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Diagenetic facies play a significant role in the evaluation and prediction of reservoirs as they comprehensively reflect the spatial
distribution characteristics of deposition, diagenesis, and petrophysical properties. Based on the petrographic observation and
considering pores, lithology, and diagenesis types, the diagenetic facies types were identified, and the pore evolution process
and its influence on the quality of low permeability tight gas reservoirs were analyzed. The results show that six types of
diagenetic facies were identified, including siliceous cementation intergranular pore facies (A), carbonate dissolution pore facies
(B), matrix dissolution pore facies (C), clastic dissolution pore facies (D), matrix filling and strong compaction tight facies (E),
and carbonate cementation and metasomatism tight facies (F). The evolution process of porosity shows that the restored
original porosity is indicated to be between 34.2% and 36.0%. The average porosity loss caused by compaction was 17.1%,
while the average porosity loss caused by cementation is 14.1%. The average porosity increased by 2.5% on diagenetic facies B,
C, and D due to dissolution. Consequently, diagenetic facies A with weak compaction and diagenetic facies B, C, and D with
strong dissolution are effective reservoirs with porosity greater than 6.6% and permeability greater than (0.25-0.6) x 1073
um?. The distribution areas of A, B, C, and D are favorable areas for tight gas exploration and are important indicators for the
prediction of tight gas in the Upper Paleozoic Shanxi Formation in the eastern Ordos Basin. This study provides a new
petrographic method for reservoir prediction and exploration of natural gas, which has practical value and economic significance.

1. Introduction

Tight gas resources are distributed widely and have large
reserves, making up an increasing proportion of the overall
natural gas production. Additionally, their reserves and
development potential are still enormous, which has signifi-
cant strategic implications [1-4]. Numerous studies have
found that the petrophysical properties of tight sandstone
reservoirs are not “congenitally tight,” with the recovery of

the original porosity of sandstone showing that the petro-
physical properties are good. Late diagenesis, specifically
strong compaction, multiphase cementation, and the forma-
tion of authigenic minerals, causes the primary pore to
become jammed and the reservoir to become tight [5, 6].
Exploration practice proved that tight clastic reservoirs basi-
cally show the five lowness characteristics of low porosity,
low permeability, low abundance, low pressure, and low
yield, which are mainly due to the strong heterogeneity of
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reservoirs, including lithologic heterogeneity (interlayer, the
quick lateral change of thickness) and petrophysical proper-
ties (porosity, permeability, and rock mechanics properties)
[7]. The late diagenesis and the primitive sedimentary facies
are the main causes of this heterogeneity. Among them, the
spatial distribution of sand bodies and its original physical
characteristics were determined by sedimentary facies,
whereas diagenesis had an impact on the postpetrophysical
properties [6, 8-11].

The results of reservoir evaluation based on the experi-
mental analysis data of drilling core samples are difficult to
reflect the actual situation of the plane and profile distribu-
tion of tight reservoirs with strong heterogeneity due to the
limitations of core sampling sections, sample representative-
ness, and experimental methods. Sedimentary facies, which
represent the reservoir petrology, diagenesis, and physical
characteristics, are comprehensive reflections of diagenetic
facies, diagenetic environment, and late diagenesis as a param-
eter of reservoir description. Therefore, diagenetic facies have
been widely used by scholars around the world in the fields
of oil and gas exploration and development, including study-
ing pore structure, pore evolution characteristics, reservoir
evaluation, prediction of high-quality reservoirs, and the study
of the relationship between rock mechanics [12-14].

In the northern part of the Ordos Basin, several large-
scale natural gas fields have been found in sand bodies of
the Upper Paleozoic fluvial delta, which are distributed from
the north to the south of the basin. Moreover, the explored
natural gas reserves in the Upper Paleozoic fluvial delta sand
bodies reached 8.4 x 10'2m” [15, 16]. Several large gas fields
have been discovered along the Upper Paleozoic fluvial delta
channel sand bodies in the eastern Ordos Basin in the past
few years, which have proven reserves exceeding one trillion
cubic meters of natural gas. Gas-bearing layers have been
found in the Upper Paleozoic Shigianfeng Formation
(P3sh), Upper Shihezi Formation (P2sh), Lower Shihezi For-
mation (P2x), Shanxi Formation (P1ls), Taiyuan Formation
(P1t), and Benxi Formation (C2b), showing good explora-
tion potential [15]. However, a large number of studies have
shown that the Upper Paleozoic sandstone bodies in the
eastern Ordos Basin are elongated and overlaid. The width,
thickness, lithos, and physical property of delta channel
sandstone bodies change rapidly. The gas reservoirs are
characterized by low porosity, low permeability, low gas
abundance, and low pressure, with complex cement min-
erals of sandstone and poor physical property. The heteroge-
neity of lithos, physical property, and even sensitivity of
reservoir bed are strong, with diverse factors affecting petro-
physical properties. As a result of strong tectonic uplift from
the Late Cretaceous, the burial depth of the Upper Paleozoic
strata is relatively shallow. However, the sandstones are sub-
jected to strong diagenetic transformation resulting in the
low permeability tight sandstone gas reservoir. There are
few residual primary intergranular pores, and secondary dis-
solution pores are the main reservoir space. The reservoir
has strong microscopic heterogeneity, low porosity, low per-
meability, small pore throat, and complex pore throat struc-
ture. Therefore, it restricts the further exploration of natural
gas in the eastern basin [17, 18].
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In this study, based on the petrographic observation and
considering pores, lithology, and diagenesis types, the diage-
netic facies types were identified, and the pore evolution pro-
cess and its influence on the quality of low permeability tight
gas reservoirs were analyzed. The zone of sandstone bodies
with relatively higher porosity and higher permeability was
favorable areas according to the beneficial diagenetic facies.
This study provides a new petrographic method for reservoir
prediction and exploration of natural gas, which has practi-
cal value and economic significance.

2. Geological Features

The Ordos Basin is an important part of the North China
Block (NCB). The NCB evolved from the Archean and Early
Proterozoic crystalline basement and has experienced the
Late Proterozoic to Early Paleozoic marine carbonate plat-
form evolution stage, Late Paleozoic epicontinental sea,
and continental coal-bearing depositional evolution stages,
forming a typical large inland lake until Mesozoic [19-21].
Regional tectonic evolution shows that the Ordos Basin is
an important component of the stable north China craton
from the Neoproterozoic to the Early Paleozoic. The Qinling
Orogenic Belt was formed due to the South China Block
moving northward and colliding with the NCB during the
Hercynian to Early Indosinian period. In this process, the
Ordos area located in the NCB was subjected to the north-
south tectonic extrusion, and regional long-term uplift
occurred. The Ordos Basin has been subjected to 150 million
years of denudation and loss of the Late Ordovician to Early
Carboniferous sedimentary until it deposited again in the
Late Carboniferous. The marine sedimentary transformed
to terrestrial facies, and thick coal-bearing sediments of
alternative sea and river facies formed. The hydrocarbon
source rocks and a thick layer of fluvial facies sandstone res-
ervoir were well developed, constituting the broad source-
reservoir-cap assemblage, which is the most important natu-
ral gas-producing layer in the Ordos Basin. During the Late
Indosinian to Late Yanshan periods, the Paleo-Pacific plate
was subducted to the Asian plate. The entire eastern part
of China was uplifted, and the western Ordos Basin subsided
and formed a large lake known as the Ordos large lacustrine
basin, which resulted in the formation of an important oil-
bearing system in China at present [21-24]. The Pacific plate
accelerated subduction to Asia during the Late Middle Juras-
sic to Early Cretaceous, resulting in the collision of Pal-Asia
and the western Pacific continent. Under the regional
squeezing of NW trending, the eastern Ordos Basin was
uplifted as a whole, and a gentle monocline structure with
west dipping in the eastern part of the Ordos basin was
formed. In addition, the research area in the eastern part
of the Shanbei slope also becomes a monocline with a gen-
eral inclination to the west. During the Late Yanshan to
Himalayan periods, NV-SE stretching occurred in the Ordos
Basin and a series of fault basins formed around the basin.
The late tectonic activities had a certain impact on the early
oil and gas accumulation in the Ordos Basin [24-27].

The sedimentary thickness of the Shanxi Formation in
the east of the Ordos Basin is generally 80-140 m, with an
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average thickness of about 100 m. The lithology is mainly
gray medium-coarse-grained sandstone, siltstone, and mud-
stone, with multiple coal seams are developed. It is impor-
tant coal-bearing system and natural gas-producing in the
Ordos Basin, and the coal seams are important gas source
rock [28, 29]. The Shanxi Formation is divided into Shan2
member and Shanl member from bottom to top, among
which the Shan2 member is generally 20-85m thick and
multiple sets of gas layers were developed and are considered
as the main gas-bearing member in the Ordos Basin [28-30].
The whole Shan2 member is a monocline structure, which
dips to the west, low to the west, and high to the east. The
structure is simple, and the stratigraphic dip angle is less
than 1°, with an average slope of about 2-8 m/km. The fold
and fault structures are not well developed on the slope,
and only low-amplitude nose-like uplift is developed. These
nose-like uplift and sand bodies were almost superposed in
the same position, effectively controlling the regional migra-
tion and accumulation of natural gas.

The Shanxi Formation stratum in the eastern Ordos
Basin is a sea-land transition deposition. Alluvial plain, river,
and residual shallow sea to lake delta depositional systems
were developed from north to south [31, 32]. In the Shan2
phase, shallow sea delta deposition was developed as the
early deposition of the Shanxi Formation. Provenance from
the north was in plentiful supply, and sand bodies were
widely distributed [33-35]. The sand bodies extended in a
strip in the plane (Figure 1). The distributary channel is
mainly composed of coarse, medium, and fine sandstones.
The thickness of a single sand body is generally 4-8 m, and
the cumulative thickness is 15-20m. The ratio of sand to
land is about 30%-60%, with the sand bodies showing appar-
ent positive grain sequence bedding and regarded the most
important gas-bearing sand bodies.

3. Samples and Research Methods

In this study, more than 180 core samples from 15 wells
were collected, and more than 300 standard and cast thin
rock sections were prepared. The characteristics of diagene-
sis and pore evolution and the influence of diagenesis on
porosity were investigated based on petrographic observa-
tion. Content of cement, matrix, and porosity were counted
separately and measured by a single operator.

The original porosity of sandstone was recovered by
applying the original porosity calculation formula of iso-
spheric particles proposed by Liu et al. [36]: the original
porosity of clastic rock =20.91 + 22.9/sorting coefficient (S)
. The remaining porosity after compaction was determined
by the sum of the space occupied by cement in the current
pores and the remaining intergranular pores after cementa-
tion, i.e., the remaining porosity after compaction (Q1, %)
= the percentage of cement volume (Q2, %) + the remaining
intergranular porosity (Q3, %).

Clay mineral analysis was carried out by D/MAX2500 X-
ray diffractometer. Sandstone samples were soaked, precipi-
tated, separated, and dried to obtain pure clay minerals in
sandstone. X-ray diffraction analysis was performed to
determine the type and relative content of clay minerals.

JSM-7500F mode field emission scanning electron micro-
scope (SEM), which has a secondary electron image resolu-
tion of 1nm and magnification of 25~300 000 times, was
used to characterize the structure and composition of sand-
stones, including cement, authigenic clays, and matrix. Core
porosity and permeability tests were made on more than
2000 core plugs from 90 wells using standard techniques of
oil and gas industry.

4. Results

4.1. Lithology. The lithology of the Shanxi Formation chan-
nel sand bodies in the eastern Ordos Basin is generally
coarse to middle-grained sandstone, with medium round-
ness and sphericity of detrital particles. The statistical study
of sandstone minerals under the microscope shows that the
lithology of the gas-bearing layer in Shan2 member is mainly
lithic sandstone and lithic quartz sandstone, followed by
quartz sandstone (Figure 2). The quartz in lithic sandstone
is generally 56%-70% in content, while the quartz has wavy
extinction and metamorphic characteristics. The feldspar
detritus content is typically less than 3.0%, and the majority
is clay sized or carbonated, but its shape and cleavage are
preserved. The rock debris consists primarily of flexible
metamorphic rock debris, such as schist, phyllite, and mud
slate, that has undergone obvious alteration and deforma-
tion (Figure 3). The sandstone structure is tight, with poorly
developed primary pores and well-developed calcareous and
siliceous cements, while the matrix is mainly clay and tuff,
such as kaolinite, illite, and chlorite.

4.2. Diagenesis

4.2.1. Compaction. The main diagenetic processes identified
by the petrology method from the samples are compaction,
cementation, and dissolution. Microscopic observation
shows that mica and plastic metamorphic rock cuttings such
as slate and phyllite have been significantly deformed and
distributed in a directional arrangement in lithic sandstone.
Quartz particles are in close contact, showing mosaic contact
boundaries and cracks (Figure 4). The degree of compaction
is also different for different lithologies. For example, as het-
erobase content and detrital particle types differ, the bearable
pressure of quartz and lithic sandstone and the degree of
compaction are also different. According to the statistics of
casting thin sections, the face rate of quartz sandstone and
lithic sandstone is significantly different with different burial
depths, and the decline rate of quartz sandstone is relatively
low (Figure 5).

4.2.2. Cementation. The cementation of the sandstone is
widely distributed and varying, including carbonate, clay
minerals, and quartz cement. Carbonate cement includes
authentogenic calcareous minerals such as calcite and iron
dolomite. The results show that the calcite is red after stain-
ing, while iron-bearing dolomite cement is dark purple or
blue-purple (Figures 6(a) and 6(b)). Electronic probe analy-
sis shows that Fe of iron-bearing dolomite is 5.6%-12% in
content. Microscopically, two generations of calcite cement
can be identified: the early and late generations. The early
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FIGURE 1: Structure and sedimentary background of the Ordos Basin in the Early Permian.

generation is micrite, surrounded by the edge of detrital
particles (Figure 6(b)), while the late generation is inter-
granular sparry calcite filled in intergranular pores with fer-
ric dolomite. The late generation of calcite altered lithic
fragment, feldspar, and kaolinite, whereas the early genera-
tion of carbonate minerals altered lithic fragment and feld-
spar the most.

According to the occurrence of late calcite cement and
dolomite cements and the distribution of quartz enlarge-
ment edge, the formation of late calcite cements and dolo-
mite cements is later than that of quartz secondary
enlargement edge. The content of calcareous cements is gen-
erally between 1.2% and 5.6%, up to 12%, which is one of the
main factors of porosity loss in sandstone.

The siliceous cement includes pore-filled siliceous
cement, microcrystalline quartz cement, and the enlarged
secondary edge of quartz. Pore-filling siliceous cement is dis-
tributed in intergranular pores, and its shape depends on the
residual shape of intergranular pores (Figure 7(a)). The

microcrystalline quartz grew from the surface of the clastic
particles to the pores (Figure 7(b)), forming a comb shape
around the clastic particles, with the microcrystalline quartz
filled in the pores. Secondary enlarging edges of quartz usu-
ally grow along the edge of quartz particles and wrap the
quartz particles in a ring shape with a width of up to
I mm. The results show that multiple enlarging edges can
be seen, and annular lines of clay films and layered matrix
can be seen on the edge of some particles (Figure 7(c)).
Microscopic observation and X-ray diffraction analysis
showed that the gas-bearing sandstone of the Shanxi Forma-
tion in the study area contains various types of clay minerals,
mainly illite, kaolinite, illite/Mongolian mixed layer min-
erals, and chlorite. Illite is the highest content of 30.25-
77.42%, followed by kaolinite of 11.22%-34.42% and Yi/
Mongolian mixed layer of 4.7%-12.37%. The conversion
degree of Yi/Mongolian mixed layer is high, and its mixed
layer ratio (I/S) is 10%-15%. The chlorite content varies
greatly, ranging from 2.2 to 19%, which is complementary
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Ficure 2: Classification of sandstone samples using Folk’s
classification (1974).

to illite content. With the increase of burial depth, the chlo-
rite content decreases gradually and the illite content
increases. Microscopically, abundant authigenic illite or
illite/montmorillonite mixed layers are distributed around
the detrital particles (Figure 8(a)). Illite is distributed as
hair-like or fibrous particles under scanning electron
microscopy (SEM). Part of the illite fibrous crystal is larger,
mainly long flake, with a width of 1-2 ym and a length of up
to 10 yum (Figure 8(b)). Chlorite and Yi/Mongolian mixed
layer are observed as lamellar and are filled in pores with
kaolinite. Kaolinites are subhedral six-party plate or anhe-
dral crystal, generally 5-10 um in size and distributed as
aggregates (Figure 8(c)).

4.2.3. Alteration. The Shanxi Formation sandstone in the
study area was clearly altered under the microscope
(Figure 9). The metamorphic cuttings and feldspar detritus
were clearly kaolinized, illitized, and carbonated. The two
groups of cleavage and the shape of plate-columnar debris
are still discernible after the feldspars were altered. In addi-
tion, the biotite and volcanic cuttings underwent illitization,
while the clay, volcanic materials, and another complex
matrix filling between the clastic particles underwent
kaolinization.

4.2.4. Dissolution. The dissolution of the Shanxi Formation
sandstone is strong. Mold pores form after feldspar, and rock
debris are partially or entirely dissolved (Figure 10(a)). The
cleavage and strip shape of feldspar can be identified after
dissolution (Figure 10(b)). Although the unstable mica and
feldspar were dissolved, the quartz remained in the meta-
morphic rock clast dissolution (Figure 10(c)). The residue
around the pore can be used to identify the dissolution of
cement, clay, and volcanic materials, and it is possible to
recover the compositional characteristics prior to dissolu-
tion. The kaolinite altered by volcanic material was further
dissolved to form secondary dissolution pores and inter-
crystalline pores. After calcite cement was dissolved, some

calcite residues remained at the edge of the dissolution
pores, and dolomite cement remained further after dissolu-
tion (Figure 10(d)).

4.3. Diagenetic Facies. Diagenetic facies, which have various
petrological, diagenetic, and physical characteristics, are a
comprehensive manifestation of sedimentary facies, lithol-
ogy, and diagenesis [10, 14, 16]. Scholars classified diage-
netic facies based on diagenesis, diagenetic environment,
and pore characteristics [12-15]. Six different diagenetic
facies have been identified in the Shanxi Formation based
on petrographic observation, taking into account the types
of rock, diagenesis, and pores and the degree of constructive
diagenesis (dissolution, burst effect) and destructive diagen-
esis (compaction, cementation). These identified diagenetic
facies are siliceous cementation intergranular pore facies,
carbonate dissolution pore facies, matrix dissolution pore
facies, clastic dissolution pore facies, matrix filling and
strong compaction tight facies, and carbonate cementation
and metasomatism tight facies (Table 1).

Siliceous cementation intergranular pore facies (diage-
netic facies A) is dominated by quartz sandstone. Siliceous
cementation and quartz secondary enlargement are well
developed. Quartz particles come into close contact with
one another, and the kaolinite intercrystalline pores and
residual intergranular pores have developed to provide
good pore connectivity and favorable petrophysical prop-
erties (Figure 11(a)). Carbonate dissolution pore facies
(diagenetic facies B) is mainly composed of lithic quartz
sandstone, with calcareous cement having good petrophysi-
cal properties and being mostly dissolved to form dissolution
pores (Figure 11(b)). Matrix dissolution pore facies (diage-
netic facies C) is mainly lithic sandstone and lithic quartz
sandstone. However, the content of the matrix is high, which
is dissolved to form dissolution pores (Figure 11(c)), and it is
with good petrophysical properties. Clastic dissolution pore
facies (diagenetic facies D) is mainly developed in lithic sand-
stone and lithic quartz sandstone. Clastics, feldspar, and kao-
linite were all thoroughly dissolved (Figure 11(d)), with good
physical characteristics. The lithic sandstones that make up
the tight facies with matrix filling and strong compaction
(diagenetic facies E) have a high matrix content that has been
eroded into illite and kaolinite, among other minerals, and soft
plastic debris that has been strongly compressed and
deformed (Figure 11(e)). Additionally, the sandstones of this
facies are dense, and the porosity and permeability are very
low. Carbonate cementation and metasomatism tight facies
(diagenetic facies F) are dominated mainly by lithic quartz
sandstone and lithic sandstone, with a high content of calcar-
eous cement and feldspar, when clastics are mostly carbon-
ated. Calcareous cement basically fills primary pores, which
have not been dissolved (Figure 11(f)). It is further indicated
that this reservoir is dense and has poor petrophysical
properties.

5. Discussion

5.1. Influence of Diagenesis on Petropetrophysical Properties
of Tight Reservoir. Reservoir porosity and permeability are
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FIGURE 3: Photomicrographs show lithology characteristics of representative sandstone (plane polarized). (a) Lithic sandstone, showing
most altered rock fragments, quartz, and feldspar grains with medium-grained and subangular. (b) Lithic quartz sandstone, showing
altered rock fragments and quartz with medium-coarse-grained and subangular. (c) Quartz sandstone, showing quartz grains with

medium and coarse grains and subangular.

FIGURE 4: Photomicrographs show the compaction of representative sandstone (plane polarized).
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FIGURE 5: The relationship between burial depth and areal porosity of sandstones.

mainly controlled by its original sedimentation and the
later process of diagenesis. The original porosities of differ-
ent diagenetic facies are quite similar because they have dif-
ferent sedimentary facies, lithologies, rock structures, and
diagenesis [37-39]. The original porosity was recovered by
applying the Beard and Weyl quantitative analysis method
[36], and the results revealed that the original porosity of
sandstone ranged between 36.0% and 34.2% from the dia-
genetic facies A with the best petrophysical properties to

the diagenetic facies F with the worst petrophysical proper-
ties. It is further demonstrated that the original porosity of
various diagenetic facies is high and the original petrophy-
sical properties are excellent, with no obvious different
porosities of various diagenetic facies (Table 2) [40, 41].
As a result, the diagenesis after the sedimentary period
should be the primary cause of the deterioration of the
present petrophysical properties of sandstone with different
diagenetic facies. The petrographic observation indicated
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Figure 10: Dissolution pores of sandstone in the Shanxi Formation. (a) Casting pores of clastic particles. (b) Dissolution residue of
plagioclase. (c) Dissolution of metamorphic rock debris (the residual siliccous minerals can be identified). (d) Residue after the

dissolution of calcareous cement.

that the diagenetic sequence of sandstones in this area is
compaction, cementation and alteration, dissolution, and
later fissure.

5.1.1. Effect of Compaction on Petropetrophysical Properties
of Different Diagenetic Facies. Compaction is the main factor
leading to the loss of sandstone porosity [42, 43]. The micro-
scopic observation indicated that most of the detritus parti-
cles were in line contact and that the debris had clearly
deformed, with some parts being broken and pressure dis-
solved. Quantitative analysis revealed that the porosity lost
by compaction of six different diagenetic facies is between
15.4% and 18.9%, and the residual porosity after compaction
is between 20.6% and 15.3% (Table 2), indicating that the
porosity of sandstone was still large after compaction, and
the reservoir was not dense with a normal movement of nat-
ural gas. Therefore, compaction has different effects on the
petrophysical properties of different diagenetic facies and is
not the primary cause of reservoir compaction. In addition,

diagenetic facies A has the highest quartz content, the stron-
gest compaction resistance, the least porosity lost by com-
paction, and the highest residual porosity after compaction
(Table 2). The surface porosity of quartz sandstone and
lithic sandstone was quantitatively measured using the thin
sections casting of sandstone and with different burial
depths. It can be seen that with the increase of burial depth,
quartz sandstone and lithic sandstone significantly decline
with the rate of face, but the face rate drop of quartz sand-
stone is relatively small. When the burial depth is 2400 m,
the face rate of quartz sandstone is about 9%, while the face
rate of lithic sandstone at the same depth is only 3%.

5.1.2. Influence of Cementation on Petropetrophysical
Properties of Different Diagenetic Facies. The cementation
in the gas-bearing sandstone of the Shanxi Formation in the
study area is very strong, mainly including siliceous, calcare-
ous, and clay cementations. The results of the quantitative sta-
tistical analysis indicated that from diagenetic facies A with the



Geofluids 9
TaBLE 1: Diagenetic facies of sandstone of research area.
Facies Diagenetic facies Diagenetic features Pores Rock types
Siliceous cementation Quartz enlargement, siliceous Residual primary intergranular
A intergranular pore cement filling pores, kaolinite, pores, intergranular pores of  Quartz sandstone
facies pressure dissolution kaolinite
. . . . . Lithic quartz
Carbonate dissolution  Strong dissolution of calcareous Intergranular solution pores, q
B ore facies cement mold pores sandstone, quartz Constructi
b p sandstone onstructive
. diagenesis
o . - . . Intergranular dissolved pores,
C Matrix dissolution pore Kaolinite, volcanic materials, and intercrystalline dissolved pores,  Lithi dst
facies other matrix dissolved Ty . pores, L uC sandstone,
casting pores lithic quartz
Clastic dissolution pore . . . Intergranular solution pores, sandstone
D . b Dissolution of clastics and feldspar & b
facies mold pores
Matrix filling and High content of matrix, strong Lithic sandstone,
E strong compaction erosion and deformation of soft Pores not well developed lithic quartz
tight facies clastics sandstone Destructive
Carbonate cementation diagenesis

High content of matrix and

F and metasomatism
calcareous cement

tight facies

Pores not well developed Lithic sandstone

Ficure 11: Photomicrographs of a representative sample from each diagenetic facies. (a) Diagenetic facies of siliceous cemented
intergranular pores showing quartz sandstone, secondary growth of quartz, and development of siliceous cement and original residual
pores. (b) Diagenetic facies of calcareous dissolution pores showing lithic sandstone and calcareous cement filled with intergranular
pores is dissolved. (c) Diagenetic facies of mixed matrix dissolution pores showing detrital quartz sandstone, with the mixed matrix
being all dissolved. (d) Cutting dissolution hole diagenetic facies showing detrital sandstone and flexible metamorphic rock cutting
dissolution. (e) Strong compacted diagenetic facies of heterobasic alteration showing heterobasic alteration and strong deformation, with
compacted dense structure. (f) Undissolved calcareous cementation metasomatism and dense diagenetic facies showing debris quartz
sandstone with compacted structure and calcite cementation without dissolution.

best petrophysical properties to the diagenetic facies F with the
worst petrophysical properties, the porosity loss caused by
sandstone cementation was 11.9%-16.1%, and the residual
porosity after cementation was only 8.7%-1.6% (Table 2).
Porosity loss caused by cementation for different diagenetic
facies was different, with the cementation having a minimal
impact on porosity for diagenetic facies A. Furthermore, the
porosity remains high even after cementation, which signifi-

cantly impacts the interparticle porosity of diagenetic facies
E and D, with less than 4.0% residual porosity after cementa-
tion. Petrography observation showed that they were mainly
siliceous and authigenic clay cementation, resulting in tight
reservoir formation. The relationship between the content of
siliceous and calcareous cement and their petrophysical prop-
erties revealed that when the content of siliceous cement
exceeds 4%, the change in porosity and permeability is
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TaBLE 2: Comparison of porosity evolution of sandstones of diagenetic facies.

Diagenetic Original ComPacteod Cemente(:i porosity Dlssolutlon Present Permeability
facies porosity (%) porosity (%) (%) rnereases porosity (%) (x107 ptmz)
Loss  Remaining Loss  Remaining porosity (%)

A 36.0 15.4 20.6 11.9 8.7 0.3 9.0 0. 60
B 35.6 17.6 18.0 13.8 4.2 3.6 7.8 0.40
C 34.9 18.1 16.8 13.8 3.0 3.7 6.7 0.25
D 34.4 16.1 183 15.5 2.8 3.8 6.6 0.25
E 34.4 16.4 18.0 16.1 1.9 1.7 3.6 0.09
F 34.2 18.9 15.3 13.7 1.6 1.9 3.5 0.09
Average 34.9 17.1 17.8 14.1 3.7 2.5 6.2 0.21
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FIGURE 12: Relationship between cement content and petrophysical properties.
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FI1GURE 15: Porosity and permeability distribution of different diagenetic facies.

reversed; that is, porosity increases first and then decreases sig-
nificantly. In contrast, carbonate cement will directly lead to
the deterioration of petrophysical properties (Figure 12).

5.1.3. Improvement of Petrophysical Properties by Dissolution
in Different Diagenetic Facies. The face rate of dissolution
porosity is positively correlated with porosity and permeability
(Figure 13). The present porosity of different diagenetic facies
is generally 3.5%-9.0%, with an average of 6.2%, which is sig-
nificantly higher than the remaining porosity after cementa-
tion (8.7%-1.6%) (Table 2). This is mainly due to the
secondary porosity formed by late dissolution and fracturing.
The new porosity increased by dissolution and fracturing
was 0.3%-3.8% (Table 2). Among them, diagenetic facies B,
C, and D improved significantly, and the increased porosity

was 3.6%-3.8%, bringing the previous porosity of the tight res-
ervoir (less than 4.0 percent) to 6.6%-7.8%. So the permeabil-
ity of the reservoir is (0.25 — 0.4) x 107> um?, which makes it
an effective reservoir.

5.2. Impact of Diagenesis on the Petrophysical Properties of
Different Diagenetic Facies. Different diagenesis has different
impacts on the porosity of different diagenetic facies
(Figure 14). The average porosity loss by compaction is
17.1% for all the diagenetic facies, and the average residual
porosity after compaction is 17.8% (Table 2). After compac-
tion, the reservoir porosity remains very high when compac-
tion has the weakest effect on the petrophysical properties of
diagenetic phase A (Figure 14). After compaction, the
remaining primary intergranular pores are still well
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FIGURE 16: The correlation between porosity and permeability of different diagenetic facies.

developed, reaching up to 20.6%. This is because the diage-
netic phase A is mainly quartz sandstone, with high content
of rigid particles and strong compaction resistance. Porosity
loss by cementation is averaging of 14.1%, but after cemen-
tation, the residual porosity is averaging of 3.7%. After
cementation, phase A has a residual porosity of 8.7%, com-
pared to less than 4.0% for the other phases, which are
almost dense (Figure 14). Although the damage amplitude
of cementation on the porosity of various diagenetic facies
is less than that of compaction, it is evident that the reservoir
becomes tight due to the cumulative influence of cementa-
tion. The porosity of diagenetic facies B, C, and D is
increased by 3.6%-6.8%, with an average of 2.5%, due to
the strong dissolution in the later stage. Among them,
phases A, B, C, and D are effective reservoirs in this
research area, with porosity greater than 6.6% and perme-
ability of (0.25-0.6) x 107 ym®.

5.3. Influence of Diagenetic Facies on Reservoir Quality.
Sandstone petrophysical parameters such as porosity and
permeability are related to its original sedimentary charac-
teristics and controlled by the later stages of diagenesis [44,
45]. For the porosity and permeability statistical results of
different diagenetic facies (Figure 15), it can be seen that
the petrophysical properties are obviously different [32, 46].

The porosity of diagenetic facies A is mainly between 6%
and 12%, with a peak value of 8%-10% and an average value
of 9.0% (Figure 15). However, the porosity distribution
range of the sandstone diagenetic facies of B, C, and D is
indicated to be between 4 and 10%, with a peak value of
6%-8% and an average value of 6%-8%, respectively, which
is significantly lower than that of diagenetic facies A. For
the sandstone diagenetic facies of E and F, it has the lowest
petrophysical properties, with a distribution range of 2%-
6% and a peak value of 3.5%.

The permeability of diagenetic facies A is between
(0.01 - 10) x 10~* um?, with an average of 0.60 x 107> um®
and a peak value between (0.1 — 1.0) x 10~* um®. For the per-

meability of the diagenetic facies of B, C, and D, there is no
significant difference from that of diagenetic facies A. Still,
the distribution interval and peak value are slightly smaller.
However, the permeability of the diagenetic facies of E and
F is obviously small, with both less than 0.1 x 107> um®
(Figure 15).

Sandstone porosity and permeability have a good linear
correlation, and permeability increases with the increase of
porosity (Figure 16). However, the distribution characteris-
tics of porosity and permeability are clearly different in var-
ious diagenetic facies. Diagenetic facies A and B have the
best petrophysical properties, followed by diagenetic facies
C and D, while the diagenetic facies E and F have the lowest
petrophysical properties and the smallest porosity and per-
meability (Figure 16). Therefore, the diagenetic facies E
and F have the worst petrophysical properties and are non-
reservoirs. From the above discussion, the diagenetic facies
A and B reservoirs have the best quality, and their distribu-
tion areas are the favorable exploration areas.

6. Conclusion

(1) Six types of diagenetic facies were identified in the
Upper Paleozoic gas-bearing tight reservoir in the
eastern Ordos Basin, which are in large differences
in petrophysical properties. Diagenetic facies A is
the best reservoirs being mainly of primary inter-
granular pores, and diagenetic facies B, C, and D
are also effective reservoirs being mainly of second-
ary dissolution pore while diagenetic facies E and F
are regarded as nonreservoir

(2) The restored original porosity is between 34.2% and
36.0% for all kinds of diagenetic facies. The average
porosity loss by compaction is 17.1%, and the aver-
age porosity loss due to cementation is 14.1%. The
porosity was increased by dissolution in the late
stage by 2.5%. The average porosity loss by
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compaction is low in diagenetic facies A, and the
porosity increased by dissolution is high in diage-
netic facies B, C, and D

(3) The distribution areas of diagenetic A, B, C, and D,
with the porosity and permeability averaging of
6.6%-9.0% and (0.25 — 0.6) x 107> um?, respectively,
are favorable areas for tight gas exploration and are
important indicators for the prediction of tight gas
in the Upper Paleozoic Shanxi Formation in the east-
ern Ordos Basin
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