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Abstract

The Permian Xiashihezi Formation in the Ordos Basin is a typical tight sandstone gas
reservoir, which is characterized by low porosity and strong heterogeneity. Diagenesis
plays a crucial role in controlling reservoir quality. However, the multiple phases and types
of diagenetic processes throughout geological history make the compaction mechanisms
highly complex. This study employed a high-temperature and high-pressure diagene-
sis simulation system to conduct geological simulation experiments. Typical reservoir
samples from the 2nd Member of the Permian Xiashihezi Formation were selected for
these simulations. The experiments replicated the diagenetic evolution of the reservoirs
under various temperature, pressure, and fluid conditions, successfully reproducing the
diagenetic sequences. The diagenetic sequence included early-stage porosity reduction
through compaction, early carbonate cementation, quartz overgrowth, chlorite rim for-
mation, feldspar dissolution, and late-stage illite and quartz cementation. Mechanical
compaction is the primary factor reducing reservoir porosity, exhibiting a distinct four-
stage porosity reduction pattern: (1) continuous burial stage (>4000 m); (2) stagnation
stage of burial (3900 m–4100 m); (3) the secondary continuous burial stage (>5000 m);
(4) tectonic uplift stage (3600 m). The experiments confirmed that the formation of various
authigenic minerals is strictly controlled by temperature, pressure, and fluid chemistry.
Chlorite rims formed in an alkaline environment enriched with Fe2+ and Mg2+ (simulated
temperatures of 280–295 ◦C), effectively inhibiting quartz overgrowth. Illite appeared
at higher temperatures (>300 ◦C) in platy or fibrous forms. Feldspar dissolution was
noticeable upon injection of acidic fluids (simulated organic acids), providing material
for authigenic quartz and kaolinite. The key mineral composition significantly impacts
reservoir diagenesis. The dissolution released Mg2+ and Fe2+ ions, crucial for forming
early chlorite rims in the overlying sandstones, confirming the importance of inter-strata
interactions in “source-facies coupling.” Through physical simulation methods, this study
deepened the understanding of the diagenetic evolution and compaction mechanisms of
tight sandstones. This provides significant experimental evidence and theoretical support
for predicting “sweet spot” reservoirs in the area.

Keywords: tight sandstone; diagenesis simulation; compaction mechanism; Permian
Xiashihezi Formation; chlorite rim
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1. Introduction
Sandstone is composed of particles such as quartz and feldspar. Tight sandstone is a

special rock mass formed after the transformation of sandstone by diagenesis, and is widely
distributed in oil and gas basins around the world. Tight sandstone reservoirs are a critical
focus of global oil and gas exploration due to their significant resource potential [1,2].
The United States is the earliest and most successful country in the development and
utilization of tight sandstone gas. Tight sandstone gas has been discovered in 23 basins
across the country, primarily concentrated in the Rocky Mountain region and along the
Gulf Coast. The remaining proven recoverable reserves of tight sandstone gas in the U.S.
exceed 5 × 1012 cubic meters. As of 2010, production from tight sandstone gas accounted
for 26% of the total natural gas output. In recent years, significant tight sandstone gas
reserves have been found in China’s Ordos Basin, Sichuan Basin, Tarim Basin, and Bohai
Bay Basin [3]. The favorable exploration area is approximately 320,000 square kilometers,
with recoverable resources estimated between 8 and 11 × 1012 cubic meters [3]. Currently,
the exploration and development technology for tight sandstone gas in China is well
established and has the potential for accelerated growth, indicating that it will play a
crucial role in the future development of natural gas in the country [4–7]. The formation
process of tight sandstone and the timing of hydrocarbon charging are key issues affecting
the selection of sweet-spots [5–9].

The Upper Triassic Permian Xiashihezi Formation in the Ordos Basin, China, is a
prime example of a thick tight sandstone gas reservoir [10–12]. However, its poor reservoir
properties and strong heterogeneity severely constrain efficient oil and gas exploration
and development [13]. The spatial variation in reservoir quality is primarily controlled
by both depositional and diagenetic processes [10]. Depositional processes determine the
initial material composition and structural characteristics of the reservoir. Conversely,
diagenetic processes continuously modify the reservoir during burial, ultimately determin-
ing its final quality [14,15]. The Permian Xiashihezi Formation has undergone complex
tectonic evolution and burial history, experiencing intense compaction [16], multiple phases
of carbonate and siliceous cementation [17], complex clay mineral transformations, and
dissolution processes [18]. As a result, it has developed diverse diagenetic mineral assem-
blages and pore structures [19–21]. The intensity of these diagenetic processes varies across
different regions and layers, leading to distinct compaction patterns [22]. For instance, the
western Ordos region exhibits strong compaction, the northwestern Ordos Basin shows
intense calcareous cementation, and central Ordos Basin has a composite compaction pat-
tern [22–24]. However, these understandings are primarily based on static observations
and analyses of current geological samples [25–28]. The overlapping and interdependent
nature of various diagenetic processes makes it challenging to precisely determine the
specific contributions and control mechanisms of individual diagenetic events on reservoir
pore evolution [29]. Diagenetic physical simulation experiments offer an effective way to
disentangle these complex diagenetic processes. By replicating subsurface temperature,
pressure, and fluid conditions in the laboratory, we can forward-simulate the entire diage-
netic evolution of sandstone from deposition to deep burial [26–29]. This enables dynamic
observation of changes in pore structure, the formation and dissolution of authigenic min-
erals, and reveals the mechanisms of different diagenetic processes and their impact on
reservoir properties [21–23].

This study aimed to achieve the following key scientific objectives through high-
temperature and high-pressure diagenetic physical simulation experiments: (1) system-
atically recreate the critical diagenetic evolution sequence of typical sandstone reservoirs
in the Permian Xiashihezi Formation of the Ordos Basin; (2) quantitatively evaluate the
relative contributions of compaction, cementation, and dissolution to reservoir compaction;
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(3) uncover the ion migration patterns and water-rock interaction mechanisms under differ-
ent diagenetic environments, particularly the influence of underlying strata on reservoir
diagenesis. (4) Develop an experimental-based diagenetic evolution model to provide a
theoretical basis for the formation mechanisms of “sweet-spot” tight sandstone reservoirs.
The results of this study contribute to understanding the formation process and spatial
distribution of sweet-spots in tight sandstone, and provide scientific basis for the selection
of sweet-spots in tight sandstone in other regions.

2. Geological Setting
The study area is located in the Ordos Basin of North China (Figure 1a). The Ordos

Basin is a large sedimentary basin with weak deformation, a multi-stage tectonic history,
and diverse depositional environments. It covers about 250,000 km2 and trends north–
south, forming an asymmetric syncline that is gentle to the east and steep to the west [12].
Based on basement characteristics, tectonic evolution, and structural features, the basin is
divided into six units: the Yimeng Uplift, Weibei Uplift, Western Shanxi fold belt, Shaanbei
Slope, Tianhuan Depression, and the western margin thrust belt. The Sulige Gas-field
lies in the northwestern part of the Yishan Slope [17]. In the Late Paleozoic, the Ordos
Basin occupied the western part of the North China Platform. During the Carboniferous to
early Permian, it formed a transitional setting between marine and terrestrial environments
under a humid climate, depositing sand- and mud-rich strata with coal. By the late
Permian, conditions shifted to arid continental deposition. Building on this setting, during
deposition of the Shanxi and Xiashihezi formations the basin gently tilted from a higher
north to a lower south, and sediment supply came mainly from the north. In the study area,
most detritus was derived from Proterozoic source rocks north of Hangjinqi area. From
north to south, depositional environments graded from alluvial fans to rivers, deltas, and
lakes, and repeated lake expansion and contraction produced vertically stacked, multi-cycle
successions (Figure 1b). During deposition of the Xiashihezi Formation, the study area was a
land-based setting dominated by river deposition (Figure 1c). By the end of the Caledonian
event, the Ordos Basin had undergone more than 100 million years of uplift and erosion,
leaving no deposits from the Late Ordovician to Early Carboniferous [19]. This process
planed the landscape to a broad, low-relief surface that, during the Late Carboniferous to
Early Permian, received deposits as conditions shifted from coastal-marine to continental
rivers and lakes. By the time the Xiashihezi Formation was deposited, the region had
become a vast, low-relief swamp in a humid climate with abundant vegetation, which
limited the lateral migration and meandering of river-channels.

3. Materials and Methods
3.1. Experimental Equipment

The physical simulation experiments were conducted using the “Reservoir Diagenesis
Simulation System” at the China Petroleum Exploration and Development Research Insti-
tute. This system comprises four main components: a reaction chamber, pressure supply,
fluid supply, and control assembly. The core of the system consists of six high-temperature,
high-pressure reactors connected in parallel. It is capable of achieving a maximum tem-
perature of 300 ◦C, a maximum static rock pressure of 250 MPa (equivalent to a formation
depth of 8000 m), and continuous injection of various fluids (acidic and basic) at pressures
up to 100 MPa. By simulating the complete processes of rock compaction, cementation, and
dissolution, this system dynamically studies the mechanisms of water-rock interactions
and the evolution of reservoir porosity.
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Figure 1. (a) Location of the Ordos Basin. (b) Schematic diagram of sedimentary facies during
Permian Xiashihezi Formation deposition (modified from [12]). (c) Stratigraphic column of Permian
Xiashihezi Formation and other strata.

3.2. Geological Modeling Process

The Xiashihezi Formation in the northern Ordos Basin was deposited approximately
270 Ma years ago, and its stratigraphic subsidence and uplift can be categorized into four
stages: (1) The continuous burial stage, which lasted from 270 to 200 Ma ago, during which
the Xiashihezi Formation gradually subsided to about 4100 m. (2) The stagnation stage
of burial, occurring from 200 to 140 Ma ago, during which the depth of the Xiashihezi
Formation stabilized between 3900 m and 4100 m. (3) The secondary continuous burial
stage, from 140 to 100 Ma ago, when the burial depth rapidly increased to approximately
5600 m. (4) The tectonic uplift stage, which has persisted from 140 Ma ago to the present,
resulting in an uplift of about 3600 m. This diagenetic physical simulation experiment
aims to replicate the unique burial processes of the Ordos Basin. However, the significant
differences between the duration of the experiment and actual geological time make it
impossible for the simulation to perfectly mirror real geological conditions. Therefore,
when compensating for geological time using experimental temperatures and pressures,
the simulation primarily considers actual burial history while also taking into account the
feasibility of the available experimental equipment.
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3.3. Experimental Process

The core samples of the Xiashihezi Formation were obtained from CNPC’s drilling
wells in the northern part of the Ordos Basin. Based on the thin-section identification and
X-ray diffraction results of core samples from the Permian Xiashihezi Formation (Table 1),
artificial sandstone samples were prepared according to the mineral mass percentages (total
weight 100 g). The artificial sandstone samples mainly comprised quartz (52%), potassium
feldspar (12%), plagioclase (8%), debris (14%), and matrix (9%). These materials come from
China University of Geosciences (Wuhan).

Table 1. Mineral components of tight sandstone core samples from the Permian Xiashihezi Formation.

Well No. Depth (m) Strata Detrital Type Composition Content (%) Interstitial
Material Composition Content (%)

A1 3300
Permian

Xiashihezi
Formation

Quartz Quartz 52 Matrix argillaceous 9

Feldspar K-feldspar 12

Cement

Calcite 0
Plagioclase 8 Dolomite 0

Debris

Biotite 3 Chlorite 2

Volcanic rock 8 Quartz
overgrowth 2

Quartzite 0
Authigenic

siliceous
mineral

0

Schist 1 Illite 1
Siltstone 1

Slate 1

Total content (%) 86 14

The physical simulation experiments utilized six reactors to replicate various stages
from shallow to deep burial. The maximum simulated temperature was 360 ◦C, with a
maximum formation pressure of 170 MPa, simulating a depth of approximately 5500 m.
In order to simulate the diagenetic environment dominated by formation water to the
greatest extent possible (Table 2). During the experiments, different fluids were injected
in stages to simulate various diagenetic environments. The fluid types included distilled
water (to simulate early compaction), a CaCl2-MgCl2-Na2CO3 solution (for early carbonate
cementation), an FeCl2-MgCl2 solution (for chlorite precipitation), and dilute acetic acid (to
simulate organic acid dissolution) [30,31]. Considering the volcanic rock debris and biotite
significantly impacts the development of chlorite in the Permian Xiashihezi Formation. To
simulate real geological conditions, the samples were composed of three parts. The bottom
of the sample was 3 cm thick mixture composed of volcanic rock debris and biotite, the
middle was 5 cm thick Permian Xiashihezi mudstone, and the top was 5 cm thick Permian
Xiashihezi sandstone (Table 3).

Table 2. Statistical analysis of water properties in the Permian Xiashihezi Formation.

Water Type Value Type
Ion Concentration (mg/L) Total Mineralization

Degree (g/L) PH Value
K++Na+ Ca2+ Mg2+ Cl− HCO3−

CaCl2

minimum
value 28,566 15,029 725 58,920 88 109 5

Maximum
value 59,328 19,536 12,361 123,560 538 255 7

average value 45,625 15,255 5869 105,690 160 282 6

Table 3. Composition ratio of sandstone samples used in simulation experiment.

Unit
Detrital Composition Interstitial Material

Total
Quartz K-Feldspar Basalt Biotite Schist Siltstone Granite Mudstone Argillaceous Siliceous

% 55 18 7 4 3 2 3 1 5 2 100
g 70.2 23.4 9 6.6 7.8 6.6 5.4 6.6 9 5.4 150
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3.4. Supporting Testing Methods

After the physical simulation experiments, we conducted a systematic analysis of the
extracted solid and liquid samples from different diagenetic simulation stages. The solid
samples (diagenetic altered cores) were subjected to macroscopic description, thin section
preparation, microscopic identification, scanning electron microscopy (SEM), and energy-
dispersive spectroscopy (EDS) analysis to determine compaction levels, pore structure,
and the morphology and composition of authigenic minerals. Microscopic identification
is carried out using a Carl Zeiss ScopeA1 microscope (Oberkochen, Baden-Württemberg,
Germany). For SEM and EDS, the samples were first prepared into cubes measuring
20 mm × 20 mm × 10 mm, and then mechanical polishing, argon ion polishing, and short-
time gold spraying were carried out successively. The experimental instrument used was
an FEI Quanta 650 FEG SEM (FEI Corporation, Hillsboro, OR, USA). The liquid samples
(reaction fluids collected at different diagenetic simulation stages) were analyzed using
inductively coupled plasma optical emission spectrometry (ICP-OES) to measure major and
trace ion concentrations, aiding in the analysis of ion migration patterns during diagenesis.
ICP-OES is produced by Thermo Fisher Scientific, headquartered in Waltham, MA, USA.
The clay mineral content of drilling well is obtained from the X-ray diffraction (XRD) results
of core samples. The XRD measurements were carried out using a MRD X-ray diffractome-
ter (model X’Pert3, Malvern Panalytical Corporation, Amsterdam, The Netherlands).

4. Results of Physical Simulation
4.1. Diagenesis Type
4.1.1. Compaction Effect

The physical simulation experiments successfully produced cylindrical rock samples
with varying degrees of consolidation and burial stages. As the simulated temperature
and pressure increased (Figure 2), the samples’ consolidation and density significantly
increased. Microscopic observations showed that with increased simulated burial depth,
compaction effects intensified (Figure 2a). In the shallow burial stage (Reactor 6, simulated
depth <2000 m), grains exhibited point contacts (Figure 2a), with primary porosity well-
developed. Moving to the intermediate burial stage (Reactor 4, simulated depth 2800 m)
(Figure 2b), grain contacts shifted to point-line contacts, and rigid grains (quartz) began to
show fractures (Figure 2c). In the deep burial stage (Reactor 2, simulated depth 4200 m),
line and concave–convex contacts dominated (Figure 2d,e), with plastic grains deforming
and rigid grains commonly fracturing (Figure 2f).

Quantitative analysis of the simulation samples through image analysis revealed that
porosity decreased in three distinct stages with increasing simulated depth (Figure 3). The
first stage is the rapid porosity reduction stage (<2700 m), where grain rearrangement
and mechanical compaction quickly reduced porosity from an initial 32.25% to about 18%.
In the porosity preservation stage (2700–4100 m), the rate of porosity reduction slowed,
decreasing from 10.83% to 8.89%. This indicates that the grain framework had stabilized,
and the efficiency of porosity reduction due to compaction alone had decreased. In the
slow porosity reduction stage (>4100 m), porosity further decreased to 5.7%. During this
stage, grain fracturing intensified, with the resulting small fragments filling residual pores,
thereby further reducing porosity.
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Figure 2. Petrographic characteristics of sandstone at different stages of physical simulation.
(a) The particles under the thin sheet are dispersed and in point contact, and the sheet-like minerals
are not compressed. (b) The minerals under the thin section exhibit point contacts, with occasional
line contacts. (c) The minerals under the thin section exhibit point line contact, and the proportion
of line contact increases. (d) Under the thin section, minerals are mostly in linear contact, and the
sheet-like minerals are fractured. Mica shows a knee bending phenomenon, and rigid minerals such
as quartz and feldspar exhibit varying degrees of fracturing. (e) The mineral contact under the thin
section is tighter, and the particle line contact increases. (f) The minerals under the thin section are
basically in line contact, and the porosity decreases.

 

Figure 3. Tight sandstone sample porosity variation curve with simulated burial depth.



Processes 2025, 13, 3191 8 of 21

4.1.2. Mineral Cementation

In this study, the physical simulation experiments successfully replicated the forma-
tion of various mineral cements, including secondary quartz overgrowth, calcite cement,
authigenic siliceous minerals, authigenic chlorite, and authigenic illite. When the simu-
lated temperature exceeded 280 ◦C and the pressure topped 92 MPa, noticeable quartz
overgrowths with distinct dust lines began to appear in the samples (Figure 4). At higher
temperatures (>300 ◦C), we also observed authigenic microcrystalline quartz filling dissolu-
tion pores, with both its morphology and energy-dispersive spectroscopy (EDS) confirming
it as an authigenic siliceous mineral (Figure 5). A plotted relationship between the silica
cement content and the porosity of tight sandstone reservoirs in the Permian Xiashihezi
Formation of the Ordos Basin shows a clear negative correlation between the amount of
silica cement and the porosity of tight sandstones (Figure 6).

 

Figure 4. The petrological characteristics of quartz overgrowth in simulated sandstone sample.
(a) Simulated burial depth of 4200 m (plane-polarized light). (b) Simulated burial depth of 3100 m
(plane-polarized light). (c) Simulated burial depth of 4200 m (cross-polarized light). (d) Simulated
burial depth of 3100 m (cross-polarized light). (e) Simulated burial depth of 4200 m (cathodolumines-
cence). (f) Simulated burial depth of 3100 m (cathodoluminescence).
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Figure 5. SEM-EDS characteristics and energy spectrum test results of authigenic siliceous minerals
in simulated sample.

 

Figure 6. Cross-plot of cement content and porosity in tight sandstone reservoirs of Xiashihezi
Formation. (a) Cross-plot of siliceous cement content and porosity in tight sandstone reservoirs
in North Ordos Basin. (b) Cross-plot of siliceous cement content and porosity in tight sandstone
reservoirs in South Ordos Basin. (c) Cross-plot of calcite cement content and porosity in tight
sandstone reservoirs in North Ordos Basin. (d) Cross-plot of calcite cement content and porosity in
tight sandstone reservoirs in South Ordos Basin.

Carbonate cements are among the most significant types of cements found in sand-
stones within many oil and gas basins. They are characterized by their widespread dis-
tribution, multi-phase formation, and diverse origins [7–10]. The presence of carbonate
cements can severely impact reservoir quality. Primarily, they occupy pore spaces within
the reservoir, reducing sandstone porosity and degrading reservoir quality [11–13]. Sand-
stones that are heavily cemented with carbonates often form tight zones, which divide thick
reservoirs into several thinner ones, thereby increasing internal heterogeneity [15–17]. The
content, distribution, and dissolution of carbonate cements directly influence the quality of
the reservoir [19–23].

Carbonate cements are more developed in western Ordos Basin compared to central
Ordos Basin. In central Ordos Basin, calcite cements are sporadically distributed among
the quartz and feldspar grains in the sandstone (Figure 7a). Under the microscope, calcite
cements appear as spotty or intergrown crystals (Figure 7b). The content of spotty calcite
typically does not exceed 7.5% (Figure 7c). Intergrown calcite can completely densify the
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sandstone reservoir (Figure 7d). Well-formed dolomite crystals are also observed in some
thin-sections. After injecting a CaCl2-MgCl2-Na2CO3 solution into the simulated samples
and reaching temperatures of 250–260 ◦C, newly formed euhedral calcite crystals were
observed (Figure 7e). These euhedral calcite cements exhibit pressure twinning, indicating
they are products of the compaction process (Figure 7f).

 

Figure 7. The petrological characteristics of calcite cement in simulated sandstone sample.
(a) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (plane-polarized light).
(b) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (plane-polarized light).
(c) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (cross-polarized light).
(d) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (cross-polarized light).
(e) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (cathodoluminescence).
(f) Simulate temperature between 65–85 ◦C, simulate burial depth of 1800 m (cathodoluminescence).

Cement composed of clay minerals typically includes kaolinite, illite, and chlorite.
Generally, the porosity of sandstone decreases with increasing burial depth [8–11]. How-
ever, in many practical oil and gas explorations, numerous deeply buried high-quality
reservoir sandstones with unusually high porosity have been discovered [13–15]. For in-



Processes 2025, 13, 3191 11 of 21

stance, Miocene sandstones at depths greater than 4000 m on the Texas coast have porosities
as high as 22%. In the Sawan gas field in Pakistan, Cretaceous volcaniclastic sandstones
at depths greater than 3300 m can have porosities up to 27%. In China’s Xinjiang Tarim
Basin, Donghe sandstones buried nearly 6000 m deep still exhibit porosities around 20%.
Previous studies defined statistically anomalous high porosity or permeability as being
higher than that of typical sandstone reservoirs with similar lithology, age, burial history,
and thermal evolution. Such anomalies often exceed the maximum porosity or permeability
of comparable typical sandstones.

In deeply buried conditions, the potential mechanisms for sandstone exhibiting un-
usually high porosity and permeability primarily include grain coating, early hydrocarbon
emplacement, shallow overpressure, and secondary porosity. Among these, grain coating
cementation is one of the main reasons for the preservation of primary porosity. Generally,
grain coatings are products of the burial diagenetic process following deposition, forming
by outward growth from the surfaces of detrital grains (excluding points of grain contact).
Depending on their occurrence, grain coatings can be described in two slightly different
ways. When authigenic cement grows outward from the surface of detrital grains, encasing
the entire grain like a thin film, it is referred to as a grain coating. When authigenic cement
does not fully encase the detrital grains but is present on the grain surfaces at the pore
edges, excluding points of grain contact, it is typically called a pore lining.

After injecting fluids rich in Fe2+ and Mg2+, chlorite rim cementation commonly forms
on grain surfaces when the simulated temperature reaches 280–295 ◦C (Figure 8). Under
SEM, chlorite appears as typical “rose petal” clusters (Figure 8), and energy-dispersive
spectroscopy confirms its high iron and magnesium content (Figure 8). At higher tempera-
tures (>300 ◦C), flaky, fibrous, or needle-like illite appears in the samples, often coexisting
with chlorite or filling pore throats (Figure 9).

Analysis indicates that the linear relationship between chlorite content and porosity
is not evident. When the content of authigenic chlorite accounts for 22% of the total clay
minerals, the porosity of the tight sandstone reservoir can reach a maximum value of 10.57%.
As the chlorite content increases, the porosity of the tight sandstone reservoir shows a
decreasing trend. However, at a porosity of 47%, the porosity trend further decreases. The
relationship between authigenic chlorite content and permeability shows that permeability
is very low when chlorite content is low. When chlorite content is 22%, permeability is
0.177 mD. As chlorite content increases, permeability tends to increase. When chlorite
content reaches 56%, permeability reaches a maximum value of 1.52 mD. After this point,
permeability shows a weak negative correlation with chlorite content (Figure 10).

The reason for the extremely low permeability when chlorite content is low is that,
despite high chlorite levels, there are numerous crystal pores between the authigenic
chlorite coatings. The pore fluids and detrital quartz particles are not completely separated,
leading to the coexistence of chlorite and illite. This effect blocks pore spaces and reduces
permeability. However, once chlorite content reaches a certain level, the crystal pores are
insufficient for illite growth, resulting in an increase in permeability. As chlorite content
increases, although illite content decreases, the bridging of chlorite particles creates small
spaces that further reduce sandstone permeability. Analysis shows that as chlorite content
increases, the median radius of pore throats initially increases and then decreases, reflecting
changes in porosity. Although the threshold pressure of samples shows a decreasing trend,
experimental data reveal that at chlorite contents of 59% and 62%, despite high porosity, the
median radius of pore throats is nearly minimal at 0.071 µm and 0.11 µm, respectively. The
sorting coefficient and variation coefficient of pore throats also decrease with increasing
chlorite content.
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Figure 8. SEM-EDS characteristics and energy spectrum test results of authigenic chlorite cement in
simulated sample (The red cross represents the position of EDS).

 

Figure 9. SEM-EDS characteristics and energy spectrum test results of authigenic illite cement in
simulated sample (The red cross represents the position of EDS).
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Figure 10. Cross-plot of authigenic chlorite and reservoir parameters in tight sandstone reservoirs of
Permian Xiashihezi Formation.

The scatter plot of illite content versus porosity shows no clear relationship (Figure 11),
indicating that changes in porosity are relatively unaffected by illite cementation. Even
with illite content as high as 53%, porosity can still reach 15.73%. Unlike porosity, there
is a generally clear negative correlation between illite content and permeability. With
minimal changes in porosity, as the observed illite content increases, the median radius
of the pore throats decreases. The threshold pressure increases significantly, while the
pore throat radius corresponding to this pressure decreases markedly. The pore throat
radius corresponding to the median pressure (median radius) also decreases significantly.
Samples with high illite content consistently have smaller median radii, indicating that
illite cementation within the pores damages the pore throats.

Figure 11. Cont.
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Figure 11. Cross-plot of authigenic illite and reservoir parameters in tight sandstone reservoirs of
Permian Xiashihezi Formation.

4.1.3. Dissolution Effect

After injecting low-concentration acetic acid into the reaction vessel to simulate the
dissolution effect of organic acids (at temperatures >295 ◦C), significant dissolution features
were observed under thin-section analysis (Figure 12a). This stage simulated the formation
temperature of 120–175 ◦C and the burial depth of 3600–4100 m (Figure 12b). The dissolu-
tion primarily targeted feldspar grains, occurring along cleavage planes (Figure 12c). This
process created embayed edges, honeycomb-like intragranular pores, and even moldic
pores (Figure 12d). The matrix and some unstable rock fragments also experienced varying
degrees of dissolution (Figure 12b).

 

Figure 12. Petrological characteristics of dissolution effect in simulated sandstone sample.
(a) Simulate temperature between 150 ◦C, simulate burial depth of 3800 m (plane-polarized light).
(b) Simulate temperature between 150 ◦C, simulate burial depth of 3800 m (cathodoluminescence).
(c) Simulate temperature between 175 ◦C, simulate burial depth of 4100 m (plane-polarized light).
(d) Simulate temperature between 175 ◦C, simulate burial depth of 4100 m (cathodoluminescence).

4.2. Variations in Ion Concentration of Diagenetic Fluids

Ion concentration analysis of fluid samples obtained from different simulation stages
reveals the geochemical evolution during water-rock interactions. The pH value reflects
the chemical conditions of the diagenetic environment. The pH values of initially injected
fluids (including distilled water and acidic solutions) generally increase after reacting with
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rock samples. Ultimately, the diagenetic environment tends toward alkalinity (Figure 13).
This indicates that the dissolution of minerals such as feldspar and carbonates involves the
consumption of hydrogen ions. In a closed system, the dissolution capacity of acidic fluids
diminishes rapidly as the reaction progresses.

 

Figure 13. Variations in ion/element concentration of diagenetic fluids during physical simulation of
tight sandstone reservoir.

The concentrations of major ions exhibit systematic changes with simulated burial
depth (temperature and pressure) (Figure 13). Concentrations of ions such as Si4+, K+,
Na+, and Ca2+ peak at simulated burial depths of 1700–3000 m (corresponding to the early
diagenetic B stage to the middle diagenetic A stage), indicating intense dissolution of
feldspar and clay minerals. At greater depths, the concentrations of these ions decrease,
suggesting that the precipitation of authigenic quartz and illite consumes these ions. The
consumption of Fe2+ and Mg2+ ions is closely associated with the formation of chlorite.

5. Discussions
5.1. Experimental Verification of Sandstone Compaction Mechanism

This simulation experiment has dynamically validated the complex compaction mecha-
nisms of the Permian Xiashihezi Formation sandstones in the Ordos Basin. The compaction
of the sandstones is primarily driven by compaction, with cementation playing a secondary



Processes 2025, 13, 3191 16 of 21

role (Figure 14). The porosity evolution curves clearly indicate that early mechanical com-
paction is the main cause of porosity loss, accounting for over 50% of the total porosity
reduction. Cementation, including siliceous and carbonate cementation, is crucial for
further reservoir compaction, especially during the intermediate to deep burial stages
when compaction decreases. The cement fills the remaining primary and secondary pores,
leading to the final compaction of the reservoir. Differences in the evolution of diagenetic
facies. The physical simulation experiment modeled the diagenetic evolution path. The
results show that in the absence of early chlorite protection, secondary pores generated
by dissolution are easily filled by late-stage illite and quartz, leading to limited reservoir
quality improvement. The hydrolysis of volcanic rock debris and biotite in tight sandstone
provides a source of Mg2+ and Fe2+ ions, promoting the formation of early chlorite rims.
The experiment observed that chlorite coatings effectively inhibit quartz overgrowth, pre-
serving primary porosity, which corresponds to the relatively better physical properties
observed in core samples from chlorite-rich intervals.

 

Figure 14. Comprehensive schematic diagram of diagenetic evolution and porosity variation of tight
sandstone in Permian Xiashihezi Formation.

5.2. Formation Mechanism of Key Diagenetic Minerals

The formation mechanism of chlorite rims has been revealed. This simulation experi-
ment strongly confirms the influence of volcanic rock debris and biotite on the development
of chlorite. In the experiment, these mineral compositions are first hydrolyzed at high
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temperatures. The fluids carrying Mg2+ and Fe2+ ions flow into the overlying sandstone.
At approximately 265 ◦C (corresponding to the early diagenesis B stage), this resulted in
the formation of chlorite rims. Chlorite rims (or coatings) typically form in alkaline fluids
rich in Fe2+ and Mg2+ [32,33]. In the Xiashihezi Formation, abundant volcanic lithic frag-
ments and biotite release substantial Fe2+ and Mg2+ during hydrolysis, supplying the ions
required for chlorite growth. The fluvial depositional setting further favored these coatings
by maintaining slightly alkaline pore waters during deposition and early diagenesis. These
chlorite films develop on grain surfaces and locally extend into pore space. Formed early in
diagenesis, they protect grain contacts, enhance diffusion and fluid pathways that remove
products of pressure solution (chemical compaction), and thereby facilitate that process
while increasing resistance to mechanical compaction. As a result, primary intergranular
porosity is better preserved.

The experimental results provide direct evidence of this diagenetic phenomenon,
revealing a model of “high-quality reservoirs beneath compaction barriers” spanning
multiple strata. The occurrence and destructive effects of illite have also been revealed
in this study. In the experiment, illite began to appear in large quantities at temperatures
above 300 ◦C, filling pore throats in fibrous and bridging forms. This finding is entirely
consistent with SEM observations of core samples (Figure 9). The experiment confirms
that although the volume of illite cement is small, its unique morphology critically impairs
reservoir permeability, which is a key reason for the “high porosity, low permeability”
characteristic of the Permian Xiashihezi Formation reservoirs.

5.3. Implication for Sweet-Spot Prediction

This simulation study indicates that the formation of “sweet-spot” reservoirs in the
tight sandstones of the Permian Xiashihezi Formation requires the following key conditions
(Figure 14). 1. Favorable depositional facies: Beach bars and subaqueous distributary
channels form in relatively high-energy depositional environments. The coarse-grained,
well-sorted sandstones in these microfacies possess high initial porosity and compaction
resistance, which are essential for creating high-quality reservoirs. 2. Early chlorite rims:
Early-formed chlorite rims can effectively inhibit destructive quartz overgrowth, thereby
preserving primary porosity on a large scale. Hence, identifying areas adjacent to underly-
ing magnesium- and iron-rich mineral composition is crucial for predicting the distribution
of chlorite rims. 3. Effective dissolution: The charging of organic acids during the middle
diagenetic stage is critical for creating secondary porosity. Therefore, areas near hydrocar-
bon source rocks and conduit faults, where dissolution processes are more pronounced,
are more likely to form secondary porosity “sweet-spots.” 4. Avoidance of late-stage de-
structive cementation: Late-stage illite and iron carbonate cements can severely impair
reservoir permeability. Understanding the fluid dynamics and thermal evolution that
control the distribution of these late-stage cements helps in avoiding areas where porosity
is severely compromised.

Given chlorite’s ability to preserve porosity during compaction, the selection of favor-
able intervals can be guided by the vertical trend in chlorite content (Figure 15). Specifically,
at burial depths of about 3560 m, higher chlorite content most effectively limits further loss
of sandstone porosity. Moreover, within this burial-depth range, reservoir intervals with
porosity above 5% and permeability above 0.1 yield higher daily gas production (Figure 16).
Beyond about 3560 m and toward 4000 m, further porosity loss is minimal (Figure 14).
In parallel, the negative effect of compaction on porosity declines rapidly. At this stage,
chemical dissolution can modestly increase porosity in the tight sandstones. Nevertheless,
intervals with porosity above about 5% are thin and limited in extent, and wells generally
require hydraulic fracturing to achieve sustainable flow.
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Figure 15. Longitudinal variation of clay mineral content in Permian Xiashihezi Formation tight sandstone.

 

Figure 16. The correlation between natural gas production, porosity, and permeability in tight
sandstone reservoirs of Xiashihezi Formation and Shanxi Formation.

6. Conclusions
(1) The physical simulation experiments successfully replicated the complex diagenetic

evolution sequence of the Permian Xiashihezi Formation sandstone. This sequence
includes mechanical compaction, early calcite and chlorite cementation, feldspar disso-
lution, quartz overgrowth, and late-stage illite and ferroan calcite cementation. These
results validate the diagenetic model established from geological sample analysis.

(2) Mechanical compaction is the primary factor driving reservoir compaction, character-
ized by a three-stage process: rapid early-stage, stable mid-stage, and slow late-stage
porosity reduction. Chemical cementation further densifies the reservoir, with early
calcite and late-stage silica and illite cementation having the most detrimental impacts
on reservoir quality.

(3) The formation of key diagenetic minerals is governed by specific temperature, pres-
sure, and geochemical conditions. Experiments confirm that underlying magnesium-
rich strata can supply diagenetic materials to overlying sandstones through fluid
migration, which is crucial for the early development of chlorite rims in the Permian
Xiashihezi Formation. Chlorite rims help inhibit quartz overgrowth and preserve
primary porosity, while the “bridging” infill of illite contributes to the development of
“high-porosity, low-permeability” reservoirs. The burial depth of 3560 m is the most
favorable range for maintaining porosity of chlorite.
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(4) The effectiveness of dissolution processes depends on the supply and retention of
acidic fluids. In a closed experimental system, “acid consumption” reactions limit
the impact of acidic fluids. This suggests that, under natural geological conditions,
continuous supply of acidic fluids (such as those adjacent to hydrocarbon kitchens
and fractures) is a prerequisite for forming large-scale secondary porosity “sweet-spot”
reservoirs. The diagenetic evolution model, based on physical simulation, provides a
dynamic basis for understanding the mechanisms of differential compaction in tight
sandstones from various provenance and structural backgrounds. This study offers
significant theoretical guidance for predicting “sweet-spot” reservoirs in the Ordos
Basin and similar basins. The porosity of the sweet spot should be greater than 5% in
order to acquire natural production.
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