
Underwater The most intense
Natural Fine-sized quartz ;ngrsotzblea.mic
with good sorting c}):aractzrist'cs of the
Levee and directional Climbing bedding delta front 'll'he
Chang 63 arrangement siltstone facies, and objects car‘r'ed b Uniform trend
al 16 1 T
& characteristics is massive siltstone ; v
Underwater . . the water flow
cemented with a facies .
repeatedly collide
small amount of ;
Distributary feldspar with the floor to
P form a stable scour
Interchannel basement

bar near the shoreline. The sandstone at the top of the anti-rhythm
fine sandstone has coarse grain size and good physical properties.
Therefore, during the later diagenetic process, when the calcium-
rich pore water flows along the reservoir alongside fresh water, it is
easier to fill the upper part of the coarse grain size and high physical
properties, precipitate, and generate calcareous cement at the top.

4.1.5 Trough cross-bedding fine sandstone facies
4.15.1 Description

The sedimentary thickness of the interlaced bedding siltstone
facies is medium, ranging from 0.3 m to 1.5 m. The core is gray
or brown, less argillaceous, well-sorted siltstone facies, mainly
characterized by trough cross-bedding. Additionally, they possess a
medium grain size (Figure 31).

4.15.2 Interpretation
The trough cross-bedding reflects the strong hydrodynamic

forces, indicating that the sandstone facies of the trough cross-
bedding are deposited as a result of strong river channel erosion and
are also affected by certain waves and tides. Due to the backing of the
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river water by the lake water, the muddy sediments are taken away by
the lake water under the effects of scouring and bumping actions of
the lake water, and pure sandstone is retained. The core exhibits the
attributes of sand purity and effective sorting. It can be interpreted
as mouth bar microfacies.

4.1.6 Climbing bedding siltstone facies
4.1.6.1 Description

The siltstone facies characterized by climbing bedding siltstone
facies are mostly light brown, and the sedimentary thickness is
relatively less, ranging from 0.2 to 0.5 m. The climbing bedding
phenomenon is observed in siltstone with good sedimentary sorting
and a large particle size has climbing bedding (Figure 3J).

4.16.2 Interpretation
The color of the climbing bedding fine lithofacies can indicate

its characteristics of an oxidative sedimentary environment. The
climbing bedding siltstone is often the product of sand wave
migration. The climbing bedding siltstone facies in the study area
are mostly well-sorted and coarse-grained siltstone, indicating that
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the sedimentary hydrodynamic forces are strong. The formation
of climbing bedding indicates that a large amount of suspended
matter is fully supplied during sand wave migration. The lithofacies
is formed by the periodic rapid accumulation of sediments and the
relative slowing down of flow velocity. It is usually developed in the
underwater natural levee sedimentary environment (Table 1).

4.1.7 Wavelike cross-bedding siltstone facies
4.1.7.1 Description

The ripple bedding
gray or black fine-grained deposits. The lithology is mainly

siltstone facies are mostly dark
siltstone, with high shale content and small sedimentary
thickness, ranging from 0.3 to 0.8m. It has clear wavy
cross-bedding, showing parallel or non-parallel undulating

surfaces (Figure 3K).

4172 Interpretation

The profound hue of the wavelike cross-bedded siltstone
reflects its long-term stability ~within an environment
characterized by significant reduction processes. The presence
force
wavy

non-
sheet

of a finer grain size indicates that the hydrodynamic
is weak and deposits at a more distal position. The
bedding is formed by the migration of small-scale,
linear flow ripples, which can be interpreted as sand
microfacies (Table 1).

4.1.8 Massive siltstone facies
4.1.8.1 Description

The massive siltstone facies exhibits a predominantly brown or
grayish white color, with a lower proportion of shale. It also has a
finer grain size and better sorting than the massive fine sandstone
facies, which are generally a whole cycle of homogeneous rhythm.
The sedimentary thickness is relatively less, typically ranging from
0.3 to 1m, and it typically appears as unstructured siltstone
(Figure 3L).

4.1.8.2 Interpretation
Similar to the massive fine sandstone, the massive siltstone phase

also mainly shows the color inherited from its environment, and
the brown hue resulting from a highly oxidizing environment. This
observation provides evidence for the shallow water characteristics
of the sedimentary environment within the designated study area.
The siltstone is a fine-grained sandstone facies in the study area. It is
considered to be formed by rapid deposition of suspended matter at
the farthest end of the delta front as the flood enters the lake during
the rainy season. This lithofacies sedimentary position is farther
from the shore, where water flow slows down, and the hydrodynamic
force becomes weaker. It can be interpreted as representing distal bar
microfacies (Table 1).

4.2 Subsurface facies analysis from wireline
logs

Several sets of wireline logs are commonly utilized in the
interpretation of sedimentary facies, including GR, AC , and
resistivity (RT). Gamma ray logs are analyzed for the purpose
of detecting a clean interval (indication of more sandy) and
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a dirty interval (indication of more muddy). Given the fact
that the GR value is high at muddy units and low at sandy
units (Qiu et al., 2020), we can make appropriate interpretations.
It is often difficult to identify the bedding type of lithofacies
by using cable logging. Therefore, this paper summarizes and
classifies the four characteristic types of cable logging curves
observed in the study area and compares them with conventional
core analysis results. At the same time, the results described by
core observation are attributed to the logging curve, and five
sedimentary microfacies logging curves are summarized (Figure 4).
The method aims to identify the lithofacies type in a single
well and summarizes the logging curve response types for each
sedimentary microfacies.

4.2.1 Uniform trend

In the logging response, it is shown as GR high-amplitude
box type, and the curve is generally homogeneous, reflecting the
stable sedimentary environment with abundant source supply
and rapid accumulation under stable hydrodynamic conditions
(Figure 5A; Table 1). It is generally interpreted as underwater
distributary channel deposition. The smooth curve can be
interpreted as massive fine sandstone, while the curve with certain
dentate characteristics can be considered horizontal bedding fine
sandstone.

4.2.2 Fining-up trend

In the cable logging response, the trend of widening at
the top, narrowing at the bottom, and an upward tail end
is called the bell superposition mode, indicating that the
sedimentary hydrodynamics of the sediment from bottom
to top is weakened, and the upper clay content is increased
(Figure 5B; Table 1). The specific performance observed is that
the gamma logging value increases, and the core is mostly
positive rhythm bedding of fine sandstone after homing. In
Chang 6, the thick sands with bell-shape/cylinder-shape stacking
patterns which indicate strong and stable hydrodynamics are
commonly interpreted as underwater distributary channels of the
delta front.

4.2.3 Coarsening-up trend

The coarsening trend of funnel-shaped superposition in the
cable logging response indicates that the bottom-up hydrodynamic
force of the sediment is enhanced. With the enhancement of
hydrodynamic force, the upper sand is more pure, and the gamma
logging value and clay content are gradually reduced (Figure 5C;
Table 1). The logging response observed in the Chang 6 member
shows a funnel-shaped stacking coarsening trend of this obvious
anti-rhythmic deposition. After the core is returned, it is an
obvious anti-rhythmic bedding fine sandstone facies, trough cross-
bedding fine sandstone facies, or wavy cross-bedding siltstone facies.
Through statistical classification, the smooth curves were found
to be mostly proximal mouth bar deposits of anti-rhythm layered
fine sandstone facies. The curve dentate is obviously interpreted as
the proximal mouth bar microfacies of trough cross-bedding; the
sand sheet microfacies has obvious curve dentate and low amplitude
(Figure 5D; Table 1).
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Validation of the gamma ray value from wireline logs calibrated with conventional cores.

4.2.4 Protruding trend

The corresponding logging is peak shape, indicating that the
sedimentary hydrodynamic force is strong and the sedimentary
grain size is coarse (Figure 5E; Table 1). It is in line with the
characteristics of strong river erosion of underwater natural levees,
forming fine-siltstone deposits with thin sedimentary thickness and
small development scale. After conducting core homing, it has been
confirmed that the observed curve shape can be interpreted as a
sedimentary microfacies characteristic of an underwater natural
levee.

4.2.5 Irregular trend

The logging response shows an irregular trend, which usually
exists in the case of thin sandstone or interbedded mudstone
and sandstone interbedded (Figure 5F; Table 1). At this time, the
sedimentary hydrodynamic force is weak or unstable, indicating
that the sedimentary position is far away from the shore and
is affected by rivers, tides, and waves. In most areas of the
Chang 6 member, the sedimentary thickness is medium, and
the logging curve shows an irregular trend, which can be
interpreted as a sand sheet microfacies with far end and sand
mudstone interaction. The irregular trend of extremely thin layers
is generally massive bedding siltstone following core homing.
This can be interpreted as a distal bar according to the vertical
superposition mode.
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4.2.6 Measurement of conventional cores and
gamma ray value

The calibration of GR logs with conventional cores is conducted
in Chang 6. Core description is used to assist wireline logging
to determine and validate facies interpretation. The calibration
work uses the logging data of conventional core measurement
to calibrate the cable gamma logging. It can be seen that the
phase group determined by the Chang 6 member clearly calibrated
cable logging (Figure 4). The lithofacies within the core changes
rapidly in the vertical direction, and the core calibration can be
carried out well by using such characteristics. In the GR curve
response, the upper amplitude is often greater than the lower
logging response amplitude in the same isochronous interface
between mudstones, indicating that the core from the bottom
to the top is the process of transition from siltstone phase to
fine sandstone, which verifies the hydrodynamic enhancement.
It shows that the top of the vertical tends to develop more
near-shore microfacies.

4.3 Sedimentary facies associations

The analysis of sedimentary microfacies is mainly carried
out through the description and interpretation of conventional
cores. The core description and log facies analysis reveal the
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Typical wireline responses in the Chang 6 member.

characteristics of sedimentary microfacies within the Chang 6
member. Previous research has indicated that the delta front
subfacies are mainly developed in the study area. Through
analysis of cast thin sections, the sandstone of the Chang
6 member is mainly composed of minerals such as feldspar
and quartz. Generally speaking, sandstone is relatively mature
in mineralogy. The sandstone within the studied interval
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has a high degree of vertical heterogeneity. Through core
observation, analysis of cast thin sections, and well logging
facies analysis, the Chang 6 member can be further divided
into underwater distributary channels, mouth bars, sand sheet,
distal sand bars, and underwater natural levee microfacies
based on the differences observed in lithologic composition and

vertical distribution.
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4.3.1 Underwater distributary channel

According to previous studies, when sedimentation occurs in
this area, it has the characteristics of low accommodation space
and sufficient source supply (Lin et al., 2008). Mainly developed
in the vertical block, the top is flat and the bottom is convex
lenticular, with large distribution of river deposits on the plane.
This kind of microfacies has the widest distribution and the
largest development scale in the study area. Due to the strong
hydrodynamic characteristics of the sedimentary environment, the
underwater distributary channel tends to deposit thicker and coarser
sediments. Microscopically, the underwater distributary channel at
the bottom is composed of a massive fine sandstone. It consists of
large and fine-grained quartz particles cemented together with a
small amount of feldspar and rock debris. The debris is distributed
in a directional manner, mainly cemented by a chlorite film, and
intergranular pores are developed (Figures 6A, B). Therefore, based
on a fundamental perspective, the underwater distributary channel
deposits in the Chang 6 member of the Yanchang Formation are
mainly brown-gray massive fine sand, with less shale content. In the
central position of the delta front, most of them are positive rhythm
bedding fine sandstone facies or block bedding fine sandstone facies,
which are the main sand body types of the delta front subfacies,
with the largest thickness within each microfacies. On the thin
section of the casting body, larger and oriented debris particles
are also visible, with calcite cementation present in some areas
(Figure 6C). The physical properties of this type of microfacies are
superior to those of other microfacies in the study area because
their intergranular pores are more developed. In addition, the strong
and stable hydrodynamic erosion can lead to the formation of
parallel bedding fine sandstone facies. This type of underwater
distributary channel has slightly poorer physical properties than
the first two. It exhibits mica deformation in the cast thin section,
is mainly composed of intergranular pores, and shows an uneven
distribution of pores (Figure 6D). The underwater distributary
channel on the core is often composed of these three lithofacies
(Figure 7).

4.3.2 Underwater natural levee

It is developed on the side of the underwater distributary
channel under the background of the delta front. It has been scoured
by water for a long time. The sedimentary environment is turbulent,
and the hydrodynamic force is strong. Therefore, the sediment
thickness is less, but the grain is coarse (Figure 7). The underwater
natural levee deposits on the core are mainly climbing bedding,
with the lateral and underwater cross-shore deposit transition.
At the microscopic scale, it is a combination of fine to silty
sized quartz, some feldspar, and rock fragments cemented together
(Figure 6E). The underwater cross-shore deposits in the study area
are less observed on the core and logging curves. It can be inferred
that the position is located near the lake of the delta front as
a whole, with the influence of the river being predominant. The
seasonal flood action causes less crevasse or overflow and is scoured,
eroded, and covered by the later developed underwater distributary
channel tributaries.

4.3.3 Mouth bar

The typical mouth bar sand body is typically lenticular, and
there is obvious erosion occurring at the bottom. The proportion
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of front mud is less. On the core, it is mainly composed of pure
and well-sorted silt and fine sand, and trough cross-bedding is
visible. Or from bottom to top, the grain of the sediment becomes
coarser, mainly manifested as anti-rhythm bedding fine sandstone
facies (Figure 7). Similar to the underwater distributary channel in
the middle of the Chang 6 member, the main component of the
estuary dam is quartz of fine sand size cemented with feldspar and
rock debris, with relatively developed intergranular pores. Therefore,
it also has the characteristic of relatively good physical properties
(Figure 6F). The near-end mouth bar microfacies is a sedimentary
microfacies developed under the strong action of hydrodynamic
forces between river water and lake water when the river
enters the lake.

4.3.4 Sand sheet

The sand sheet is often located far in front of the mouth bar.
A transitional sedimentary microfacies between the mouth bar and
the far sand bar is mostly a sheet or banded deposits that are
transported toward the front of the mouth bar by the intermittent
strong river action. Compared to the mouth bar, the grain size of
the sand sheet is finer, and the thickness is less than that of the near
mouth bar. The casting thin section clearly shows the characteristic
of particle reduction, with the main body composed of sandy quartz
and certain intergranular pores (Figure 6G). The distribution of
intergranular pores is influenced by particle arrangement. The sand
sheet is mainly composed of silt, which is mainly characterized
by the sedimentary characteristics of sand-mud interbedding, and
is characterized by wavy cross-bedded siltstone facies on the core
(Figure 7). The development of a sand sheet reflects that the study
area is biased toward a constructive delta, and the Chang 6 period is
in a regressive environment.

4.3.5 Distal bar

The distal bar is situated at the end of the river channel. The
sand body is very thin, which is a thin layer of the siltstone
phase. Due to the long distance from the shore, the flow velocity
decreases, and the water body is deeper. Therefore, the distal bar
is often developed in the sedimentary environment with weak
river action and less influence of wave and tide. The sedimentary
environment is stable, and the hydrodynamic force is weak. The
core shows a thin layer of massive sandstone siltstone facies
(Figure 7). In addition, it is believed that the reservoir quality
of the Chang 6 member is mainly controlled by the type and
distribution of sedimentary microfacies. Core and wireline logging
indicate that fine sandstones with positive rhythm characteristics
can be interpreted as underwater distributary channels, indicating
a gradual decline in hydrodynamic forces within the vertical
sequence. The cast thin sections of Chang 6 member at different
depths show that the minerals found in the lower and middle
sequences are well-sorted, presenting subangular to sub circular
shapes, with minerals arranged in a directional manner, and residual
intergranular pores accounting for approximately 95%, reflecting
relatively strong and stable fluid dynamics (Figure 6B; Table 1). In
contrast, the mineral sorting in the upper sequence is relatively
poor, presenting angular to subangular shapes, mica deformation,
and residual intergranular pores accounting for approximately 80%
of the total. Some micropores are also developed, with uneven
pore distribution, indicating weak and unstable fluid dynamics
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FIGURE 6
Thin-section samples from LJ75-61 and LJ75-60, the depth from h to a gradually deepens; qz, quartz; fd, feldspar; op, oil patch; cal, calcite.

(Figure 6H; Table 1). The distal bar microfacies developed at the top
position exhibit powdery sand particle cementation on the cast thin
section, with fewer pores developed, which significantly impacts the
reservoir’s quality. Therefore, it can be seen that the difference in fluid
dynamics leads to different sedimentary characteristics and controls
the heterogeneity of the reservoir.
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4.4 Sedimentary modeling and evolution

The summary of sedimentary characteristics of the Chang 6
member is as follows (Figure 8; Table 1): During the sedimentary
period of the Chang 6 member, the accommodation space is
small, and the underwater distributary channel is widely distributed
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Sketch of sedimentary microfacies of the Chang 6 member.

on the delta front. Due to the decline of the base level, the
available accommodation space is small and the supply is sufficient.
Therefore, the delta front is dominated by river action and
is a highly constructive delta sedimentary model (Rood etal.,
2019; Douetal, 2022). At the position where the river enters
the lake, the underwater distributary channel of the delta front
gradually bifurcates and migrates, and the accumulated sand bodies
gradually expand. During the deposition process, the channel
sand body has the characteristics of vertical superposition in
the vertical direction, and the horizontal direction is mainly
the mutual superposition of underwater distributary channels
and sand dam. The underwater distributary channel is mainly
filled with fine sandstone and the thickness decreases laterally.
It is the most important and widely distributed sedimentary
microfacies and a high-quality reservoir in the study area. However,
it has formed low-permeability reservoirs due to the filling and
plugging of pores by transported fine-grained sediments, which
reduces porosity and permeability and calcareous cementation
during diagenesis. The decrease in accommodation space during
the Chang 6 period led to slow accumulation and extensive
superposition of underwater distributary channels on the plane,
and the channel sand bodies on the profile were vertically stacked.
The composite superposition of different genetic sedimentary
bodies leads to the development of the Chang 6 reservoir with
strong heterogeneity.

4.5 Facies distribution and reservoir
heterogeneity

Based on the interpretation of conventional core and cable
logging, the distribution of sedimentary microfacies can be
predicted. After identifying the horizontal and vertical phase
changes, it provides a basis for identifying reservoir geometry,
sealing characteristics, sedimentary layers, and determining
reservoir heterogeneity.
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On the vertical sequence scale of approximately 150 m covering
the Chang 6 member, the microfacies from the same period of
deposition overlap each other in the vertical direction according
to the law of phase sequence. The sedimentary layer in the study
area obviously begins with the thick distributary channel deposits
in the lower part of the Chang 6 member, and the thickness of the
single channel is approximately 1-5 m. The thickness of sandstone
in underwater distributary channels is formed by the superposition
of multiple channel sandstones. These channels develop in a highly
constructive and small accommodating delta front sedimentary
environment, providing a foundation and conditions for frequent
channel diversion, migration, and movement. The middle of the
Chang 6 member is the middle of the delta front and a large
number of underwater distributary channels and mouth bars
are superimposed on each other. The distal thin sand body is
often located in the upper part of the Chang 6 member near
the pre-delta, which is composed of thick vertical superimposed
deposits dominated by mudstone and rare thin sandstone
(Figure 9).

Based on the above methods, the logging interpretation and
physical property analysis of 86 wells across the whole area are
carried out. The analysis results show that the Chang 6 member
mainly develops underwater distributary channels and mouth bar.
Due to the strong hydrodynamic force present in the sedimentary
environment of the two, the sediments are well-sorted and the
grain size is coarse. Therefore, the physical properties of these two
microfacies are better in the statistical results. The average porosity
of the underwater distributary channel is 11.42%, and the average
permeability is 2.74 mD; the average porosity of the mouth bar is
found to be 11.57%, and the average permeability is 2.41 mD. The
sedimentary thickness of the sand sheet is relatively medium, and
the deposition is mostly good siltstone, with an average porosity
of 10.53% and an average permeability of 1.55 mD. Underwater
natural levees are mostly developed on the side of the river channel,
with coarse sedimentary grain size, relatively less sedimentary
thickness, and few sample points. The average porosity is 10.34%,
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FIGURE 8
Depositional model for the Chang 6 member.

and the average permeability is 1.34 mD. The average porosity
of the distal bar is 9.90%, and the average permeability is 0.99
mbD. The different sedimentary environments of each sedimentary
microfacies lead to the difference in physical properties, and the
complex superposition between different microfacies or the same
microfacies leads to strong heterogeneity of reservoir in the vertical
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and plane of the study area. Through statistical analysis, it is
considered that the physical properties of sedimentary microfacies
are found to be best in the underwater distributary channels and
mouth bar, followed by sand sheet microfacies and underwater
natural levee microfacies, with distal bars having the worst physical
properties (Figure 10).
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4.6 Analysis of oil and gas potential

Through the analysis conducted in Sections 4.3 and 4.5, we
found that among the three oil formations in Chang 6, the reservoir
in Chang 6, is the most developed. The Chang 6, reservoir is
a well-connected body formed by the combination of composite
river channels and mouth bar, with good connectivity. In the thin
section of the casting, larger particles, well-developed intergranular
pores, and a small amount of calcite cementation are evident.
The rock properties are relatively good, so during production,
the oil saturation of this section is generally high (Figure 11A).
The Chang 6; reservoir is characterized by a single, large-scale
underwater distributary channel that is independently distributed.
On the cast thin section, it exhibits large particles, an oriented
arrangement, and a large number of intergranular pores. Therefore,
the reservoir exhibits strong planar heterogeneity during production
(Figure 11B). The Chang 6, reservoir is mainly composed of
sand sheet and distal bar, with small particles at the microscopic
scale; exhibits poor sorting; mica deformation; and undeveloped
intergranular pores. The oil saturation of the Chang 6, section
with poor physical properties is significantly lower than that in
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the first two. The reservoir exhibits strong heterogeneity, with
the remaining oil concentrated in areas characterized by good
physical properties (Figure 11C). In addition, the reservoir quality
of Chang 6; and Chang 6, is better than that of Chang 6,.
After systematic research using the above methods, it was found
that the perforation results of 86 single wells in the work area
showed that the perforation intervals of the development wells were
basically all located in Chang 6, of the main oil layer (Figure 12).
The perforated sedimentary microfacies that have been perforated
include an underwater distribution channel (85%), a mouth bar
(12%), and a sand sheet (3%). The research results indicate that
the initial reservoir development work mainly focuses on the
underwater distributed channel microfacies with the best physical
properties. When the current development enters the high water
content level, the next development direction should focus on the
non-main microphases of Chang 6,, such as mouth bar and sand
sheet with slightly poorer physical properties. These microfacies
types of reservoirs should be areas of residual oil enrichment
in the Wuliwan low-permeability reservoir in the later stage of
development. In addition, within the range of oil formations, the
research results show that the reservoir development quality of
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Oil saturation plane contour map: (A) Chang 6,, (B) Chang 6,, and (C) Chang 6.

Chang 6, is slightly better than that of Chang 6,. In addition, its 5 DISCUSSION

development level is relatively low, which can serve as a replacement

development layer of Chang 6,. Therefore, it can be predicted that Generally, reservoirs developed in the sedimentary background
the remaining oil enrichment area of the Wuliwan low-permeability ~ of delta fronts controlled by rivers often have the best development
reservoir is located in the mouth bar and sand sheet microfacies  potential in underwater distributary channels due to their
of the Chang 6, section, as well as in the reservoir of the Chang  large thickness, favorable physical properties, and strong lateral
65 section. These reservoirs will be the focus of the next stage  continuity (Tingetal, 2019; Xuetal, 2019). In the long-term
of oilfield development perforation method preparation and well ~ development, this type of reservoir in the Chang 6 formation of the
location deployment. Ordos Basin has high water content and requires the replacement
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and development of different reservoir types (Doorwar etal,
2020; Jiang, 2020). The key issue in clarifying the potential
of the remaining oil and gas is whether the characteristics of
sedimentary evolution and heterogeneity effectively control the
differences in various reservoirs and the distribution of remaining oil
(Kra et al., 2022; Turner et al.,, 2024). The sedimentary heterogeneity
characteristics from the study area down to the microfacies scale
are still puzzling. The Chang 6 reservoir develops a sedimentary
sequence from the nearshore end to the lake end, from bottom to
top (Yuan et al.,, 2007; Zhang et al., 2018). In these sediments, even
the microfacies of underwater distributary channels have different
sedimentary characteristics in different locations (Yao et al., 2009).
This article innovatively adopts a method in the research area, which
combines core data, cable logging, and casting thin sections to
study the sedimentary characteristics of reservoirs. On the basis
of preliminary development research, this article aims to further
subdivide the sedimentary characteristics of the Wuliwan low-
permeability reservoir. The casting thin-section analysis method
was innovatively adopted in the low-permeability oil reservoirs in
the Wuliwan area to support the analysis results of core and logging.
By combining three types of data, we have developed a method to
improve the sedimentary model of low-permeability oil reservoirs
situated in the delta front. The main five contents of the study are the
combination of macroscopic core analysis and microscopic casting
thin-section research to analyze the sedimentary characteristics
of the study area and the combination of geological analysis
and logging research to apply to single-well prediction. The
research results indicate that sedimentary heterogeneity plays a
controlling role in determining the characteristics of reservoirs. The
changes in hydrodynamic characteristics and different sedimentary
locations have led to significant differences in reservoir properties
(Gong et al,, 2019; Shehata et al., 2021; Nabawy et al., 2023). In the
Chang 65 section, the underwater distributary channel is the best
reservoir. Through statistical analysis of perforation information,
the development level of the underwater distributary channel in this
section is relatively low. In the Chang 6, section, the underwater
distributary channel has been developed to a high extent and its
potential concentrated in the microfacies of the estuary dam. The
arrhythmic characteristics of the microfacies of the estuarine dam
often lead to the presence of calcium cement in its upper part,
which often needs to be avoided in the next stage of development
(Yildiz, 2002; Bietal, 2023). In addition, it was determined
that the Wuliwan low-permeability oil reservoir has significant
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development potential primarily in the mouth bar microfacies
of the Chang 6, section, as well as in the Chang 65 section
oil reservoir.

In addition, this article reveals the impact of sedimentary
heterogeneity on the quality and structure of low-permeability
reservoirs, providing a case study that can provide a basis for
other similar environmental studies. With the deepening of oilfield
development, how to further subdivide the existing development
units is the next issue that needs further discussion. Whether
to continue classifying underwater distributary channels or to
delineate their flanks and main bodies is the key to finding
remaining oil.

6 Conclusion

(1) This paper provides a comprehensive case study on the
influence of sedimentary heterogeneity on the quality and
structure of low-permeability reservoirs, which can provide a
basis for other similar environmental studies.

According to conventional core analysis results, the Chang 6
reservoir was deposited on the delta front. Eight lithofacies
were classified based on sedimentary grain size and
sedimentary structure, including mass fine sandstone,
positive rhythm bedding fine sandstone, parallel bedding
fine sandstone, anti-rhythm bedding bin sandstone, rough
cross-bedding fine sandstone, bedding siltstone, wavelike
cross-bedding siltstone, and mass siltstone. This paper
analyzes the characteristics of various lithofacies sedimentary
environments, which provides evidence for the influence of
sedimentary characteristics on reservoir heterogeneity.

(3) The lower part of the Chang 6 member is deposited on the
nearshore end of the delta front, while the middle part is the
main body of the delta front, and the upper part is deposited
on the lake side of the delta front. It has developed five distinct
sedimentary microfacies, including underwater distributary
channel, mouth bar, sand sheet, distal bar, and underwater
natural levee. Among them, the underwater distributary
channel and mouth bar have the best physical properties. This
result provides a basis for predicting the distribution of high-
quality reservoirs.

The distribution of sedimentary microfacies and sedimentary
environment indicates that lake fluctuations and sediment
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supply play an important role in controlling the sedimentary

accommodation space of the Chang 6 member.
(5) Sedimentary heterogeneity controls reservoir quality from
macro to micro scale. From the perspective of macroscopic
characteristics, the sand bodies in the lower and middle parts
of the Chang 6 Member have good connectivity, while the sand
bodies in the upper part have poor connectivity. Microscopic
characteristics such as the type of the sand body and the
distribution of sedimentary microfacies play an important role
in controlling the porosity and permeability of the reservoir.
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