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ABSTRACT

Fluvial tight sandstones, as unconventional reservoirs, feature complex sedimentary, diagenetic, and
reservoir quality heterogeneities that fundamentally control their exploration and development. This
study focuses on typical fluvial tight sandstones of the Shanxi Formation in northern Sulige Gas Field
(Ordos Basin), using core samples, field sections, logging data, and analytical tests to investigate the
coupling relationships among sedimentary, diagenetic, and reservoir quality heterogeneities. Results
demonstrate that: the target layer in the study area develops six lithofacies, three braided river sand-
body architectural elements, two meandering river sandbody architectural elements, and five diagenetic
facies. Different architectural elements and their internal lithofacies exhibit differences and coupling
relationships in the strengths of sedimentary heterogeneity and diagenetic heterogeneity. Specifically:
strong compaction diagenetic facies primarily occurs in siltstone lithofacies of sand-dominated, weakly
sedimentary heterogeneous architectural elements; strong dissolution + microfracture development
diagenetic facies is mainly distributed in coarser-grained sandstones of sand-dominated architectural
elements with low sedimentary heterogeneity; clay mineral intercrystalline pore-dominated diagenetic
facies is primarily located near interbeds within all architectural elements; strong carbonate cemen-
tation diagenetic facies predominates in thick mudstones at the top/bottom of architectural elements,
and at contacts with pure mudstone interbeds; strong clay mineral cementation diagenetic facies
concentrates in medium-heterogeneity architectural elements near pure mudstone interbeds and at
contacts with silty mudstone interbeds. Sedimentary and diagenetic heterogeneities jointly control
reservoir quality distribution in all architectural elements (excluding basal conglomerates): porosity and
permeability decrease in positive rhythm as lithofacies grain size fines, while irreducible water satu-
ration increases in inverse rhythm. The findings of this study can provide a robust basis for the
exploration and development deployment of fluvial tight sandstone reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Fluvial tight sandstones are a very important type of uncon-
ventional oil and gas reservoir. Currently, in China, the Shanxi
Formation in the northern Ordos Basin, in the United States, the
Mesaverde and Lance formations of the Pinedale Anticline in the
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Greater Green River Basin of Wyoming, in Libya, the Nubian For-
mation in the southeastern part of the Sirte Basin, and Australia,
the Willespie Formation of the Perth Basin, etc. In these basins
with huge reserves of unconventional oil and gas resources, the
main oil and gas producing layers are all of fluvial facies sedi-
mentation (Kadkhodaie-Ilkhchi et al., 2019; Leila et al., 2024,
Marghani et al., 2023; Sahoo et al., 2016).

The degree of reservoir heterogeneity plays a fundamental
role in the subsurface exploration and development of oil and
gas resources (Ahmadi et al, 2025). Fluvial tight sandstone
reservoirs are among the reservoirs with the most complex
heterogeneity. The heterogeneity of sediment structure (grain
size, sorting, and rounding), sedimentary structures (bedding),
and sandbody architecture (lithofacies and their combinations)
in these reservoirs determines the heterogeneity of the original
reservoir quality (original porosity) (El-Gendy et al, 2022;
Ocheli et al, 2025). Additionally, as the material basis for
diagenesis, the heterogeneity of the original sediments also
gives rise to the heterogeneity of diagenesis within fluvial
sandbodies. This, in turn, leads to the heterogeneity of reservoir
evolution of the lithofacies within the sandbodies, and ulti-
mately results in the heterogeneity of reservoir quality (physical
properties and fluid mobility) within the sandbodies
(Antonellini et al., 2025). The heterogeneities of these sedi-
mentation and diagenesis determine the differences in the
reservoir quality within the sandbodies and the enrichment of
oil and gas, severely restricting the actual development and
exploitation effects of oil and gas fields. Exploring the differ-
ential diagenetic patterns under the constraints of sedimentary
heterogeneities of fluvial tight sandstones is of great significance
for understanding the reservoir quality heterogeneities of
sandbody architectural elements, and thus for guiding the actual
development of oil and gas fields.

Current research on high-quality fluvial tight sandstone reser-
voirs primarily focuses on single-factor controls (e.g., sedimenta-
tion, diagenesis) (Busch et al., 2024; Fallah-Bagtash et al., 2025; Shi
et al., 2024) or sandstone-mudstone spatial relationships (Shang
et al.,, 2019; Xie et al., 2024). While this provides basic insights
into reservoir heterogeneity, critical gaps remain: insufficient
exploration of sedimentary-diagenetic coupling at the sandbody
architecture scale, lack of systematic research on the control over
reservoir quality, and unclear heterogeneous patterns across
different architectural elements.

To address these gaps, this study, based on the summarized
understanding of how single factors (sedimentation, diagenesis)
and sandstone-mudstone spatial relationships control high-
quality reservoirs, proposes the hypothesis that sedimentary and
diagenetic heterogeneity—incorporating both single factors and
sandstone-mudstone spatial relationships—exerts a more signifi-
cant control on high-quality reservoirs.

Furthermore, targeting the Shanxi Formation in the northern
Ordos Basin, this study focuses on two key aspects: characterizing
the sandstone-mudstone spatial relationships of fluvial tight
sandstone reservoirs using sedimentary and diagenetic heteroge-
neity, and exploring the coupling relationships, genetic patterns,
and distribution patterns of sedimentary-diagenetic-reservoir
quality heterogeneity. The results demonstrate that, for fluvial
tight sandstone reservoirs, sedimentary heterogeneity clearly
constrains diagenetic heterogeneity; moreover, reservoir quality
heterogeneity within sandbody architectural elements and the
distribution of high-quality reservoirs are significantly regulated
by the influence of sedimentary heterogeneity on diagenetic het-
erogeneity. Ultimately, this study yields a deeper and more sys-
tematic understanding of the coupling relationships among
sedimentary-diagenetic-reservoir quality heterogeneity, as well

1106

Petroleum Science 23 (2026) 1105-1137

as the genetic mechanisms and patterns of high-quality fluvial
tight sandstone reservoirs.

2. Regional geological background
2.1. The tectonic location of the study area

The Ordos Basin is a typical Paleozoic cratonic basin located in
central China, which is rich in oil and gas resources (Jiang et al.,
2023). The Ordos Basin is composed of six hierarchical tectonic
units (Qin et al., 2024): the Yimeng Uplift, Yishan Slope, Tianhuan
Depression, Western Thrust Belt, Jinxi Fault-Fold Belt, and Weibei
Uplift. The study area is located on the transitional zone between
the Yimeng Uplift and the Yishan Slope in the northern part of the
Ordos Basin (Fig. 1).

2.2. Stratigraphic and sedimentary evolution processes

The Shanxi Formation is the main gas-bearing horizon in the
study area, and it is a typical coal measure stratum of fluvial facies
sedimentation (Jiang et al., 2024; Li et al., 2019). According to the
characteristics of sequence stratigraphy, the Shan 1 Member (P1s1)
of the Shanxi Formation is further divided into three layers,
namely Shan 11 (P;s}), Shan 12 (P;s?), and Shan 13 (P;s3). The Shan
2 Member (P1s) is further divided into three layers, Shan 21 (P1s3),
Shan 22 (P;s3), and Shan 23 (P;s3). Five layers, namely Shan 11,
Shan 12, Shan 13, Shan 21, and Shan 22, are of meandering river
sedimentation, and Shan 23 is of braided river sedimentation

(Fig. 2).
3. Data and methods
3.1. Data situation

This study compiled core data and imaging data of the Shanxi
Formation from 63 cored wells in the northern Sulige Gas Field,
with part directly provided by CNPC Western Drilling Engineering
Co., Ltd. and the remainder derived from experiments on collected
core samples. The dataset encompasses core photos, logging
curves, field outcrop photos, porosity (@), permeability (K), irre-
ducible water saturation measured by nuclear magnetic resonance
(Snbw), grain size analysis (P25/P7s5), pore structure analysis, clastic
compositions, X-ray diffraction (XRD) results, comprehensive
casting thin sections (CTS), and scanning electron microscopy
(SEM) images, with details shown in Table 1.

3.2. Methods for characterizing sedimentary heterogeneity

Lithofacies is the basic unit for characterizing the composi-
tion of sedimentary materials and sedimentary structures under
different hydrodynamic conditions (Colombera and Mountney,
2019; Miall, 1985). Therefore, the internal sedimentary hetero-
geneity of a single sandbody architectural element is reflected in
the differences of lithofacies and their combinations. In this
study, two parameters, “lithofacies density” and “lithofacies
frequency”, were established for a single sandbody to charac-
terize the internal sedimentary heterogeneity of sandbody
architectural elements.

3.2.1. Lithofacies density

The “lithofacies density (Dp)” is defined as the ratio of the
thickness of a single lithofacies (T.) to the thickness of the archi-
tectural element (Tic). Here, the thickness of the architectural
element refers to the total vertical thickness of the architectural
elements within the sandbody architectural element, and the
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Fig. 1. Location of the study area (modified from Jiang et al., 2024). (a) Location of the Erdos Basin. (b) Location of the study area in the Erdos Basin.
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Fig. 2. The stratum, sedimentary patterns, and evolution of the study area (modified from Jiang et al., 2024). (a) The lithologic sedimentary sequence and sedimentary envi-
ronment of He 8, Shan 1, and Shan 2 in the study area. (b) The sedimentary evolution patterns of the meandering river from P;s3 to P;sl. (c) The braided river sedimentary pattern

of P;s3.
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(d) (e)

Fig. 3. Some photos of the core. The yellow lines in (b) and (c) mark the trough cross-bedding. The yellow lines in (d) and (e) mark the plate cross-bedding. The yellow lines in (f)

and (g) mark the parallel bedding. The yellow line in (h) marks the wavy bedding.

Table 1

Types and quantities of data collected in this study.
Data Number
Porosity (@) 1590
Permeability (K) 1544
Nuclear magnetic resonance (Sppw) 637
Grain size analysis (P2s/P7s5) 138
Pore structure analysis 138
Clastic compositions 138
X-ray diffraction (XRD) 112
Comprehensive casting thin sections (CTS) 282
Scanning electron microscopy (SEM) 316

thickness of a single lithofacies refers to the individual thickness of
a certain lithofacies within this architectural element. The calcu-
lation formula is as follows:

_ L

Dy — 2L
L Tic

(1)

The total lithofacies density (Drr) of a certain lithofacies in the
architectural element is the ratio of the total thickness (Trr) of a
certain lithofacies to Tic, and the formula is as follows:

_In
Tic

(2)

Dt

3.2.2. Lithofacies frequency

The “lithofacies frequency (LF)” is defined as the ratio of the
number of a certain lithofacies (Ntr) in the sandbody architectural
element to the total number of lithofacies (Ni¢) in the architectural
element. The calculation formula is as follows:

_ Np

LF=—=
Nic

(3)
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3.3. Methods for characterizing the diagenetic strength

3.3.1. Original porosity

According to the data provided by the grain size analysis, this
study adopted the initial porosity (®,) equation established by
Scherer (Eq. (5)) (Beard and Weyl, 1973; Scherer, 1987). The Trask
sorting coefficient (So) was calculated according to the widely used
formula by Folk and Ward (Eq. (4)) (Folk and Ward, 1957).

_Pas

So= P75

(4)

229

So

Among them, Py5 and P;5 are respectively the particle sizes
(mm) corresponding to 25% and 75% of the cumulative probability
curve of the grain size; "20.91” and "22.9” are the intercept and
coefficient of the regression formula Eq. (5) obtained by (Scherer,
1987) through analyzing the research data of (Beard and Weyl,
1973), which are widely used in the calculation of original
porosity of sandstone reservoirs.

®o =2091 + (5)

3.3.2. Diagenetic strength

Calculating the increase and decrease of reservoir porosity
caused by diagenesis can quantitatively characterize the diage-
netic strength (Wendao et al., 2019). According to the types and
effects of diagenesis, it can be divided into porosity reduction due
to compaction, porosity reduction due to cementation (including
porosity reduction due to carbonate cementation and porosity
reduction due to clay mineral cementation), porosity increase due
to dissolved pores caused by dissolution, porosity increase due to
microfractures caused by fracturing, and porosity increase due to
intercrystalline pores of clay minerals. Based on the diagenetic
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background of the Shanxi Formation in the study area, Table 2 lists
the formulas for calculating the diagenetic strength (Wang et al.,
2023).

Vg is the grain volume; V¢ is the apparent molar volume of
present-day rock; V.. is the volume of carbonate cement; Vi is
the volume of clay mineral cement; Vyp, is the volume of dissolved
pores at present; Vi is the volume of microfractures at present;
Viep is the volume of intercrystalline pores of clay minerals at
present.

4. Results
4.1. Lithofacies

According to the results of core description, classification is
carried out based on grain size and main sedimentary structures,
and modifications are made following the lithofacies classification
by scholars such as Miall (1985) and Colombera (Colombera and
Mountney, 2019). Table 3 summarizes the petrology, sedimen-
tary structures (bedding), sedimentary textures (sorting and
rounding) and genetic interpretations of various lithofacies.

4.2. Sandbody architectural elements

4.2.1. Braided river sandbody architectural elements

Based on the sediment grain size, sedimentary structures,
geometric shapes, paleocurrent directions, sediment occurrence
locations, as well as the lateral and vertical arrangements of lith-
ofacies, three sandbody architectural elements in the sandstone of
the braided river sedimentary reservoir in the study area have
been determined. Fig. 4 shows the characteristics of the architec-
tural elements of the core or head (BBt1), flanks (BBt2), and tail
(BBt3) of the channel bars deposited by the braided river flow in
five periods, which is the most complete in the study area. By
dissecting the field outcrops of the braided river channel bar
sandbodies in the Shanxi Formation of the study area (Fig. 4(d)), it
can be known that the water flows of the I-III periods are mainly
characterized by vertical aggradation (Fig. 4(b)). The thickness of
the deposited sandstone gradually decreases, and the interlayers

Table 2
Types, parameters, and calculation formulas of diagenetic intensity.
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of silty mudstone begin to develop in the III period (Fig. 4(b)). The
water flows of the IV-V periods are mainly characterized by lateral
aggradation (Fig. 4(b)) and downstream aggradation (Fig. 4(c)).
The thickness of the deposited sandstone gradually decreases, and
the interlayers of silty mudstone gradually thicken (Fig. 4(b) and
(c)). Table 4 shows the cyclic, sedimentary and lithofacies char-
acteristics of different architectural elements and their genesis.

4.2.2. Meandering river sandbody architectural elements

According to the sediment grain size, sedimentary structures,
geometric shapes, paleocurrent directions, the occurrence loca-
tions of sediments, as well as the lateral and vertical arrangements
of lithofacies, two architectural elements of sandbodies in the
sandstone reservoirs of meandering river deposits in the study
area have been determined. Fig. 5 illustrates the characteristics of
the architectural elements of the point bar (MB) and the final-
stage river channel (MFCH) under the sedimentation of
meandering river water flow in five periods, which is the most
complete in the study area. The thickness of the laterally aggraded
sandstone deposits in the I to V periods gradually decreases, and
the interlayers of pure mudstone gradually thicken. Table 5 shows
the cyclic, sedimentary and lithofacies characteristics of different
architectural elements and their genesis.

4.3. Diagenesis

4.3.1. Compaction

Compaction is caused by the static pressure of the rock, which
leads to the re-arrangement of mineral particles and changes in
their contact geometry, and it is the main cause of the loss of
primary inter-particle pores (He et al., 2002). In the study area, the
sandstones of the Shanxi Formation are generally strongly com-
pacted. Differences in structural maturity and compositional
maturity result in different compaction characteristics of the
sandstones in the Shanxi Formation. Sandstone samples with poor
sorting, low roundness, and a high content of rock fragments
usually show linear contacts or dense accumulations (Fig. 6(a)).
Ductile particles, such as mica, volcanic materials, and argillaceous
fragments, are deformed under the effect of compaction (Fig. 6(b)),

Diagenesis Parameter Equation Equation number
Compaction Intergranular volume (®gy) Vg (6)
oy =1- 3
t
. . D — (@, & (1 — d’O) (7)
Porosity reduced due to compaction (@) R = (Po — Pigv) X = dicy)
. . . _ Ve (8)
Carbonate minerals cementation Carbonate mineral cement content (@) Pcc = Ve
. ) . . Do = (B — B Pcc 9)
Porosity reduction due to cementation of carbonate minerals (®¢cg) ccr = (Po CR) % Dicy
. . . _ Veme (10)
Clay minerals cementation Clay mineral cement content (®D¢y,c) Peve = Vi
Pcmc
Porosity reduction due to cementation of clay minerals (®¢ycg) Pemcr = (Po — Per) x Doy an
Vap + Vee + Veme
Dissolution Dissolution pores content (®p;) Ppp = DT (12)
Porosity increases due to dissolution (®pp) ®pp; = Gpp x (1 — dcR) (13)
Vine
Fracturing Microfracture content (@) PyE = 7": (14)
Porosity increased by microfractures due to fracturing (@) Dpp = Pur X (1 — Per) (15)
Intercrystalline pores of clay minerals Intercrystalline pores content (®c,) Diep = h (16)
Vi
Porosity increases due to intercrystalline pores of clay minerals (®icr1)  @ycp; = Picp x (1 — dcR) 17)
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Table 3
Lithofacies types and their lithology, sedimentary texture, sedimentary structure and geological genetic interpretation of Shanxi Formation in the study area.
Lithofacies/code Lithology Bedding Sorting Roundness Genetic interpretation
Massive bedding Gray-white conglomerate Massive bedding Poor Angular and Subangular Products of rapid deposition and high-
conglomerate/Gm (Fig. 3(a)) (Fig. 3(a)) energy hydrodynamic conditions with
poor sorting in fluvial beds
Trough cross-bedding Grayish-white coarse Trough cross-bedding Medium or Subangular and Products of a depositional environment
sandstone sandstone (Fig. 3(b)) and (Fig. 3(b), better subrounded under high-energy hydrodynamic
/Stc Grayish-white medium Fig. 3(c)) conditions with frequent flow direction
sandstone (Fig. 3(c)) changes
Plate cross-bedding Grayish-white coarse Plate cross-bedding Medium or Subangular and Products of sediment lateral accretion
sandstone/Spc sandstone (Fig. 3(d)) and (Fig. 3(d), better Subrounded or progradation under high-energy
Grayish-white medium Fig. 3(e)) hydrodynamic conditions
sandstone (Fig. 3(e))
Parallel bedding sandstone/ Grayish-white medium Parallel bedding Medium or Subangular and Products of a depositional environment
Sp sandstone (Fig. 3(f)) and (Fig. 3(f), poor Subrounded under gradational hydrodynamic
Grayish-white fine sandstone Fig. 3(g)) conditions with stable and persistent
(Fig. 3(g)) sedimentation
Ripple bedding sandstone/ Grayish-black siltstone Ripple bedding Well Well-rounded Products of a depositional environment
Sr (Fig. 3(h)) and Gray fine (Fig. 3(h)) under low-energy hydrodynamic
sandstone conditions with low-intensity flow
regime and limited sediment supply
Massive bedding Grayish-black mudstone and Massive bedding Products of a depositional environment
mudstone/Mm Grayish-black silty mudstone (Fig. 3(i)) under low-energy hydrodynamic
(Fig. 3(i)) conditions and prone to fluvial erosion

Fig. 4. Plan and cross-sectional views of braided river channel sandbody architecture. (a) Planar schematic diagram of braided river deposition. (b) Cross-source bar profile. (c)

Along-source bar profiled. (d) Outcrop photograph. (e) BBt1. (f) BBt2. (g) BBt3.

and concave-convex contacts often occur between ductile parti-
cles and rigid particles. In sandstones with good sorting, high
roundness, and a high content of rigid particles (such as quartz),
point contacts frequently appear between the rigid particles
(Fig. 6(c)), and a small number of microfractures also manifest (Li
et al,, 2020).

4.3.2. Fracturing

The fracturing is generally caused by tectonic movements (Qin
et al., 2022), and it mainly occurs in sandstone samples with large
clasts and a high content of rigid particles (such as quartz). These
large-sized rigid clastic particles are usually well-developed with
microfractures (Fig. 6(c)).
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Table 4

Cyclic, sedimentary and lithofacies characteristics of different architectural elements in braided river sandbodies and their genesis.

Petroleum Science 23 (2026) 1105-1137

Type

Characteristics

Cyclic

Sedimentary

Lithofacies

Genetic analysis

Type-1 braided
river bar/BBt1

Type-2 braided
river bar/BBt2

Type-3 braided
river bar/BBt3

A single long-term positive
cycle with three short-term
positive cycles; sandstone
thickness decreases
systematically from base to top
of short-term cycles.

A single long-period positive
cycle with three short-period
cycles. Sandstone thickness
decreases progressively from
middle to bottom to top cycles.

A single long-period positive
cycle containing two
short-period positive cycles;
lower short-period cycle has
thicker sandstone than upper.

Characterized by vertical
aggradation and stacking of
multi-phase braided-river
sediments; vertical lithofacies
stacking of three-phase flow
sediments at braided bar core/
head (Fig. 4(b), (¢), I-]; Fig. 4(e))

Characterized by lateral
aggradation and superposition
of multi-period braided-river
sediments; vertical lithofacies
stacking of three-phase flow
sediments on braided bar
flanks (Fig. 4(f); Fig. 4(b), K-L).

Characterized by downstream
aggradation and superposition
of multi-period braided-river
sediments; vertical lithofacies
stacking of two-phase flow
sediments at braided bar tail
(Fig. 4(c), O-P; Fig. 4(g)).

Trough/plate cross-bedded
facies proportion decreases
upward, parallel/
ripple-bedded facies increases;
no silty mudstone interlayers.
Massive-bedded conglomerate
restricted to lower short-term
cycle; massive-bedded
mudstone forms at upper cycle
top.

Trough/plate cross-bedded
facies proportion decreases
upward; parallel/ripple-
bedded facies and silty
mudstone increase. Massive
conglomerate restricted to
lower cycle; thin floodplain
mudstone at base.

Lithofacies thickness
proportion variation analogous
to BBt2; massive-bedded
conglomerate in lower
short-period cycle is thicker.

Reflects weakening
hydrodynamics (sediment
fining, flow stabilizing); each
cycle records declining energy
(thinning trough/plate,
thickening parallel/ripple-
bedded facies). No silty
mudstone interlayers due to
dominant vertical aggradation
at bar core/head-strong
deposition hydrodynamics
fully eroded pre-existing
mudstone, preventing
preservation.

Reflects weakening
hydrodynamics
(strong—weak), with sediment
coarsening upward and flow
stabilizing. Silty mudstone
thickening reflects reduced
erosive capacity. Basal thin
mudstone is residual from
incomplete floodplain erosion.
Reflects weakening
hydrodynamics (culminating in
static water), with sediment
fining upward and flow
direction stabilizing. Lower
cycle reflects strong-to-weak
energy decline; upper cycle
transitions to static water. Top
thick mudstone is floodplain
deposit.
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Fig. 5. Plan and cross-sectional views of meandering river sedimentary sandbody architecture. (a) Planar schematic diagram of meandering river deposition. (b) Cross-source
profile of meandering river sedimentary sandbody architecture. (c) Outcrop photograph. (d) MB. (e) MFCH.

4.3.3. Cementation

The sandstones of the Shanxi Formation are developed with
carbonate cementation and clay mineral cementation, with clay
mineral cementation being the dominant type.

The carbonate cements include calcite and dolomite, with
calcite being the main component. Calcite is usually present in the

dissolved pores (Fig. 7(a)). Carbonate cementation is one of the
causes of pore loss (Janssen et al., 2023).

The clay mineral cements include kaolinite, illite, and mixed
illite/smectite, with kaolinite and illite being the dominant ones.
Kaolinite appears in the forms of “vermicular” and “booklet-sha-
ped” (Fig. 7(b) and (c)). Illite appears in sheet-like and fibrous
forms (Fig. 7(d) and (e)), and the mixed illite/smectite appears in a
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Table 5

Cyclic, sedimentary and lithofacies characteristics of different architectural elements in meandering river sandbodies and their genesis.
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Type

Characteristics

Cyclic

Sedimentary

Lithofacies

Genetic analysis

Point bar/MB

Final-stage river

A single long-period positive
cycle incorporating three
short-period positive cycles;
sandstone thickness in short-
period cycles decreases
progressively from bottom to
top.

A single positive cycle.

Characterized by lateral
aggradation and superposition
of multi-phase meandering
river sediments; vertical
lithofacies stacking of three-
phase flow sediments in
meandering river point bar
(Fig. 5(b), D-C; Fig. 5(d)).

Formed by lateral aggradation

Trough/plate cross-bedded
sandstone facies proportion
decreases upward, while
parallel/ripple-bedded
sandstone facies and pure
mudstone proportions
increase. Massive-bedded
conglomerate is exclusively
developed in the lower short-
period cycle.

Thin-layered massive bedding

Reflects gradual weakening of
initial strong hydrodynamics
(grain size fining, flow
stabilizing from variable to
unidirectional). Each cycle
records strong-to-weak
transition (thinning trough/
plate, thickening parallel/
ripple-bedded facies and pure
mudstone). Pure mudstone
interlayers thicken due to
reduced erosive capacity,
preserving more pre-existing
mudstone—indicating
changing depositional
environments.

Reflects relatively weak

channel/MFCH of sediments from meandering conglomerate developed at hydrodynamic force gradually
river final-stage channel; MFCH bottom. Trough/plate weakening to static water
vertical lithofacies stacking cross-bedding sandstone facies environment (grain size fining,
relationship of final-stage proportion small in middle and flow direction transitioning
channel (Fig. 5(b), F-E; lower parts; parallel/ripple from frequent changes to single
Fig. 5(e)). bedding sandstone facies and stable). Bottom thick
proportion relatively large in mudstone represents
middle and upper parts; thick floodplain deposition; middle
mudstone proportion largest at sandstone reflects
top/bottom. hydrodynamic force changing
from strong to weak (flow
stabilizing) and weak
environment deposition; top
thick mudstone represents
final-stage channel static water
sediments (hydrodynamic
force weakening to static water
deposition stage).
(a) (b) (c) Microfractures
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—_

500 pm
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—_

Fig. 6. The optical microscope photograph of the compaction. (a) Linear contact or dense accumulation of minerals. (b) Deformation of ductile minerals and concave-convex

contact. (c¢) Point contact and microfractures.

“honeycomb-shaped” form (Fig. 7(f)). Most of them are present in
primary pores and dissolved pores. The “vermicular” cementation
of kaolinite, the sheet-like cementation of illite, and the fibrous
cementation of illite are one of the main causes of pore loss, while
the “booklet-shaped” kaolinite and the “honeycomb-shaped”
mixed illite/smectite are one of the main causes for the formation
of intercrystalline pores (Haile et al., 2015; Jiu et al., 2021).

4.3.4. Dissolution

The dissolution is manifested in two forms: intergranular
dissolution and intragranular dissolution. The dissolution is the
cause of the development of dissolved pores, which improves the
physical properties of the reservoir (Zhu et al., 2024). The Shanxi
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Formation in the study area is coal measure strata, and the sand-
stone in it undergoes strong dissolution. After the dissolution of
the particles, three forms are presented. Some intergranular
spaces are filled with cements after dissolution (Fig. 8(a)). Some
intergranular and intragranular areas form pores after dissolution
(Fig. 8(b) and (c)). For some other particles, they are completely
dissolved, and moldic pores are formed, leaving only the contours
of the granules (Fig. 8(d)).

4.3.5. Metasomatism

Metasomatism is a process in which one mineral is replaced by
another (Rubinstein et al., 2013). Metasomatism in the sandstones
of the Shanxi Formation in the study area is relatively rare,
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Fig. 7. Cathodoluminescence, optical microscope and scanning electron microscope photographs of the cementation process. (a) Cathodoluminescence of calcite. (b) Vermicular
kaolinite fills the pores. (c) Booklet-shaped kaolinite. (d) Sheet-like illite. (e) Fibrous illite. (f) Honeycomb-shaped illite.
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(c)

Feldspar is metasomatized
by calcite

100 ym 300 pm
—_J —_

Fig. 9. Scanning electron microscope and optical microscope photographs of the metasomatism. (a) Quartz is metasomatized to form sheet-like illite that adheres to its surface.
(b) Feldspar is metasomatized by kaolinite and the kaolinite adheres to its surface. (c) Part of the feldspar is metasomatized by calcite.

including the replacement of quartz by illite (Fig. 9(a)), the
replacement of feldspar by kaolinite (Fig. 9(b)), and the replace-
ment of feldspar by calcite (Fig. 9(c)).

4.4. Diagenetic sequence

The vitrinite reflectance (R,) values of the Upper Paleozoic
strata in the study area range from 0.5% to 2.0% (Su et al., 2021).
According to the classification standard of diagenetic stages of
clastic rocks in China (SY/T 5477-2003), the Shanxi Formation in
the study area is currently mainly in the middle diagenetic stage B.
The diagenetic evolution of the Shanxi Formation is divided into
the following four stages (Fig. 10) (Su et al., 2021; Yang et al., 2012).

The early diagenesis Stage A (R, < 0.35%, 0-65 °C, 300-250 Ma
ago): the rocks were weakly to semi-consolidated, and the primary
pores were developed. During the early syngenetic stage, the
leaching of acidic atmospheric water led to the hydrolysis of vol-
canic ash materials, providing a large amount of Fe?*, Fe3*, and
AP (Burger et al., 2002; Hagar et al., 2022). In this stage, the
alkaline environment created by groundwater led to the formation
of chlorite films, and also resulted in the formation of early calcite
and siderite cementation (Li et al., 2021). The compaction strongly
damaged the pore space, and the initial porosity decreased rapidly.
At the same time, the fracturing made large brittle particles prone
to the formation of microfractures, and ductile particles deformed.

The early diagenesis Stage B (0.35% < R, < 0.5%, 65-85 °C,
250-220 Ma ago): the rock transitioned from semi-solid to
consolidated, in a manner influenced by the compaction and
cementation. The reservoir is mainly composed of primary pores,
with a small number of secondary pores. Acidic substances such as
humic acid and fulvic acid discharged from the coal seam cause the
dissolution of feldspar and volcanic materials (Patrick et al., 1984),
providing conditions for the formation of authigenic kaolinite and
altered kaolinite.

The middle diagenesis Stage A (0.5% < R, < 1.3%, 85-140 °C,
220-110 Ma ago): the organic matter begins to mature, releasing a
large amount of organic acids (Zhu et al., 2015). In a strongly acidic
environment, feldspar, rock fragments, early-stage calcite, siderite,
and chlorite films are dissolved, forming a large number of dis-
solved pores. Clay minerals such as kaolinite and illite begin to
form. At the end of this stage, late-stage carbonate cementation
appears.

The middle diagenesis Stage B (1.3% < R, < 2.0%, 140-175 °C,
110 Ma ago to the present day): the organic matter is highly
mature, and a large amount of organic acids are no longer pro-
duced, and the dissolution stops (Sun et al., 2021; Zhang et al,,
2022). The environment gradually transitions to an alkaline
state, and late-stage carbonate cementation appears to fill the pore
space, leading to further densification of the reservoir (Shao et al.,
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2019). Kaolinite and mixed illite/smectite are transformed into
illite. Microfractures occur in brittle particles.

4.5. Heterogeneity of lithofacies reservoir spaces within
architectural elements

4.5.1. Heterogeneity of the contents of different types of pores

By statistically analyzing the relative contents of different types
of pores in lithofacies under the constraint of architectural ele-
ments (202 data points), the following rules can be summarized:
residual intergranular pores in BBt3 and MFCH are more devel-
oped, followed by BBt2, while BBt1 and MB are relatively less
developed; dissolution pores in BBt1 are relatively more devel-
oped, followed by BBt2, BBt3, and MB, with MFCH being relatively
less developed; Intercrystalline pores in MB are relatively more
developed, followed by BBt2, BBt3, and MFCH, with BBt1 being
relatively less developed; Microfractures in BBt1 are relatively
more developed, followed by BBt2, BBt3, and MB, with MFCH be-
ing poorly developed (Fig. 11(a)).

By further comparing the relative contents of various types of
pores in lithofacies within architectural elements (Fig. 11(b)-(f)), it
is found that there are similarities in the patterns of pore contents
of various lithofacies within different architectural elements. In
terms of the content of residual intergranular pores, the order from
high to low is: Sr > Gm (or Sp) > Stc > Spc. In terms of the content
of dissolution pores, the order from high to low is: Stc (or Gm,
Spc) > Sp > Sr. In terms of the content of intercrystalline pores, the
order from high to low is: Sp (or Spc) > Stc > Gm > Sr. In terms of
the content of microfractures, the order from high to low is:
Stc > Spc > Sp > Gm > Sr.

4.5.2. Heterogeneity of the contents of different types of throats

By statistically analyzing the relative contents of different types
of throats in lithofacies under the constraint of architectural ele-
ments (202 data points), the following rules can be summarized:
the neck-shaped throats in BBt1 are the most developed, followed
by BBt2, BBt3, and MB, while MFCH is less developed; the sheet-
like/curved sheet-like throats in BBt1 and BBt2 are the most
developed, followed by BBt3 and MB, while MFCH is less devel-
oped; the bundled tubular throats in BBt3 and MFCH are the most
developed, followed by MB, while BBt1 and BBt2 are less devel-
oped (Fig. 12(a)).

By further comparing the relative contents of different types of
throats in lithofacies within architectural elements (Fig. 12(b)—(f)),
it is found that there are similarities in the patterns of throat
contents of various lithofacies within different architectural ele-
ments. The relative contents of neck-shaped throats are ranked as
follows: Stc > Spc > Gm > Sp > Sr. The relative contents of sheet-
like/curved sheet-like throats are ranked as follows:
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Geological age

Permian

Triassic

Jurassic

Cretaceous~Nowadays
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100 Ma,
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Stratigraphic

3000 m
burial depth

4000 m

5000 m

Diagenetic stage

The early diagenesis stage

The middle diagenesis stage

Diagenetic evolution

A

B

A

B

Paleogeotemperature, °C

<65

65-85

85-140

Diagenetic

140-175 environment

<0.35

0.35-0.50

0.50-0.30

1.30-2.00

Hydrolysis of volcanic materials

Atmospheric
precipitation

Acidity

Chlorite film

Cementation of carbonate minerals
such as siderite

Sub-alkaline
Underground water

Mechanical compaction and pressure
solution

Minor dissolution of feldspar and
volcanic materials

Kaolinite formed by alteration

Secondary overgrowth rim of quartz

Acidity

Humic acid

Massive dissolution of feldspar, rock
fragment particles and clay minerals

Cementation of clay minerals
dominated by authigenic kaolinite

Secondary overgrowth rim of quartz

Acidity

Organic acid

Formation of illite-smectite mixed
layer (I/S)

Cementation and metasomatism of
calcite, ferrocalcite and ankerite

Harbor-shaped dissolution of the
quartz

The transformation of kaolinite into
illite and chlorite

Alkaline

Mechanical compaction

30 —

Pore evolution, % 20 —|

The formation of microfractures

Dissolution by humic acid

The formation of intercrystalline pores in clay minerals

Cementation of late-stage carbonates

o\

Dissolution by organic acids

Charging of natural gas

Fig. 10. The diagenetic evolution sequence of the Shanxi Formation in the study area.
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Fig. 11. Pore content variations in different pore types among lithofacies and architectural elements. (a) Distribution of various pore contents in different architectural elements.
(b) Pore type content variations in lithofacies of BBt1. (c) Pore type content variations in lithofacies of BBt2. (d) Pore type content variations in lithofacies of BBt3. (e) Pore type
content variations in lithofacies of MB. (f) Pore type content variations in lithofacies of MFCH.

Sr > Gm > Sp > Stc > Spc. The relative contents of bundled tubular
throats are ranked as follows: Sp > Sr > Gm > Spc > Stc.

4.6. Heterogeneity of the reservoir quality of lithofacies within
architectural elements

4.6.1. Heterogeneity of reservoir physical properties

By statistically analyzing the core porosity data (Por_Core) of
the reservoirs of various architectural elements, it can be known
that the overall porosity ranking of various architectural elements
is: BBt1 > BBt2 > MB > BBt3 > MFCH (Fig. 13). By further statis-
tically analyzing the porosity data of various lithofacies, the
porosity patterns of lithofacies within each architectural element
are as follows: With the increase of porosity, the proportion of
samples of Stc and Spc gradually increases, while the proportions
of Gm, Sp, and Sr gradually decrease. This indicates that: Stc and
Spc are mainly characterized by high porosity; Sr is mainly char-
acterized by low porosity; Both high and low porosities are
developed in Gm and Sp, among which higher porosities are
slightly more in Gm, and lower porosities are slightly more in Sp.

By statistically analyzing the air permeability (Perm_Core) of
the reservoir cores of various architectural elements, it can be
known that the overall permeability ranking of various architec-
tural elements is: BBt1 > BBt2 > MB > BBt3 > MFCH (Fig. 14),
among which the permeability of BBt2 is slightly better than that

of MB, and the permeability of BBt3 is slightly better than that of
MFCH. By further statistically analyzing the permeability data of
various lithofacies, it can be seen that the variation pattern of
permeability is similar to that of porosity. That is, among the
samples of each lithofacies within the architectural elements, with
the increase of permeability, the proportion of samples of Stc and
Spc gradually increases, while the proportions of Gm, Sp, and Sr
gradually decrease. This indicates that: Stc and Spc are mainly
characterized by high permeability; Sr is mainly characterized by
low permeability; Gm is mainly characterized by medium-high
permeability; Sp is mainly characterized by medium-low
permeability.

4.6.2. Heterogeneity of reservoir fluid mobility

By statistically analyzing the irreducible water saturation
(Swi_Core) of the reservoir cores of various architectural elements,
it can be known that the overall irreducible water saturation
ranking of various architectural elements is: MFCH > BBt3 >
MB > BBt2 > BBt1 (Fig. 15), which indicates that the overall fluid
mobility of BBt1 is the best, and the overall fluid mobility of
MEFCH is the worst. By further statistically analyzing the irre-
ducible water saturation data of various lithofacies, it can be seen
that among the samples of each lithofacies within the architec-
tural elements, with the increase of irreducible water saturation,
the proportions of samples of Stc, Spc, and Gm gradually
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Fig. 12. Throat content variations in different throat types among lithofacies and architectural elements. (a) Distribution of various throat contents in different architectural
elements. (b) Throat type content variations in lithofacies of BBt1. (¢) Throat type content variations in lithofacies of BBt2. (d) Throat type content variations in lithofacies of BBt3.
(e) Throat type content variations in lithofacies of MB. (f) Throat type content variations in lithofacies of MFCH.

decrease, the proportion of Sr gradually increases, and the pro-
portion of Sp first increases and then decreases. This indicates
that: Stc and Spc are mainly characterized by good fluid mobility;
Gm is mainly characterized by relatively good fluid mobility; Sp is
mainly characterized by poor fluid mobility; Sr is mainly char-
acterized by poor fluid mobility.

4.7. Sedimentary and diagenetic heterogeneity of architectural
elements

4.7.1. Sedimentary heterogeneity of architectural elements

Based on the formulas (Eq. (2) and Eq. (3)) for quantitatively
characterizing the sedimentary heterogeneity of architectural el-
ements, the total lithofacies density (D) and lithofacies frequency
(LF) of different architectural elements in the braided river facies
and meandering river facies reservoirs were statistically analyzed,
and the following characteristics were summarized:

Type-1 braided river bar (BBt1): judging from the Dy and LF
(Table 6), Stc is the most developed in BBt1, and the overall sedi-
mentation is mainly coarse-grained sandstone. The Dr; and LF of
Mm are low, indicating that the mudstone interlayers are not well
developed within this architectural element. The LF of Sp, Spc, and
Stc are high, indicating that there are usually sedimentary cycle
characteristics of multi-stage coarse-medium grained sandstone
within this architectural element.
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Type-2 braided river bar (BBt2): judging from the Dy and LF
(Table 6), Sp and Spc are the most developed in BBt2, and the
overall sedimentation is mainly medium-fine grained sandstone.
The LF of Mm and Sr are moderate, indicating that the silty
mudstone interlayers are relatively well developed within this
architectural element. The LF of Mm, Sr, Sp, and Spc are high,
indicating that there are usually sedimentary cycle characteristics
of multi-stage medium-coarse grained sandstone-mudstone
within this architectural element.

Type-3 braided river bar (BBt3): judging from the Dy and LF
(Table 6), Mm is the most developed in BBt3, and the overall
sedimentation is mainly medium-fine grained sandstone. The Dy
and LF of Mm are high, indicating that the silty mudstone in-
terlayers are well developed and have a large thickness within this
architectural element. Except for Gm, the LF of the other lithofacies
are high, indicating that there are usually sedimentary cycle
characteristics of multi-stage medium-grained sandstone-
mudstone within this architectural element.

Meandering river bar (MB): judging from the D and LF
(Table 7), Sp and Spc are the most developed in MB, and the overall
sedimentation is mainly medium-fine grained sandstone. The LF of
Mm and Sr are moderate, indicating that the pure mudstone in-
terlayers are relatively well developed within this architectural
element. The LF of Sp and Spc are high, indicating that there are
usually sedimentary cycle characteristics of multi-stage medium-
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Fig. 13. Porosity distribution of architectural elements and lithofacies proportions within different porosity intervals. (a) Porosity distribution of BBt1 and lithofacies proportions
within porosity intervals. (b) Porosity distribution of BBt2 and lithofacies proportions within porosity intervals. (c) Porosity distribution of BBt3 and lithofacies proportions within
porosity intervals. (d) Porosity distribution of MB and lithofacies proportions within porosity intervals. (e) Porosity distribution of MFCH and lithofacies proportions within

porosity intervals.

coarse grained sandstone-mudstone within this architectural
element.

Meandering river final—stage channel (MFCH): judging from
the Dr; and LF (Table 7), Mm is the most developed in MFCH, and
the overall sedimentation is mainly fine-grained sandstone-
mudstone. The Dt of Mm is large and the LF is low, indicating that
thick mudstone is well developed within this architectural
element. Except for Sp, the LF of the other lithofacies are low,
indicating that multi-stage sedimentary cycles are less developed
within this architectural element.
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In conclusion, this study further calculated the total lithofacies
density and lithofacies frequency of sandstone and conglomerate
lithofacies (including Gm, Stc, Spc, and Sp), siltstone lithofacies
(Sr), and mudstone lithofacies (Mm) within architectural ele-
ments, and based on these values, established grade criteria for
evaluating the degree of heterogeneity (Table 8). Specifically, in
the braided river facies reservoir: BBt1 exhibits weak sedimentary
heterogeneity dominated by sand; BBt2 shows moderate sedi-
mentary heterogeneity; and BBt3 presents strong sedimentary
heterogeneity. In the meandering river facies reservoir: MB
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lithofacies proportions within permeability intervals. (d) Permeability distribution of MB and lithofacies proportions within permeability intervals. (e) Permeability distribution of

MECH and lithofacies proportions within permeability intervals.

displays moderate sedimentary heterogeneity; while MFCH
demonstrates weak sedimentary heterogeneity dominated by
mud.

4.7.2. Diagenetic heterogeneity of architectural elements

Based on the formulas for quantitatively characterizing the
diagenetic strength, and according to the vertical superposition
sequences of lithofacies of different architectural elements in the
braided river facies and meandering river facies reservoirs, the
strengths of various diagenetic processes of lithofacies at different
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positions were statistically analyzed, and the following charac-
teristics were summarized:

BBt1: BBt1 develops multiple short-period cycles (Fig. 16(a)),
and the initial porosities of various lithofacies within it have small
differences, ranging from 31% to 33%, among which the initial
porosities of Gm, Stc, and Spc are slightly higher (Fig. 16(b)). In
terms of compaction, the compaction strength of Sr in each short-
period cycle is high, and the compaction strength of Sr in the
middle and lower short-period cycles is higher than that in the
upper part. The development strength of microfractures caused by
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Fig. 15. Irreducible water saturation distribution of architectural elements and lithofacies proportions within different irreducible water saturation intervals. (a) Irreducible water
saturation distribution of BBt1 and lithofacies proportions within irreducible water saturation intervals. (b) Irreducible water saturation distribution of BBt2 and lithofacies
proportions within irreducible water saturation intervals. (c) Irreducible water saturation distribution of BBt3 and lithofacies proportions within irreducible water saturation
intervals. (d) Irreducible water saturation distribution of MB and lithofacies proportions within irreducible water saturation intervals. (e) Irreducible water saturation distribution

of MFCH and lithofacies proportions within irreducible water saturation intervals.

fracturing is the greatest in Stc and Spc in each short-period cycle,
and weakens as the grain size of the lithofacies decreases
(Fig. 16(b)). The dissolution shows that the dissolution strength of
Stc and Spc in each short-period cycle is significantly greater than
that of Sp and Sr, and weakens as the grain size of the lithofacies
decreases. The cementation strength of clay minerals shows that
the cementation strength of various lithofacies in the upper short-
period cycle is higher than that in the middle and lower parts,
among which Sp and Sr are the highest; the cementation strength
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of Gm at the bottom is slightly higher than that of other lithofacies
in the lower and middle short-period cycles (Fig. 16(b)). The
development strength of intercrystalline pores of clay minerals
shows that Spc and Stc are relatively high in each short period
(Fig. 16(b)), among which the development strength of Spc and Stc
in the upper part is relatively the highest, and the development
strength of intercrystalline pores of clay minerals in various lith-
ofacies of the upper short-period cycle is significantly higher than
that of other short-period cycles. The cementation strength of
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Distribution of range values and mean values of sedimentary heterogeneity characterization parameters of lithofacies in different architectural elements of braided river

facies reservoirs.

3 Mm refers to massive bedding mudstone; ° Sr refers to ripple bedding sandstone; € Sp refers to parallel bedding sandstone; ¢ Spc refers to plate cross-bedding sandstone; ¢
Stc refers to trough cross-bedding sandstone; f Gm refers to massive bedding conglomerate.

Table 7

Distribution of range values and mean values of sedimentary heterogeneity characterization parameters of lithofacies in different architectural elements of meandering river

facies reservoirs.

3 Mm refers to massive bedding mudstone; ° Sr refers to ripple bedding sandstone; € Sp refers to parallel bedding sandstone; ¢ Spc refers to plate cross-bedding sandstone; €
Stc refers to trough cross-bedding sandstone; f Gm refers to massive bedding conglomerate.

Table 8
Grade criteria for the degree of heterogeneity of architectural elements.

Grade Sandstone and Siltstone (Sr) Mudstone (Mm)

conglomerate

(Gm, Stc, Spc,

Sp)

D, % LE% Dr, % LE% D, % LF, %
Strong <65 <65 <10 > 20 <25 > 20
Moderate 65-75 65-75 10-15 15-20 10-15 15-20
Weak >75 >75 > 15 <15 < 10o0r> 35 <15

carbonate minerals is more controlled by the position of lith-
ofacies, has a small correlation with the lithofacies type, and shows
the characteristics of high at the top and bottom and weak in the
center (Fig. 16(b)).

BBt2: Similar to BBt1, BBt2 also develops multiple short-period
cycles (Fig. 17(a)). However, silty mudstone interlayers are present
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within BBt2, which is a significant difference between the two. The
initial porosities of various lithofacies within BBt2 have small
differences, ranging from 30% to 33%, among which the initial
porosities of Gm, Stc and Spc are slightly higher (Fig. 17(b)). The
heterogeneity characteristics of the compaction strength are
consistent with those of BBt1, with Sr having the highest strength.
The heterogeneity characteristics of the development strength of
microfractures and the dissolution strength are also consistent
with those of BBt1. The strength of different lithofacies in each
short-period cycle weakens as the grain size decreases, but the
overall values of BBt2 are slightly lower. The cementation strength
of clay minerals in BBt2 is generally stronger than that in BBt1. And
as the thickness of the silty mudstone interlayers increases from
bottom to top, each short-period cycle shows an increasing trend.
In addition, the cementation strength of clay minerals in each
lithofacies weakens as the distance from the silty mudstone in-
terlayers increases (Fig. 17(b)). The development strength of
intercrystalline pores of clay minerals in each short-period cycle is
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Fig. 16. The diagenetic heterogeneity of BBt1. (a) The vertical stacking sequence of lithofacies of BBt1. (b) Statistics of the intensity of diagenesis under the constraint of the

sedimentary sequence of BBt1.
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Fig. 17. The diagenetic heterogeneity of BBt2. (a) The vertical stacking sequence of lithofacies of BBt2. (b) Statistics of the intensity of diagenesis under the constraint of the

sedimentary sequence of BBt2.

consistent with that in BBt1, but the development strength of
lithofacies close to or in contact with the silty mudstone in-
terlayers increases significantly, and is overall higher than that in
BBt1 (Fig. 17(b)). The cementation strength of carbonate minerals
is more controlled by the position of lithofacies and has a small
relationship with the lithofacies type, with the cementation
strengths of Sr at the topmost and Gm at the bottommost being the
highest (Fig. 17(b)).

BBt3: BBt3 is similar to BBt2, with multiple short-period cycles
developed and silty mudstone interlayers contained (Fig. 18(a)),
but the thickness of the mudstone at the top is greater. The initial
porosities of various lithofacies within BBt3 have small differ-
ences, ranging from 29% to 33%, among which the initial porosities
of Stc, Spc, and Sp are slightly higher (Fig. 18(b)). The compaction
strengths of Sp and Sr within each short-period cycle are relatively

high. Overall, the development strength of microfractures caused
by fracturing in BBt3 is lower than that in BBt1 and BBt2, but the
development strength of microfractures in Stc is relatively high. In
terms of the dissolution strength, the dissolution strength of
lithofacies within each short-period cycle in BBt3 is close to that in
BBt2, but lower than that in BBtl, and the variation trend is
consistent with that in BBt1 and BBt2 (Fig. 18(b)). The cementation
strength of clay minerals shows that the upper short-period cycle
is higher than the lower one, and the cementation strength of
lithofacies in contact with the internal silty mudstone interlayers
increases significantly. Generally, the cementation strength of clay
minerals in BBt3 is higher than that in BBt1 and BBt2, among
which the cementation strengths of Spc and Sp are particularly
high (Fig. 18(b)). The development strength of intercrystalline
pores of clay minerals shows that the development strength of Spc
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Fig. 18. The diagenetic heterogeneity of BBt3. (a) The vertical stacking sequence of lithofacies of BBt3. (b) Statistics of the intensity of diagenesis under the constraint of the

sedimentary sequence of BBt3.
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Fig. 19. The diagenetic heterogeneity of MB. (a) The vertical stacking sequence of lithofacies of MB. (b) Statistics of the intensity of diagenesis under the constraint of the

sedimentary sequence of MB.

in each short period is higher than that of other lithofacies, and the
development strength of lithofacies in contact with the silty
mudstone interlayers increases significantly (Fig. 18(b)). The
development strength of intercrystalline pores of clay minerals in
BBt3 is overall weaker than that in BBt2. The cementation strength
of carbonates is controlled by the relatively thick mudstone layer
at the top, showing that except for Sr at the top and Gm at the
bottom, the cementation strength of Sp in the upper part is also
very high.

MB: Multiple short-period cycles and pure mudstone in-
terlayers are developed in MB (Fig. 19(a)). The initial porosities of
various lithofacies within MB have small differences, ranging from
30% to 34%, and the overall initial porosities of each short-period
cycle decrease gradually from bottom to top (Fig. 19(b)). The
compaction strengths of various lithofacies are similar, ranging
from 25% to 29%, and the compaction strength of Sr within each
short-period cycle is slightly higher. The development of
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microfractures in MB as a whole is better than that in BBt3, but
worse than that in BBt1 and BBt2. The development strengths of
microfractures in Stc and Spc in each short-period cycle are the
highest, and gradually weaken as the grain size decreases (except
for Gm). In terms of the dissolution strength, MB as a whole is close
to BBt2, but lower than BBt1. The dissolution strengths of Stc and
Spc in each short-period cycle are the highest, and the dissolution
strength of lithofacies within each short-period cycle also weakens
as the grain size decreases (except for Gm). In terms of the
cementation strength of clay minerals, MB as a whole is slightly
higher than BBt1 and BBt2, but lower than BBt3, and the cemen-
tation strength of lithofacies in contact with or close to the pure
mudstone interlayers inside is relatively high (Fig. 19(b)). In terms
of the intercrystalline pores of clay minerals, the development
strengths of the middle and lower short-period cycles are higher
than those of the upper part, and the development strength of Stc
in each short-period cycle is higher than that of other lithofacies
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Fig. 20. The diagenetic heterogeneity of MFCH. (a) The vertical stacking sequence of lithofacies of MFCH. (b) Statistics of the intensity of diagenesis under the constraint of the

sedimentary sequence of MFCH.

(Fig. 19(b)). The cementation strength of carbonates is controlled
by both the position of lithofacies and the thickness of the pure
mudstone interlayers, presenting the following characteristics: the
cementation strengths of Sr at the top and Gm at the bottom are
the highest; the cementation strength of carbonate lithofacies
within each short-period cycle decreases as the distance from the
pure mudstone interlayers increases (Fig. 19(b)); from bottom to
top, as the thickness of the pure mudstone interlayers increases,
the cementation strength of carbonate lithofacies within each
short-period cycle increases significantly.

MFCH: Different from other architectural elements, thick
mudstone is usually developed at the top and bottom of MFCH,
and multi-stage cycles are not developed (Fig. 20(a)). Affected by
the weak hydrodynamic force, the argillaceous content of the
lithofacies within MFCH is relatively high, and the overall initial
porosity is low. The overall dissolution strength and its variation
pattern of MFCH are similar to those of other architectural ele-
ments. The overall development strength of microfractures, the
cementation strength of clay minerals and the development
strength of intercrystalline pores of clay minerals are all low, while
the cementation strength of carbonates is high (Fig. 20(b)). Similar
to other architectural elements, Stc and Spc in MCHF have higher
dissolution strength, development strength of microfractures and
development strength of intercrystalline pores of clay minerals
compared with other lithofacies (Fig. 20(b)). The lithofacies in
contact with or close to the thick mudstone at the top/bottom of
MFCH have significantly higher cementation strength of carbonate
minerals (Fig. 20(b)), showing that the carbonate cementation
strengths of Sr at the top and Gm at the bottom are relatively the
highest.

5. Discussion
5.1. Lithofacies and their genetic patterns

According to the analysis results of the diagenetic hetero-
geneity of each architectural element in the Shanxi Formation
of the study area in Section 4.8.2, and with reference to pre-
vious studies, this study, based on the diagenetic evolution
sequence, the current reservoir characteristics, the relative
magnitudes of various diagenetic strengths (Figs. 16-20), and
the effects on the reservoir, has further established the
following five diagenetic facies: strong compaction diagenetic
facies (DFc), strong dissolution + microfracture development
diagenetic facies (DFdm), clay mineral intercrystalline pore-
dominated diagenetic facies (DFcmip), strong carbonate
cementation diagenetic facies (DFcc), and strong clay mineral
cementation diagenetic facies (DFcmc). Meanwhile, the genetic
patterns of various diagenetic facies have been discussed and
summarized. The threshold values for classifying the diagenetic
intensity of these five diagenetic facies are presented in
Table 9.

5.1.1. Strong compaction diagenetic facies (DFc)

According to the statistical analysis in Section 4.8.2, the strong
compaction diagenetic facies is mainly distributed in Sr in the
middle/lower part of BBt1.

Characteristics: The strong compaction diagenetic facies show
weak dissolution, underdeveloped microfractures and intercrys-
talline pores (Figs. 11 and 16(b)), well-developed sheet/curved
sheet narrow throats and is very complex (Fig. 12), and has the

Table 9

Threshold values for classifying diagenetic intensity of different diagenetic facies.
Diagenetic facies DFc DFdm DFcmip DFcc DFcmc
Classification basis DR’ Dpp)” Dy Diepr DR’ Demcr'
Threshold values < —28.32% > 15.82% >3.31% > 2.82% < —5.50% < -9.15%

2 @cg refers to porosity reduced due to compaction.

b @pp refers to porosity increases due to dissolution.

¢ &g refers to porosity increased by microfractures due to fracturing.

d

€ @ccr refers to porosity reduction due to cementation of carbonate minerals.
£ ®cmcr refers to porosity reduction due to cementation of clay minerals.

@cp refers to porosity increases due to intercrystalline pores of clay minerals.
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Fig. 21. Diagenetic evolution patterns of different diagenetic facies.

reservoir characteristics of low porosity, low permeability and low
fluid mobility (Figs. 13 and 14).

Genetic explanation (Fig. 21): during the original sedimentary
period, the content of plastic minerals and argillaceous matrix
within this lithofacies is high, the grain size is small, the sorting
and rounding are good, and the primary intergranular pores are
relatively well-developed. In the early diagenetic stage A, the high
content of argillaceous matrix weakens the dissolution of acidic
meteoric water and the scouring of alkaline groundwater, resulting
in only a small number of dissolved pores and early carbonate
cements developed in the reservoir. Without the support of car-
bonate cements, strong compaction causes the deformation of
plastic minerals and argillaceous matrix, which closely fills the
spaces between detrital grains, thus causing a large number of
primary intergranular pores to be destroyed. In the early diage-
netic stage B, the acidic substances such as humic acid and fulvic
acid discharged from the coal seam promote the further devel-
opment of dissolved pores within the lithofacies. However,
affected by the high content of argillaceous matrix, the develop-
ment of dissolved pores is limited, and the cementation of clay
minerals gradually begins to form. In the mesodiagenetic stage A,
the injection of organic acids further increases the dissolved pores,
and the early carbonate cements between some grains are dis-
solved. In the mesodiagenetic stage B, the organic acids are
exhausted, the diagenetic environment turns alkaline, and the late
carbonate cements fill the remaining intergranular pores and
dissolved pores.
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5.1.2. Strong dissolution + microfracture development diagenetic
facies (DFdm)

According to the statistical analysis in Section 4.8.2, the strong
dissolution + microfracture development diagenetic facies is
mainly distributed in Stc and Spc of each architectural element.

Characteristics: The strong dissolution + microfracture devel-
opment diagenetic facies shows well-developed dissolved pores
(Stc and Spc in Figs. 11 and 16(b)-20(b)), well-developed micro-
fractures (Stc and Spc in Figs. 11 and 16(b)-20(b)), well-developed
neck-shaped wide throats (Fig. 12), and reservoir characteristics of
high porosity, high permeability, and high fluid mobility (Figs. 13
and 14).

Genetic explanation (Fig. 21, taking Stc with coarse sandstone
as an example): during the original sedimentary period, the con-
tent of rigid minerals within this lithofacies is high, the content of
plastic minerals and argillaceous matrix is low, the grain size is
large, the sorting and rounding are good, and the primary inter-
granular pores are very well-developed. In the early diagenetic
stage A, under the action of the dissolution of acidic meteoric
water and the scouring of alkaline groundwater, a small number of
dissolved pores, secondary quartz overgrowths and early carbon-
ate cements are developed in the reservoir. Under intense
compaction, primary pores are severely destroyed, detrital grains
are in point contact with each other, and microfractures are
formed. In the early diagenetic stage B, acidic substances such as
humic acid and fulvic acid discharged from the coal seam cause
feldspar to further develop dissolved pores along the
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microfractures. Meanwhile, the dissolved pores in the rock frag-
ments also increase, part of the early carbonate cements are dis-
solved, and authigenic kaolinite begins to develop between the
grains. In the mesodiagenetic stage A, the injection of organic acids
further promotes the formation of dissolved pores, which further
expand in feldspar along the microfractures (Hagar et al., 2020;
Qin et al, 2022; Zhang et al., 2019). Natural gas injection dis-
places most of the ion-rich diagenetic fluid. The ions in the
remaining diagenetic fluid combine with each other, and authi-
genic kaolinite and authigenic quartz are formed and fill the
remaining intergranular pores and dissolved pores. In the meso-
diagenetic stage B, kaolinite content did not increase further,
attributed to the displacement of ion-rich diagenetic fluids by
natural gas injection. During the late phase of this stage, the
consumption of organic acids shifted the diagenetic environment
toward alkalinity, triggering “embayed” dissolution of quartz.
Concurrently, late-stage carbonate minerals cemented the
remaining intergranular and dissolved pores. Additionally,
kaolinite gradually transformed into illite with increasing burial
depth (Sun et al., 2022).

5.1.3. Clay mineral intercrystalline pore-dominated diagenetic
facies (DFcmip)

According to the statistical analysis in Section 4.8.2, the clay
mineral intercrystalline pore—dominated diagenetic facies is
mainly distributed in Spc and Sp of each architectural element.

Characteristics: The clay mineral intercrystalline pore-
dominated diagenetic facies is composed of dissolved pores
and intercrystalline pores (Spc and Sp in Figs. 11 and
16(b)-20(b)), and narrow bundled tubular throats are well-
developed (Fig. 12), presenting the reservoir characteristics of
high porosity, relatively low permeability, and relatively low fluid
mobility (Figs. 13 and 14).

Genetic explanation (Fig. 21, taking Spc with medium—grained
sandstone as an example): during the original sedimentary period,
the content of rigid minerals within this lithofacies is relatively
high, the content of plastic minerals and argillaceous matrix is
relatively low, the grain size is relatively large, the sorting and
rounding are poor, and the primary intergranular pores are rela-
tively well-developed. In the early diagenetic stage A, affected by
the dissolution of acidic meteoric water and the scouring of alka-
line groundwater, a small number of dissolved pores, secondary
quartz overgrowths, and early carbonate cements are developed in
the reservoir (Bello et al., 2024). Under strong compaction, the
detrital grains are in point contact and point line contact. The
argillaceous matrix and early carbonate cements fill some of the
pores, a large number of primary intergranular pores are
destroyed, and microfractures are rarely developed or not devel-
oped at all. In the early diagenetic stage B, acidic substances such
as humic acid and fulvic acid discharged from the coal seam cause
the microfractures in feldspar to further develop dissolved pores.
At the same time, rock fragments and early carbonate cements are
further dissolved, authigenic kaolinite develops between the
grains, and some rock fragments undergo kaolinite alteration. In
the mesodiagenetic stage A, organic acid injection further pro-
moted dissolved pore formation—these expanded along feldspar
microfractures—while enhancing dissolution of early carbonate
cements. Concurrently, natural gas displaced large volumes of ion-
rich diagenetic fluid into the reservoir; ion recombination trig-
gered massive authigenic kaolinite precipitation in residual
intergranular and dissolved pores. Abundant, adequately sized
pores enabled well-developed kaolinite crystal forms, generating
numerous intercrystalline pores (Jiu et al., 2021; Yu et al., 2023). In
the mesodiagenetic stage B, as the organic acids are consumed, the
diagenetic environment transforms to an alkaline one, and
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“embayed” dissolution of quartz occurs. Late-stage carbonate
cement gradually fills the remaining intergranular pores and dis-
solved pores. In addition, with the continuous increase of the
burial depth, kaolinite transforms into illite, and authigenic illite is
formed.

5.14. Strong carbonate cementation diagenetic facies (DFcc)

According to the statistical analysis in Section 4.8.2, the strong
carbonate cementation diagenetic facies is mainly distributed in Sr
at the top and Sp of each architectural element, Gm at the bottom,
or Sr in contact with the pure mudstone interlayer.

Characteristics: The strong carbonate cementation diagenetic
facies shows underdeveloped dissolved pores and remaining
intergranular pores (Sr at the top and Sp of each architectural
element, Gm at the bottom, or Sr in contact with the pure
mudstone interlayer in Figs. 11 and 16(b)-20(b)) and is largely
cemented by carbonate minerals (Sr at the top and Sp of each
architectural element, Gm at the bottom, or Sr in contact with the
pure mudstone interlayer in Fig. 16(b)-20(b)), with well-
developed narrow neck-shaped, sheet/curved sheet throats
(Fig. 12), and reservoir characteristics of relatively low porosity,
low permeability, and relatively low fluid mobility (Figs. 13 and
14).

Genetic explanation (Fig. 21, taking Sp as an example): during
the original sedimentary period, the content of rigid minerals
within this lithofacies is relatively low, the content of plastic
minerals is small, the content of argillaceous matrix is relatively
high, the grain size is relatively small, the sorting and rounding are
poor, and the primary intergranular pores are relatively well-
developed. In the early diagenetic stage A, acidic meteoric water
dissolution led to the development of a small number of dissolved
pores and secondary quartz overgrowths in the reservoir. Mean-
while, alkaline groundwater scouring—coupled with CO3~ supply
from compacted mudstone surrounding rock—promoted exten-
sive early carbonate cementation, which filled most primary
intergranular pores (Leila et al., 2019). Strong compaction further
resulted in detrital grains forming point and point-line contact,
destroying abundant primary intergranular pores with minimal
microfracture development. In the early diagenetic stage B, acidic
substances such as humic acid and fulvic acid discharged from the
coal seam cause feldspar and rock fragments to further develop
dissolved pores, and also dissolve a small amount of early car-
bonate cements. At this stage, authigenic kaolinite develops in the
remaining intergranular pores, and some rock fragments undergo
kaolinite alteration. In the mesodiagenetic stage A, the injection of
organic acids further promotes the development of dissolved
pores in feldspar and rock fragments, and also further dissolves the
early carbonate cements. However, due to the high content of
argillaceous matrix in the lithofacies hindering the injection of
acidic substances, the dissolution is relatively weak. In the meso-
diagenetic stage B, as the organic acids are exhausted, the diage-
netic environment transforms to an alkaline one, and “embayed”
dissolution occurs in some quartz (Alameen et al., 2024). With the
increase of burial depth, the mudstone surrounding rock contin-
uously provides a large amount of CO3~, resulting in a large
amount of late-stage carbonate minerals cementing the remaining
intergranular pores and dissolved pores. At the same time,
kaolinite transforms into illite, and authigenic illite is formed.

5.1.5. Strong clay mineral cementation diagenetic facies (DFcmc)

According to the statistical analysis in Section 4.8.2, the strong
clay mineral cementation diagenetic facies is mainly distributed in
Sp and Sr of the architectural elements with silty mudstone in-
terlayers (Figs. 16-18).
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Characteristics: The strong clay mineral cementation diage-
netic facies shows the development of remaining intergranular
pores and dissolved pores (Sp and Sr in Figs. 11 and 16(b)-18(b)).
Most of the pore space is filled with adsorptive clay minerals,
narrow bundled tubular throats are well-developed, and it exhibits
reservoir characteristics of relatively low porosity, low perme-
ability, and low fluid mobility (Figs. 13 and 14). These diagenetic
characteristics are similar to those of the basement sandstones in
the Cachiri Group of the Cesar Sub-basin (Colombia) (Ortiz-Orduz
et al., 2021).

Genetic explanation (taking Sp as an example in Fig. 21):
During the original sedimentary period, the content of rigid
minerals within this lithofacies is relatively high, the content of
plastic minerals is low, the content of argillaceous matrix is
relatively high, the grain size is small, the sorting and rounding
are poor, and the remaining intergranular pores are relatively
well-developed. In the early diagenetic stage A, under the
dissolution of acidic meteoric water and the scouring of alkaline
groundwater, a small number of dissolved pores, secondary
quartz overgrowths, and early carbonate cements are developed
in the reservoir. Strong compaction and the development of
argillaceous matrix cause the detrital grains to be in point contact
and point-line contact, a large number of primary intergranular
pores are destroyed, and microfractures are hardly developed. In
the early diagenetic stage B, acidic substances such as humic acid
and fulvic acid discharged from the coal seam cause the micro-
fractures in feldspar to further develop into dissolved pores, and
also cause the rock fragments to further develop dissolved pores.
Some early carbonate cements are dissolved, and authigenic
kaolinite develops in the remaining intergranular pores and
dissolved pores. In the mesodiagenetic stage A, organic acid in-
jection increased dissolved pores and further dissolved early
carbonate cements. Blocked by interlayers, large volumes of
natural gas-displaced diagenetic fluid entered this lithofacies; its
rich ions combined to form authigenic kaolinite, which precipi-
tated in residual intergranular and dissolved pores. However,
insufficiently abundant and sized pores resulted in poorly
developed kaolinite crystal forms, precluding extensive inter-
crystalline pore formation (Meng et al., 2023). In the meso-
diagenetic stage B, kaolinite further develops and transforms into
illite as the burial depth increases. In addition, as the diagenetic
environment transitions to an alkaline one, “embayed” dissolu-
tion of quartz occurs, and late-stage carbonate minerals cement
the remaining intergranular pores and dissolved pores.

5.2. Heterogeneous diagenetic patterns of sandbody architectural
elements and their genesis

By analyzing the diagenetic heterogeneity characteristics of
the architectural elements in Section 4.8.2 and the genetic pat-
terns of the diagenetic facies in Section 5.1, it can be seen that
the diagenetic strengths of the same lithofacies vary in different
architectural elements and at different positions within them.
That is, the same lithofacies may exhibit different diagenetic
facies within the sandbody architecture (Heidsiek et al., 2020;
Moraes, 1991). Such heterogeneous diagenetic phenomena are
common in fluvial tight sandstone reservoirs; for instance,
similar diagenetic heterogeneity is also observed in the Juwayl
Member of the Wajid Sandstone in southwest Saudi Arabia
(Mahgoub and Abdullatif, 2020). Therefore, based on the
diagenetic facies and their genetic mechanisms, heterogeneous
diagenetic patterns of sandbody architecture in braided and
meandering river facies reservoirs were established, and their
genetic origins were analyzed.
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5.2.1. Heterogeneous diagenetic patterns and genesis of
architectural elements of braided river sandbody

Per Section 4.2, braided river sandbodies exhibit distinct
architectural elements with varying sedimentary and diagenetic
heterogeneity (Figs. 4-5, Table 6, and Figs. 16-18). These elements
differ both perpendicular and parallel to the provenance direction,
leading to spatially heterogeneous diagenetic patterns within the
sandbody architecture (Figs. 22-23).

a. Heterogeneous diagenetic pattern of the profile perpendicular
to the provenance

The profile perpendicular to the provenance of the braided river
sedimentary sandbody (Fig. 4(b)) contains two types of architec-
tural elements, namely BBt1 and BBt2. There are certain similar-
ities and differences in the genesis and distribution patterns of the
diagenetic facies of the lithofacies within them.

The heterogeneous diagenetic pattern of BBt1 (Fig. 22(c)) is as
follows: The Gm at the bottom is in contact with the mudstone.
Under the weakly alkaline environment in the late stage of mes-
odiagenesis B, a large amount of CO3~ migrating from the adjacent
mudstone (floodplain mud in the previous sedimentary period)
combines with Ca®*, Fe>*, and Mg?* in the diagenetic fluid to form
a large amount of carbonate cement, which, together with clay
minerals, fills the dissolved pores, ultimately presenting the strong
carbonate cementation diagenetic facies (DFcc). The Sr at the top
belongs to the DFcc. Its genesis is also attributed to the substantial
amount of CO3~ supplied by the adjacent mudstone (the overlying
mudstone), which results in the formation of a large quantity of
carbonate cement. The Stc and Spc in the lower, middle and upper
parts are all of the strong dissolution + microfracture develop-
ment diagenetic facies (DFdm), and their genesis is as follows: In
the early diagenetic stage A, strong compaction causes the grains
of the lithofacies with low argillaceous content, relatively large
detrital grain size and relatively good sorting/rounding to be
mainly in point contact, making the detrital grains more prone to
cracking. Especially for Stc, the original arrangement of its min-
erals is relatively chaotic, and there are relatively more point
contacts, resulting in more developed microfractures. In the
mesodiagenetic stage B, the development of microfractures in Stc
and Spc provides favorable channels for the injection of organic
acids, leading to the massive dissolution of feldspar, early chlorite
and volcanic materials, and the appearance of more dissolved
pores. Since there are no internal silty interlayers around these
lithofacies, the ion-rich diagenetic fluid is fully displaced, making
it difficult for clay minerals to form in-situ precipitation. And in the
late stage of diagenesis, the microfractures generated by fracturing
will be further developed in the absence of support between the
grains. In addition, Stc and Spc are relatively far from the top and
bottom mudstones. After the CO3~ discharged from the mudstones
is consumed by Gm and Sr, only a small part of it enters Stc and
Spc, resulting in relatively weak carbonate cementation in these
two. The Sp in the lower, middle and upper parts are all of the clay
mineral intercrystalline pore-dominated diagenetic facies
(DFcmip). Its genesis is as follows: In the early stage of the mes-
odiagenetic stage B, the injection of organic acids dissolves feld-
spar, early chlorite and volcanic materials, forming a certain
number of dissolved pores, which provides favorable conditions
for the precipitation of clay minerals formed by the AI** and K*
rich in the diagenetic fluid. However, different from Stc and Spc,
the original sedimentary hydrodynamic force of Sp is relatively
weak, and the sorting/rounding of detrital grains is relatively good.
The strong compaction in the early diagenetic stage A fails to lead
to the massive development of microfractures. Thus, after the in-
jection of natural gas, the fluidity of the internal diagenetic fluid is
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Fig. 22. Heterogeneous diagenetic pattern of the architectural elements in the provenance - cutting direction section of braided river sand bodies. (a) Provenance - cutting section
of braided river sand bodies. (b) Distribution of diagenetic facies in the provenance - cutting section of braided river sand bodies. (c) BBt1 diagenetic pattern. (d) BBt2 diagenetic

pattern.

Fig. 23. Heterogeneous diagenetic pattern of the architectural elements in the provenance - parallel direction section of braided river sand bodies. (a) Provenance - parallel
section of braided river sand bodies. (b) Distribution of diagenetic facies in the provenance - parallel section of braided river sand bodies. (c) BBt3 diagenetic pattern.

relatively poor, resulting in the in-situ precipitation of clay min-
erals in the early stage of the mesodiagenetic stage B. The devel-
opment of intercrystalline pores of clay minerals in Sp benefits
from the weak sedimentary structural heterogeneity of sandstone-
dominated BBt1, which provides channels for organic acids to
enter relatively easily, leading to the formation of a large number
of large dissolved pores, providing sufficient space for the crys-
tallization and growth of clay minerals. As a result, clay minerals
exhibit good crystal forms and form intercrystalline pores, which
also provides favorable conditions for the occurrence of natural
gas. The Sr in the lower and middle parts are of the strong
compaction diagenetic facies (DFc). According to the analysis of
the top Sr, the compaction is strong and the content of argillaceous
matrix is high, which causes the argillaceous matrix to fill the
remaining intergranular pores, making the injection of organic
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acids relatively difficult, resulting in fewer developed dissolved
pores, limited injection of natural gas, and a low content of clay
minerals (Fig. 16(b)) (Henares et al., 2016). Different from the top
Sr, the Sr in the lower and middle parts are relatively far from the
mudstone, and the content of CO3~ provided by the mudstone is
relatively low, so there is less carbonate cement.

The heterogeneous diagenetic pattern of BBt2 (Fig. 22(d)) has
similarities with that of BBt1, which are reflected in the fact that
the genesis of the top/bottom Gm and Sr being of DFcc is similar
to that of BBt1 (Fig. 22(c) and (d)); the genesis of the lower and
middle Stc and Spc, and the upper Spc being of DFdm is similar
to that of BBt1 (Fig. 22(c) and (d)); and the genesis of the middle
and lower Sp being of DFcmip is similar to that of BBtl
(Fig. 22(c) and (d)). However, the presence of silty mudstone
interlayers within BBt2 makes the lithofacies in contact with and
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close to these interlayers exhibit diagenetic facies distribution
characteristics different from those of BBt1. The upper Sp in BBt2
shows the strong clay mineral cementation diagenetic facies
(DFcmc), rather than DFcmip (Fig. 22(c) and (d)); the middle and
lower Sr in BBt2 show DFcmc, rather than DFc (Fig. 22(c) and
(d)). These differences are mainly caused by the shielding effect
of the silty mudstone interlayers. The diagenetic fluid displaced
by natural gas injection in Gm, Stc and Spc enriches in the
lithofacies close to and in contact with the silty mudstone in-
terlayers, forming a large amount of clay mineral precipitation.
Therefore, for the middle and lower Sp with strong dissolution,
due to the weak shielding effect of the silty mudstone interlayers
on the injection of organic acids, the dissolved pores provide
sufficient space for a large amount of enriched clay minerals to
form good crystal forms, thus developing intercrystalline pores
and being of DFcmip. For the upper Sp, blocked by the middle/
lower silty mudstone interlayers, the entry of organic acids is
hindered, resulting in weak dissolution. As a result, large-sized
dissolved pores are underdeveloped, and a large amount of
diagenetic fluid ions displaced by natural gas within it develop
into clay minerals with poor crystal forms and without the for-
mation of intercrystalline pores, ultimately becoming DFcmc.
Similarly, the genesis of the lower and middle Sr developing into
DFcmc is the same as that of the upper Sp. That is, the shielding
of the nearby silty mudstone interlayers leads to a large amount
of in-situ precipitation and crystallization of diagenetic ions,
developing into clay minerals with poor crystal forms and
without the formation of intercrystalline pores (Morad et al,
2010).

b. Heterogeneous diagenetic pattern of the profile along the
provenance

The architectural pattern of the braided river sedimentary
sandbody along the provenance profile (Fig. 4(c)) includes two
types of architectural element patterns, namely BBt1 and BBt3.
Among them, the heterogeneous diagenetic pattern of BBt1 along
the provenance and its genesis are consistent with those along the
direction perpendicular to the provenance. The heterogeneous
diagenetic pattern of BBt3 (Fig. 23(c)) is as follows: The genesis of
the lower and middle Stc being of DFdm is consistent with that of
BBt2 and BBt1 (Figs. 22(c)-(d) and 23(d)). Except that the top/
bottom Gm and Sr are of DFcc, the upper Sp of BBt3 is also of DFcc
(Figs. 22(c)—(d) and 23(d)). Its genesis is that the thickness of the
top mudstone (floodplain mud) is large, which can provide more
CO3%~. The carbonate cement formed in Sr cannot completely
consume CO3~, resulting in the Sp close to the thick mudstone also
being of DFcc. Moreover, the dissolution of the top Sr and the
upper Sp is weak, and the microfractures are underdeveloped, and
the intercrystalline pores of clay minerals are poorly developed
(Fig. 18(b)). The upper and lower Spc are of DFcmip, rather than
DFdm. Its genesis is that the sedimentary hydrodynamic force of
Spc in BBt3 is weaker than that in BBt1 and BBt2, resulting in a
relatively high argillaceous content, poor sorting and rounding, so
the development of microfractures caused by fracturing is rela-
tively few (Fig. 18(b)). The ions in a large amount of diagenetic fluid
laterally shielded by the silty mudstone interlayer precipitate and
crystallize in the large-sized dissolved pores inside the upper and
lower Spc, forming intercrystalline pores. In particular, the
diagenetic characteristics of lithofacies under the shielding effect
of intra-sandbody silty mudstone interlayers are similar to those of
the sandy braided fluvial sedimentary reservoirs in the Lower
Solling Formation of the Reinhardswald Basin (Weber and Ricken,
2005).
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5.2.2. Heterogeneous diagenetic patterns and genesis of
architectural elements of meandering river sandbody

Per Section 4.2, meandering river sandbodies develop distinct
architectural elements across spatial positions, with varying
sedimentary and diagenetic heterogeneity (Fig. 6, Table 7, Figs. 19
and 20). Unlike braided rivers, meandering river sandbody archi-
tectures show similar lithofacies distributions in profiles both
perpendicular and parallel to the provenance (Fig. 5(b)). Moreover,
under the control of sedimentary and diagenetic heterogeneity,
their internal architecture exhibits heterogeneous diagenetic
patterns along these directions (Fig. 24), encompassing two
architectural elements: MB and MFCH.

The heterogeneous diagenetic pattern of MB and its genesis
have similarities with those of BBt2, which are reflected in the
following aspects: the genesis of the top/bottom Gm and Sr
being of DFcc (Figs. 22 and 24(c)); the genesis of the lower and
middle Stc and the lower Spc being of DFdm (Figs. 22 and 24(c));
and the genesis of the middle and lower Sp being of DFcmip
(Figs. 22 and 24(c)). In addition, the internal pure mudstone
interlayer not only has a shielding effect on the diagenetic fluid,
but also has a carbonate cementation effect on the lithofacies in
contact with and close to it. This leads to different diagenetic
facies in the lithofacies in contact with and close to the pure
mudstone interlayer compared with BBt2, specifically as follows:
The Sr in the middle of MB is of DFcc, rather than DFcmc
(Fig. 22(d) and 24(c)). The genesis is that the pure mudstone
interlayer in the middle transports CO3~ to Sr, resulting in strong
early carbonate cementation. At the same time, the high content
of argillaceous matrix in the middle Sr itself and the shielding of
the pure mudstone interlayer below make the injection of
organic acids difficult, the dissolution intensity is relatively
weak, and the development of dissolved pores is relatively weak.
As a result, the diagenetic fluid displaced by the injection of
natural gas is difficult to enter, and the clay mineral cementation
is also relatively weak (Fig. 19(b)), ultimately developing into
DFcc. The Sp in the middle of MB is of DFcmc, rather than
DFcmip (Fig. 22d and 24(c)). The genesis is that the large amount
of carbonate cementation developed in the middle Sr in the
early stage makes the diagenetic fluid displaced by the injection
of natural gas unable to enrich in Sr, and it can only enrich in Spc
and Sp. Among them, since Sp is closer to the pure mudstone
interlayer, the content of early carbonate cements is also higher
(Fig. 19(b)), and its relatively high argillaceous content, poor
sorting and rounding lead to the underdevelopment of large-
sized dissolved pores and microfractures under the limited
dissolution of organic acids (Fig. 19(b)). The clay minerals that
are abundantly enriched and precipitated cannot form inter-
crystalline pores, ultimately developing into DFcmc. The Spc in
the middle of MB is of DFcmip, rather than DFdm (Fig. 22(d) and
24(c)). The genesis is that, different from Sp, Spc is farther from
the pure mudstone, and the content of early carbonate cements
is relatively low (Fig. 19(b)). Its organic acid dissolution is more
sufficient, and relatively more large-sized dissolved pores and
microfractures are developed. A large amount of clay minerals
that are enriched and precipitated can form intercrystalline
pores, so it develops into DFcmip. The genesis of the upper Stc
being of DFcmip, rather than DFdm, is consistent with that of the
middle Stc. The genesis of the upper Sp being of DFcmc is
consistent with that of the upper Sp of BBt2.

The difference between MFCH and other architectural elements
lies in its weaker sedimentary hydrodynamic environment, with
its top and bottom wrapped by thick mudstone. The thick
mudstone at the top and bottom transports a large amount of CO3~
to the top Sr, the thin-layer Gm at the bottom, and the lower Stc,
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Fig. 24. Heterogeneous diagenetic pattern of the architectural elements in the provenance - cutting direction section of meandering river sand bodies. (a) Provenance - cutting
section of meandering river sand bodies. (b) Distribution of diagenetic facies in the provenance - cutting section of meandering river sand bodies. (¢) MB diagenetic pattern. (d)

MFCH diagenetic pattern.

resulting in strong carbonate mineral cementation in these lith-
ofacies and the development of DFcc (Fig. 24(b), (d)). Referring to
the heterogeneous diagenetic pattern and its genesis of BBt1, the
top Sr, the thin-layer Gm at the bottom, and the lower Stc are all of
DFcc (Figs. 23(c) and 24(d)). The reasons for Spc being of DFcmip
and Sp being of DFcmc are consistent with those of Spc and Sp in
the middle of MB. It should be noted that for the meandering river
sedimentary sandbody dominated by lateral accretion, due to the
control of the internal pure mudstone interlayer, it shows different
changes in the heterogeneous diagenetic pattern compared with
the sedimentary sandbody in the braided river channel dominated
by vertical accretion. For the meandering river sedimentary
sandbody, with the progress of sedimentary stages, the internal
pure mudstone interlayer gradually thickens, and the intensity of
transporting CO3~ to the adjacent lithofacies gradually increases,
leading to the following changes: Sr gradually changes from
mostly DFcmc and a small part of DFcc to a small part of DFcmc
and mostly DFcc, and finally completely changes to DFcc
(Fig. 24(b)); Sp gradually changes from DFcmip to DFcmc, and then
partly changes to DFcc (Fig. 24(b)); Spc gradually changes from
strong DFdm to DFcmip, and finally changes to DFcmc (Fig. 24(b));
the Stc of MB is always of DFdm (Fig. 24(b)), but a small part of Stc
in MFCH changes to DFcc (Fig. 24(b)).

5.3. The control of sedimentary and diagenetic heterogeneity on
reservoir quality

Based on the discussion of the genesis and patterns of diage-
netic facies and heterogeneous diagenetically of the sandstone
reservoirs in the Shanxi Formation of the study area, combined
with the reservoir spaces, reservoir qualities, sedimentary and
diagenetic heterogeneities of the architectural elements of the
target layer sandstone reservoirs, this section further discusses the
control of diagenesis and sedimentation on reservoir quality, and
establishes the distribution pattern of reservoir quality heteroge-
neities of the architectural elements.

1130

5.3.1. The control of diagenesis on reservoir quality

According to the correlation between the diagenetic intensity
and the reservoir quality parameters shown in Fig. 25, as well as
the effect of diagenesis on the reservoir quality, diagenesis can be
classified into constructive and destructive types, which are spe-
cifically as follows.

a. Constructive Diagenesis

According to the positive correlation between diagenetic in-
tensity, reservoir physical properties and fluid mobility, dissolved
pores formed by dissolution (®pp;), microfractures formed by
fracturing (@yg) and intercrystalline pores of clay mineral cement
(@1cpy) are classified as constructive diagenesis. @pp is positively
correlated with both Por_Core and Perm_Core (Fig. 25(a), (d)), and
negatively correlated with Swi_Core (Fig. 25(g)). This indicates
that the development of dissolved pores by dissolution is benefi-
cial for improving the physical properties and fluid mobility of the
reservoir. @y is positively correlated with both Por_Core and
Perm_Core (Fig. 25(b), (e)), and negatively correlated with Swi_-
Core (the heatmap in Fig. 25). &y has an exponential correlation
with Perm_Core, and the correlation coefficient is greater than 0.6.
This shows that the development of microfractures formed by
fracturing is beneficial for improving the physical properties and
fluid mobility of the reservoir, and it makes a particularly signifi-
cant contribution to the increase in permeability. ®|cp; is positively
correlated with both Por_Core and Swi_Core, and has an unclear
correlation with Perm_Core (the heatmap in Fig. 25). &icp has an
exponential correlation with Por_Core (Fig. 25(c)), indicating that
the development of intercrystalline pores of clay mineral cement
makes a particularly significant contribution to the increase in
porosity. @cp; has a positive correlation first and then a negative
correlation with Perm_Core (Fig. 25(f)). This indicates that the
development of a certain content of intercrystalline pores of clay
mineral cement contributes to the increase in permeability, but
excessive development will divide the large pore throats (Figs. 7(b)
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Fig. 25. Heatmap of correlation coefficients for @ppi, @me1, Picp, Pcr, Pecr, and @eyvcg With Por_Core, Perm_Core, and Swi_Core. (a) The correlation plot of @pp; with Por_Core. (b)
The correlation plot of @y with Por_Core. (c) The correlation plot of @cp; with Perm_Core. (d) The correlation plot of @pp; with Perm_Core. (e) The correlation plot of &y with
Perm_Core. (f) The correlation plot of @;cp; with Perm_Core. (g) The correlation plot of @pp with Swi_Core. (h) The correlation plot of @cp; with Swi_Core. (i) The correlation plot of

®cmcr With Swi_Core.

and 8(a)), resulting in a decrease in permeability. ®@;cp; has two
forms of positive correlation with Swi_Core (Fig. 25(h)). The pos-
itive correlation is because the development of intercrystalline
pores of clay mineral cement also represents the development of
clay minerals, and clay minerals have adsorptivity. The existence of
two forms may be due to the differences in the types and occur-
rences of clay minerals (Zhou et al., 2021). The development of
intercrystalline pores of loose “booklet-shaped” kaolinite with
relatively weak adsorptivity (Fig. 7(c)) contributes to the
improvement of Swi_Core mainly due to its adsorptivity, showing
a linear correlation; the development of intercrystalline pores of
honeycomb-shaped mixed illite/smectite with relatively strong
adsorptivity contributes to the improvement of Swi_Core not only
due to its adsorptivity, but also due to the occurrence of the
honeycomb shape (Fig. 7(f)), which strongly divides the pore
throats, increases the complexity of the pore throats, and thus
improves the adsorptivity of the pore throats to formation water
(Molenaar and Felder, 2018; Wang et al., 2025).

In summary, dissolved pores formed by dissolution and
microfractures formed by fracturing are absolutely constructive
diagenesis, and intercrystalline pores of clay mineral cement are
relatively constructive diagenesis.

b. Destructive diagenesis
According to the negative correlation between the diagenetic

intensity, reservoir physical properties and fluid mobility,
compaction (&cr), carbonate mineral cementation (@ccr) and clay
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mineral cementation (&cycr) are classified as destructive
diagenesis. @cr and @dccr are negatively correlated with Por_Core
and Perm_Core, and negatively correlated with Swi_Core (the
heatmap in Fig. 25). This indicates that both compaction and car-
bonate mineral cementation are not conducive to the improve-
ment of reservoir physical properties and fluid mobility, but the
small correlation coefficient shows that their controlling effect is
not strong. It should be noted that &cyicr is positively correlated
with Por_Core, negatively correlated with Perm_Core (the heat-
map in Fig. 25), and logarithmically positively correlated with
Swi_Core (Fig. 25(i)). The positive correlation between @cycr and
Por_Core is due to the development of clay mineral cementation,
which also represents the development of intercrystalline pores of
clay minerals, and the development of intercrystalline pores of
clay minerals contributes greatly to the improvement of reservoir
porosity (Fig. 25(c)). The logarithmic positive correlation between
@cpmcr and Swi_Core may be because the intercrystalline pores of
clay minerals such as “vermicular” kaolinite, sheet-like illite and
fibrous illite are poorly developed. Their strong adsorptivity and
the ability of “vermicular”, sheet-like and fibrous occurrences to
divide pore throats are relatively strong. Therefore, they still have a
high irreducible water saturation at a low content (Zhang et al.,
2020).

5.3.2. The control of sedimentary heterogeneity on reservoir
quality

According to the analyses in Section 4.8, Section 5.2 and Section
5.3.2, sedimentary heterogeneity controls the heterogeneous
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Fig. 26. Heatmap of the correlation coefficients between the mean values of Dy and LF for each lithofacies and the mean values of Por_Core, Perm_Core, and Swi_Core of each
architectural element and lithofacies. (a) Heatmap of the correlation coefficients between the mean values of Dy and LF for each lithofacies and the mean values of Por_Core,
Perm_Core, and Swi_Core for each architectural element. (b)-(g) are heatmaps of the correlation coefficients between the mean values of Dy and LF for different lithofacies and
the mean values of Por_Core, Perm_Core, and Swi_Core for each sandstone lithofacies. (b) Mm; (c) Sr; (d) Sp; (e) Spc; (f) Stc; (g) Gm.

diagenetic pattern of the architectural elements of the sandbody,
and diagenesis has different control effects on the reservoir qual-
ity. Based on the above analyses, this study further establishes the
following correlations with lithofacies and architectural elements
as units respectively: a. The correlation between the sedimentary
heterogeneity characterization parameters of lithofacies and the
reservoir quality parameters of the overall architectural elements
(Fig. 26(a), the relationship between the mean values of the total
lithofacies density and lithofacies frequency of each lithofacies and
the mean values of Por_Core, Perm_Core, and Swi_Core of the
architectural elements to which they belong; b. The correlation
between the sedimentary heterogeneity characterization param-
eters of lithofacies and the reservoir quality parameters of the
corresponding lithofacies (Fig. 26(b)—(g), the relationship between
the mean values of the total lithofacies density and lithofacies
frequency of each lithofacies and the mean values of Por_Core,
Perm_Core, and Swi_Core of the corresponding lithofacies). The
specific correlation characteristics and genesis are as follows:
The mean D, and mean LF of Stc and Spc are positively corre-
lated with the mean Por_Core and Perm_Core of the architectural
elements and various sandstone lithofacies with a high coefficient
(Fig. 26(a), (e), and (f)), and negatively correlated with the mean
Swi_Core of the architectural elements and various sandstone
lithofacies with a high coefficient (Fig. 26(a), (e), and (f)). This
indicates that the development of Stc and Spc not only helps to
improve the reservoir quality of the overall architectural elements,
but also promotes the improvement of the reservoir quality of
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other lithofacies. The reason is that the reservoir quality of Stc and
Spc is relatively good (Figs. 13-15), constructive diagenesis is well-
developed (Figs. 16-20), the diagenetic facies are mostly DFdm and
DFcmip, and they have relatively good pore-throat spaces (Figs. 11
and 12). Moreover, the development of dissolved pores and
microfractures during the diagenetic evolution process (Fig. 21)
provides favorable conditions for the injection of organic acids and
natural gas into other lithofacies (Guo et al., 2024; Shi et al., 2017).

The correlation coefficients of the mean Dt and mean LF of Gm
with the mean Por_Core, Perm_Core, and Swi_Core of Stc and Spc
are high (Fig. 26(g)), and they are positively correlated with the
mean Por_Core and Perm_Core of the architectural elements and
other sandstone lithofacies with a relatively low coefficient
(Fig. 26(a), (g)), and negatively correlated with the mean Swi_Core
of the architectural elements and other sandstone lithofacies with
a relatively low coefficient (Fig. 26(a), (g)). This indicates that the
development of Gm significantly contributes to the improvement
of the reservoir quality of Stc and Spc, but contributes insuffi-
ciently to the improvement of the reservoir quality of the archi-
tectural elements and other lithofacies. The reason is that both the
constructive diagenesis (dissolved pores formed by dissolution)
and destructive diagenesis (carbonate mineral cementation) of Gm
are well-developed (Figs. 16-20), and the diagenetic facies are
mostly DFdm and DFcc. During the diagenetic evolution process,
the dissolved pores of Gm are developed (Fig. 21), providing
relatively favorable conditions for the injection of organic acids
and natural gas into the adjacent Stc and Spc, but contributing less
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to the lithofacies at a relatively long distance (Guo et al., 2024; Xie
et al,, 2021). In addition, due to its physical properties and fluid
mobility being worse than those of Stc and Spc (Figs. 13-15), its
contribution to the improvement of the overall reservoir quality of
the architectural elements is not as good as that of Stc and Spc.
The mean Dt and mean LF of Sp are positively correlated with
the mean Por_Core, Perm_Core, and Swi_Core of the architectural
elements with a relatively low coefficient (Fig. 26(a), (d)), but the
correlation coefficient with Swi_Core is relatively high. The
reason is that the reservoir quality of Sp is relatively poor
(Figs. 13-15), and the irreducible water content is relatively high
(Fig. 15). The high irreducible water content will increase the
irreducible water saturation of the overall architectural elements,
but the poor physical properties of the reservoir contribute very
limitedly to the improvement of the overall physical properties of
the architectural elements. The mean Dt and mean LF of Sp are
positively correlated with the mean Por_Core and Perm_Core of
various sandstone lithofacies with a relatively low coefficient, and
negatively correlated with the mean Swi_Core of various sand-
stone lithofacies with a relatively low coefficient (Fig. 26(a) and
(d)), which indicates that the development of Sp can promote the
improvement of the reservoir quality of other lithofacies to a
certain extent. The reason is that both the constructive diagenesis
(intercrystalline pores of clay mineral cement) and destructive
diagenesis (clay mineral cementation) of Sp are well-developed
(Figs. 16-20). During the diagenetic evolution process, Sp serves
as the main site for the precipitation of diagenetic ions and the
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The diagenetic facies are mainly DFcmc, supplemented by
DFcmip. The high content of clay minerals means that organic
acids and natural gas flow well and are enriched in other
lithofacies.

The mean Dy and mean LF of Sr are positively correlated with
the mean Por_Core of the architectural elements with a low co-
efficient, negatively correlated with the mean Perm_Core with a
low coefficient, and positively correlated with the mean Swi_Core
with a high coefficient (Fig. 26(a)). This indicates that the devel-
opment of Sr is beneficial for improving the porosity of the res-
ervoirs of the architectural elements, but is not conducive to the
improvement of the permeability of the reservoirs of the archi-
tectural elements, and significantly limits the fluid mobility of the
architectural elements. The reason is that the reservoir quality of
Sr is relatively poor (Figs. 13-15), and the content of irreducible
water is high (Fig. 15), and excessive development will reduce the
overall reservoir quality of the architectural elements. In addition,
the mean Dr; and mean LF of Sr are negatively correlated with the
mean Por_Core and Perm_Core of various sandstone lithofacies
with a low coefficient (Fig. 26(c)), and positively correlated with
the mean Swi_Core of various sandstone lithofacies with a low
coefficient (Fig. 26(c)), which indicates that the development of Sr
is also not conducive to the improvement of the reservoir quality of
other lithofacies. The reason is that the physical properties of the
reservoirs of Sr are poor. The diagenetic facies are mainly DFcc and
DFcmc, supplemented by DFc. Destructive diagenesis (carbonate
mineral cementation, clay mineral cementation, and compaction)

cementation of clay minerals after being displaced by natural gas. is well-developed (Figs. 16-20). Dissolved pores and
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microfractures are poorly developed during the diagenetic evolu-
tion process (Fig. 21), and it mostly develops into physical property
interlayers, which play a shielding role in the injection of organic
acids and natural gas (Shang et al., 2019; Xie et al., 2024). There-
fore, its development is not conducive to the improvement of the
reservoir quality of other lithofacies.

The mean Dty and mean LF of Mm are negatively correlated
with the mean Por_Core and Perm_Core of the architectural ele-
ments and various sandstone lithofacies with a high coefficient,
and positively correlated with the mean Swi_Core of the archi-
tectural elements and various sandstone lithofacies with a high
coefficient (Fig. 26(a) and (b)). This indicates that the development
of Mm is extremely unfavorable for the improvement of the
reservoir quality of the architectural elements and other sandstone
lithofacies. The reason is that Mm is a lithologic interlayer, which
has an extremely strong shielding effect on the injection of organic
acids and natural gas into other sandstone lithofacies, thus hin-
dering the development of constructive diagenesis of the overall
architectural elements and other sandstone lithofacies. Moreover,
the diagenetic fluid in the adjacent lithofacies is likely to be
enriched, leading to the well-developed destructive diagenesis
(“vermicular”, sheet-like and fibrous clay mineral cementation). In
addition, the pure mudstone with a certain thickness also trans-
ports CO3~ to the adjacent sandstone lithofacies, resulting in the
well-developed destructive diagenesis (carbonate mineral
cementation) of the adjacent sandstone lithofacies (Abbasi et al.,
2022; DeReuil and Birgenheier, 2019; Li et al., 2023).

In conclusion, sedimentary heterogeneity not only affects
whether the overall architectural elements can become high-
quality reservoirs, but also controls whether the internal lith-
ofacies can develop into high-quality reservoirs. When the sedi-
mentary heterogeneity of the architectural elements is weak, the
total lithofacies density and lithofacies frequency of the sandstone
lithofacies (such as Stc, Spc, Gm and Sp) are high (Table 8), which is
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beneficial for the improvement of the reservoir quality of the
architectural elements, and also promotes the improvement of the
reservoir quality of the internal lithofacies. Conversely, when the
sedimentary heterogeneity is strong, the total lithofacies density
and lithofacies frequency of the silty-muddy sediments (such as Sr
and Mm) are high (Table 8), which is not conducive to the
improvement of the reservoir quality of the architectural ele-
ments, and is also not conducive to the improvement of the
reservoir quality of the internal lithofacies.

5.3.3. The heterogeneous distribution pattern of the reservoir
quality of the architectural elements

Based on the control of sedimentary and diagenetic heteroge-
neities on reservoir quality, and combined with the diagenetic
heterogeneities of the sandbody architectures of braided river and
meandering river, this study further establishes the distribution
patterns of heterogeneous reservoir quality of different architec-
tural elements.

a. The heterogeneous distribution pattern of the reservoir quality
of the architectural elements of the braided river

Under the control of the dissolved pores formed by dissolution
and the microfractures formed by fracturing on the reservoir
porosity and permeability (Fig. 25(a), (e)), and restricted by the
development patterns of the dissolved pores formed by dissolu-
tion and the microfractures formed by fracturing in the hetero-
geneous diagenetic patterns of BBt1, BBt2 and BBt3, the Por_Core
and Perm_Core exhibit a positive rhythm pattern of gradual
decrease with the decrease of the lithofacies grain size
(Fig. 27(b)-(d)) (except for Gm, as its reservoir physical properties
are slightly lower than those of Stc). Under the control of the
intercrystalline pores of clay mineral cement and the clay mineral
cementation on the irreducible water saturation of the reservoir
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(Fig. 25(h) and (i)), and restricted by the development patterns of
the intercrystalline pores of clay mineral cement and the clay
mineral cementation in the heterogeneous diagenetic patterns of
BBt1, BBt2 and BBt3, the irreducible water saturation of the
reservoir (Swi_Core) exhibits a reverse rhythm pattern of gradual
increase with the decrease of the lithofacies grain size
(Fig. 27(b)~(d)).

b. The heterogeneous distribution pattern of the reservoir quality
of the architectural elements of the meandering river

The heterogeneous distribution of the reservoir quality of the
architectural elements of the meandering river is quite similar to
that of the braided river. Under the control of the dissolved pores
formed by dissolution and the microfractures formed by frac-
turing on the reservoir porosity and permeability (Fig. 25(a), (e)),
and restricted by the development patterns of diagenesis such as
the dissolved pores formed by dissolution, the microfractures
formed by fracturing, the intercrystalline pores of clay mineral
cement, and the clay mineral cementation in the heterogeneous
diagenetic patterns of MB and MFCH, the Por_Core and Perm_-
Core exhibit a positive rhythm pattern (Fig. 28(b) and (c)) (except
for Gm, as its reservoir physical properties are slightly lower than
those of Stc); the irreducible water saturation of the reservoir
(Swi_Core) exhibits a reverse rhythm pattern (Fig. 28(b) and (c)).
Slightly differently, under the control of the development of pure
mudstone interlayers within the architectural elements and the
development of thick mudstone at the top and bottom, stronger
carbonate mineral cementation makes the lithofacies near the
pure mudstone interlayers in MB have relatively poorer reservoir
quality, making MFCH show the worst reservoir quality as a
whole.

6. Conclusion

This study established the heterogeneous diagenetic patterns
of sandbody architectural elements (constrained by sedimentary
heterogeneity) in the Shanxi Formation of the northern Sulige Gas
Field, clarified their origins, and revealed the distribution of het-
erogeneous reservoir quality. Conclusions are as follows.

(1) The Shanxi Formation in the study area mainly develops six
lithofacies (Gm, Stc, Spc, Sp, Sr, and Mm), three braided river
sandbody architectural elements (BBt1, BBt2, and BBt3), and
two meandering river sandbody architectural elements (MB
and MFCH). Among them, BBt1 exhibits weak and sand-
dominated sedimentary heterogeneity; BBt2 and MB show
moderate sedimentary heterogeneity; BBt3 has strong
sedimentary heterogeneity; and MFCH displays weak and
mud-dominated sedimentary heterogeneity.

(2) The Shanxi Formation in the study area mainly undergoes
five diagenetic types: compaction, fracturing, cementation,
dissolution, and metasomatism. Based on diagenetic evo-
lution sequence, present-day reservoir characteristics,
relative intensities of diagenetic processes and their im-
pacts on reservoirs, five diagenetic facies are identified:
strong compaction (DFc), strong dissolution +
microfracture development (DFdm), clay mineral inter-
crystalline pore-dominated (DFcmip), strong carbonate
cementation (DFcc), and strong clay mineral cementation
(DFcmc). Under sedimentary heterogeneity control, sand-
body architectural elements in the Shanxi Formation show
heterogeneous diagenetic patterns. DFc primarily occurs in
siltstone  lithofacies of sand-dominated, weakly
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sedimentary heterogeneous architectural elements; DFdm
is mainly in coarser-grained sandstones of sand-
dominated architectural elements with low sedimentary
heterogeneity; DFcmip is primarily located near interbeds
within all architectural elements; DFcc predominates in
thick mudstones at the top/bottom of architectural ele-
ments, and at contacts with pure mudstone interbeds;
DFcmc concentrates in medium-heterogeneity architec-
tural elements near pure mudstone interbeds and at
contacts with silty mudstone interbeds.

(3) Under sedimentary and diagenetic heterogeneity control,
architectural elements' reservoir quality also shows het-
erogeneous distribution. Among them, porosity (Por_Core)
and permeability (Perm_Core) exhibit a positive rhythmic
gradual decrease as lithofacies grain size reduces—except
Gm, with physical properties slightly lower than Stc. Irre-
ducible water saturation (Swi_Core) shows a reverse
rhythmic gradual increase as grain size decreases.

In summary, exploring the coupling of sedimentary, diagenetic,
and reservoir quality heterogeneities in fluvial tight sandstone
reservoirs holds theoretical and practical value for understanding
reservoir quality heterogeneity distributions and guiding
exploration-development strategies, while this study's findings on
diagenetic fluid and gas migration—shaped by lithofacies and
interlayer spatial distributions within sandbody architectur-
e—provide insights for fluid flow laws and numerical simulation of
such reservoirs. Last but not least, factors controlling sedimenta-
tion and diagenesis—such as fluvial provenance systems, tectonic
evolution, and paleoenvironmental climate—vary across different
basins. In future research, collecting extensive relevant data from
other basins and conducting studies based on the methods and
frameworks of this research will help obtain more accurate,
comprehensive, and generalizable conclusions.
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