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A better understanding of reservoir densification mechanisms is very important

for petroleum exploration and controlling the reservoir quality distribution in

low-permeability reservoirs. Low porosity and low permeability, difficult

reconstruction, and economic infeasibility are important factors restricting

its efficient production. Systematic analysis was performed to study the

evolution of different microfacies in the deltaic depositional setting of the

Paleogene deep low-permeability Gaoshangpu reservoir, define their genetic

mechanisms, delineate the dominant facies belts, and define the favorable

diagenetic sequences that are important for exploration of high-quality

reservoirs. To understand the tight genesis of the low-permeability

reservoirs, we analyzed the sedimentological and diagenetic evolution

characteristics of various microfacies (i.e., underwater distributary channel,

distributary bay, mouth bar, and front sheet sand) using core data and

physical property analysis of the reservoir sand body. The results show the

underwater distributary channel and estuary bar sand body with medium-to

fine-grained and poor–medium sorting. The diagenesis is dominated by strong

compaction, calcareous, argillaceous cementation, and dissolution during

stage B in early diagenesis and stage A in middle diagenesis. In the fan delta

environment, the weak anti-compaction resistance of low-permeability

reservoirs is mainly due to the large content of plastic particles, finer grain

size, andmedium–poor sorting, with an average porosity reduction rate of 65%.

This is a key factor for densification of reservoirs above 3000m. Comparison

among different sandstone microfacies of the deltaic setting shows that the
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sand body of the underwater distributary channel with low shale content has

slightly stronger compaction resistance. The porosity reduction is not obvious

at the depth of 3,000–4,000m, but the loss of permeability at this depth section

is significant, and the reservoir improvement from later dissolution is most

obvious at this depth section. Calcareous cementation is the cause for

densification of some mouth bars in the early stage and of underwater

distributary channels in the middle and late stage. Under the influence of

strong compaction and calcareous-filling pore throat, the sand body of the

mouth bar has been basically densified at 3,000m, resulting in limited reservoir

transformation from later dissolution. The study shows that compaction is the

main cause of reservoir densification, argillaceous and calcareous cementation

is the secondary cause, and later dissolution is another main cause of reservoir

enhancement. The research results can provide a reference and direction for

reservoir development and search for the high-quality sweet spot in the deep

and low-permeability reservoir.

KEYWORDS

reservoir characteristics, deep layer, low permeability, densification, Gaoshangpu
oilfield, Nanpu sag

1 Introduction

Low-permeability sandstone reservoirs or tight reservoirs are

one of the most important hydrocarbon resources worldwide

(Law and Dicknson, 1985; Karim et al., 2010; Zou et al., 2012; Li

et al., 2019a). Many researchers have investigated low-

permeability reservoirs in terms of sedimentological,

diagenesis, and petrophysical properties (i.e., porosity and

permeability) for better control of these important reservoirs

(Xi et al., 2015; Yang et al., 2016a; Lai et al., 2016; Li et al., 2021a).

Typically, low-permeability sandstone reservoir productivity

could be dependent on primary sedimentation conditions or

secondary diagenetic and fractured types, as well as the

development of enigmatic sweet spots or the basin petroleum

system (Shanley et al., 2004; Zeng et al., 2010; Li et al., 2018a).

Such low-permeability reservoirs have unique petrophysical and

sedimentological characteristics that need to be fully understood

to mitigate misunderstanding of these attributes and wrong

subsurface interpretation. For example, identifying the

densification mechanism in low-permeability reservoirs and

the match between the pore evolution history and the

hydrocarbon generation time is of interest to researchers in

critical resource assessment (Bjørlykke, 2014). Diagenesis is

the most effective reservoir control method for forming the

current reservoir conditions (Xi et al., 2015). To predict the

reservoir performance and define the formation mechanism of

these low-permeability reservoirs, a comprehensive knowledge of

the relationships between depositional fabric, routine vs. effective

permeability, and pore geometry under the conditions of

overburden stress is a fundamental request according to

Shanley et al., 2004; Wang et al., 2013; Mingjie et al., 2014; Xi

et al., 2015; Ren et al., 2019. The deep low-permeability reservoirs

are expected to have more complex depositional and diagenetic

features that impact the quality of these reservoirs. However, few

studies have been directed toward the deep low-permeability

reservoirs in different depositional settings and different

microfacies, which remain scarce. Therefore, the example of

the Paleogene deep low-permeability reservoir from the

Gaoshangpu oilfield, Nanpu Sag, China was examined in

this work.

The Gaoshangpu area is a main oil-producing area with high

and stable production in Nanpu Sag and also an oil-rich

depression in the Bohai Bay Basin. The Paleogene Submember

2 + 3 substratum in Section 3 of the Shahejie Formation (Es3
2+3) is

the main oil-bearing series in the Gaoshangpu oilfield (Liu et al.,

2022), in which the low-permeability reserves account for more

than 80% of the undeveloped reserves in the Jidong oilfield. With

the deepening of exploration, the proportion of low-permeability

reserves of undeveloped reserves in the Jidong oilfield is

increasing, which has potential as an important strategic

resource for stable production in the future. The buried depth

of the low-permeability reservoir is 3,000–4100 m, with the oil-

bearing interval having a depth of 600–700 m (Xu et al., 2020),

and the production at different depths and blocks varies greatly.

There are both conventional reservoirs and difficult-to-recover

low-permeability reserves. The proven oil-bearing area of Es3 is

17.4 km2, and the proven geological reserves are 38.02 million

tons, while daily oil production is about 251 tons, that is to say,

the oil recovery rate is only 0.32%. Reservoir heterogeneity is

strong, and physical property span is large with a porosity of 6%–

24% and permeability of 0.5~100 μm2 × 10−3 μm2 (Liu et al., 2022;

Yang et al., 2016b; Xie et al., 2017; Lai et al., 2018). The low-

permeability reserves in deep Gaoshangpu reservoirs account for

a large proportion of undeveloped reserves in the Jidong oilfield.

The reasons for its inefficient exploitation include its tight and

low-permeability features, as well as its hard-to-transform and
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economically unfavorable nature. The evaluation and study of

the deep low-permeability reservoir in Gaoshangpu is of great

significance for the subsequent development policy and its

efficient development. A great deal of study has been carried

out on sedimentary characteristics, diagenetic evolution,

heterogeneity, time-varying characteristics, sensitivity, etc.

(Gao et al., 2016; Li et al., 2018b). The possibility and

favorable controlling factors of the high-quality reservoirs in

the middle and deep layers of Nanpu Sag are discussed in detail,

which not only enhances the confidence in the exploration and

development of deep oil and gas resources but also points out the

direction for efficient exploration and development of high-

quality reserves in the middle and deep layers. However, the

difference in diagenetic evolution of different micro-facies

reservoir sand bodies, the tight genetic mechanism of low-

permeability reservoirs, and the diagenetic evolution of

dominant reservoir facies sand bodies still need to be studied

in depth. Also, it is the key factor in determining favorable

sedimentary and diagenetic facies belts and predicting favorable

desert areas. Based on the theories of sedimentology, reservoir

geology, and development geology, the authors carried out the

research through the data of core observation, thin section

identification, scanning electron microscope, X-ray diffraction,

and physical property analysis.

Through systematic analysis of the formation and evolution

of different micro-facies reservoirs in the fan delta, the genetic

mechanism of low-permeability reservoir and the dominant

facies belts and favorable diagenetic sequences are defined,

and meanwhile, the possibility of high-quality reservoirs

formed in deep low-permeability reservoirs is further

explored. It provides a geological basis for oilfield increase in

reserves and production, as well as for efficient development of

the Gaoshangpu reservoir, andmeanwhile, it provides a reference

for evaluation of other low-permeability reservoirs in

Nanpu Sag and similar areas that have the same geological

conditions.

2 Geological setting

Gaoshangpu oilfield is located in the northern part of

Nanpu Sag and the eastern part of the structural belt next to

FIGURE 1
Structure location and well location map of the Gaoshangpu oilfield.
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Liuzan oilfield. The northern part of the oilfield is sandwiched

by the Xinanzhuang and Baigezhuang faults (Figure 1). It is an

anticline structure complicated by faults. The main structure

covers an area of about 20 km2 with developed faults and

broken fault blocks. The deep low-permeability Gaoshangpu

reservoir, which is NW-trending, is located on the upthrown

side of the Gaoliu fault in the steep slope zone of the Nanpu

Sag. It is cut into several fault blocks by NW-trending, NE-

trending, and nearly EW-trending faults. The Quaternary

Pingyuan Formation (Q), Neogene Minghuazhen

Formation (Nm), Guantao Formation (Ng), Paleogene

Dongying Formation (Ed), and Shahejie Formation (Es) are

developed from top to bottom in the Gaoshangpu oilfield. The

Shahejie Formation can be further divided into Es1, Es2, and

Es3. There are five sets of marker beds in the whole formation.

The largest marker bed in this area is the mudstone section of

the oil group 0 in sub-member of Es3.

Es3 was in the developing stage in the fault basin. A set of fan

delta sedimentary bodies deposited rapidly near the source and

steep bank with strong alluvial capacity, and the provenance lies

in the north and NE. Two subfacies developed, namely, fan delta

front and pro-fan delta, of which the fan delta front can be

divided into four microfacies as the underwater distributary

channel, distributary bay, mouth bar, and front sheet sand,

and the pro-fan delta mainly develops far sand bars

(Figure 2). The sediments are dominated by lithic feldspar

sandstone, with low component maturity and structural

maturity. The sand body of an underwater distributary

channel is characterized as fining upward, and the erosion

surface can be seen in some locations. The natural gamma

curve is box-shaped or bell-shaped. The sand body of the

mouth bar is characterized as coarsening upward, with

obvious cross bedding on the top and a funnel-shaped natural

gamma curve.

FIGURE 2
Sedimentary facies diagram of the Gaoshangpu Oilfield.
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3 Samples and methods

3.1 Samples

In this study, the experimental samples came from the

sandstone of the third member of the Gaoshangpu Oilfield. In

order to analyze the difference in the storage performance of the

reservoir rock under different depositional environments and

depth conditions, targeted sampling of reservoirs is carried out in

different depositional environments, and the sampling depth is

between 3,200 and 4300 m.

3.2 Experimental methods

3.2.1 Porosity and permeability test
The porosity and permeability tests of samples adopt the AP-

608 overburden porosity-permeability tester. Before the

experiment, the sandstone sample is made into a cylindrical

shape of 1 cm × 3 cm (diameter × length), and the cylindrical

sample is placed in the experiment process. In the Hassler core

holder, the porosity and permeability tests are automatically

measured by the instrument. The permeability is obtained by

the non-steady state pulse attenuation, and the porosity test

passes the Boyle’s law test.

3.2.2 Storage space type
The observation of the storage space type adopts the casting

thin section and scanning electron microscope. The casting thin

section is made by the ZT-2 rock casting instrument. The

samples will be evacuated during the production process. The

casting body is made of colored epoxy resin. The observation of

the type of thin pore space is carried out with an

XP607 polarizing microscope.

The scanning electron microscope test uses a Quanta

450 environmental scanning electron microscope produced by

FBI Company to observe the microscopic pore structure of shale.

Before the experiment, the sample is cut into dimensions of

5 mm × 5 mm × 3 mm, and the surface of the experimental

sample is polished with argon ions. At the same time, an ion mill

is used to show and grind the sample to eliminate surface

irregularities. The processed sample is placed on the sample

table, and SEM is used to observe the type of pores on the

polished surface.

3.2.3 Pore structure
The pore structure of the sample was obtained by a high-

pressure mercury intrusion experiment PoreMaster60 automatic

mercury intrusion instrument produced by the United States

Conta Company. Before the experiment, the sample was made

into a 2.5 cm × 3.5 cm (diameter × length) standard core. The test

process was carried out in a well-ventilated, room-temperature

environment. The experiment process adopted continuous

pressure, and the pore median radius was automatically

calculated by the instrument.

4 Results and discussion

4.1 Reservoir characteristics

4.1.1 Sedimentology characteristics
Es3 is a set of fan delta sedimentary products, close to the

provenance. Several types of sedimentary microfacies, such as

underwater distributary channels, mouth bars, sheet sands,

interdistributary bays, and distal bars, are developed. The sand

bodies developed under different sedimentary microfacies have

huge differences in scale and reservoir effectiveness. For the study

area, the effective reservoir is mainly composed of an underwater

distributary channel and mouth bar (Wang et al., 2010; Wang

et al., 2013). The shale content in underwater distributary

channels and mouth bars is low, with coarser grain sizes and

larger-scale sand bodies. However, sheet sand, interdistributary

bay, and distal bar mainly consist of argillaceous siltstone,

siltstone, and mudstone with relatively small sand body scale.

Therefore, the following mainly introduces the underwater

distributary channel and mouth bar.

4.1.2 Lithological characteristics
Deep low-permeability Gaoshangpu reservoirs are

dominated by medium and fine sandstones, with 67%–91%

rigid grain composition and an average ratio of about 81.4%.

The contents of cuttings, feldspar, and quartz are roughly the

same, mostly feldspar sandstone and feldspar lithic sandstone

FIGURE 3
Triangular classification map of sandstone skeleton
composition in deep low-permeability reservoirs in Gaoshangpu.
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(Figure 3). The cement is mainly argillaceous and calcareous, as

well as quartz overgrowth. The argillaceous content is 2%–19%,

with an average of about 8.4%. The average content of cement is

5.6%, and the main types of cement are porous cementation and

line contact cement. The clay minerals are mainly composed of

illite–montmorillonite mixed layer and chlorite. The detrital

sediments are characterized by strong erosion, rapid

transportation, and rapid accumulation (Fan et al., 2020b; Fan

et al., 2020c).

The sand skeleton particles in the underwater distributary

channel are poor–medium sorted with the sorting coefficient

ranging between 1.41 and 2.17. The roundness is medium, the

particle size lies between 0.18 and 0.59 mm, and the shale content

is generally less than 7%. The mouth bar is characterized as

inverse grading. The lithology is mainly fine sandstone and

medium sandstone, with the sorting coefficient between

1.23 and 1.45. The roundness is good, with the particle size

lying between 0.15 and 0.32 mm. Argillaceous content is slightly

higher, ranging from 5% to 10%. The sediments in the distal bar

are relatively fine, which are deposited in the process of the sand

body being pushed to the lake, developing into a transitional

relationship with the pre-delta mudstone, where very few thin

coarse sand layers can be seen. The sorting coefficient is between

1.9 and 4.2. Sand body roundness is medium–good, with the

particle size between 0.02 and 0.13 mm. The shale content is

generally greater than 10%. The sediments of the sheet sand and

the mouth bar are similar. The differences lie in the shape of the

sand body and the amount of shale content. The shale content of

sheet sand is slightly higher, which is mainly reflected in

argillaceous lamina, silty mudstone, and mudstone

interbedded development.

4.1.3 Physical characteristics
According to the analysis results of the rock porosity test,

the porosity of the deep low-permeability Gaoshangpu reservoir

is mainly distributed between 6%–20%, accounting for 80%

porosity, with the average porosity being 14.3%. The reservoir

permeability is mainly distributed in 1 μm2 ×

10−3 μm2–10 μm2 × 10−3 μm2 and 20 μm2 ×

10−3μm2–50 μm2 × 10−3 μm2, and the average permeability is

9.98 μm2 × 10−3 μm2. According to the classification standard of

reservoir porosity in the petroleum industry (ST/T 6285-1997),

the reservoir is a low-permeability to ultra-low-permeability

reservoir (Figure 4). The physical properties of the underwater

distributary channel and mouth bar are the best. The average

porosity is 18.5% and 15.1%, respectively, and the average

permeability is 17.8 μm2 × 10−3 μm2 and 12.5 μm2 ×

10−3 μm2, respectively. The porosity and permeability of the

interdistributary bay sand bodies have no obvious changes in

different diagenetic stages, and the porosity is between 5% and

15%, and the permeability is between 0.01 μm2 × 10−3 μm2 and

0.5 μm2 × 10−3 μm2. The porosity and permeability of the far-

bar sand bodies decrease with the deepening of the diagenetic

stage. The porosity is between 5% and 20%, and the

permeability is between 0.01 μm2 × 10−3 μm2 and 0.5 μm2 ×

10−3 μm2. The porosity and permeability of the sheet sand

reservoir have obvious differences at different depths. The

porosity is between 5% and 15%, and the permeability is

between 0.01 μm2 × 10−3 μm2 and 5 μm2 × 10−3 μm2.

4.1.4 Reservoir space types and characteristics
According to the observation results of the scanning

electron microscope and microsection, the pore types of the

reservoir include primary residual pore, intergranular

solution pore, intragranular dissolved pore, mold pore, and

other clay micropores (Figure 5). Intergranular and

intergranular dissolution pores are well-developed (Figures

5A,E,F), accounting for 8%–90% and 5%–15%, respectively,

and primary residual intergranular pores accounted for 3%–

32.6%. The selective dissolution leads to uneven distribution

of dissolved pores between and within grains, resulting

in further enhancement of reservoir heterogeneity,

FIGURE 4
Histogram of physical property distribution of high-depth and low-permeability reservoirs.
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complicated pore throat structure, and poorer pore

connectivity (Figure 5).

There are several types of pore throat structures, such as

medium pore with medium–fine throat type, medium–fine pore

with fine throat type, fine pore with fine throat type, and

micropore with micro-throat type (Figure 5). Throat types are

mainly necking, schistose, or micro-throats with poor

connectivity (Figures 5B–D). The high-value range of the

throat width is 15.38–62.32 μm and the low value range is

1.27–2.98 μm, with an average throat width between 5.73 and

19.97 μm. The coordination number indicates the number of

throats connecting the pores. The maximum coordination

number is 1–5, and the average coordination number is

0.02–0.42, which determines that it is a coarse throat with a

low coordination number, and the pore connectivity is medium

to poor.

4.2 Characteristics and evolution
sequence of diagenesis

4.2.1 Features of diagenesis
The Es3 Formation in the Gaoshangbao oilfield is buried

below 4000 m, and the diagenesis is complex (Figure 6). Based on

the relationship between physical property and depth and the

relationship between the initial porosity and the separation

coefficient proposed by Lundegard, the primary porosity of

the surface of the subaqueous distributary channel reservoir is

estimated to be 37%–45%. The initial porosity of the mouth bar is

39%–55%. The overall compaction rate of the deep low-

permeability Gaoshangpu reservoir is 66.3%, which shows

medium–strong compaction. The cementation is dominated

by carbonate minerals and argillaceous cementation, with a

small amount of kaolinite and siliceous cementation filling

and feldspar dissolution, which account for 7.5% of the

secondary pores in the study area. The characteristics of

reservoir diagenesis of different sedimentary microfacies are

studied. The results show that the overall compaction of the

underwater distributary channel is weak, and the particles are

mainly in point or line contact. The content of shale is relatively

small, and the cementation is mainly siliceous and calcareous

cementation. The secondary growth of quartz can be enlarged to

grades II–III. The authigenic microcrystalline quartz can also be

seen (Figure 5E). The average content of quartz cement is 2.0%.

Most corrosions are feldspar dissolution, and a small amount of

corrosions are debris dissolution. The compaction is gradually

enhanced in the middle and late stages of diagenesis with strong

calcareous cementation (Li et al., 2019c; Li et al., 2020; Li et al.,

FIGURE 5
(A). Reservoir space types of the high-deep reservoir of the third member of Shahejie Formation in Gaoshangpu oilfield, Nanpu Sag. (A).
GJ3102-8, 3,131.24 m, gravel-bearing medium sandstone in the underwater distributary channel, with developed primary pores and a small amount
of intergranular and intragranular dissolution pores, and the throats are flaky and bundled throats; (B). G32-30, 3,476.1 m, distributary estuary bar fine
sandstone, dissolution pores, mold holes, throats are mainly bundled, and fine throats; (C). G58-33, 3629 m, sheet sand argillaceous fine
siltstone, few remaining primary pores, mainlymicropores, and intragranular dissolved pores in the clay, and fine throats as themain throat; (D). G83-
10,3663.8 m, far sand bar argillaceous fine siltstone, basic pores are basically not developed, a few secondary dissolved pores are developed, there
are more clay micropores, poor pore permeability, and fine throat mainly; (E). GJ5-44, 3169 m, intragranular dissolution pores of feldspar; (F). GJ5-
44, 3,164.8 m, remaining intergranular pores.
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2021b; Li, 2022). The primary intergranular pores and solution

pores are developed in the early stages, and the solution pores are

dominant in the middle and late stages.

The reservoir sand body of the mouth bar was initially

compacted above 3000 m, and then the reservoir was further

densified by mechanical compaction. The diagenesis is mainly

calcareous cementation and strong compaction. The average

content of calcite is 5%, and the highest value can reach 14%.

Calcite replacing feldspar could be seen, and the dissolution is

weak. The silicon content increased, and calcareous cementation

is obviously enhanced. Calcite–crystal cementation can be seen

locally, showing a calcium tip on the curve. Intergranular pores

are commonly found as residual intergranular micropores and

dissolved pores, which come from feldspar and debris

dissolution. The distal bar, sheet sand, and interdistributary

bay have higher plastic mineral content. After strong

mechanical compaction and calcareous cementation above

3000 m, a few intergranular pores with weak siliceous

cementation and dissolution remain. Dissolution mostly

occurs in feldspar and lithic minerals along fractures or

bedding (Li et al., 2019b; Fan et al., 2020a; He et al., 2020; He

et al., 2021; He et al., 2022a; Li et al., 2022a; Li et al., 2022b; Fan

et al., 2022).

4.2.2 Diagenetic stages
Deep low-permeability Gaoshangpu reservoirs have been

subjected to diagenesis, such as strong compaction,

cementation, and dissolution (Guo et al., 2019). Sampling

distraction in the study area showed that the reflectance of

vitrinite ranged from 0.5% to 0.9% and the ratio of the illite/

smectite interlayer from 25% to 70%, with an average of 55%.

Primary pores and secondary pores are well-developed.

Primary pores are mainly developed in the middle and

lower parts of the layers, and secondary pores are

concentrated in the lower part of the reservoir. According

to the classification criteria for diagenetic stages of clastic

rocks (ST/T5477—2003), the diagenetic stage in the studied

reservoirs is between early diagenetic stage B and middle

diagenetic stage A (Figure 7).

4.2.3 Diagenetic sequence
Diagenesis is an important factor affecting reservoir quality.

Reservoir types with different pore structures and physical

properties result from distinct diagenetic sequences, diagenetic

stages, and diagenetic evolution (Zhu et al., 2009; He et al., 2022b;

Wang et al., 2022). Based on the assemblage of diagenetic

minerals of deep low-permeability Gaoshangpu reservoirs, it

FIGURE 6
Burial history of Es3

2+3 in well G87 in the Gaoshangpu oilfield.
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can be preliminarily determined that the sequence of diagenetic

minerals or diagenesis is as follows:

Microcalcite-silica I stage overgrowth-weak dissolution of

feldspar, debris-silica II stage overgrowth-kaolinite precipitation-

large-scale feldspar, and lithic dissolution-silica III stage

overgrowth-intergranular pores filled with quartz-(iron-

bearing) calcite filling-dolosparite-weak dissolution.

4.3 Influencing factors of low-
permeability reservoir

4.3.1 Influence of sedimentary environment and
sediment composition on reservoir

Due to the difference in hydrodynamic conditions and

transport distances in each sedimentary environment,

skeleton composition, grain structure, and impurity content

of different microfacies sand bodies have different

characteristics, which also have a profound influence on the

evolution sequence and degree of burial diagenesis (Jiang et al.,

2004; Li et al., 2010). With the increase in shale content and the

decrease of average grain size, the diagenetic compaction

becomes more intense (Wu et al., 2020; ZinsaloJoël et al.,

2021). The physical properties of the distributary channel,

mouth bar, distal bar, and sheet sand reservoir at the same

buried depth become worse successively. Due to the strong

hydrodynamic conditions, the coarse sediment particles,

slightly low content of miscellaneous base, and burial depth

above 3500 m, the physical properties of the underwater

distributary channel and distributary mouth sand bar are

far better than those of the far sand bar and sheet sand.

Among them, the underwater distributary channel is the

best, and the permeability is nearly 10 times higher than

that of the sand body of the mouth bar. Some far sand

bars, sheet sand, beach bars, and thin sand layers in bay

sand sheets buried more than 3000 m deep have already

been densified.

When the buried depth exceeds 3000 m, the pore reduction

of the underwater distributary channel is not obvious. However,

the permeability decreases more significantly, while the situation

of the sand body of the mouth bar is the opposite. Affected by

water erosion, the energy of the water body of the underwater

distributary channel is stronger when deposited; the mud content

is lower than that of the mouth bar, and the pore is less affected

by compaction. After the burial depth exceeds 3000 m, the

overburden pressure of the skeleton particles increases and the

porosity decreases only a little, but the contact between particles

changes gradually from point contact to line contact, and thus the

FIGURE 7
Division of diagenetic stages of the Gaoshangpu oilfield (modified by Jidong oilfield exploration and development research institute).
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throat radius is significantly reduced (Figure 8). Therefore, the

permeability loss is more than that of the estuary bar, but the

porosity loss of the estuary sand bar reservoir with finer grain size

and more plastic content is more obvious. With the intensity of

compaction, the pore throat size decreases significantly, leading

to reservoir densification in the underwater distributary channel.

The particle size and shale content not only determine the

intensity of compaction in the early stage and fluid activity in

the later stage of the reservoir but also the intensity of later

corrosion and cementation.

4.3.2 Effect of compaction on reservoir
densification

The mechanical compaction becomes stronger with the

increase in the buried depth of the reservoir. Low-

permeability Gaoshangpu reservoir is deeply buried, whose

main diagenesis are compaction and pressure dissolution (Gao

et al., 2016). Under the same material condition, the pore

structures of reservoirs at different depths are compared. The

result shows that with the increase of burial depth, the radius of

the pore throat decreases in multiples, and the permeability

FIGURE 8
Physical properties of the underwater distributary channel and estuary dam reservoirs changewith buried depth. (A). Variation of porosity of the
underwater distributary channel reservoir with buried depth. (B). Variation of permeability of the underwater distributary channel reservoir with burial
depth. (C). Variation of porosity of the Hekouba reservoir with buried depth (D). Variation of permeability of the Hekouba reservoir with buried depth.
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FIGURE 9
Microscopic characteristics of underwater distributary channel reservoirs at different depths and corresponding mercury intrusion
characteristics. (A) a1. G65-1, 3225 m, median particle size 0.32 mm, mud content 3%, sorting coefficient 1.76, pore throat radius: 3.73 μm; (B) b1.
G62-35, 3602 m, median particle size 0.3 mm,mud content 2%, sorting coefficient 1.85, pore throat radius: 1.48 μm; (C) c1. G66X5, 4285 m, median
particle size 0.34 mm, mud content 2%, sorting coefficient 1.68, pore throat radius: 0.4 μm.

FIGURE 10
Relationship between carbonate content and physical properties of reservoir sand bodies in estuary bars and underwater distributary channels.
(A). Relationship between porosity and carbonate content; (B). Relationship between permeability and carbonate content.
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decreases exponentially. The original porosity of deep low-

permeability Gaoshangpu reservoirs is 42%, and the porosity

could be reduced to 17.26%–28.24% due to the compaction, with

an average value of 20.8%. The compaction above 3800 m is

generally less than 75% (Figures 9A,B), which is medium–strong

compaction, while it could reach more than 75% below 3800 m,

which is strong compaction. The average porosity below 3500 m

in the study area is 15.5%, and the porosity reduction rate due to

compaction is 65% (Figure 9C), which is medium–strong

compaction. The proportion of reservoir porosity damaged by

compaction increases gradually from the underwater distributary

channel, mouth bar, far sand bar, and sheet sand. The underwater

distributary channel sand bodies with coarse grain size, high

maturity of grain structure, and low content of impurities have

stronger compaction resistance, and the damage of porosity

reduction by compaction is weak (Figure 9).

4.3.3 The differential effect of cementation on
reservoir

Cementation is another main cause of reservoir densification.

The degrees of cementation vary dramatically among low-

permeability reservoirs of different microfacies. When the

carbonate content exceeds 4%, the physical properties of the

underwater distributary channel and mouth bar sand bodies

show a significant decrease (Figure 10), with porosity basically

less than 13% and the permeability less than 1 μm2 × 10−3 μm2.

There are two explanations for it. On the one hand, the carbonate

cementation of sand bodies at the edge of channel sand bodies or

toward the lake, as well as the sand bodies developed in thin

interbeds of sand and mud, is stronger. The porosity loss of the

distal bar reservoir due to cementation is significantly higher

than that of the estuary sand dam. On the other hand, during the

cementation development, underwater distributary channels are

deposited earlier than the mouth bar and distal bar sand bodies,

with better preservation of intergranular pores and relatively

undeveloped early calcium cementation. The components of

early calcareous and argillaceous cement increased gradually

in the mouth bar and distal sand bar reservoirs. While the

primary intergranular pores and throat were poorly preserved,

and the late calcareous cementation has an obvious influence on

the underwater distributary channel reservoir with relatively

well-preserved pores.

4.3.4 The effect of dissolution on reservoir
Dissolution is a commonly developed diagenesis in reservoirs

in the study area, which plays an important role in improving the

quality of reservoirs in the middle and late stages and is also the

main reason for development of high-quality reservoirs (Wang

et al., 2010; Lan et al., 2014; Wang and Chen, 2016; Li et al.,

2018c; Li et al., 2022c). The organic acid released during the

maturation of organic matter dissolves the feldspar particles in

the reservoir. Affected by diageneses such as compaction and

cementation of early diagenesis, the physical properties of the

reservoir were damaged to some extent, and the effect of

dissolution on the densified reservoir is limited. For

underwater distributary channel reservoirs with good original

properties, the cumulative porosity damage of compaction and

cementation averages to about 50%. After compaction, the

porosity of the mouth bar reservoir is damaged by more than

60% on average, and the fluid activity is restricted seriously in the

later stage. The occurrence of reservoir dissolution is directly

related to the activity of formation water. Among the underwater

distributary channel sand bodies, feldspar has suffered strong

dissolution, followed by mouth bar sand bodies. The physical

properties of reservoirs in these genetic types of sand bodies may

be improved obviously. Microscopic thin-section analysis shows

that the content of feldspar-dissolved pores in low-permeability

reservoirs is less than 5%, indicating that the lack of dissolution in

low-permeability reservoirs is another important reason for

reservoir compactness. After the dissolution of different

microfacies reservoirs, the difference in reservoir quality is

further increased.

4.4 Densificationmechanism of deep low-
permeability Gaoshangpu reservoir

By comparing different microfacies reservoirs with the

same burial depth, it can be seen that after the early diagenetic

evolution, reservoir sandbodies of different grain sizes,

sorting, and shale contents have distinct characteristics at

the depth of 3,000–3500 m (Figure 5). In the process of

diagenetic evolution, the underwater distributary channel

reservoirs with coarse grain size, less shale content, and

better sorting preserved better primary intergranular pores

(Figure 5A). Primary pores could be preserved at this depth,

and dissolution pores and primary pores are developed in this

section, which are favorable for dissolution of the reservoir as

acid fluids carried by the expulsion process can enter the

reservoir during the late formation water activity. The grain

size of the reservoir sand body in the mouth bar is slightly

finer, and the clay content is slightly larger (Figure 5B).

Therefore, during the early stage of mechanical

compaction, a large number of plastic particles in the

reservoir have been adjusted by compaction, arranged in

layers, accelerated by pressure solution, and so on, and

therefore the porosity has been significantly reduced. The

porosity of this depth interval is 5%–10% less than that of

the subaqueous distributary channel reservoir sand body, and

the permeability is about 10 mD–200 mD less. Most of the

sandbodies in the interdistributary bay, distal bar, and sheet

sand above 3000 m have been densified (Figures 5C,D). The

reservoir is of low permeability and ultra-low-permeability

with a porosity of only 5%–15%, permeability less than 10 mD,

and a pore throat radius less than 0.2 μm. In the later stage, the

fluid percolation capacity is poor and the dissolution
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transformation is not obvious. The early densification of

reservoirs results from strong compaction and pressure

dissolution in the early stage with a high content of plastic

particles and weak calcareous cementation in the early

diagenetic stage. The reservoirs formed with different

sedimentary microfacies above 3000 m are characterized by

different grain sizes, shale content, and sorting, which are the

main factors affecting the reservoir densification.

The mouth bar sand bodies penetrate into the lake, and the

dissolved calcium in the river gradually precipitates out in the

sediment. Calcareous cementation was developed in the early

diagenetic stage, and hence a large amount of calcite with crystal

cementation resulted in densification of the reservoir. In the later

period, only a few particle components were dissolved by fluid

activity, and some micropores and intergranular pores were

formed. If the dissolution lasts for a long time, casting pores

can be formed. Among some mouth bar sandbodies with a

slightly higher clay content, calcareous cementation is

generally not developed. In the process of diagenetic

evolution, the compaction resistance of the reservoir is poor,

so the reservoir section has been densified at this depth. High

shale content, fine grain size, and calcareous cementation are the

main reasons for low permeability and densification of the mouth

bar reservoir. Its degree of corrosion is relatively less obvious than

that of the underwater distributary channel sand body. The

plastic particle content of distal bar and sheet sand is very

high, and the compressive strength is weak. A large number

of primary pores have been lost during the early diagenetic stage

A. After the early diagenetic stage, argillaceous cementation and a

small amount of calcareous cementation have filled up most of

the primary pores. The porosity is only about 10%, and the

permeability is as low as 0.5 mD–10 mD at a depth of

3,000–3500 m, which indicates that the early diagenetic stage

has resulted in severe densification of these micro-facies

reservoirs. Strong compaction is an important reason for

reservoir compaction.

Volume fracturing is conducted to communicate some

dead pores because of the underwater distributary channel

with undeveloped calcareous cementation and parts of the

reservoir sand body with decreased permeability of the mouth

bar. The connectivity between pores and sand bodies ensures

efficient production of such reservoirs. For low-permeability

reservoirs with calcareous development, acidizing and

fracturing could be used to improve connectivity and

increase production.

In the sedimentary environment of fan delta, the fast

accumulation of sediments, low degree of sorting and

grinding, and relatively high content of mud and plastic

particles, such as debris particles, lead to weak compaction

resistance of reservoirs, which is the main reason for strong

compaction of deep low-permeability Gaoshangpu reservoirs.

When the reservoir is compacted and densified, there is

limited space for later dissolution, and therefore,

differential development of calcareous cementation leads to

further densification of the reservoir. In summary, shale

content, cuttings, and burial depth are the main factors

that determine the density of deep low-permeability

Gaoshangpu reservoirs. Calcareous cementation determines

the middle and late diagenesis of the underwater distributary

channel reservoir. The development of later dissolution has a

significant effect on the improvement of underwater

distributary channel reservoirs and is one of the important

factors for favorable development of reservoirs. Calcareous

cementation is more developed in mouth bar reservoirs in the

early stages, resulting in the reservoir being densified at a

depth of 3000 m, and the later-stage fluid erosion being

weaker.

5 Conclusion

(1) In the sedimentary environment of the fan delta, factors such

as rapid accumulation of sediments, high shale content, fine

grain size, and medium sorting determine the weak

compaction resistance of the deep low-permeability

Gaoshangpu reservoir, which is the decisive factor for

densification of the reservoir as the buried depth

increases. Mechanical compaction and pressure solution

lead to large porosity reduction and limited fluid

dissolution in the later stage.

(2) The diagenetic evolution of the reservoir varies slightly

under different sedimentary microfacies. Due to its

relatively strong compaction resistance, the underwater

distributary channel reservoir is significantly transformed

by middle and late diagenesis. Dissolution is the main

reason for reservoir improvement. During the middle

stage of the diagenesis, the porosity was further reduced

due to development of compaction, pre-solution, and

cementation. At a depth of 3,000–4,000 m, compaction

has a significant effect on reservoir permeability, which

decreases by about 10 times, but the porosity does not

reduce significantly.

(3) The sand body of the mouth bar is obviously influenced by

sedimentation and diagenesis. Shale content, sorting, and

particle size are decisive factors in the early diagenetic

evolution. Strong compaction and calcareous cementation

are the main reasons for densification of the reservoir at

3000 m, and delayed dissolution has a limited effect on

reservoir reformation. The distal bar and sheet sand bar

are most affected by sedimentation. In the early diagenesis

stage, the reservoirs have been compacted and densified.

However, the dissolution and transformation effect is very

weak in the middle and late stages. The reservoir above

3000 m is of low permeability and ultra-low permeability.

(4) Feasible measures to efficiently exploit such reservoirs

include volumetric fracturing at reservoirs with low
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coordination numbers, communicating broadly developed

dead pores, and improving connectivity.

(5) The study provides a geological basis for oilfield increase in

reserves and production, as well as for efficient development

of the Gaoshangpu reservoir, and meanwhile, provides a

reference for evaluation of other low-permeability reservoirs

in Nanpu Sag and similar areas that have the same geological

conditions.

(6) The study provides a general reference for low-permeability

reservoirs that are deposited in deltaic depositional settings.
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