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Abstract

To better characterize the pore development and evolution characteristics in the fourth
member of the Quantou Formation (Q4), an accurate evaluation of the reservoir properties
and oiliness for different types of reservoirs was conducted in this study. Polarization
microscope and scanning electron microscope experiments were used for lithology, mineral
composition, pore types, and morphology observation. High-pressure mercury intrusion
experiments were used to characterize the porosity, permeability, and pore size distribution,
and the Beard and Weyl model was used to calculate the porosity evolution characteristics.
The results reveal the following: (i) siltstone and pelitic siltstone dominate the Q4 tight
reservoir, while feldspar and quartz are the main rock-forming minerals. (ii) Intergranular
pores, intergranular dissolution pores, intragranular dissolution pores, intercrystalline
pores, and microfractures are the main pore types, with a porosity of 4% to 12% and a
permeability of 0.001 to 1 mD. (iii) After the Q4 reservoir was divided into Grade I, II, and
II reservoirs from good to poor, their current average porosity values were found to be
14.82%, 8.98%, and 3.57%, respectively. The results from this work are of great significance
for accumulation space and oiliness evaluation, and they provide theoretical support for
the exploitation of Q4 tight reservoirs in the study area.

Keywords: pore structure; porosity and permeability; pore evolution; diagenesis

1. Introduction

Tight oil and gas pertain to the field of unconventional energy, and researchers have
made significant breakthroughs in exploration theory, development technology, and industrial
application in recent years [1,2]. However, there are significant differences in production at
different wells in the exploration and development practices of the Ordos Basin, Sichuan
Basin, and Songliao Basin [3,4]. Low porosity and low permeability are the prominent
features of tight reservoirs, and their complex pore structure and strong heterogeneity lead
to a complex accumulation mechanism [5,6]. Based on the occurrence space, interaction
intensity with pore walls, and mobility, the tight reservoir is divided into adsorbed and
free hydrocarbons [7,8], which makes it difficult to accurately evaluate the oiliness and
mobility. The precise evaluation of porosity, permeability, pore size distribution, and evolution
characteristics is the foundation of the above research. Liu and Zhang [9] observed five
pore types of residual intergranular pores, intergranular dissolution pores, intragranular
dissolution pores, clay mineral intercrystalline pores, and microfractures in the Q4 reservoir,
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which has the characteristics of thin pore throat and worse pore structure. Moreover, the Qy4
reservoir was divided into five lithofacies, where the feldspar dissolution pore lithofacies
with moderate compaction and strong dissolution and residual intergranular pore lithofacies
with weak compaction and moderate cementation were deemed as the best Q4 reservoir in
the study area; the residual intergranular pore lithofacies with moderate compaction and
cementation was secondary; the matrix intergranular pore lithofacies with weak compaction
and cementation and the intercrystalline micropores lithofacies of weak compaction and
strong cementation performed worse. Ran et al. [10] investigated the accumulation conditions
of the Q4 reservoir in the Putaohua Oilfield, northern Songliao Basin, and suggested that
the porosity of a high-quality reservoir should be higher than 10%. Ma et al. [11] conducted
nuclear magnetic resonance to characterize the pore structure of the Q4 reservoir in the
Xinmiao Oilfield, and their results indicated that pore throat radius is in the range of 0.2-6 um
and controls its permeability and pore connectivity. In addition, they divided the pores into
two types: big pore-thin throat and small pore-thick throat.

Overall, the Q4 reservoir of the Upper Cretaceous in the Songliao Basin has diverse
pore types, wide pore size distribution, varying connectivity, and significant differences in
porosity and permeability [12,13]. Therefore, the spatiotemporal evolution of accumulation
capacity, oil content, and mobility is complex under the constraints of lateral and interlayer
heterogeneity of the reservoir, which influences the accurate prediction of production. In
particular, the evolution law of pore structure under the differential influence of various
diagenesis is unclear. However, there are significant diagenesis differences with respect to
the Q4 reservoir in the Songliao Basin, which mainly include the early diagenetic stage, A
period of the middle diagenetic stage, and B period of the middle diagenetic stage [14-16].
Under the constraint of differential diagenetic evolution, pore structure and oil content
evolution characteristics and mechanisms of reservoirs are unclear, resulting in a lack of
theoretical support for oiliness and accumulation capacity evaluation [17-19]. As a result,
the exploration and development effects of some wells are far away expectations [20,21].
Therefore, it is necessary to clarify the differential diagenesis of the Q4 reservoir in the
study area and evaluate it according to various grades based in their exploitation potential.
In this work, a total of 27 Q4 reservoir samples were collected from the northern Songliao
Basin; the polarization microscope and scanning electron microscope were employed for
the observation of lithofacies, mineral composition, pore type, and diagenesis; a high-
pressure mercury intrusion porosimeter was employed to quantitatively characterize the
pore structure development. Then, the impacts of compaction, cementation, and dissolution
on porosity were calculated according to the Beard and Weyl model [22], and the pore
evolution pattern was established accordingly. As a result, the Q4 reservoir was divided
into three grades of I, I1, and III from good to poor. The results from this work could provide
theoretical references for the research on the pore structure and evolution characteristics of
the Qq reservoir in the Songliao Basin.

2. Experiments and Methods
2.1. Optics and Fluid Injection Experiments

A total of 27 Qq reservoir of Upper Cretaceous samples were collected from the north-
ern Songliao Basin, which was deposited in shallow water delta system [15,23,24]. The
lithology is mainly composed of fine sandstone, siltstone, and pelitic siltstone. A Leica
(Wetzlar, Germany) DM2700P polarization microscope was employed for microsection
observation (Table 1). Prior to experiments, (i) a cylindrical sample with a diameter of
20 mm was drilled to cut and bond glass slide; (ii) the dyed liquid was injected into the pore
structure of sample under a pressure difference of 0.5-1.2 MPa to ensure complete filling of
microscale pores; (iii) the liquid glue was subjected to polymerization and solidification
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treatment under 60 °C for 24 h; (iv) the samples were ground to a standard thickness of
30 um for better exhibition of the pore stained areas. A ZEISS (Oberkochen, Germany)
SIGMAO03040100 scanning electron microscope was used for the clay mineral pores obser-
vation, and a Micromeritics (Norcross, GA, USA) Auto Pore V9620 high-pressure mercury
intrusion porosimeter was employed for the quantitative analysis of pore structure.

Table 1. The experimental equipment for microsection observation, pore observation, and pore size,
porosity, and permeability measurement.

Experimental Item

Experimental Equipment

Microsection observation
Pore observation

DM2700P Polarization Microscope
SIGMA03040100 Scanning Electron Microscope

Pore size, porosity, and permeability Auto Pore V9620 High-Pressure Mercury Intrusion Porosimeter

2.2. The Calculation Methods of Porosity Changes

The porosity calculation in this work comprises original, compaction loss, cementation
loss, and dissolution increase porosity according to the research of Beard and Weyl [22]. It
is a simplified model based on the influence of compaction and cementation on reservoir
porosity, which follows the following assumptions: (i) the porosity decreases exponentially
with depth, ignoring secondary pore formation mechanisms; (ii) the difference between
early, middle, and late diagenesis is not distinguished. Therefore, this model is only
suitable for homogeneous sandstone reservoirs and has a large prediction error for complex
diagenetic environments.

(1) The calculation of original porosity

@y = 20.91 +22.9/S, (1)

So=1/ B @

@y is the original porosity, Sy is the Trask sorting coefficient, and D; and D3 are the
particle diameters (1m) corresponding to 25% and 75% on the cumulative curve, respectively.
(2) The calculation of compaction loss porosity

Dy + Dy )P
@_Q+(Pm“)ﬂ 3
dr
D =Dy — Py (4)

@, is the porosity after compaction; @, ®,, 1, Dy, and Dy are physical property
analysis porosity, total surface porosity, primary surface porosity, and dissolution surface
porosity of intergranular dissolution pores, respectively; C; is the current cement content.

(3) The calculation of cementation loss porosity

d
o pm

P, = ( T, )q>,, (5)

P, =P — Dy (6)

@, is the porosity after cementation, and &, is the cementation loss porosity.
(4) The calculation of dissolution increase porosity

D3 = (D1 + Pyp) Dy /Dt 7)
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@, is the dissolution increase porosity, and ®;; is the dissolution surface porosity of
intragranular dissolution pores.

3. Results and Discussion
3.1. Physical Properties of Q4 Reservoir

(1) Mineralogical composition of Q4 reservoir

The lithology of the Q4 reservoir in the study area is mainly composed of siltstone
and pelitic siltstone, with fine grain size belonging to tight reservoirs. Feldspar and
quartz are the main rock-forming minerals, also including a certain amount of rock debris
(Figures 1 and 2). Therefore, rock debris—feldspar siltstone is the main rock type, followed
by feldspar-rock debris siltstone and rock debris siltstone. Among them, feldspar con-
tributes about 30%, with the content of potassium feldspar being slightly larger than
plagioclase (Figure 1). Rock debris is dominated by igneous and metamorphic rock debris,
with the former having the characteristics of high hardness and low porosity. Consequently,
a higher igneous debris usually results in a worse porosity, which will further influence
the permeability and accumulation capacity of the reservoir. As particularly noted in
Figure 2g-1, the pores among quartz and feldspar particles are generally filled by rock de-
bris. There is a significant impact of mineral composition on the reservoir properties, where
the contents of quartz and feldspar mostly correlated positively with the reservoir proper-
ties and were deemed as the material basis of tight reservoirs [25,26]. The main reason is
that both of them have high mechanical strength and strong resistance to compaction, and
the primary pores can be well preserved during diagenesis [27,28]. In addition, there is also
a large amount of dissolution pores on the feldspar surface (Figure 1a,b and Figure 2a,b,h).

200 um | AL v : 200 pim | (O 200 pm

Figure 1. The development of quartz, feldspar, and rock debris in Q4 reservoir. (a-g): the rock
debris—feldspar siltstone, also including a small amount of muscovite. (h-1): double crystal can be
identified on the feldspar surface and was generally dissolved.
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Figure 2. The development of quartz and debris in Q4 reservoir. (a—f) are feldspar-rock debris
siltstone, and (g-1) are mainly debris siltstone. Igneous debris is the main debris type, and there is
also a small amount of muscovite.

In addition to the mineral particles, there are also some interstitial materials which
comprise a relative content of about 10%. Among them, the content of muddy matrix
(mainly illite clay minerals) is the highest accounting for about a half, followed by car-
bonate (mainly calcite and dolomite minerals) cement (Figure 3). High contents of matrix
and cement occupy the accumulation space, blocking pore channels and leading to reser-
voir densification. In tight siltstone reservoirs, the dissolution of cement such as calcite
and dolomite is crucial for affecting the development of secondary pores and improving
reservoir capacity. However, the influence of carbonate content is reflected in three aspects:
(i) it filled the pores and resulted in the reduction of porosity; (ii) it resisted mechanical
compaction and protected the primary pores to some extent; (iii) its dissolution formed
a certain amount of secondary pores. For clay minerals, they were usually deemed as
negative factors for the forming and preservation of pores [29,30].

(2) Porosity and permeability of Qg reservoir

Porosity and permeability are the significant evaluation indices for the accumulation
and seepage capacity of tight reservoirs [31,32]. The porosity of the Q4 reservoir ranges from
4% to 12%, with an average of 8.37%; and its permeability is in the range of 0.001-1 mD,
with an average of 0.042 mD. Among them, the reservoir with a porosity of 5-15% accounts
the largest proportion (48%), followed by the reservoirs in 10-15% (33%) and <5% (19%);
the permeability of the Q4 reservoirs is mostly lower than 0.1 mD, with a proportion of 85%,
and only the remaining 15% are larger than 0.1 mD (Figure 4) Therefore, the Qy siltstone
in the study area belongs mostly to the low porosity and ultralow permeability reservoir
category, and the physical properties perform worse.
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Figure 3. The development of clay minerals and carbonate minerals in Q4 reservoir. (a—c) are the
illite clay minerals filled into the intergranular pores; (d—f) are the carbonate minerals filled into the

intergranular pores.
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Figure 4. The distribution of permeability (a) and porosity (b) of Q4 reservoir.

3.2. The Development of Pore Types in Qq Reservoir

Pores in the tight reservoir were divided into primary and secondary pores [33,34]. In
the Q4 reservoir, the former mainly refers to intergranular pores remaining from compaction
and cementation, and the latter consists mainly of dissolution pores and mold pores. To
better characterize the developmental characteristics of various types of pores, they were
further divided into intergranular pores, intergranular dissolution pores, intragranular
dissolution pores, intercrystalline pores, and microfractures.

(1) The development of intergranular pores

The intergranular pores were formed during the initial sedimentation process and
were the pores left behind by the compaction and cementation effects of later diagenesis.
They mostly developed in reservoirs with high content of brittle minerals such as quartz
and feldspar (Figure 5a—c) due to their resistance to mechanical compaction. The pores
are mostly in triangular or polygonal shapes, with straight edges and clean interiors
without obvious signs of dissolution; and the pore size is relatively small, ranging from
50 pm to 100 pm.
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Figure 5. The development characteristics of intergranular pores (Inter P), intergranular dissolution

pores (Inter DP), and intragranular pores in Qg reservoir (Intra P). (a—c) are intergranular pores;
(d—f) are intergranular dissolution pores; and (g—i) are intragranular pores.

(2) Intergranular dissolution pores and intragranular dissolution pores

In the Q4 reservoir, the intergranular dissolution pores formed by the dissolution of
feldspar and rock debris are the most common (Figure 5d-f). Their formation originates
from intergranular pores and feldspar mold pores caused by the dissolution of feldspar
edges. After dissolution, the feldspar edges appear in a harbor or irregular shape, with pore
diameters generally ranging from 100 pm to 150 um. Intragranular dissolution pores are
developed inside the minerals rather than the edges. Strong local dissolution is their main
cause. There are a large number of intragranular dissolution pores in the Q4 reservoir, which
are usually irregular in shape, with pore sizes ranging from 100 p m to 200 um (Figure 5g-i),
and that have poor connectivity. In particular, feldspar dissolution is significant in some
areas, and the particles are seriously dissolved, resulting in mold pores.

(3) Clay mineral pores and microfractures

Clay mineral pores were formed due to the filling of authigenic clay minerals
(Figure 6a,b), including kaolinite, mixed I/S, illite, and chlorite intercrystalline pores.
Nanoscale pores dominate the pore size, resulting in pore connectivity. The contribu-
tion of microfractures to the pore structure in the Q4 reservoir is about 3%, with their length
measured at the micro scale and width at the nano scale (Figure 6c,d). The diagenetic
shrinkage effect and compaction effect of clay minerals are their main causes, resulting
in the development of microfractures of clay and brittle minerals. Overall, accumulation
space of the Q4 reservoir is mainly composed of residual intergranular pores, intergranular
dissolution pores, and intragranular dissolution pores.
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Figure 6. The development characteristics of clay mineral pores (CP) and microfractures (MF).
(a,b) are intercrystalline pores of clay minerals; (¢,d) are microfractures among brittle minerals.

3.3. Pore Size Distribution and Reservoir Classification

The results of high-pressure mercury injection experiments were used to quantitatively
characterize the pore size distribution of tight reservoirs, and based on the hysteresis loop
characteristics between the advancing and retreating mercury curves, the connectivity
of the pore structure was characterized (Figures 7 and 8). The displacement pressure
ranged mainly from 0.4 to 7 MPa and was concentrated in the 1.0-3.0 MPa range, with a
few samples exceeding 7.0 MPa (Figure 7). Correspondingly, nanoscale pores dominate
the Q4 reservoir, with the pore diameter lower than 700 nm. A total of 26 samples were
tested, where the pore sizes of 18 samples were found to be lower than 1 pm (Figure 8).
Consequently, the Q4 reservoir in the study area was divided into three grades of I (average
pore radius > 0.175 um, porosity > 10%, and permeability > 0.25 mD), II (average pore
radius: 0.075-0.175 pum, porosity: 8-10%, and permeability: 0.1-0.25 mD), and III (average
pore radius < 0.075 um, porosity < 8%, and permeability < 0.1 mD) according to the pore
throat diameter, porosity, and permeability results in Lu’s Classification (Table 2). For
samples YX55-2, Y141-9, and G616-18 (Grade I reservoir), all of their mercury saturation
rates were higher than 80% (Figure 7). In addition, their hysteresis loops are wide (larger
than 50%), representing good pore connectivity. Samples YX55-3, YX55-4, and G616-20
have been categorized into the Grade Il reservoir, and the mercury saturation ranged from
65% to 75% (Figure 7). In comparison, the hysteresis loops (40-50%) are narrower than in
the Grade I reservoir, resulting relatively good pore connectivity. For the Grade Il reservoir
(samples YX55-8, YX55-9, and YX55-11), the mercury saturation was in the range of 40-50%
(Figure 7), and the hysteresis loops are narrow, representing fair pore connectivity. Overall,
the pore size distribution, pore volume, and pore connectivity of the Grade I reservoir are
better than the Grade II and III reservoirs (Figures 7 and 8).
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Figure 7. The advance and retreat mercury curves (a) of Grade I (b), II (c), and III (d) reservoirs in
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0'6_ Total data 0.6 _E Grade I reservoir
'Y N
0.5+ A 0.5 EN
A A
~ A pe A
= 0.4 = 0.4
A A
£ - 4 E 4
@ @
A A
E 031 ey, E 031 4 tha,
= s, A = = N
> AtA aA, > A, Al
£ 0.2 A h £ 024 A,
s A A 4 4 s Y
e AA, A A A [-% A A A
}i‘. A
0.1 e S Y 0.1 A 4
A:AAA hA L A,
‘:ﬂt A a4 e s
0.0 ﬁMhAnA AAA AAAAaa 0.0 Aa244 444 Adds
T T T T d T T T T .
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
Pore radius (pm) Pore radius (pm)
. 0.30- .
o 30_@ Grade Il reservoir [d] Grade III reservoir
A 0.254 A
0.25- A
A A
A A 0.20- A
2E“ 0.20 EN ZE‘ a
=2 AA - i
=2 A £ 0.154 A
E 015 4 A g A
3 A4 <
= A A = A4 A
0.10 A
® 0.10 A 4 2 A,
& A 2 1 P
0.05- oY A‘ 0.05+ AA&:AA
A, A A, :ﬁ
0.004 aafh0da 444 Adddan 0.00- R004004 AMA Addra s
T T T T 1 T T T T -
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
Pore radius (pm) Pore radius (pm)
A YX55-2 A YX55-3 A YX55-4 A YX55-8 A YX55-9 A YXS55-11 A G616-18 A G616-20 A Y141-9

Figure 8. The pore size distribution curves (a) of Grade I (b), II (c), and III (d) reservoirs in Q4 reservoir.



Processes 2025, 13, 3965 10 of 17
Table 2. The classification sand evaluation criteria for the Qg4 reservoir.
Reservoir Grade Average Pore Radius (um) Porosity (%) Permeability (mD)
Gradel >0.175 >10 >0.25
Grade I 0.075-0.175 8-10 0.1-0.25
Grade III <0.075 <8 <0.1

3.4. The Evolution Process and Mechanism of Pore Structure

Based on the observation of microsection, electron probe, and scanning electron
microscopy analysis (Figures 1-3, 5 and 6), the pore structure evolution of the Q4 reservoir
in the study area was subject to compaction, cementation, and dissolution during the
diagenetic process. Original porosity maintenance and dissolution porosity increase are the
positive factors for physical properties, whereas the compaction and cementation porosity
decline are adverse effects (Table 3) [35-37]. Therefore, the impact of each diagenesis on
porosity was calculated respectively according to Equations (1)—(7) (Table 3). To reveal the
evolution stages and differential effects of various diagenesis on the pore structure of the
Q4 reservoir, the contributions of compaction, cementation, and dissolution on the porosity
of the Grade I, II, and III reservoirs were calculated, respectively. The average original
porosity of the Grade I reservoir is about 37.49%, and its compaction and cementation
reduced to 24.92% and 2.67%, respectively, whereas the dissolution increased to 4.92%. As
a result, the current porosity is 14.82%. For the Grade II reservoir, the original, compaction
loss, cementation loss, and dissolution increase porosity are 36.58%, 23.48%, 7.33%, and
3.21%, respectively. Its current porosity is 8.98%. The cementation loss porosity for the
Grade III reservoir is most serious, resulting in a reduction of 23.87% with a current porosity
of only 3.57%.

Table 3. The evolution law of porosity in Q tight reservoirs.

Reservoir Compaction Loss Cementation Loss Dissolution Increase Current
Type Porosity (%) Porosity (%) Porosity (%) Porosity (%) Porosity (%)
Gradel 24.92 2.67 492 14.82
Grade I 23.48 7.33 3.21 8.98
Grade III 23.87 12.04 2.56 3.57

(1) Pore evolution of Grade I reservoir

The Qq reservoir is at the middle diagenetic stage now, having gone through the
early diagenetic stage, as well as periods A and B of the middle diagenetic stage. At the
early diagenetic stage, compaction dominated the pore evolution. Mineral particles in the
reservoir were compressed with the gradual increase in formation pressure, causing a rapid
decrease in the original porosity and permeability of the reservoir (Figure 9). Moreover,
the early cementation led to the precipitation and attachment of some cements such as
carbonates and silicates between mineral particles, changing the connection mode and
contact relationship between particles, further squeezing the pore space, reducing the
primary pores, and decreasing the porosity. At the A period of the middle diagenetic
stage, the early cement and matrix altered the contact mode between particles obviously.
Smectite gradually loosed interlayer water and transformed into illite through a series
of complex physical and chemical processes [38,39]. In addition, the strong dissolution
of feldspar under the action of acidic pore fluids was an important factor in improving
the physical properties of the reservoir. Secondary pores were formed in this process,
increasing the porosity. However, if the dissolution products cannot be carried away by the
pore fluid in a timely manner, they may re-precipitate in situ and participate in cementation,
which is detrimental to the development of reservoir properties. Meanwhile, the early
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cementation filled some pores and further reduced porosity. On the other hand, it also plays
a supporting role in mineral particles to a certain extent, preventing excessive compaction
during subsequent diagenesis and buffering the decrease in permeability. At the B period
of the middle diagenetic stage, a small amount of late stage cement appeared. Due to the
weak cementation of Grade I reservoirs, which causes minimal damage to the porosity and
has undergone strong dissolution and transformation, the overall physical properties of
this type of reservoir are good.

. 5 SR Pore evolution
Grade I reservoir N 20 - .

[YYTY PYPFYITOTL PYYTS FYOTY PYTUPINY |

Rock debris

Quartz

=

Feldspar

S

Cement

Pores

Matrix

Figure 9. The pore evolution pattern of Grade I reservoir.

(2) Pore evolution of Grade II reservoir

At the early diagenetic stage of the Grade Il reservoir, compaction was also the main
reason for the serious porosity reduction, resulting in the deterioration of accumulation
properties. Early cementation began to manifest at the A period of the middle diagenetic
stage, where partial cements such as carbonates and siliceous began to precipitate and
precipitate between mineral particles, further squeezing the pore space and leading to
a decrease in porosity (Figure 10). Meanwhile, under the synergistic effect of a specific
temperature, pressure, and pore fluid environment, clay minerals continuously underwent
transformation. Moreover, the dissolution of feldspar contributed positively to improving
the reservoir performance, but the dynamic balance between dissolution and cementation
largely led to complex changes in the physical properties of the Grade Il reservoir during the
middle diagenetic stage. Late-stage cements of iron bearing carbonates and silicates began
to largely form at the B period of the middle diagenetic stage, which further exacerbated the
reduction in pore space. Additionally, the continuous compaction effect was still strong, the
mineral particles were arranged more tightly, and the porosity and permeability continued
to decrease. Overall, the cementation effect of Grade II reservoirs is moderate and causes
strong damage. However, due to their strong dissolution transformation, the physical
properties of this type of reservoir are only followed by Grade I reservoirs.
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Figure 10. The pore evolution pattern of Grade II reservoir.

(3) Pore evolution of Grade III reservoir

The pores of the Grade III reservoir have three different evolutionary characteristics:
the type I reservoir initially underwent weak dissolution and then underwent strong cal-
careous cementation; the type Il reservoir experienced strong cementation in the early stage,
but the dissolution could be neglected; matrix filling dominated the early stages of type III
reservoir, and no obvious dissolution occurred in the late stages (Figures 11-13). A large
amount of calcite cement is the main feature of type I reservoirs, and basal cementation
dominates its structure with poor physical properties. The compaction in the early diage-
netic stage was compaction that led to the arrangement of mineral particles that gradually
shifted from loose to tight, and the pore space was significantly reduced. The original
porosity and permeability of the reservoir decreased sharply, resulting in initial deterio-
ration of its reservoir performance. During diagenetic stage A, carbonate and siliceous
cement begin to precipitate and precipitate between mineral particles, further squeezing
the pore space and reducing porosity. Meanwhile, montmorillonite and kaolinite undergo
transformation under conditions of increased temperature and pressure. During the A
period of the middle diagenetic stage, carbonate and siliceous cements began to precipitate
and precipitate between mineral particles, further squeezing the pore space and reducing
porosity. Meanwhile, smectite and kaolinite underwent continuous transformation. The
further strengthening of cementation and continuous compaction in the B period of the
middle diagenetic stage led to a tighter arrangement of minerals, resulting in a significant
decrease in reservoir porosity and permeability.

Compaction and cementation were the dominant diagenesis processes in this type of
reservoir at the early diagenetic stage. In comparison, the porosity reductions of cemen-
tation in the type II reservoir were stronger than that in the type I reservoir, and a large
amount of cement was filled in the pores, causing a sharp deterioration of the reservoir
properties (Figure 12). Meanwhile, compaction was also the most important reason for
porosity evolution, as well as that in the above reservoirs. At the middle diagenetic stage,
the cements formed at the early diagenetic stage still blocked the pores, and the compaction
effect became stronger, further reducing the accumulation space. This blocking also greatly
limited the flow ability of fluids in reservoirs, resulting in the inability of diagenetic fluids
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to enter the interior of the reservoir in the later stage, and thus the physical properties could
not be improved. Therefore, the mining value of this type of reservoir is worse.
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Figure 11. The pore evolution pattern of Grade III (type I) reservoir.
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Figure 12. The pore evolution pattern of Grade III (type II) reservoir.

In the type Ill reservoir, a large amount of clay mineral matrix filling pores is an impor-
tant reason for the deterioration of reservoir properties in addition to compaction, which is
different from types I and II reservoir (Figure 13). Therefore, matrix filling and compaction
dominated the early diagenetic stage. At the middle diagenetic stage, feldspar, rock debris,
and other easily soluble components were transformed to new authigenic clay minerals,
which further filled the pores. Meanwhile, the compaction became stronger with deeper
burial depth, causing a continuous decrease in porosity. Similar to the type II reservoir,
the precipitate and accumulation of the matrix in the pores limited the improvement of
reservoir properties by later diagenetic fluids. As a result, the type of reservoir was deemed

as strategic reserve resources.
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Figure 13. The pore evolution pattern of Grade III (type III) reservoir.

Overall, the physical properties of the Grade I reservoirs in the research area are
the best, with weak cementation and strong dissolution during diagenesis. Both their
pore structure and connectivity are considerable, and the hydraulic fracturing stimulation
could easy communicate with the microscopic pore structure system, effectively ehhancing
recovery. Although the middle cementation and dissolution lead to relatively worse
physical properties of Grade Il reservoirs than Grade I reservoirs, these are also deemed as
the favorable reservoirs. However, Grade III reservoirs experienced strong cementation
and weak dissolution, resulting in poor pore structure and connectivity. In addition, their
clay matrix content is relatively high, meaning that conventional hydraulic fracturing may
be difficult to effectively increase recovery due to the water sensitivity of clay minerals.
Anhydrous fracturing of supercritical CO; is a potential scheme for increasing production.

4. Conclusions

(1) The Q4 tight reservoir is composed only of siltstone and pelitic siltstone; feldspar
and quartz are the main rock-forming minerals, also including also a certain amount of rock
debris. The lithology includes rock debris—feldspar siltstone, feldspar—rock debris siltstone,
and rock debris siltstone. Among them, the content of potassium feldspar is larger than
plagioclase, and the content of igneous debris is larger than metamorphic debris.

(2) Intergranular pores, intergranular dissolution pores, intragranular dissolution
pores, intercrystalline pores, and microfractures are widely developed in the Q4 reservoir,
with a porosity of 4% to 12% and a permeability 0.001 to 1 mD, which belongs to low
porosity and ultralow permeability reservoirs. The pore diameter of the Q4 reservoir is
mostly lower than 1 um, and it was divided into three grades of I, II, and II from good to
poor according to their, porosity, permeability, and pore size distribution.

(3) The Grade I reservoir has the best mining potential; its original porosity is about
37.49%, its compaction and cementation reduced to 24.92% and 2.67%, respectively, whereas
its dissolution increased to 4.92%. For the Grade Il reservoir, the original, compaction loss,
cementation loss, and dissolution increase porosity are 36.58%, 23.48%, 7.33%, and 3.21%,
respectively. The cementation loss porosity for the Grade III reservoir is most serious,
resulting in a reduction of 23.87%, with a current porosity of only 3.57%.
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This work evaluated the Q4 reservoir into three grades based on the physical prop-
erties and diagenetic evolution process, which has certain theoretical significance for the
deployment of exploration and development work. It should be noted that the research
results are mainly qualitative analysis, which was subjected to the limited sample amount
and evaluation indicators. Further work will focus on the planar variation of its physical
properties in the study area and conduct a quantitative evaluation of the reservoir quality.
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