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Abstract The sandstone of the third member of the
Funing Formation (E,f3) in the northern slope zone of the
Gaoyou Sag has the typical characteristics of high porosity
and ultralow permeability, which makes it difficult for oil
to flow. In this study, the lithological characteristics,
sedimentary facies, diagenetic characteristics, pore struc-
ture, and seepage ability of this sandstone are characterized
in detail. Correlation analysis is used to reveal the reason
for the sandstone high porosity-low permeability phenom-
enon in the study area. The results indicate that this
phenomenon is controlled mainly by the following three
factors: 1) the sedimentary environment is the initial
affecting factor, whereby the deposition of a large number
of fine-grained materials reduces the primary pores of
sandstone. 2) The Funing Formation has undergone strong
compaction and cementation, which have led to the
removal of most of the primary pores and a reduction in
size of the throat channels. 3) Owing to fluid activity
during the later stage of diagenesis, sandstone underwent
intense dissolution and a large number of particles
(feldspar and lithic debris) formed many dissolution
pores (accounting for nearly 60% of the total pore
space). Among these factors, dissolution has contributed
the most to the development of high porosity-low
permeability phenomenon. This is mainly attributed to
the inhomogeneous dissolution process, whereby the
degree of particle dissolution (e.g. feldspar) exceeds that
of cementing minerals (clay and carbonate minerals). The
secondary dissolution pores have increased the porosity of
sandstone in the study area; however, the pore connectivity
(permeability) has not been significantly improved, thus
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resulting in the special high porosity-low permeability
characteristics of this sandstone.

Keywords Gaoyou Depression, constant-rate mercury
injection, porosity anomaly, diagenesis, sedimentary micro-
facies

1 Introduction

A unified view has been formed in which the rock physical
characteristics are generally determined by their sedimen-
tation and diagenesis (Sallam et al., 2019). Sedimentary
facies determine the quantity and grain characteristics of
sediments, including the clastic particle abundance, type,
size, sorting and roundness, which can lead to various
reservoir characteristics (Herlinger et al., 2017). For delta
front subfacies, the hydrodynamic conditions of the
underwater distributary channel are relatively strong; so,
the sandstone deposited in this microfacies has a high
purity and large grain size, and often has a high porosity
and permeability (Hood et al., 2018). However, in a distal
fine-grained sedimentation area or in the area between
distributary channels, sandstone often has poor physical
properties because of its high clay content (Milliken and
Olson, 2017; Zhong et al., 2018). Sedimentation which
determines sandstone initial pore morphology has a great
influence on its primary pore size. The type, size, shape,
sorting degree, and other parameters of clastic particles
have considerable impact on the primary pores of
sandstone (Liu et al., 2019; Usman et al., 2020).
Sedimentation also has a certain impact on subsequent
diagenesis. First, provenance is an indicator of sediment
transport distance, which determines the degree of
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transformation of detrital materials. Clastic materials close
to the source area are poorly sorted and cannot form a good
reservoir; however, the rock pores formed by system-
atically reformed sediments are generally well sorted and
can form a good structure for storing fluid (Zhao et al.,
2017). Second, a sedimentary facies belt will lead to a
plane difference in sandstone. The thickness, grain size,
sorting, and impurity content of sand bodies vary between
different sedimentary facies belts. Even within the same
belt, the sediment composition can change due to the
variation in hydrodynamic conditions, thus producing
different physical properties (Zhang et al., 2020). Third,
the content of soft particles (e.g. mica, mudstone, phyllite,
and other plastic clastic minerals) in the sediment also has a
great impact on sandstone physical properties. Soft
particles usually fill the pores and reduce the porosity
during the later compaction process (Yang et al., 2020). In
addition, the grain size and texture maturity of sediments
also control the rock’s physical properties.

Diagenesis includes compaction, cementation, and
dissolution, which directly affect 1) the physical properties
of sandstone after consolidation and diagenesis, and 2) the
type, content, and micropore structure of cements (Sarkar,
2017). Differences in these parameters result in the
formation of sandstone reservoirs with different pore
types (Reza, 2018; Yasin et al., 2019). In addition,
diagenesis alterations usually have a considerable influ-
ence on the changes in porosity and permeability of
sandstone, especially tight sandstone (Morad et al., 2010;
Lai et al., 2018). For example, compaction and cementa-
tion can greatly reduce the porosity and permeability of
sandstone (Shalaby et al.,, 2014; Lai et al., 2017).
Carbonate minerals are the main cementing material and
are primarily distributed in the sandstone-mudstone
contact zone. They exhibit significant negative correlations
with physical parameters (porosity and permeability) and
the rock storage space volume (Dillinger et al., 2014).
Other cementing materials that decrease the porosity and
permeability of a reservoir are clay minerals formed by
mechanical and chemical deposition; these components
can fill the primary pores of sandstone to the greatest
extent, thus degrading the physical properties of a rock
(Wu et al., 2017). Generally, the higher the sandstone clay
mineral content, the lower its porosity. However, this
correlation may change if the content of soluble clay
minerals in sandstone increases (Aoyagi and Kazama,
1980). For example, the kaolinite content of sandstone may
be positively correlated with its porosity because kaolinite
dissolves and is transformed into other minerals under
certain conditions, thereby increasing the reservoir poros-
ity (Arostegui et al., 2006). The content of plastic cuttings
in sandstone has a considerable influence on its physical
properties. In the early diagenetic stage, these cuttings are
easily contracted after compaction, which significantly
reduces the porosity of sandstone (Liu et al., 2020).
Compaction and cementation can occur in all periods of

diagenesis; however, the early stage usually has a greater
influence on the porosity of sandstone than any other stage
(Yang et al., 2012). For instance, the initial compaction and
cementation can significantly reduce the porosity of
sandstone, even up to 80% (MacFadden et al., 2015;
Glombitza et al., 2016; Qian et al., 2019). In contrast,
cementation during the late diagenesis stage (e.g. quartz
and pyrite precipitate cementation) is usually of a relatively
small scale with little effect on the physical properties,
reducing porosity by 1%—20% (Net et al., 2002).
Dissolution occurs during or after compaction and
cementation, which can reverse the rapid decreases in
porosity and permeability (Spotl et al., 1993; Ballas et al.,
2018). Dissolution often occurs in particles such as
plagioclase, alkaline feldspar, and metamorphic rock
debris. In general, the increased reservoir porosity caused
by the dissolution of mineral particles is not large, and
approximately 5% of the reservoir porosity and perme-
ability can be reconstructed (Marchand et al., 2002). Some
minerals (e.g., carbonates) have mixed effects on the
physical properties of rocks. Crystallization of early
carbonate cements can reduce the size of primary pores;
however, the dissolution of late carbonate cements during
middle diagenesis can increase the porosity and perme-
ability of a reservoir (Khan et al., 2020).

There is usually a positive correlation between the
porosity and permeability of sandstone that formed under
typical conditions, whereby permeability increases with
increasing porosity (Zhou et al., 2011). However, there are
very poor or negative correlations between porosity and
permeability in some sandstones (i.e. permeability does not
increase with increasing porosity) (Er et al., 2015). These
rocks generally undergo uncommon processes of pore
structure modification after typical sedimentation and
diagenesis. These include contact with a hydrothermal
fluid, strong dissolution, intense tectonism, and magma-
tism, which rapidly change the surrounding environment
of rocks and make them more stable. The nature of the
environment can change in a relatively short period of
time, thus causing the physical parameter values to differ
from those related to typical diagenesis (Ding et al., 2012;
Mao et al., 2016; Liu et al., 2018). The sandstones in the
third member of the Funing Formation have these special
characteristics, with a poor correlation between sandstone
porosity and permeability. The sandstone has a high
porosity (23% on average) but a very low permeability
(only 5 x 103um? on average), which is a very particular
case in comparison to other low-permeability reservoirs.
Most scholars believe that the decisive factors of a
reservoir’s physical properties are sedimentation and
diagenesis, with late diagenetic alteration being the main
reason for the poor correlation between porosity and
permeability (Li et al., 2019b). We obtained a lot of useful
information from a large number of studies as reference
material in order to improve the reliability of our results
(Zhang et al., 2018).
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2 Geological setting

The Subei Basin is an onshore part of the Subei-South
Yellow Sea Basin. It is bordered to the west by the Tanlu
Fault and Lusu Uplift, and covers an area of approximately
35000 km?. The interior of the basin can be divided into
four secondary tectonic units from east to west: Dongtai
Depression, Jianhu Uplift, Yanfu Depression, and Binhai
Uplift (Shi et al., 2005; Gao, 2010). The Gaoyou Sag is
located in the middle of the Dongtai Depression in the
southern part of the Subei Basin. It is surrounded by the
Lintong Uplift (south), Jianhu Uplift (north), Baiju Sag
(east), and Lingtangqiao Uplift (west). Owing to differ-
ential uplift and subsidence, the southern part of the
Gaoyou Sag is very steep, whereas the northern part is very
gentle, thus resulting in an overall dustpan-like shape.
From north to south, the tectonic units are divided into
three parts: the northern slope zone, central deep-depres-
sion zone, and southern fault-terrace zone (Fig. 1).

The Gaoyou Sag is the main oil and gas bearing area in
the Subei Basin, where the thickness of sedimentary rocks
is considerable and the quality of source rocks is high.
Therefore, various types of oil and gas reservoirs have

formed with a high distribution density. The strata formed
(from the bottom to the top) in the basin are the Taizhou,
Funing, Dainan, Sanduo, and Yancheng formations. The
main oil-bearing series are the Funing and Dainan
formations. The target formation in this study is the
Funing Formation, which was mainly formed by the
interaction of sandstone and mudstone. The bottom of the
Funing Formation is mainly composed of mudstone with a
thickness of ~700-900 m. The sandstone content increases
in the upper part, which has a thickness of 400-600 m and
is the main oil-gas enrichment area (Cheng et al., 2019).

3 Methods

The research idea of this study is similar to that of fine
reservoir characterization, which mainly includes the study
of sedimentary genesis, distribution law, diagenesis
process, and pore structure characteristics of sandstone.
However, differing from the conventional process, the
influence of sedimentation and diagenesis on the physical
properties of sandstone was analyzed more systematically
and deeply. The basic characteristics of high porosity and
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Fig. 1 Location map of the study area.
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low permeability were determined, and the causes of
abnormal physical properties were clarified (Fig. 2).
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Fig. 2 Schematic of the research ideas and process.

1) Sedimentary facies

The foundation of research into sedimentary facies is the
abundant core data and experimental data that are used to
study the material composition, sorting characteristics,
sedimentary background, and sedimentary environment of
rocks (Zhang et al., 2019). A single-well facies model was
established in the present study to determine the relation-
ships between the changes in the physical properties and
sedimentary microfacies.

2) Pore structure analysis

Based on microscopic experimental data, the geometry,
size, distribution, and interconnection of pores and throats
were analyzed. The correlations between the pore
structure, reservoir capacity, and seepage capacity (poro-
sity and permeability) of reservoir rocks were then
determined (Li et al., 2019a).

3) Analysis of factors influencing porosity and perme-
ability

Based on the analysis of a considerable amount of rock
micro-experimental data, the pore structure characteristics
of the reservoir were systematically characterized, and the
distribution law as well as the sizes of pores and throats
were clarified. The genesis and secondary change process
of the pores and throats were analyzed, and the main
reason for the high porosity and low permeability of
sandstone in the study area was determined (Li et al.,
2016).

4 Results
4.1 Petrological characteristics and sedimentary facies

The E,f; strata were observed to be dominantly composed
of black or gray-black mudstone (content of ~60%). This
coloring indicates that the sedimentary area is far from the
source area. The sandstone within the core was mainly
fine-grained siltstone (content of 41.7%; Fig. 3(a)), which
was followed by silty mudstone and a small amount of fine
to medium sandstone. The fine-grained characteristic and
high shale content of this sandstone are consistent with a
sedimentary environment. The sandstone also presented a
good structural maturity, as reflected by the good sorting,
high grinding roundness, and linear points of contact
between the particles. In addition, the quartz content was
very high, whereas the feldspar and detritus contents were
relatively low (Fig. 3(a)). The average composition
maturity index of the rock was found to be 1.44. These
characteristics indicate the long-distance transport of the
particles.

The structural characteristics of a sedimentary rock can
be identified directly from drilling core data; thus, the
sedimentary environment and facies of the formation can
be inferred. The main sedimentary structures observed
from the core profile revealed the characteristics of delta
front sedimentary subfacies, which contained low-angle
cross bedding, wavy bedding, sandy bedding, and flattened
bedding. The contact interface between sandstone and
mudstone was essentially flat, and no obvious channel
scouring structure was observed. This indicates that the
channel was not the dominant factor of the sedimentation
process. Mudstone was usually deposited between dis-
tributary channels, which had experienced some biological
disturbance (Fig. 3(b)).

Single-well facies analysis can be used to detail the
characterization of drilling core data, which is an aggregate
of lithofacies and sedimentary facies. A series of
characteristics, including the rock composition, internal
structure, sedimentary structure, bedding cycle, grain size
change, color change, and palacontology, can be described
in a single-well facies profile. Figure 4 presents the single-
well facies characteristics of well H17-27. This indicates
that the subfacies type in the study area is that of a river-
controlled delta front with four different microfacies:
distributary channel, mouth bar, sand sheet, and interdis-
tributary microfacies. Among them, the mouth bar
microfacies was found to dominate, and was mainly
composed of fine sandstone and siltstone. This sedimen-
tary process took place under the paleogeographic back-
ground of a gently sloping basin influenced by weakened
tectonic subsidence and an increased source supply (Li
et al., 2012).



896

Front. Earth Sci. 2021, 15(4): 892-908

60

40

Proportion/%

. [ ]

Silty

mudstone

Mudstone Siltstone

F/%

Q%

1—Quartz sandstone
2—Feldspar-quartz sandstone

3—Lithic-quartz sandstone
4—Feldspar sandstone
5—Feldspar-lithic sandstone
6—Lithic-feldspar sandstone
7—Lithic sandstone
Q—CQuartz
F—Feldspar
R—Rock debris

R/%
100

50

75

(a) Lithological statistics

b, ... .

o wmwmmu

gmm ﬁrﬂm»ﬂmw ]

R T W m&\ﬂ

c: Hx17-27,2911.6 m d: Hx17-27, 2915.4 m

e: Hx17-5,2911.3 m—2917.2 m

(b) Characteristics of sedimentary structures

Fig. 3 Lithological statistics and characteristics of a sedimentary core from the study area.

4.2 Pore and throat sizes and their statistical regularity

The average porosity of the sandstone samples was
18.95% and the average permeability was 5.46x107°
um? (Table 1). The permeability of 74.3% of the samples
ranged from 2 x 107 pm? to 8 x 10 um?. The carbonate
rock content of the sandstone was moderate, whereas the
shale content was high. These characteristics affect the
development of pores and throats.

1) Pore and throat sizes

The sandstone samples contained intergranular pores,
intragranular pores, dissolution pores, and matrix micro-
pores. Dissolution pores were the most important pore type
and were categorized into two types: dissolution intra-
granular pores (Fig. 5(a)) and dissolution intergranular

pores (Fig. 5(b)). Intragranular pores were mainly granular
pores formed by dissolution feldspar, with local inter-
granular pores and microcracks. Intergranular pores were
poorly connected and were mainly reduced residual pores
controlled by compaction (Figs. 5(c) and 5(d)). The
primary pore assemblage of the sandstone samples was
found to be dissolved pores-intergranular pores. The
throats in part of the cross section had primarily formed
by shrinkage, and sheet or bent sheet throats were also
observed. Overall, the throats were small, well distributed,
and uneven. The pore connectivity was poor and there was
no throat connection between some large pores; thus, many
pores were observed to be isolated.

The pore throats of clastic rock represent the channels
connecting adjacent pores. There are various types of
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Table 1 Physical parameters of the sandstone samples
Porosity/% Permeability/(10>pm?) Argillaceous content/% Carbonate content/%
Range Average Range Average Range Average Range Average
4-25 18.95 0.03-17 5.46 4.7-15.39 8.5 0.19-21.6 3.8




898

throats, including pore shrinkage throat, sheet throat,
bending sheet throat, and tube-shaped throat, which are
used indicate pore connectivity (Wang et al., 2019).
Obviously, the size, distribution, and geometry of throats
are the main factors affecting the percolation character-
istics of reservoir rocks. The pore throat type of sandstone
in a reservoir differs depending on the contact between
rock particles, the size and shape of sand particles, and the
type of cementation (Guo et al., 2020). The clastic grains of
the sandstone samples were mostly inlaid with each other,
thus leaving a relatively small space for the throats. The
pore throats of the sandstone samples were mainly
composed of sheet throats and bending sheet throats. The
pores were very small and the throats were very fine;
hence, they could become blocked easily. According to the
morphology and connectivity of the throats, they were
divided into four different classes as follows. Class I: very
good connectivity and very regular shape; class II: good
connectivity and regular shape; class III: moderate

Front. Earth Sci. 2021, 15(4): 892-908

connectivity and irregular shape; class I'V: poor connecti-
vity and extremely irregular shape (Fig. 5(f)).

2) Pore and throat statistical regularity

The absolute dimensions of each pore and throat can be
measured by constant-rate mercury injection for statistical
analysis of the distribution rule and proportion of each type
of pore and groove (Gao et al., 2011; Clarkson et al., 2013).
The frequency chart of the pore distribution of the
sandstone samples shows that the average pore radius
was 150 pm, which indicates intermediate porosity,
although the proportion of pores with radii >200 pm
was also relatively large (Fig. 6(a)). However, the average
throat radius was only 15 pum, and the average pore/throat
ratio was 10; therefore, the throats were considered to be
micro-throats (Fig. 6(b)). This finding indicates that one of
the physical parameters of reservoir porosity or perme-
ability was strongly modified during the later diagenesis
stage. In addition, there was also a strong correlation
between porosity and the maximum mercury saturation
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Fig. 5 Types and characteristics of pores and throats. (a): Hx28, 3260.37 m (general); (b): Hx17,2910.65 m (good); (c): H26-5,2915.43
m (very good); (d): Hx38, 2725.45 m (poor); (f): throat characteristics and statistics of sandstone.
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Fig. 6 Quantitative statistics for the constant-rate mercury injection experiment data.

determined in the mercury injection experiments. Hence,
although the physical conditions of the rocks were poor,
their overall porosity was high provided there were many
types of post-reconstruction pores. However, there was a
poor correlation between permeability and the maximum
mercury saturation, which indicates that the former was
less affected by later diagenesis and that the original throats
were preserved (Figs. 6(c) and 6(d)).

4.3 Analysis of uncorrelated physical properties

The pore and throat distribution ranges of the sandstone
samples indicate an intermediate porosity and ultralow
permeability, thus reflecting the abnormal phenomenon of
the correlation between physical parameters. Many related
studies have revealed that a very poor correlation between
physical parameters can be attributed to the influencing
processes of sandstone formation and later transformation
(Bloch and Helmold, 1995).

To ascertain the reason for the poor correlation between
reservoir porosity and permeability in the study area, three
similar reservoirs in other basins were selected for
comparative analysis: the Nenjiang Formation reservoir

in the Songliao Basin, the Shahejie Formation reservoir in
the Bohai Bay Basin, and the Yanchang Formation
reservoir in the Ordos Basin (Wang et al., 2015). These
reservoir sedimentary facies are all river delta facies, and
the composition, grain size, and structure of the corre-
sponding sandstones are similar; thus, it is possible to
determine any correlations between them. The correlation
between reservoir porosity and permeability in the study
area was poor, which is clearly different from the fairly
typical correlations in the other three reservoirs (Fig. 7)
with a high porosity and extremely low permeability.
According to the previous selection criteria, the influence
of sedimentation could be excluded; hence, diagenesis was
considered to be the main reason for this difference (Tang
et al., 2013).

5 Discussion

We infer that the abnormal variation of porosity and
permeability of reservoir sandstone in the study area is
mainly caused by a difference in the diagenesis stage that
occurred after sedimentation. The E;f; sandstone burial
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depth in the study area is more than 2800 m, which should
be classified as tight sandstone characterized by ultra-low
porosity and permeability. However, the porosity of this
sandstone is very abnormal and of a medium level, which
indicates that it has been significantly modified from its
initial value by later diagenesis. Consequently, we can
analyze the diagenesis effect on sandstone porosity to
explore which stage and which process changed the
original porosity (Wang et al., 2018a). Sneider diagram
suggests that the initial sandstone porosity was approxi-
mately 40%. During diagenesis, sandstone underwent
large pore changes during three stages (Zhang et al., 2010).
The first stage involved initial compaction and cementa-
tion, with compaction dominating; these destructive
diagenetic processes reduced the primary porosity. In
addition, an increased quartz content and calcite cementa-
tion during the early stage of diagenesis also reduced the
primary porosity, although the effect was weaker than that
of compaction. The second stage involved dissolution that
created pores. The dissolution of particles and fillings is the
main diagenetic process by which secondary pore zones
are formed. The third stage involved later cementation; for
example, filling with clay minerals such as illite, kaolinite,
and chlorite (Li et al., 2019a). In addition, the precipitation
of pyrite and other minerals also affected the reservoir pore
characteristics to some degree. Although this was a
destructive diagenetic process, its influence was smaller
than that of the initial compaction and cementation (Fig. 8).

5.1 Degree of pore destruction by compaction

Continuous compaction causes an irreversible loss of pore
space in sandstone, with porosity decreasing linearly with
increased depth. According to the regression formula, the
relationship between the decreased rock porosity and
increased depth can be expressed by Eq. (1):

® = 40.35-0.0079H, (1)

where @ is porosity and H is formation depth.

According to Eq. (1), rock porosity decreases by ~8%
for every 1000 m of formation depth.

In addition, under the same compaction conditions, the
decrease in porosity is related to the type of rock. In
general, the pore skeleton of rocks with a good particle
sorting, large particles, and large porosity (e.g., pure fine
sandstone and medium sandstone) is greatly altered by
compression. The porosity of rocks with small grains and
dense pores, or with a high cement content, is less affected
by compaction. Figure 9 presents a statistical map of the
variation in porosity for different types of sandstone with
increasing depth in the study area. The map clearly shows
that with increasing burial depth, the porosity of the rocks
tends to decrease gradually, although sandstones with less
cementation clearly exhibit a more rapid decrease than
those with more cementation. Rocks with higher calcar-
eous and argillaceous contents are less affected by
compaction. Sandstone cements have relatively high clay
mineral and carbonate contents. Therefore, under compac-
tion conditions at approximately 3000 m, the porosity of
the cements decrease by approximately 20%, which is
slightly lower than the average reduction.

5.2 Destruction of pores by cementation

1) Effect of clay minerals

As the formation burial depth increases, the pressure and
temperature also increase. In this process, the interlayer
water is discharged and clay minerals recrystallize
(Ahlberg et al., 2003). Affected by provenance and
sedimentation, the content and type of clay minerals
have complex and variable relationships with burial depth.
The main types of clay minerals in this study included an
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2) Effect of carbonate cements on the physical properties

illite-montmorillonite mixed layer (I-M mixed layer), illite,
kaolinite, and chlorite. Among them, the relative content of  of rocks
The content of carbonate cement in the sandstone pores

the I-M mixed layer was approximately 35%, which was
the dominant component. With increasing depth, the and throats was also relatively high (8% on average).
montmorillonite in the I-M mixed layer transformed to  However, the dissolution of carbonate minerals in the
illite and then chlorite. Therefore, the montmorillonite pores was difficult to observe, possibly as there was only a
content was negatively correlated with depth, although this ~ very small amount of dissolution. This resulted in an
was not obvious (Fig. 10(a)). With increasing depth, the  obvious decrease in rock porosity with an increase in the
proportion of illite usually increases; however, this was not ~ carbonate mineral content (Fig. 11(a)). However, the
the case for the sandstone in the study area (average correlation between the permeability and carbonate
content of 25%), which was not greatly affected by the mineral content was poor. This indicates that the degree
conversion of deep montmorillonite. The main reason for  of dissolution of carbonate minerals in the pores and
the high illite content in shallow areas is that kaolinite  throats was very low during the later diagenesis stage
forms after the dissolution of feldspar and debris trans-  (dissolution); hence, the dissolution of the carbonate
forms into illite, thus resulting in a high illite content cement contributed only slightly to the permeability
throughout the vertical profile (Fig. 10(b)). This is change (Fig. 11(b)). The correlation map of the carbonate
consistent with the development of dissolution in this content and reservoir physical properties shows that the
area. The kaolinite and chlorite contents decreased with  physical properties (especially the porosity) were degraded
as the carbonate content increased.

3) Cement effects analysis
If the cement in the pores is removed completely, the

ratio of pores to the total volume of sandstone can be called
the minus-cement porosity (Houseknecht, 1984; Lei et al.,
2010). This metric can be used to characterize the effects of

increasing burial depth, which relates to mineral dissolu-
tion in the target interval (Figs. 10(c) and 10(d)).
According to the clay mineral content change rule, mineral
transformation due to temperature and pressure plays a
relatively small role, whereas mineral transformation by

dissolution is dominant.
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different types of cementation on the pores in the rock. The
sandstone minus-cement porosity projection can be
presented by using 1) the cement content obtained from
the experiment, and 2) the porosity value after removing
the cement. This can be used to judge the degree of
influence of compaction and cementation of sandstone
pores on the physical parameters of the rock. The minus-
cement porosity projection for the study area suggests that
the physical parameters were affected mainly by compac-
tion, whereas the effect of cementation was not obvious.
Therefore, it can be speculated that the strong compaction
of strata might be the main factor that significantly
decreased the rock porosity and permeability (Figs. 11(c)
and 10(d)).

5.3 Constructive effect of dissolution on pores

The dissolution of rock skeleton particles and diagenetic

minerals in a fluid medium often occurs during diagenesis;
it is a constructive process that can produce secondary
porosity and improve the physical properties of a reservoir
(Zou et al., 2015). Dissolution of sandstone particles or
cements can produce high-quality reservoirs, such as
‘sweet spots’ in tight sandstone reservoirs (Lai et al.,
2020). Organic acids are usually the main cause of the
formation of dissolution pores in sandstone (Mosavat et al.,
2019). Dissolution is very common in sandstone reser-
voirs, whereby feldspar and carbonate minerals are mainly
dissolved. In addition, debris dissolution phenomena are
also observed, but filling dissolution is not obvious (Wang
et al., 2014). The dissolution of feldspar particles is mainly
due to organic acids. The edges of the dissolved feldspar
particles were observed to be generally bay-like, and the
strongly dissolved feldspar particle were either debris-like
or formed intragranular dissolved pores (Figs. 12(a), 12(b)
and 12(c)). Dissolution of carbonate minerals, mostly
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minor calcite dissolution, was also observed under a
microscope and scanning electron microscope (Figs. 12(d),
12(e) and 12(f)). The dissolution degree of carbonate
cements was relatively low and the contribution to
secondary pores was relatively small. Debris dissolution
was not obvious in the studied sandstone and the degree of
dissolution was low. The main dissolution types were
partial dissolution of debris and occasional dissolution of
biological debris (Figs. 12(g), 12(h) and 12(i)). Debris with
a higher degree of dissolution could also form larger
intragranular pores.

The thin section observations and statistical results

Hx10, 3441.65 m (perpendlcular polarlzed light)

H26 5 31 15 80 m (p]ane polarlzed llght)

Fig. 12

H26 5,3115.80 m (perpendlcular polarized light)
(2 (h)

revealed that the dissolution of feldspar was most common
in the sandstone samples, accounting for 69% of the total
dissolution pores. The proportions of pores formed by the
dissolution of carbonate minerals and soft sediment
particles (rock debris) were similar (14% and 13%,
respectively). The dissolution proportion of other particles
(clay minerals) was relatively small (4%); Fig. 13.
Dissolution is the dominant factor altering the porosity
of sandstone, and many types of dissolution can occur in
rocks. There is ample evidence of the degree to which
dissolution can alter the pore structure. The dissolution of
sandstone in the study area was found to be very strong.

H26-5, 3106.25 m (scanning electron microscope)

<. - ale iy )
H26-5, 3106.96 m (scanning electron microscope)

@

Dissolution phenomena in sandstone. (a) feldspar observed by a monopolar microscope; (b) feldspar observed by orthogonal

polarizing microscope; (c) feldspar observed by a SEM; (d) calcite observed by a monopolar microscope; (e) calcite observed by an
orthogonal polarizing microscope; (f) calcite observed by a SEM; (g) debris observed by a monopolar microscope; (h) debris observed by

an orthogonal polarizing microscope; (i) debris observed by a SEM.
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Feldspar accounted for the vast majority of the eroded
clastic particles, the total or partial dissolution of feldspar
has mainly promoted an increased in the number of pores.
The degree of dissolution of the carbonate minerals and
clay minerals filling the pores and throats was very low; the
pore connectivity was not effectively improved, thus
leading to the high porosity-low permeability phenomenon
of this sandstone. Therefore, the correlation between
porosity and permeability can reflect the late diagenesis
of rocks in some ways. The average reservoir porosity was
approximately 19%, thus indicating an intermediate
porosity; however, the pore sorting was not good, and
the pore types were complex and diverse. Intergranular and
intragranular dissolution pores collectively accounted for
~56% of the total pore space, whereas primary pores
comprised only ~43%. A quantitative pore evaluation by
the constant-rate mercury injection experiment gave the
same result. Two obvious peaks were observed in the pore
distribution diagram, with the peak on the left representing
the primary intergranular pores and the peak on the right
representing the dissolution pores (Fig. 14(a)). Their
average values were 100 um and 180 pm, respectively; i.
e., the later was nearly twice that of the former. The main
reason for the pore size increase may have been the
presence of a large number of dissolution pores with a
diameter that was almost twice that of the original pores.
Moreover, the total porosity was approximately 1.5 times
that of the original porosity.

The above analysis indicates that the sandstone porosity
has been obviously affected by later dissolution. We
evaluated 1) whether dissolution occurs in the throats
connecting the pores, and 2) the role of the throats formed
by dissolution in the entire connecting system by using the
results of the constant-rate mercury injection experiment.
Figure 14(b) presents a statistical chart that quantitative
describes the distribution characteristics of the sandstone
throats. This shows that the throat diameter ranged widely
(1-45 pm) and that the average value was very small (~15
pm), thus indicating that dissolution of the filling materials

in the pores and throats was selective and not uniform/
regular (Wang et al., 2018b). Moreover, the proportion of
cement dissolution was not dominant or high. The
dissolution pores in the grains accounted for 40% of the
total pores, whereas the dissolution pores between the
grains accounted for only approximately 16%. Therefore,
it can be inferred that dissolution only increases the
porosity of rocks in the study area, but does not improve
the connectivity between them; thus, the reservoir
porosity is relatively high, but the permeability is very low.

6 Conclusions

1) The sedimentary facies of the E,f; in the study area is
river delta, the microfacies include distributary channels,
mouth bars, sand sheets, and interdistributary, where
mouth bar is the dominate one. Fine grain size and high
argillaceous content are the main reasons for the small
primary pores and poor throat connectivity. However, a
high feldspar content in the sediments promotes the
occurrence of later dissolution, which is a prerequisite
for the generation of a large number of secondary pores.

2) Compaction and cementation are the main destructive
diagenetic processes, which decrease the primary porosity
of sandstone by 60%. However, the secondary porosity of
sandstone dominates due to the strong dissolution of clastic
particles (feldspar, carbonate mineral, and rock debris)
during the later stage of diagenesis. Consequently, the
porosity of the studied sandstone is obviously higher than
that of typical low-permeability sandstones.

3) Feldspar particles in the studied sandstone are the
main object of dissolution transformation, although no
large-scale dissolution was observed for the carbonate
minerals filling pores and throats. Therefore, dissolution
has increased the porosity of rock without significantly
improving the connectivity between the pores. This is
essentially the reason for the high porosity but very low
permeability of sandstone in the study area.
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