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Abstract: The Paleogene Enping Formation in the Huizhou Sag, Pearl River Mouth Basin, has been
identified as a key target for deep oil and gas exploration. However, research on the diagenesis
of these deep reservoirs still remains limited. This study evaluated the role played by diagenetic
processes on the reservoir quality of the Paleogene Enping Formation in the Huizhou Sag, Pear] River
Mouth Basin, from braided river deltas to meandering river deltas. A core observation, thin section
examination, cathode luminescence analysis, scanning electron microscopy, mercury penetration,
porosity—permeability test, and other analytical methods were performed to analyze the diagenesis
and its impact on the physical properties of the deep, low-permeability sandstone reservoirs in the
Enping Formation within the study area. It was shown that the reservoir composition maturity
of the Paleogene Enping Formation in Huizhou Sag is relatively high, and the reservoir space is
dominated by dissolved pores, accounting for more than 48.2%. The deep and ultra-deep clastic
reservoirs are typically characterized by “low porosity, low permeability, and strong heterogeneity”.
In particular, the reservoir space of the deep, low-permeability reservoir of the Enping Formation is
significantly affected by diagenesis in which mechanical compaction notably altered the porosity of
the Enping Formation reservoir, with a reduction in pore volume ranging from 12.5 to 27.2% (average
18.9%); cementation usually enhances pore reduction by between 2.1 and 28.7% (average 11.7%),
while dissolution has resulted in an increase in pore volume ranging from 1.4 to 25.6% (average
10.1%). A further analysis revealed that the deep reservoir type in this region is characterized by
“densification”, as evidenced by the correlation between reservoir porosity—permeability evolution
and hydrocarbon accumulation.
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1. Introduction

The diagenesis of clastic rock reservoirs and its impact on reservoirs’ physical proper-
ties has always been a research hotspot and a challenging topic, which is of great significance
for deep oil and gas exploration and development [1-4]. The continuous advancement in
oil and gas exploration technology has led to the discovery of an increasing number of
deep and ultra-deep oil and gas resources. These newly discovered areas are poised to
become significant contributors to the global reserves and production of oil and gas [5-9].
Compared with conventional reservoirs, deep clastic rock reservoirs have undergone a
more complex diagenetic process and are often characterized by “low porosity, low per-
meability, strong heterogeneity” [10,11]. Although destructive diagenesis can cause the
physical properties of deep reservoirs to deteriorate, they can still become high-quality
reservoirs under specific conditions [12-16]. Therefore, studying the diagenesis of deep
clastic rock reservoirs and its impact on reservoirs’ physical properties can help effectively
predict the distribution of favorable reservoir zones so as to provide a reliable geological
basis for deep oil and gas exploration.
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Currently, it is generally suggested that factors such as particle size, sorting degree,
and compositional components affect the initial properties of tight sandstones [17,18].
Diagenesis, however, plays a pivotal role in determining their final characteristics, exerting
significant control over the heterogeneity and reservoir properties of deep clastic rock
reservoirs [18,19]. The relationship between diagenesis and reservoir quality is mainly
reflected in the impact of different types of diagenetic processes on pore development and
pore evolution in the reservoirs [20,21]. Generally speaking, deep sandstone reservoirs are
controlled by compaction and cementation, leading to reduced porosity and permeability,
and resulting in the reservoirs having poor physical properties overall [22-25]. However,
many scholars have found that there are a large number of primary pores and secondary
dissolution pores in deep sandstone reservoirs, effectively improving the performance of
the reservoirs [26,27]. For instance, grain coatings composed of authigenic clay minerals
(chlorite and microcrystalline quartz) often prevent contact between the grain surface and
diagenetic fluids, inhibiting the occurrence of cementation, thereby playing a crucial role
in preserving primary pores [28-30]. Yan Zhenghe et al. conducted experiments on the
mechanical properties of offshore loose sandstone reservoirs [31]. Their research suggests
that the abnormally high pressure that developed in the deep layers effectively slowed
down the occurrence of cementation, resulting in distinct zones of high-quality reservoir
development [31]. Ortiz-Orduz et al. studied the Cachiri Group’s tight sandstone reservoirs
and found that the dissolution of carbonates and feldspars produced secondary pores,
enhancing the reservoir quality in the region [32]. Although a large number of primary
and secondary pores are found in deep sandstones, their diagenesis is still subjected to
comprehensive control by various factors such as basin properties, tectonic evolution,
sedimentary types, burial processes, fluid properties, and diagenetic physical and chemical
environments in different regions [33-36]. Therefore, more detailed research should be
conducted on the types of diagenesis in different regions and their impact on reservoir
performance so as to effectively guide the exploration and development of deep oil and
gas resources.

The Huizhou Sag, located in the Pearl River Mouth Basin, has demonstrated signifi-
cant potential for oil and gas exploration and development (Figure 1C), having achieved
notable results since the initiation of its production. The deep, low-permeability sand-
stone reservoirs of the Paleogene Wenchang Formation and Enping Formation contain vast
amounts of oil and gas resources, accounting for over 30% of the total natural gas resources
in the depression [37]. Currently, the focus of oil and gas exploration and development
in the entire Pearl River Mouth Basin’s Huizhou Sag is on the deep and ultra-deep layers
of the Enping Formation [37]. Previous studies have been conducted on the provenance
conditions, sedimentary characteristics, hydrocarbon accumulation, and reservoir predic-
tion of the Enping Formation [37,38]. It is posited that the sand bodies formed under the
braided river sedimentary environment of the Enping Formation are the material basis for
the formation of deep, low-permeability reservoirs. The reservoirs exhibit characteristics
of being initially tight followed by accumulation, and oil is ubiquitous throughout the
region [37-39]. Although there are many studies on the controlling factors of the deep
reservoirs in the Enping Formation, research on these controlling factors is relatively super-
ficial, and the impact of diagenesis on pore development is not clear [38]. Therefore, based
on a comprehensive core analysis of test data from nine wells combined with previous
research, this paper systematically studies the diagenesis of the deep, low-permeability
sandstone reservoirs of the Paleogene Enping Formation in the Huizhou Sag and its impact
on the reservoir. This study aims to elucidate the controlling factors of reservoirs’ physical
properties in the study area, thereby providing valuable geological support for deep oil
and gas exploration in this block.
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Figure 1. A structural map of the Huizhou Sag in the Peral River Mouth Basin [37]. (A) The
geographical location of the Pearl River Mouth Basin. (B) A location map of the Huizhou Sag, the
Pearl River Mouth Basin. (C) The locations of the study area and sample well.

2. Geological Background
2.1. Tectonics

The Pearl River Mouth Basin is located on the southern margin of the Chinese continent
(Figure 1A). Its basement is the Yanshanian rock mass and Paleogene fold. The tectonic
zone is bounded by the XiJiang Sag to the west, the Huilu Low Sag to the east, the Dongsha
Sag to the south, and the North Fault Terrace to the north. The tectonic zone is a large-scale
meso-Cenozoic sedimentary basin with a length of about 800 km, a width in the range of
100-300 km, and a total area of approximately 7400 km? [40]. It consists of four depression
zones, including the Zhu-I Depression, the Zhu-II Depression, the Zhu-III Depression, and
the Chaoshan Depression, and three uplift zones, including the North Uplift Zone, the
Central Uplift Zone, and the Southern Uplift Zone (Figure 1B). The Huizhou Sag is located
in the southwest part of the Zhu I Sag, a set of simple fault depression basins formed since
the early Tertiary [41]. The geological evolution of the Huizhou Sag has been significantly
influenced by the Philippine Sea Plate, Eurasian Plate, and Indo-Australian Plate. In the
Cenozoic era, it mainly experienced three tectonic events: the continental rift stage, the
Paleogene and Miocene passive continental margin stage (post-rift stage), and the Late
Miocene-Quaternary Neotectonic stage. It encompasses five depressions (Huixi, Huibei,
Huinan, Huidong, and Luxi) and two uplifts (Huizhong and Huidong) [40,41].
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2.2. Stratigraphy and Sedimentology

Due to the influence of strong tectonic activities, the Huizhou Sag developed the
Paleocene Shenhu Formation (SH), the Eocene Wenchang (WC) and Enping Formations
(EP), and Oligocene Zhuhai Formation (ZH) during the continental rift stage. Among them,
the Eocene Wenchang and Enping Formations are the most important source rocks, which
consist of lacustrine mudstone, fluvial sandstone, and coal in an interbedded manner [40].
The Oligocene Zhuhai Formation consists of deltaic coastal siltstone and is the main reser-
voir in the Huizhou Sag. During the passive continental margin stage, the Miocene marine
siltstone, mudstone, and carbonate Zhujiang (ZJ) and Hanjiang (HJ) Formations were
developed in the Huizhou Sag. The Miocene Yuehai (YH) Formation, Pliocene Wanshan
Formation (WS), and Quaternary sediments were deposited in a marine environment dur-
ing the neotectonic stage (Figure 2). From the Paleocene to the Neogene, there were three
sets of oil source rock, reservoir, and caprock. Influenced by regional extensional forces, the
Huizhou Sag was a lake basin during the Eocene Wenchang Formation deposition period,
and high-quality lacustrine hydrocarbon source rocks were widely developed during this
period. Subsequently, the paleolake basin gradually shrank during the Eocene Enping
deposition period, and fluvial deltas were developed in most areas (Figure 1C) [39,40].
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Figure 2. Comprehensive column chart of strata in Huizhou Sag, Pearl River Estuary Basin [41,42].
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The formation studied in this paper is the Enping Formation, which has a maximum
thickness in the range of 2062.7-4184.8 m, with an average burial depth of 3259.2 m [38,39].
An analysis of the Enping Formation revealed that the Enping Formation is a product of
the transitional stage. The sedimentary facies were dominated by subaqueous distributary
channels and mouth bars and consisted of a depositional environment characterized as
deltaic and lacustrine deposits. The Enping Formation is a sandstone-dominated stratum
of generally thick sand conglomerate and fine-medium sandstone, with occasional layers
of siltstone and mud [38,43,44]. The target interval lies within an underwater low rise,
which is characterized by a shallow water depth, a relatively flat terrain, and strong lake
wave movement conducive to beach bar development (Figure 1C). Therefore, a sensitivity
investigation of the deep layers is vital for deep oil and gas exploration in this area.

3. Database and Methods

In this study, we conducted a comprehensive analysis of the Enping Formation using
drilling and logging data from nine coring wells (H1-H9) in conjunction with laboratory
data derived from 114 core samples obtained from the Huizhou Sag (Figure 1C). The
experimental methods employed included thin-section petrography, scanning electron mi-
croscopy (SEM) imaging, X-ray diffraction (XRD) analyses, and porosity-permeability tests.
All data pertaining to thin-section samples, as well as reservoir porosity and permeability,
were sourced from the Shanghai Branch of CNOOC Ltd., Shanghai, China.

Following the vacuum impregnation of each core sample with blue epoxy resin, thin
sections were meticulously prepared for the comprehensive analysis of petrological charac-
teristics, grain structure, pore morphology, diagenesis, and visual porosity. Selected sections
underwent staining with Alizarin Red to facilitate the identification of carbonate minerals.
The presence and nature of authigenic clay minerals, micropores, and microfractures were
scrutinized utilizing a scanning electron microscope (SEM). A cathode luminescence (CL)
analysis was conducted on 65 samples to assist in elucidating the paragenetic sequence. An
automated permeameter—porosimeter, AP-608, was employed to investigate the porosity
and permeability of samples derived from various structural zones and members.

Point counts were performed on thin sections to quantify the content of detrital grains
and carbonate cement, with at least 300 points counted. The scanning electron microscopy
(SEM) experiment was conducted using an FEI Helios NanoLab 660 Dual Beam SEM
equipped with an energy-dispersive X-ray spectrometer to identify the main types of
authigenic minerals and different pore spaces. The samples were observed under SEM at
an acceleration voltage of 20 keV to characterize the pore geometry and cement morphology
and document the textural relationships between minerals. Core samples were dried and
freshly broken, and their surfaces perpendicular to the bedding plane were coated with
chromium before SEM and TIMA observations. Cathodoluminescence (CL) analysis was
performed using a Technosyn cold cathode luminoscope to identify different generations
of cement. This test was performed according to the Chinese trade standard for tight
sandstone gas engineering (SY/T6832-2011) [45].

Porosity and Permeability Assessment: The assessment of porosity and permeability
was conducted utilizing an automatic porosimeter (AP-608) (Beijing Ordovician Technol-
ogy Co., Ltd., Beijing, China) and a permeability analyzer (K02GS006) (Best Instrument
Technology Co., Ltd., Beijing, China). The detection limits for these instruments were not
less than 0.1% and ranged between 0.05 and 10,000 mD, respectively.

4. Results
4.1. Basic Characteristics of Reservoir
4.1.1. Reservoir Lithology and Physical Characteristics

The observation of nine thin sections (H1-H9) in the Huizhou Sag and a statistical
analysis conducted on the microscopic characteristics of the rock slices show that reservoir
rocks in the Enping Formation have more than a 70% content of quartz in the sandstone
of the Enping Formation, while there are smaller contents of feldspar and rock debris.
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Compositionally, the sandstones dominantly include feldspar quartz sandstone, lithic
quartz sandstone, lithic feldspar sandstone, and feldspar lithic sandstone, as determined
using an analysis of the X-ray diffraction data of 31 rock samples from the Enping Formation
in the Huizhou Sag (Figure 3).
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Figure 3. Rock component projection map and sandstone types of Enping Formation in Huizhou Sag.
Q—CQuartz; F—Feldspar; L—Lithic.

The measurement results of rock porosity show a distribution range of 1.1-19.8%, and
the permeability is about 0.0017~612.02 x 10~2 um?. Through careful observation, it is
evident that the porosity and permeability increase with depth in response to various com-
paction processes. At shallow burial depths, the compaction trend shows good agreement
with the experimental compaction of loose Enping sand, indicating that effective stress is
the controlling factor of the physical properties at shallow depths. However, in areas where
the stratum depth exceeds 3500 m, porosity and permeability still have a good correlation.
This suggests that there are areas with relatively high quality throughout the low-porosity
and low-permeability reservoirs that have great exploration potential. In conclusion, the
reservoir is generally a porous reservoir with low porosity and permeability (Figure 4).
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Figure 4. Physical characteristics of sandstone of Enping Formation in Huizhou Sag.
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4.1.2. Reservoir Space Characteristics

According to a comprehensive analysis of 105 rock samples from the Enping For-
mation, for example, the deep low permeability reservoir of the Enping Formation is
characterized by a porous reservoir. In the samples, the pores mainly included primary
intergranular pores (19.8%), intergranular dissolved pores (27.1%), dissolved pores in
grains (10.9%), kaolinite intergranular pores (12.3%), mold pores (18.1%), matrix microp-
ores (3.2%), microcracks (3.1%), and fewer diagenetic fractures (4.2%). However, the Enping
Formation contained a high proportion of primary intergranular pores, with an average
of 25.25%, which play a vital role in the formation and development of reservoirs. The
microscopic observations revealed that primary intergranular pores are mainly developed
in quartz-rich sandstones such as feldspar quartz sandstone (Qy¢Fi4Lg) and lithic quartz
sandstone (Qg7F15L138), and there is no calcareous or clay cementation between the skeleton
particles. Ultimately, dissolution pores are the essential type of reservoir space, which have
a significant influence on the reservoir’s physical properties, and their porosity contribution
rate is approximately 48% (Figure 5).

Matrix micropores (3.2%)
| !

— Primary intergranular pores (19.8%)

— Intergranular dissolved pores (27.1%)

l— Dissolved pores in grains (10.9%)

Figure 5. Pore types in Enping Formation in Huizhou Sag.

4.2. Diagenetic Processes

Diagenesis, which exerts strong control on the evolution of pore structure and the
alteration in the physical and chemical properties of clastic rock, is controlled by a variety
of chemical, physical, and biochemical interactions [46-49]. Currently, an important driving
force for researching deep reservoir diagenetic studies in the Paleogene Enping and Wen-
chang Formations is the efficient exploration and exploitation of the deep and ultra-deep
reservoirs (exceeding 3500 m) in the Pearl River Mouth Basin [39]. The low-permeability
sandstone reservoirs in Huizhou Sag of the Pearl River Mouth Basin have undergone
various diagenesis processes [38]. However, the main diagenesis types are still compaction,
cementation, and dissolution, which significantly influence the reservoir quality (Figure 6).

4.2.1. Compaction

Compaction includes mechanical compaction and chemical compaction, acting through-
out the entire diagenetic process. It is a significant diagenetic process in clastic rock reser-
voirs, influencing the entirety of pore formation, evolution, and preservation in sandstone
reservoirs. Among them, mechanical compaction is explained by the fact that sandstones
become compacted under the weight of the overlying strata by grain displacement and de-
formation so that porosity is reduced relatively and even leads to their densification [50,51].
The intensity of mechanical compaction is related to the rock composition, reservoir depth,
geothermal gradient, and tectonic stress in the study area. The inequigranular sandstone
has a high mud matrix content and is less sortable, while the compaction effect is high, so
the mud matrix and finer grains are squeezed into the space among coarser grains, reducing
the porosity (Figure 6A,B). Line contact among grains is dominant, and some grains are
fracted (Figure 6C).
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Figure 6. Photomicrographs and SEM images of the Enping Formation in Huizhou Sag sandstone:
(A) Well Y8, 3392 m, with a high argillaceous matrix content and a dense structure; (B) Well Y5,
3546.3 m, with a high argillaceous matrix content contact between clastic particles; (C) Well Y1,
3601 m, where intense compaction causes the rock to form fractures; (D) Well Y4, 3541.3 m, which has
microcrystalline quartz and lamellar chlorite aggregate; (E) Well Y8, 3313 m, which has intergranular
pores filled with cement ferridolomite grains; (F) Well Y6, 3507 m, where the clastic particles are
in point contact, and carbonate cement is developed; (G) Well Y9, 3374.7 m, where the formed
intergranular pores are filled with carbonate cement; (H) Well Y4, 3684.5 m, with a feldspar solution
hole; and (I) Well Y5, 3550.1 m, with pores formed by rock debris dissolution.

4.2.2. Cementation

The cementation of low-permeability sandstone reservoirs in the Huizhou Sag is
commonly observed, with cementation occurring in various structural well areas and at
different burial depths. Siliceous cementation, carbonate cementation, and a small amount
of clay mineral cementation (such as some chlorite grain coating clay minerals filled amidst
clastic particles) (Figure 6D) are the main types of cement. Specifically, siliceous cementation
zones are mainly concentrated in the diagenetic stage between burial depths in the range
of 1550-3200 m, while carbonate cementation primarily occurs in the medium diagenetic
stage between burial depths in the range of 29204280 m.

Silica Cementation

The siliceous cementation of the Enping Formation is mainly characterized by quartz
secondary overgrowths, while authigenic quartz minerals in primary intergranular or
dissolution pores are rare. Under scanning electron microscopy, it can be observed that
the quartz secondary enlargement is arranged in an embedded manner (Figure 6D). It is
evident that quartz crystals grow towards the pore spaces, and the width of the enlarged
edge of quartz (mainly grade II) ranges from 4 to 38 pm. Furthermore, it was noted that
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the thickness increased with the burial depth, indicating its influence on multi-stage acidic
fluids during burial. Previous studies have shown that siliceous material in clastic rock
reservoirs is mainly derived from the pressure dissolution of quartz particles and feldspar
mineral dissolution in an acidic environment [52,53]. Specifically, unstable potassium
feldspar and albite dissolved in an acidic environment to form SiO; [52]. The formation
formula is as follows.

2KAISi30g 4 2H' + HyO — AL;Siz05(0 H), + 4Si0; + HyO + 2K (1)
2NaAlSizOg 4+ 2H" + H,O — AL,Si305(0 H), 4 4SiO; + H,O + 2Na™ (2)

Carbonate Cementation

The evidence from the thin section and SEM indicates the presence of different types
of carbonate cement in the dense, low-permeability sandstone reservoirs of the Enping For-
mation in the Huizhou Sag. For example, the early formation of some brown iron dolomite
cement and red carbonate cement between clastic particles can be seen (Figure 6E-G).
A microscopic examination revealed that the total proportion of calcite cementation is
pervasively developed in the Enping Formation as an important feature of carbonate ce-
mentation, showing different formation levels depending on the depth at which they are
buried. The microscopic results indicate a lack of primary pore development, with detrital
particles mainly in point contact and relatively weak mechanical compaction (compaction
amount < 27.8%), which suggests that calcite cement inhibits mechanical compaction when
the content of calcite cement exceeds 9.8% in the study area. In the early stage of diage-
nesis, calcite cement occupied in sandstone is generally formed from dissolved calcium
components in pore water in open environmental conditions during the early diagenetic
stage (burial depth < 1000 m) [53,54], whereas in the later stages, calcite cement is mainly
occupied by cementation resulting from the pressure dissolution of carbonate particles [53].
The occurrence of calcite cement in the Enping Formation reservoir in Huizhou Sag is
attributed to early pore water.

4.2.3. Dissolution

The dissolution of all soluble components in sandstone occurs under specific envi-
ronmental conditions in secondary pores, which can improve the reservoir performance
of sandstone. In particular, dissolution is of great significance in low intergranular pore
sandstone reservoirs in forming secondary pores and developing “sweet spots” [55,56]. In
the study area, the tight sandstone reservoirs in the Enping Formation section obviously un-
dergo diagenetic modification through dissolution. Specifically, from the scanning electron
microscope analysis, secondary dissolution pores, predominantly pores in the grain, are
feldspar dissolved along the cleavage plane, and the unstable components in the cuttings
are dissolved, forming pores with honeycomb and patch distribution (Figure 6H,I). In the
Enping Formation, the contribution of potassium feldspar mineral particle dissolution
to secondary dissolution pores is primary, and that of debris is secondary, whereas the
proportion of dissolution fractures is rare (Figure 5).

4.3. Diagenetic Stage and Diagenetic Sequence

According to the diagenetic stage classification criterion and the Chinese standard
classification scheme of sandstone diagenesis, “the division of diagenetic stages of the
clastic rocks” (SY/T5477-2003) [57] based on the current industry standards, combined
with the distribution characteristics of cement, the contact relationship of clastic particles
(point contact, line contact, and concave-convex contact), the diagenetic sequence of the
Enping Formation in Huizhou Sag has been reconstructed (Figure 7). In conclusion, the
reservoirs in the study area are in the stage of middle diagenesis A-B.
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Figure 7. Diagenetic sequence of sandstone reservoir of Enping Formation in study area.

In early diagenesis stage A (IA), the reservoir had a shallow burial depth, where a weak
alkaline environment gradually transformed montmorillonite into illite, and mechanical
compaction significantly transformed the pore space. The formation water, which contains
a substantial amount of alkali metal ions (Na* and K*), will undergo acidic dissolution with
pyroclastic materials, resulting in a small amount of chlorite film and secondary quartz
enlargement, while the pore water in the sediments will precipitate and form micritic calcite.

In early diagenesis stage B (IB), a large amount of montmorillonite was transformed to
create an illite—-montmorillonite mixed layer. In addition to authigenic clay minerals, small
amounts of siderite and quartz minerals were also formed. At the same time, the whole
sandstone was unconsolidated—and it was mostly weakly consolidated in loose sand—and
the clastic particles were mainly in point contact. In middle diagenesis stage A (IIA), with
the burial depth, the development degree of the source rocks gradually matures, and the
amount of organic acids gradually increases. Pore water discharges a significant amount
of organic acids, leading to the corrosion of soluble minerals like potassium feldspar and
plagioclase. The relatively enclosed diagenetic environment delays the discharge of the
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precipitated material resulting from dissolution, leading to the formation of various types
of cement, including kaolinite, illite, quartz, and calcite.

In middle diagenesis stage B (IIB) of the Enping rock formation, the relatively closed
diagenetic environment gradually changed, showing a weak alkaline environment and
leaf-like chlorite precipitating in intergranular and dissolution pores. Meanwhile, dolomite
metasomatism, calcite, and quartz occurred.

The diagenetic evolution sequence of the Enping Formation reservoir is as follows:
it starts with early diagenetic stage A (IA), which involves mechanical compaction and
the formation of a chlorite film; then, it moves on to early diagenetic stage B (IB), where
mechanical compaction, tuffaceous alteration, and the dissolution of feldspar occur; then,
it moves on to middle diagenetic stage A (IIA), which involves chemical compaction,
dolomite cement, feldspar dissolution, debris dissolution, and kaolinite consolidation; and
then it moves on to late diagenetic stage B (IIB).

5. Discussion
5.1. Impact of Compaction on Reservoir Quality

Previous studies have established a quantitative relationship between the primary
pore volume of sandstone (V1) and the sorting coefficient (Sp) to determine the primary
pore volume (initial intergranular volume or initial depositional porosity) of clastic sed-
iments [58]. The grain size statistics based on the clastic particle size classification show
that the distribution of the sorting coefficient of Enping Formation sandstone ranges from
1.45 to 14.8 with an average value of 2.35. Therefore, we can deduce that the initial porosity
of deep, low-permeability Enping Formation sandstone spans from 24.6 to 36.1% with an
average value of 26.8%. Because of the reservoir effect caused by mechanical compaction,
the sandstone particles were packed together, and the initial porosity decreased or even
disappeared. However, the pores that were not affected by mechanical compaction stayed
the same. Mechanical compaction in the Enping Formation affected the residual porosity
(V2), which primarily consists of the remaining primary intergranular pores and early
cementation-preserved pores.

o P1+Pc

V;
2 P

X QutW ©)

Vmc = Vl - VZ (4)

The formula shown above uses a thin slice of the cast material under a microscope
to calculate the percentage of the remaining intergranular pore surface, represented as P;
and expressed in %. By examining a thin slice of the cast material under a microscope, we
can determine the ratio of the pore face area occupied by carbonate cement dissolution,
which we express as Pc in %. We represent the content of cement that controls the reservoir
property analyzed by a thin slice of the cast material under a microscope, expressed as W
in %. P represents the total face percentage obtained from analyzing a thin slice of the
cast material under a microscope, expressed in %; Q,, represents the measured porosity
within the core samples, expressed in a percentage; V| represents the original porosity level
before mechanical compaction occurred, expressed in %; and V; represents the porosity
level after mechanical compaction and is expressed in %, while V. represents the amount
of porosity lost due to mechanical compaction processes, also expressed in %. Microscopic
observations reveal a loss range of 12.5-28.2% due to compaction processes, with an average
value of 18.9.

5.2. Impact of Cementation on Reservoir Quality

The analysis of cementation revealed that the calcareous and siliceous cement formed
in the IIA-IIB stages of diagenesis primarily fills the intergranular dissolved pores, intra-
granular dissolved pores, and melodic pores formed in the IB-IIA stages of diagenesis.
Cementation results in a reduction in the pore space, where the volume of cement is
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equivalent to the reduced volume. Cementation (calcite, silica, and iron oxide) typically
reduces porosity in proportion to the cement volume [59]. Consequently, the remaining
intergranular pores in sandstone today (V3) have undergone compaction and cementation
during the burial process in clastic reservoirs, and the calculated formula is as follows:

P.
V3 = Fi X Qm (5)
Vee= Vo= V3 (6)

In the above formula, V3 represents the porosity after compaction and cementation,
expressed in %; V. represents the porosity reduction caused by cementation, expressed in
%. The calculation results show an average decrease of 11.8% in the porosity of the Enping
Formation, ranging from 0 to 11.1%. This study indicates that cementation significantly
influences the reservoir in the Enping Formation, resulting in a primary pore loss rate
ranging from 2.1 to 28.7% based on the observed relationship between the intergranular
volume (IGV) and cement content in sandstone reservoirs (Figure 8).
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Figure 8. Relationship between intergranular volume and cement content in Enping Formation,
Huizhou Depression.

5.3. Impact of Dissolution on Reservoir Quality

Acidic and alkaline corrosion is crucial in regulating reservoir space within deep sand-
stone reservoirs [60-63]. The dissolution of acidic fluids affects the deep, low-permeability
reservoir of the Enping Formation in the study area. This leads to the dissolution of soluble
components such as clastic particles, calcareous materials, and tuffaceous interstitials under
the influence of organic acids [38,54]. As a result, many secondary pore spaces are formed,
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significantly improving the physical properties of the deep, low-permeability reservoir.
This process causes an increase in secondary porosity, which is equivalent to the reservoir’s
remaining secondary porosity. We express the increased porosity (V4) resulting from the
dissolution of the Enping Formation as follows:

_P2-|- P3

v
4 D,

X Qm (7)

In the formula above, P, represents the face rate of dissolved pores within the grain
calculated using thin sections observed under a microscope, expressed in %; P3 represents
the intergranular dissolved pore face rate, expressed in %; and V4 represents the porosity
increase caused by dissolution, expressed in %. The results show an average increase in
porosity of 1.2-26.4%, with an average of 8.9%, due to dissolution in deep, low-permeability
reservoirs in the Enping Formation. The calculation of the porosity of Enping Formation
sandstone reveals that the loss in porosity due to calcareous, argillaceous, siliceous, and
ferric cementation accounts for 12.3% of the reservoir volume. An analysis of dissolution
illustrated an increase in porosity ranging from 1.4 to 25.6%, with an average value of
10.1%; compaction results in a reduction in reservoir porosity ranging from 11.8% to 27.2%,
with an average value of 18.9%. We observe that mechanical compaction is the primary
factor influencing the reservoir’s physical properties, causing significantly more damage
to the original porosity than cementation processes. According to existing research, there
were two stages of oil and gas filling in the Enping Formation reservoir in the study area:
12.0-7.5 Ma and 6.5-0 Ma, with the second stage being the primary phase. The first stage,
hydrocarbon charging, occurred during the A stage of the middle diagenetic phase. The
reservoir was buried at a depth of over 3300 m, resulting in strong acid dissolution and
increasing the porosity to 18.6%, and the layout of oil and gas accumulated. Around 6.5 Ma,
the reservoir underwent a second oil and gas filling stage. Due to a combination of chemical
compaction, calcareous cementation, and clay mineral cementation, the porosity of the
reservoir decreased to about 6.3%, rendering deep reservoirs relatively dense. Industrial
oil and gas reservoirs can form under large-scale oil and gas accumulation conditions. A
comprehensive analysis of the matching relationship between oil and gas charging and the
evolution of reservoir pores shows that the deep reservoir type in this area follows a “tight
first, then accumulation” pattern.

6. Conclusions

(1) It was found that the reservoirs of the Enping Formation have a high quartz content
and are mainly composed of feldspar quartz sandstone (QzsF1¢Lsg) and lithic quartz
sandstone (Qg7F15L13). The reservoir space primarily includes intergranular pores,
dissolution pores, and microfractures, but the primary pores and dissolution pores
are the main ones, and the two kinds of reservoir space account for more than 70%.
The porosity of the core ranges from 1.1 to 19.8%, while its permeability ranges from
0.0017 to 612.02 x 1073 um?. The reservoir is characterized by low porosity and
permeability.

(2) The diagenetic evolution sequence of the Enping Formation reservoir can be summa-
rized as follows: early diagenetic stage A (IA): mechanical compaction/chlorite film —
early diagenetic stage B (IB): mechanical compaction/tuffaceous alteration/feldspar
dissolution — middle diagenetic stage A (IIA): mechanical compaction/calcite ce-
mentation/feldspar dissolution/debris dissolution/kaolinite consolidation — middle
diagenetic stage B (IIB): chemical compaction/dolomite cement/pore chlorite/quartz
enlargement.

(38) The deep low-permeability Enping Formation reservoir space is significantly in-
fluenced by diagenesis, with compaction resulting in a porosity reduction ranging
from 12.5 to 27.2% (an average of 18.9%). Cementation reduced the pore volume
by 2.1-28.7% (average of 11.7%), while dissolution increased porosity by 1.4-25.6%
(average of 10.1%).
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