‘-o.{: processes

Article

Reservoir Characteristics of Tight Sandstone in Different
Sedimentary Microfacies: A Case Study of the Triassic Chang 8
Member in Longdong Area, Ordos Basin

Jianchao Shi !, Likun Cao !, Baishun Shi !, Shuting Shi 1, Xinjiu Rao !, Xinju Liu !, Wangyikun Fan ?{7, Sisi Chen 2

and Hongyan Yu 2*

check for
updates

Academic Editor: Qiang Yu

Received: 16 September 2025
Revised: 9 October 2025
Accepted: 11 October 2025
Published: 12 October 2025

Citation: Shi,]J.; Cao, L.; Shi, B.; Shi,
S.;Rao, X,; Liu, X,; Fan, W.; Chen, S.;
Yu, H. Reservoir Characteristics of
Tight Sandstone in Different
Sedimentary Microfacies: A Case
Study of the Triassic Chang 8 Member
in Longdong Area, Ordos Basin.
Processes 2025, 13,3246. https://
doi.org/10.3390/pr13103246

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Exploration and Development Research Institute of Petro China Changging Oilfield Company,
Xi’an 710018, China; jianchao1851@163.com (J.S.); likuncao1258@126.com (L.C.);
baishunshil75@126.com (B.S.); shutingshil58@126.com (S.S.); xinjiurao258@163.com (X.R.);
x1371105@163.com (X.L.)

State Key Laboratory of Continental Dynamics, Department of Geology, Northwest University,
Xi’an 710069, China; fanwangyikun@163.com (W.E.); sisichen19988@163.com (S.C.)

*  Correspondence: author: yuhy@nwu.edu.cn

Abstract

The complexity of tight sandstone reservoirs challenges effective oil and gas exploration.
The Chang 8 Member of the Yanchang Formation in the Longdong area of the Ordos Basin
has significant exploration potential. However, its reservoir characteristics are controlled
by two distinct provenance systems and diverse sedimentary microfacies. The specific
impacts of these factors on reservoir quality and their relative importance have remained
unclear. This study employs an integrated analytical approach combining casting thin sec-
tions, conventional porosity-permeability measurements, and Nuclear Magnetic Resonance
(NMR) to systematically investigate the petrological characteristics, pore structure, and
physical properties of the Chang 8 reservoirs. Our findings reveal that the entire section
of Chang 8 is a delta front subfacies, with sub sections of Chang 8! and 82 developing
microfacies such as underwater distributary channels, underwater natural levees, sheet
sand and mouth bars. The tight sandstone reservoir is mainly composed of lithic arkose
and feldspathic litharenite, with its porosity dominated by dissolution and intergranular
types. These secondary pores, particularly those resulting from feldspar dissolution, are of
great importance. The underwater distributary channels have the best pores, followed by
sheet sands, and underwater natural levees the worst. Compaction in Chang 82 is stronger
than in Chang 8, leading to smaller pores. The northwest provenance is characterized by
high clay content and small pores, while the southwest provenance has coarser grain size
and better-preserved intergranular pores. Reservoir properties improve toward the lake but
deteriorate at the lake-proximal end due to more small pores. This study reveals the control
laws of sedimentary microfacies, provenance, and diagenesis on the pore development of
tight sandstone in the Longdong area, providing theoretical guidance for the exploration
and development of tight sandstone oil and gas in the region.

Keywords: pore structure; sedimentary microfacies; tight sandstone reservoir; provenance
system; Chang 8 sub-member; Ordos Basin

1. Introduction

Tight sandstones are extensively developed in major petroliferous basins worldwide,
including those in North America, the Middle East, and China, and have become increas-
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ingly critical as unconventional reservoirs for oil and gas exploration [1-3]. In contrast
to conventional reservoirs, tight sandstones are characterized by very low porosity, ultra-
low permeability, and complex pore-throat systems, which collectively hinder fluid flow
and hydrocarbon recovery [4-6]. With growing global energy demand and the contin-
uous depletion of conventional resources, tight sandstones have gained prominence as
a strategic alternative for future exploration and development. However, their strong
heterogeneity—driven by the interplay of sedimentary microfacies, provenance supply,
and diagenetic history—makes reservoir quality prediction exceptionally challenging [7-9].
Thus, investigating the origin and evolution of pore systems in these rocks is essential not
only for understanding reservoir genesis but also for formulating effective exploration and
production strategies in such unconventional systems.

In China, tight sandstones are widely distributed in several large sedimentary basins,
such as the Ordos, Sichuan, and Songliao basins, and have become key targets for un-
conventional resource development [10-12]. Significant progress has been made in recent
decades in unraveling their sedimentary architecture, diagenetic evolution, and hydro-
carbon accumulation mechanisms [13,14]. However, most previous studies have focused
on macroscopic sedimentological features or isolated diagenetic processes [10,15,16]. For
example, some works are limited to a single provenance system, failing to compare pore
evolution pathways under different sediment supplies. Others have not sufficiently ad-
dressed the pronounced differences in compaction intensity and porosity between the
Chang 8! and Chang 82 sub-members. More importantly, a comprehensive framework
integrating the synergistic effects of sedimentary microfacies, provenance, and diagenesis
on pore development is still lacking. This knowledge gap limits the accurate prediction
of reservoir quality and constrains the efficient development of tight sandstone resources
in China.

The Ordos Basin is one of the most important hydrocarbon-bearing basins in China,
where the Triassic Yanchang Formation hosts substantial accumulations in tight sandstone
reservoirs. In the Longdong area, the Chang 8 Member is influenced by two distinct
provenance systems and a range of delta-front microfacies, which collectively govern
reservoir heterogeneity. Although previous research has advanced our understanding of the
Yanchang Formation’s sedimentology, diagenesis, and hydrocarbon accumulation [17,18],
the specific controls of microfacies, provenance, and diagenesis on pore characteristics
remain poorly quantified. This is particularly evident for the Chang 8! and Chang 82
sub-members, which exhibit clear differences in compaction intensity, pore types, and
microfacies assemblages—yet the mechanisms underlying these variations are still not
fully understood.

To address these issues, this study focuses on the tight sandstones of the Triassic
Yanchang Chang 8 Member in the Longdong area of the Ordos Basin. Using an integrated
methodology that incorporates casting thin sections, conventional porosity-permeability
measurements, and nuclear magnetic resonance (NMR) analysis, we systematically inves-
tigate the petrological characteristics, pore types, and pore-throat structure of reservoirs
formed under different sedimentary microfacies and provenance conditions. Furthermore,
we clarify how sedimentary microfacies, provenance supply, and diagenetic processes col-
lectively govern pore evolution. The results offer a theoretical foundation for the effective
exploration and development of tight sandstone oil and gas in this region.

2. Geological Setting

Ordos Basin is a large polycyclic cratonic basin encompassing multiple tectonic and
sedimentary systems. With an area of approximately 37 x 10* km?, it is rich in oil, natural
gas, coal, and other mineral resources [19,20]. The basin can be divided into six primary
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tectonic units: the Yimeng Uplift, West Margin Thrust Belt, Tianhuan Depression, Yishan
Slope, Weibei Uplift, and Jinxi Flexure Belt [21,22]. Internally, the basin exhibits a relatively
simple tectonic framework, characterized by stable sedimentation, limited faulting, and
gently dipping strata that are nearly horizontal, with dip angles generally less than 1° [23].
It forms an asymmetric syncline with a broad and gentle eastern limb and a narrow, steep
western limb. The northern and southern ends of the syncline dip inward, giving the basin
a roughly rectangular shape elongated in a north-south direction [24].

The basin has undergone multiple episodes of tectonic activity of varying scales and
intensities, including both extensional and compressional events. These include the Precam-
brian Fuping, Wutai, and Liiliang movements, as well as the later Caledonian, Indosinian,
Yanshanian, and Himalayan tectonic phases, which collectively shaped its present ge-
omorphic framework [25]. During the Late Triassic, the Indosinian movement caused
widespread regional uplift, resulting in higher topography in the north and lower relief in
the south. Influenced by multi-phase strike-slip compression and marginal thrust-nappe
from the Qinling-Qilian fold orogenic belt, the basin experienced continuous subsidence,
evolving into a foreland-style flexural basin with a steep southwestern margin and a gentle
northeastern slope [25]. The Late Triassic represented a complete developmental cycle of
an inland freshwater lake basin, during which the Upper Triassic Yanchang Formation
was deposited, exceeding 1000 m in thickness. This formation constitutes the principal
oil-bearing sequence in the region [26]. Composed mainly of terrigenous clastic rocks, the
Yanchang Formation records fluvial, deltaic, and lacustrine depositional environments and
is widely distributed across the basin [27,28].

Yanchang Formation represents an inland lake-delta sedimentary system [29,30] and
is subdivided into ten members, designated Chang 1 through Chang 10 from top to bot-
tom [31,32]. Lake expansion initiated during the Chang 10 to Chang 8 depositional periods,
reaching its maximum extent in the Chang 7 stage. From Chang 6 to Chang 1, the lake
basin gradually shrank and eventually disappeared [33]. The Chang 8 Member was de-
posited between the initial lake flooding surface and the maximum flooding surface. Due to
rapid subsidence and uplift cycles, deltaic systems advanced and retreated frequently over
short periods, leading to the accumulation of large-scale, vertically stacked, and laterally
continuous tight sandstones [34]. The Chang 8 Member can be further divided into two
sub-members, Chang 8! and Chang 82, based on sedimentary cycles. Both sub-members
have relatively stable thicknesses, generally ranging from 35 to 45 m.

The study area is situated in the southwestern part of the Yishan Slope tectonic unit,
adjacent to the Tianhuan Depression to the west (Figure 1). It features a gentle north-south-
trending monocline with simple structural development. Only a few small-scale nose-like
structures are present, whereas large-scale fractures, folds, and faults are uncommon. The
region covers about 50,000 km? and contains several oilfields with reserves on the order
of 100 million tons. Among these, the tight sandstone reservoirs of the Chang 8§ Member,
formed during the peak phase of lake basin development, contain the most concentrated
oil accumulations in the area. During Chang 8 deposition, the study area was located in a
delta-front subfacies where underwater distributary channel sand bodies formed the most
favorable hydrocarbon reservoirs [32].
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Figure 1. (a) Tectonic divisions of the Ordos Basin showing the location of the study area; (b) Sedi-
mentary microfacies distribution and sampling points of the Chang 8 Member in the Longdong area,
the red dots represent coring experimental Wells.

3. Materials and Methodology
3.1. Sampling and Petrophysical Properties

Core samples were collected from 17 wells penetrating the Chang 8 Member in the
Longdong area, primarily targeting the main oil-producing intervals, the Chang 8' and
Chang 8 sub-members. A systematic sampling approach was adopted to support porosity
and permeability analysis.

Prior to analysis, residual hydrocarbons and salts were removed from the samples
through solvent extraction, followed by oven-drying at 100 °C for 24 h. Porosity was
measured using a CM300 overburden porosity-permeability analyzer. Permeability was
determined based on Darcy’s law through repeated measurements under varying pressure
conditions. For mineralogical analysis, the samples were ground to a powder with a
particle size of less than 10 um and evenly packed into sample grooves. After instrument
calibration and diffraction data acquisition, phase composition and crystal structure were
identified using software-assisted spectrum analysis, based on the diffraction behavior of
X-rays interacting with crystalline materials.

3.2. Nuclear Magnetic Resonance (NMR) Experiment

Nuclear Magnetic Resonance (NMR) is a widely used technique for characterizing
fluids in subsurface reservoirs by exploiting the magnetic resonance properties of hydrogen
nuclei (*H) in a static magnetic field. The principle involves applying a stable magnetic field
to align the hydrogen nuclei in formation water, generating a net macroscopic magnetic
moment. A subsequent radiofrequency (RF) pulse of specific frequency excites these nuclei,
causing them to absorb energy and transition to higher energy states, thereby altering their
alignment. After the RF pulse ceases, the nuclei return to their equilibrium state through
a process known as relaxation, releasing energy in the form of detectable signals. Key
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relaxation parameters—longitudinal relaxation time (T1) and transverse relaxation time
(T)—are measured during this process and are used to estimate reservoir properties such
as porosity, fluid type, and permeability.

In this study, NMR measurements were conducted on six tight sandstone samples
collected from underwater distributary channel microfacies under different provenance
systems within the study area. Prior to testing, all samples were vacuum-dried at 105 °C
for 48 h to remove residual moisture. Porosity was measured using the helium displace-
ment method to minimize the influence of initial water content on sample swelling. All
experiments were performed under constant temperature conditions (25 °C), and each
measurement was completed within 30 min to limit ambient humidity effects.

The NMR instrument was operated according to the following procedure: the system
was powered on, the magnet temperature was set, and the cooling unit was activated,
followed by a preheating period exceeding 16 h. The pulse sequence was then selected to
calibrate the scanning space and set relevant parameters. The saturated core sample was
placed in a carbon fiber holder and positioned at the center of the measurement chamber.
Finally, the appropriate pulse sequence and parameters were applied to initiate measure-
ments at scheduled intervals. A T, cutoff value of 33 ms was employed to effectively
characterize the pore structure of the tight sandstone samples.

3.3. Petrological and Mineralogical Analysis

To characterize the petrology and mineral composition of the tight sandstone samples,
casting thin sections and X-ray diffraction (XRD) analyses were performed.

A total of 29 representative core plugs from different microfacies and well loca-
tions were selected for casting thin section preparation. The samples were first vacuum-
impregnated with blue epoxy resin to highlight pore spaces. They were then cut, polished
to a standard thickness of 30 um, and covered with glass slides. The thin sections were
examined using a Leica DM2700P polarizing microscope to identify mineral compositions,
grain contacts, pore types (e.g., intergranular, intragranular dissolved), and diagenetic
features (e.g., cementation, compaction). Photomicrographs were captured under both
plane-polarized and cross-polarized light.

Whole-rock XRD analysis was conducted to quantitatively determine the mineralogical
composition. After removing any carbonate cement with dilute hydrochloric acid, the
samples were crushed and ground to a fine powder (<10 um). The powdered samples were
then packed into sample holders and analyzed using a Panalytical X'Pert Pro diffractometer
with Cu-Ka radiation, operating at 40 kV and 40 mA. Data were collected over a 20 range of
3° to 65° with a step size of 0.02°. The mineral identification and semi-quantitative weight
percentages were determined using the X'Pert HighScore Plus software (version 2.1) and
reference intensity ratio (RIR) methods.

4. Results and Discussion
4.1. Depositional Facies

During the deposition of the Chang 8 Member, sediment supply was relatively stable,
mainly from the southwest with a minor contribution from the northwest. Transport along
gentle slopes near the source areas led to the development of a shallow-water braided
river delta system, dominated by medium- to fine-grained distributary channel sandstones
formed under strong traction currents. The Ordos Basin inherited the large-scale transgres-
sive pattern from the underlying Chang 9 period, resulting in shore-shallow lacustrine
deposits in the Chang 8% sub-member. As the southwestern provenance advanced, delta-
front subfacies became widespread. By the time of Chang 8! deposition, transgression had
ceased, the base level dropped rapidly, and the southwestern source continued to prograde,
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leading to an expanded deltaic scale and greater progradation distance. This caused the
lake shoreline to migrate consistently landward (Figure 2).
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Figure 2. Sketch map of the deposition patterns of the Chang 8 members in the Ordos Basin [35].

Four principal microfacies are recognized within the Chang 8 Member sandbodies:
underwater distributary channels, underwater natural levees, mouth bars, and sheet sands
(Table 1). The characteristics of each microfacies are summarized as follows.

Table 1. Quantitative identification criteria for principal microfacies in the Chang 8 Member.

Microfacies Lithology GR Shape GR (API) Thiflzgzizl (m)
Underwater Medium- to
Distributary fine-grained Box-shaped 65-90 5-12
Channel sandstone
Interbedded
Underwater sandstone,
Natural Levee siltstone and Bell-shaped 85-110 25
mudstone
Fine-grained
Mouth Bar sandstone and  Funnel-shaped 70-100 3-8
siltstone
Argillaceous
sand- . .
Sheet Sand . Finger-like 95-130 1-4
stone/silty
mudstone

1.  Underwater distributary channels, composed of gray to dark-gray, medium- to fine-
grained sandstones with massive bedding and frequent scour surfaces, which repre-
sent high-energy depositional conditions under strong traction currents. It exhibits a
characteristic box-shaped gamma-ray (GR) log response (typically 65-90 API).

2. Underwater natural levees consist of interbedded gray sandstones, siltstones, and
gray-black mudstones, deposited under lower-energy conditions. It shows a bell-
shaped GR response (typically 85-110 API). These deposits are characterized by
limited thickness and restricted lateral continuity.

3. Mouth bars composed mainly of fine-grained sandstones and siltstones, displaying
a distinct coarsening-upward succession indicative of progradation and shallow-
ing water depth. Typically reflected by a funnel-shaped GR log response (typically
70-100 API).
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4. Sheet sands formed by alternating sandstones, siltstones, and mudstones under low-

energy, stable conditions. Represented by finger-like (or serrated) GR log signatures
(typically 95-130 API).

These diverse depositional environments produced pronounced heterogeneity in the
lithofacies architecture and tight sandstone reservoir characteristics of the Chang 8 Member.

4.2. Petrological Characteristics

The reservoir is predominantly composed of lithic arkose and feldspanthic litharenite,
followed by arkose and litharenite based on the sandstone thin-section observations and
X-ray diffraction (XRD) experimental data from a total of 59 samples across the study area.
The compositional distribution of each microfacies, as detailed in Figure 3, is supported by
a robust dataset (e.g., n = 26) for underwater distributary channels), ensuring its regional
representativeness. The average mineral composition consists of approximately 40.55%
quartz, 33.55% feldspar, and 25.9% rock fragments. Consistent with this overall composition,
sandstones from the underwater distributary channel, underwater natural levee, sheet
sand, and mouth bar microfacies are also dominated by lithic arkose and arkosic litharenite.
Arkose is additionally present in the underwater distributary channel facies (Figure 3).

I-Quartz arenite Quartz (%) @ Distributary mouth bar
II-Sub-arkose 0 Underwater distributary channel
III-Sublitharenite 100 ¢ Underwater natural levees
IV-Arkose *  Sheet sand

V-Lithic arkose
VI-Feldspanthic litharenite 25
VII-Litharenite

100
Feldspar (%)

0 Rock fragment (%)
25 50 75 100

Figure 3. Ternary diagram illustrating the framework compositions of Chang 8 derived from X-ray
diffraction analysis in the study area. The number of samples (1) for each microfacies is as follows:
underwater distributary channels (n = 26), underwater natural levees (1 = 15), sheet sands (1 = 15),
and mouth bars (n = 3).

Mineral compositions vary distinctly among the different microfacies. Underwater
natural levees and sheet sands exhibit quartz contents exceeding 40% (42.83% and 43.87%,
respectively). This quartz enrichment enhances compaction resistance, aiding the preserva-
tion of primary pores [15,36]. In contrast, mouth bars are characterized by higher feldspar
(40.03%) and carbonate mineral (11.67%) contents. Although these minerals are prone to
dissolution and can generate secondary porosity, they also promote cementation, which
may impair reservoir quality [37,38]. Underwater distributary channels contain the highest
clay mineral content (18.12%), which significantly influences pore structure by occupying
pore space and reducing permeability (Figure 4).
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(a) Underwater distributary channel

Siderite:
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(c) Sheet sand (d) Distributary mouth bar

Figure 4. Mineral composition of tight sandstones from different sedimentary microfacies of the
Chang 8 Member, as determined by X-ray diffraction (XRD) analysis. The pie charts compare
the relative contents of quartz, feldspar, clay minerals, and carbonate minerals in (a) underwater
distributary channel, (b) underwater natural levee, (c) sheet sand, and (d) distributary mouth
bar deposits.

Overall, quartz, plagioclase, and clay minerals are the principal components across
all microfacies, though their relative abundances vary considerably. These compositional
differences are closely tied to hydrodynamic conditions and depositional settings. Stronger
hydrodynamics in distributary channels promoted clay mineral transport and accumulation,
whereas natural levees and sheet sands experienced greater winnowing, enriching more
stable quartz grains. Mouth bars, formed under weaker hydrodynamic conditions, favored
the deposition and preservation of feldspar and carbonate minerals. These mineralogical
variations not only reflect depositional environments specific to each microfacies but
also exert a primary control on diagenetic evolution and reservoir quality in the Chang
8 Member.

Significant variations in mineral composition and clay mineral assemblages are ob-
served across different well blocks and depositional settings. In lake-distal well blocks, the
contents of quartz, feldspar, and clay minerals remain relatively stable, with potassium
feldspar being notably more abundant than in lake-proximal blocks. Well blocks located
within channel centers show relatively higher quartz content, while calcite increases pro-
gressively from lake-distal to lake-proximal areas. The L326 well block, situated in the
northwest provenance system near the lake margin, contains minor amounts of dolomite
and calcite.

Clay mineral compositions also exhibit systematic spatial patterns. Illite—smectite (I/S)
mixed-layer clays are nearly absent in lake-distal well blocks, where only trace amounts
of kaolinite occur. Toward the lake center, I/S content first increases and then decreases,
while kaolinite shows a steady increasing trend. Within the northwest provenance system,
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the L326 well block is characterized by relatively low chlorite content compared to the
southwest provenance system, but higher abundances of illite and kaolinite.

4.3. Physical Properties

The physical properties of the different microfacies exhibit pronounced contrasts. The
underwater distributary channel facies exhibit the most favorable reservoir characteristics,
with porosity predominantly ranging from 6% to 8% and permeability concentrated in
the 0.01-0.05 mD range (Figure 5a), reflecting consistently good reservoir quality. The
underwater natural levee facies rank second, showing porosity mainly between 4% and
8%, and permeability distributed across both the 0.01-0.05 mD and 0.1-0.5 mD intervals
(Figure 5b). Although slightly inferior to the distributary channels, this microfacies still
possesses moderate reservoir potential.
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Figure 5. Comparison of petrophysical properties (porosity and permeability) of tight sandstones
from different sedimentary microfacies of the Chang 8 Member, (a) Underwater distributary channel;
(b) Underwater natural levees; (c) Sheet sand; (d) Distributary mouth bar.

In contrast, sheet sands are characterized by fine grain size, high shale content, and a
predominance of argillaceous sandstone, resulting in poor reservoir performance. Porosity
in this microfacies is mainly between 2% and 6%, with permeability concentrated in the
low ranges of <0.01 mD and 0.01-0.05 mD (Figure 5c). Mouth bars, though only locally
developed, show porosity values concentrated in the 6-8% range—with some samples
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even higher—and permeability primarily in the 0.01-0.05 mD interval (Figure 5d). Where
sufficiently developed, mouth bars can also constitute relatively high-quality reservoirs.

The porosity distribution across the study area generally follows a normal distribu-
tion, dominated by ultra-low (<5%) and extra-low (5-10%) values, with the peak interval
concentrated between 5% and 10%. This indicates an overall limited pore space, classifying
the reservoir as a low-porosity system. Porosity gradually improves toward the lake center,
likely due to stronger wave or tidal reworking near the lake that reduced argillaceous
matrix content and helped preserve primary pores. However, in well blocks closest to
the lake margin, porosity shows a marked deterioration, characterized by an increase in
micropores and a reduction in macropores. This decline is attributed to the prevalence of
fine-grained, shale-rich sediments, such as sheet sands or shoreline muds—combined with
enhanced cementation during diagenesis, which collectively infilled pore spaces.

Permeability follows a similar spatial trend, primarily falling within the ultra-low
(<0.1 mD) and extra-low (0.1-1 mD) ranges, peaking between 0.01 mD and 0.5 mD, which
reflects generally poor fluid flow capacity. Consistent with porosity, permeability increases
lakeward, corresponding to coarser grain size and improved pore connectivity. By contrast,
lake-proximal well blocks display the lowest permeability values across the study area, all
within the ultra-low range. These patterns confirm that argillaceous infilling and diagenetic
cementation significantly restrict pore-throat connectivity and impede fluid migration.

Overall, reservoir heterogeneity in the Chang 8 Member is governed by the interplay
of sedimentary microfacies, provenance, hydrodynamic energy, and diagenesis. Stronger
hydrodynamics promote quartz enrichment and primary pore preservation, while weaker
energy or clay-rich deposition encourages pore occlusion through compaction and cemen-
tation. The combined influence of these factors controls the spatial variability in reservoir
quality and the development of high-porosity, high-permeability sandbodies within the
delta-front system.

4.4. Pore Structures Characterization Under Different Microfacies

The tight reservoirs of the Chang 8 Member contain four main pore types: intergranu-
lar pores, intragranular dissolved pores (mainly from feldspar dissolution), intergranular
dissolved pores (resulting from cement dissolution), and microfractures. Of these, inter-
granular and feldspar-dissolved pores are the most abundant. Residual intergranular
pores typically show regular shapes and straight grain contacts, indicating limited impact
from diagenetic dissolution or cementation [39]. In contrast, dissolved pores form during
diagenesis through the reaction of acidic fluids with soluble minerals such as feldspar,
carbonate cements, or sulfate minerals, resulting in pores of variable size and irregular mor-
phology [40]. Observations from cast thin sections confirm that feldspar is the dominant
soluble mineral in these reservoirs.

Pore development shows clear spatial variations that correlate closely with hydrody-
namic conditions and provenance. Although both Well X212 and Well 1324 are located
in underwater distributary channels within the southwest provenance system, they differ
significantly along a lakeward gradient. Toward the lake, the abundance and size of in-
tergranular and feldspar-dissolved pores decrease (Figure 6a—d), indicating diminished
hydrodynamic energy. Well X212, situated closer to the sediment source, experienced
stronger currents that helped preserve primary intergranular pores and promoted feldspar
dissolution, enhancing secondary porosity. In contrast, Well L324, located nearer to the lake,
contains more argillaceous matrix, which infills primary pores and suppresses feldspar
dissolution, leading to poorer pore development. Grain contacts transition from point-
type at X212 to concave-convex at L324, accompanied by finer grain size, better sorting
(subrounded grains), and a shift to matrix-supported fabric. Increased deformation of
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plastic fragments at L324 further reflects stronger compaction and densification, collectively
reducing pore space and confirming the lakeward decline in reservoir quality.
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Figure 6. Thin section images for pore structure characteristics in sandstone samples: (a) intergranular
pore, intragranular dissolution pores formed by the dissolution of feldspar, Well X212, 2202.47
m, Chang 8! sub-member, underwater distributary channel; (b) intergranular pore, intragranular
dissolution pores, Well X212, 2202.5 m, Chang 8! sub-member, underwater distributary channel;
(c,d) intergranular pores, Well L324, 1978.34 m, Chang 81 sub-member, underwater distributary
channel; (e) intergranular pores, Well L326, 2637.96 m, Chang 8! sub-member, underwater natural
levee; (f) intergranular pores, feldspar dissolution pores and micro-fracture, Well L326, 2617.7 m,
Chang 8! sub-member, underwater natural levee; (g) intergranular pores, Well B20, 1905.64 m, Chang
8! sub-member, underwater natural levee; (h) dissolution pores, Well B20, 1905.64 m, Chang 8l
sub-member, underwater natural levee; (i) intragranular dissolution pores formed by the dissolution
of feldspar, Well L126, 2160.76 m, Chang 8! sub-member, sheet sand; (j. k) intergranular pores, Well
L126, 2160.76 m, Chang 8! sub-member, sheet sand; (1) quartz secondary enlargement, Well L126,
2160.76 m, Chang 8! sub-member, sheet sand.

Provenance-controlled differences are also evident in the underwater natural levee
microfacies. Despite belonging to the same microfacies, Wells L326 (northwest provenance)
and B20 (southwest provenance) exhibit markedly different reservoir characteristics. L326
displays smaller grain size, better sorting, predominantly line and concave-convex grain
contacts, abundant plastic components, and reservoir spaces dominated by intergranular
pores, feldspar dissolution pores, and microfractures (Figure 6e,f). Intense compaction
has resulted in highly densified reservoirs. In contrast, B20 exhibits coarser grains, poorer
sorting, fewer plastic components, and better preservation of both primary and secondary
pores (Figure 6g,h). These contrasts reflect systematic variations in sedimentary energy,
transport distance, and diagenetic intensity controlled by provenance.

The sheet sand microfacies, as exemplified by Well L126, is characterized by fine-
grained, well-sorted sediments with a high proportion of plastic components and concave—
convex grain contacts. Strong compaction has limited the development of both intergranu-
lar and dissolved pores (Figure 6i-1), resulting in very poor reservoir quality.

The tight sandstone reservoirs of the Chang 8 Member exhibit significant heterogeneity,
governed by the combined effects of sedimentary microfacies, provenance, hydrodynamic
conditions, and diagenesis. Reservoir quality is generally highest in underwater distribu-
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tary channels, moderate in natural levees and mouth bars, and poorest in sheet sands,
reflecting contrasts in grain size, sorting, clay content, and pore structure development.
Intergranular and feldspar-dissolved pores are the dominant pore types. Higher hydrody-
namic energy promotes the preservation of primary pores and the formation of secondary
porosity, whereas lower energy conditions and clay-rich, fine-grained deposition enhance
compaction and cementation, reducing pore space. Reservoir quality generally improves
toward the lake center due to coarser grains and enhanced pore connectivity but deterio-
rates near the lake margin where fine-grained sediments and diagenetic filling dominate.
The distribution of clay minerals further reflects provenance input and diagenetic his-
tory, collectively controlling the spatial distribution of high-quality reservoirs within the
delta-front system.

The Chang 8 sub-member shows better development of primary pores compared
to the Chang 8! sub-member, a feature closely related to the presence of chlorite coatings.
These coatings help resist compaction, preserve primary pores, and reduce pore-space
loss during diagenesis [41]. Significant spatial variations are also observed along the
lakeward direction within underwater distributary channels. Reservoirs closer to the lake
center display fewer intergranular and feldspar-dissolved pores, with many pores filled
by clay minerals (Figure 7a—d). This is likely due to weakened hydrodynamics near the
lake, which reduces clay transport capacity and promotes depositional infilling. Grain
contacts transition from line to concave-convex types, indicating stronger compaction. In
addition, mica minerals show pronounced bending and deformation, further confirming
intense compaction and increased reservoir densification. These trends reflect the combined
influence of declining hydrodynamic energy and enhanced diagenetic intensity on reservoir
properties along the lakeward gradient.

200um £

Figure 7. Thin section images for pore structure characteristics in sandstone samples: (a,b) inter-
granular pore and intragranular dissolution pores formed by the dissolution of feldspar, Well Z152,
1871.26 m, Chang 82 sub-member, underwater distributary channel; (c) intergranular pores, Well
L1144, 2292.82 m, Chang 8 sub-member, underwater distributary channel; (d) intergranular pores
and feldspar dissolution pores, Well 1144, 2292.82 m, Chang 82 sub-member, underwater distributary
channel; (e) intergranular pores, Well Z152, 1871.26 m, Chang 82 sub-member, underwater natural
levee; (f) feldspar dissolution pores, Well 2152, 1871.26 m, Chang 82 sub-member, underwater natural
levee; (g) intergranular pores and dissolution pores, Well L414, 2300.04 m, Chang 82 sub-member,
mouth bar; (h) intergranular pores and dissolution pores, Well L414, 2300.04 m, Chang 82 sub-member,
mouth bar.

In the Chang 82 sub-member, the underwater natural levee microfacies is characterized
by poorly sorted but relatively coarse grains, reflecting fluctuating hydrodynamic condi-
tions during deposition. Strong currents transported coarse-grained material, while abrupt
energy reductions led to rapid deposition of fine sediments, resulting in mixed grain sizes.
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This microfacies experienced stronger compaction compared to the Chang 8! sub-member,
as evidenced by predominantly concave—convex contacts, subordinate line contacts, and
significant compression of primary pores. Mica minerals show pronounced bending and
folding, and intergranular spaces are filled with quartz overgrowths and carbonate cements,
which considerably reduce permeability. The reservoir is largely matrix-supported, with
argillaceous material infilling intergranular gaps and further restricting pore connectivity.
Well Z152, representative of this microfacies, is dominated by small pores with limited
development of intergranular and feldspar-dissolved pores, resulting in poor reservoir
performance (Figure 7e,f).

Sheet sands were deposited under weak and stable hydrodynamic conditions, result-
ing in fine-grained, poorly sorted sediments. Intense compaction has led to predominantly
concave-convex grain contacts and a matrix-supported fabric, resulting in limited develop-
ment of small intergranular pores and generally poor reservoir quality (Figure 7g). Mouth
bar sandbodies exhibit similar concave-convex contacts, along with pronounced mica
deformation, quartz overgrowths, and mica-filled fractures from crushed rigid grains, all
indicating strong compaction. Characterized by matrix-supported texture, poor sorting,
small pore size, and high heterogeneity, these sandbodies show restricted pore connectivity
and overall low reservoir performance (Figure 7h).

The tight sandstones of the Chang 8! sub-member are composed of relatively coarse
but poorly sorted grains, indicating deposition in an environment with ample sediment
supply but unstable hydrodynamic conditions. The pore system is diverse, dominated by
intergranular and feldspar-dissolution pores, along with minor intergranular dissolved
pores and microfractures. Chlorite coatings on quartz grains help resist compaction, thereby
preserving primary pores. As a result, the Chang 8' sub-member has undergone only
moderate compaction, and its pore network remains relatively well preserved.

In contrast, the Chang 8% sub-member displays finer, poorly sorted grains and less de-
veloped porosity, dominated by intergranular pores with subordinate feldspar dissolution
pores, resulting in more restricted reservoir space. Under compaction, rigid grains were
fractured and subsequently infilled by mica, while widespread bending and deformation
of mica further attest to strong compressional effects. These characteristics are particularly
pronounced in the underwater natural levee and sheet sand microfacies of the Chang 82
sub-member, where intense compaction has considerably reduced pore volume, collectively
leading to poorer reservoir physical properties compared to the Chang 8! sub-member.

Wells within the same underwater distributary channel microfacies but from different
provenance systems also exhibit notable differences in reservoir characteristics. Well L324
shows a bimodal pore-size distribution, indicating a complex pore system with significant
size variability. Its high quartz content and low calcite abundance minimize cement-related
pore occlusion. Thin-section analysis reveals well-preserved intergranular pores, minor
mica deformation, and intragranular dissolved pores, with intergranular clay occurring in
reticular forms that do not severely limit connectivity. These attributes contribute to good
porosity, permeability, and fluid mobility, resulting in superior reservoir quality.

Well L180 exhibits a unimodal to weakly bimodal T, distribution (Figure 8), reflecting
a relatively uniform pore system dominated by small pores. Well-developed calcite cement
has partially filled pore space. Although thin sections show clear quartz grain boundaries
and both primary and secondary pores, overall compaction has reduced pore volume. The
prevalence of small pores and homogeneous pore structure results in moderate reservoir
quality, which is inferior to that of Well L324.



Processes 2025, 13, 3246

14 of 18

Amplitude

200

——L324111 —e-L180-22

1324112 500 ——L180-2.4 600

Amplitude
Amplitude
s B

1

10
T, (ms)

100

0
1000 10000 0001001 o1 ! 10 100 1000 10000 0001 0.01 01 1 10 100 1000 10000
T, (ms) T, (ms)

Figure 8. Comparison of T, spectra from three tight sandstone samples (L324, L180 and L326)
collected from the underwater distributary channel of the Chang 8 Member.

Well L326, influenced by the northwest provenance, displays a bimodal to weakly
trimodal T, distribution (Figure 8), indicating strong heterogeneity and a dominance
of small pores. High feldspar content, combined with fine pore structure and intense
compaction, has resulted in a dense reservoir with limited pore space. The sharp, short-T,
peaks suggest a high proportion of micropores and restricted free fluid mobility. These
distinctions stem from differences in sediment supply and transport dynamics between
the northwestern and southwestern provenance systems. The northwest provenance
tends to produce finer-grained sediments prone to developing smaller pores, and stronger
compaction has further enhanced reservoir densification. As a result, the pore structure
and fluid storage capacity of underwater distributary channel reservoirs vary considerably
between these two provenance systems.

The tight sandstone reservoirs of the Chang 8 Member exhibit strong heterogene-
ity, with reservoir quality governed by the integrated effects of sedimentary microfacies,
provenance, hydrodynamic conditions, and diagenesis. Underwater distributary channels
generally possess the most favorable reservoir properties, characterized by well-preserved
intergranular and feldspar-dissolution pores, moderate to high porosity, and good per-
meability. Natural levees and mouth bars show intermediate reservoir quality, whereas
sheet sands display fine grain size, high clay content, strong compaction, and poorly de-
veloped porosity. Chlorite coatings and quartz-rich compositions help preserve primary
pores and resist compaction, while fine-grained, clay-rich facies and extensive cementation
reduce pore space and connectivity, particularly in proximal lake-margin settings. Spatially,
reservoir properties improve significantly toward the lake (over ~80-100 km from the
southwestern provenance) but deteriorate at the lake-proximal end (within the terminal
10-15 km) (e.g., from Well X212) toward the basin center, due to coarser grains, better
sorting, and enhanced pore connectivity. However, this trend reverses within the terminal
10-15 km of the lake margin, defined as the “lake-proximal” zone where sandstone mud
content exceeds 20% and porosity typically falls below 5%. In this zone, reservoir quality
deteriorates markedly due to the dominance of fine-grained, shale-rich sediments (e.g.,
sheet sands) and intense diagenetic cementation.

Provenance also plays a key role in controlling reservoir heterogeneity. Sandstones
derived from the southwestern provenance generally exhibit coarser grains, greater preser-
vation of primary and secondary pores, and higher permeability, reflecting stronger hy-
drodynamic energy and moderate compaction. In contrast, those from the northwestern
provenance tend to be finer-grained, richer in feldspar, and subject to stronger compaction,
leading to a predominance of small pores, lower porosity, limited pore connectivity, and re-
duced fluid mobility. In summary, the interplay of microfacies, provenance, hydrodynamics,
and diagenetic history collectively governs the spatial distribution of high-quality reser-
voirs and the development of pore systems, offering a coherent model for understanding
the architecture and heterogeneity of delta-front tight sandstones in lacustrine basins.

The underwater distributary channel microfacies, particularly those influenced by the
southwestern provenance, constitute the highest-quality “sweet spots” due to their coarser
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grains, well-developed intergranular and dissolution pores, and superior connectivity.
Therefore, exploration efforts should prioritize targeting these specific sedimentary units.
Furthermore, the finding that reservoir quality generally improves in the lakeward direction
(until the lake-proximal end where it deteriorates) provides a valuable spatial guideline for
predicting the lateral extent of high-quality reservoirs and optimizing well trajectory design,
especially for horizontal wells aimed at maximizing contact with the best reservoir facies.

Intervals dominated by sheet sands or areas with strong calcite cementation (as seen in
some mouth bars) will exhibit higher fracture initiation pressures and may lead to complex,
restricted fracture networks. Conversely, the more brittle, quartz-rich intervals of under-
water distributary channels are more conducive to generating effective fracture networks.
Pre-drill identification of these facies using seismic attribute analysis and log signatures
can allow for customized, stage-by-stage fracturing designs. For instance, within a single
horizontal well, stages landing in high-quality channel sandstones could utilize different
fluid and proppant schedules compared to stages penetrating heterogeneous or tightly
cemented intervals, thereby optimizing overall stimulation efficiency and production.

The prevalence of micropores and poor connectivity in reservoirs derived from the
northwest provenance and in underwater natural levees suggests that these zones may
exhibit rapid production decline and low recoverable volumes. Recognizing these facies
helps in setting realistic production expectations and in planning for enhanced oil recovery
(EOR) techniques at an early stage. For example, the abundance of clay minerals (especially
illite/smectite) in certain facies, as identified in our study, warrants careful consideration
of fracturing fluid chemistry to prevent formation damage.

5. Conclusions

In summary, this study demonstrates that the reservoir characteristics of the Chang 8
Member tight sandstones are systematically governed by the interplay of sedimentary mi-
crofacies, provenance, and diagenesis. The reservoir quality exhibits a clear spatial pattern:
while it generally improves toward the lacustrine center due to enhanced hydrodynamics
and pore connectivity, it deteriorates near the lake margin where fine-grained sedimenta-
tion and diagenetic filling promote micropore dominance. The content of illite-smectite
mixed-layer clay also follows a predictable trend, initially increasing and then decreasing
in the lakeward direction.

Significant differences in reservoir properties are observed among microfacies. Underwa-
ter distributary channels represent the highest-quality reservoirs, with porosity of 4-12% and
permeability of 0.01-1 mD, characterized by well-developed dissolution and intergranular
pores. Underwater natural levees show moderate properties (porosity 4-10%, permeability
0.01-0.5 mD) with poorly connected small pores, whereas sheet sands exhibit the poorest
quality (porosity 2-6%). Furthermore, the Chang 8 sub-member experienced stronger com-
paction than the Chang 8! sub-member—partly because chlorite coatings in Chang 8! help
resist compaction and preserve primary pores, as evidenced by extensive mica filling and
grain deformation, resulting in narrower pores and stronger reservoir densification.

Provenance and hydrodynamic conditions ultimately control reservoir heterogeneity.
The southwestern provenance, characterized by higher energy, yields quartz-rich sand-
stones with preserved primary pores and enhanced dissolution porosity, forming complex
pore systems and favorable reservoirs. In contrast, the northwestern provenance, with
weaker hydrodynamics, produces finer-grained, feldspar-rich sandstones with higher clay
content. These undergo intense compaction, leading to a predominance of micropores and
the least developed pore systems. This study confirms that provenance-driven sedimentary
differentiation fundamentally shapes the formation and evolution of pore systems in tight
sandstone reservoirs.
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