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Abstract: In addressing the critical need to understand the geological and diagenetic factors affecting
Paleogene sandstone reservoirs in the Baiyun Sag—a region vital for oil and gas exploration—this
study delves into the Paleogene Zhuhai and Enping formations. Advanced methodologies, including
petrographic thin-section analysis, scanning electron microscopy, wavelet analysis, and carbon and
oxygen isotope analysis, were employed to evaluate their petrological characteristics, pore structures,
physical properties, and key diagenetic processes. The results indicate that the Zhuhai Formation
is primarily composed of feldspathic quartz sandstones with prevalent intergranular dissolution
pores, while the Enping Formation consists mainly of feldspathic sandstones with intragranular
solution pores. The diagenetic temperatures across both formations ranged from 42.6 to 116.3 °C.
The studied reservoirs have experienced porosity alterations due to mechanical compaction (23.07%
reduction), carbonate cementation (9.02% reduction), and dissolution (5.09% enhancement). Notably,
feldspar dissolution emerged as a significant contributor to high-quality reservoirs, particularly in
the upper Enping Formation. These findings offer invaluable insights into the diagenetic evolution of
sandstone reservoirs in the Baiyun Sag and hold significant implications for guiding future oil and
gas exploration efforts in the region.

Keywords: baiyun sag; paleogene; diagenesis; diagenetic evolution

1. Introduction

The Baiyun Sag, located in the Zhu II Depression of the Pearl River Mouth Basin,
represents the largest and deepest sag within the basin. Its water depth ranges from
200 m to 2800 m, covering both shallow and deep-water areas [1,2]. This depression holds
enormous unexplored resource potential, with the mid-depth Enping Formation’s lithologic
stratigraphic traps being crucial for exploration [3-5]. In the middle and deep layers of
the Zhuhai Formation and below (depth greater than 3500 m), overpressure and high
temperatures create a favorable “sweet spot” reservoir area for large-scale oil and gas
exploration [6-9].

The current research area lies in the southwest of the Baiyun Sag, where only a few
offshore wells have been drilled. More than half of the proven natural gas reserves are still
locked in low-producing gas reservoirs. To enhance oil and gas exploration in the Baiyun
Sag, it is essential to identify high-quality reservoirs despite overall poor reservoir physical
properties. Scientists have conducted extensive research on the characteristics of mid-deep
reservoirs and key controlling factors of high-quality reservoirs in the area. The upper part
of the Enping Formation exhibits relatively good porosity and permeability, while the lower
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part shows poorer physical reservoir conditions [10-13]. The diagenesis of the Enping
Formation plays a crucial role in affecting the reservoir’s properties [14,15]. Secondary
porosity formed by mineral dissolution in the Paleogene reservoirs of the Pearl River Mouth
Basin effectively improves reservoir storage capacity and fluid flow [16,17]. Exploration
efforts should focus on potential high-quality reservoirs with developed secondary porosity
in the middle and deep reservoirs of the Baiyun Sag [18-20].

However, previous studies have primarily focused on identifying the influence of
secondary porosity formed by dissolution on the reservoir, without clearly indicating the
relationship between diagenetic effects, such as Paleogene cementation and compaction in
the southwest Baiyun Sag, and their impact on reservoir properties. The specific influence
of diagenetic evolution on the physical properties of sandstone reservoirs in the region
remains unclear. Building upon previous research, this study aims to comprehensively
investigate the diagenesis, diagenetic stages, and pore evolution of Paleogene sandstone
reservoirs in the southwest Baiyun Sag, utilizing existing drilling data and employing
various analytical and testing methods. The analysis will clarify the genesis of different
types of diagenetic minerals in the Paleogene sandstone reservoirs and their influence on
pore development, providing a crucial geological basis for understanding the Paleogene
reservoirs in the region and guiding future exploration efforts.

2. Geological Setting
2.1. Basin Evolution

The Baiyun Sag is situated in the Zhu II Depression, within the Pearl River Mouth
Basin. It has an overall strike near the northeast, covering an area of more than 20,000 km?,
and a water depth ranging from 200 m to 2800 m. The main body of the Baiyun Sag is
located in the deep water of the continental slope on the northern continental margin of the
South China Sea [21-24]. To its north, it is bounded by the Panyu Low Uplift, while the
Yunli Low Uplift and the Yunxing Low Uplift bound it to the south. The western side is
constrained by a northwest-trending basement fracture and magmatism zone, while the
eastern side is flanked by the Dongsha Uplift (Figure 1a) [25-27].

The formation of the Baiyun Sag can be attributed to tensional action during the
Late Cretaceous-Late Oligocene, which caused the continental lithosphere at the northern
margin of the South China Sea to thin significantly towards the opening of the ocean.
Simultaneously, extensional action increased towards the oceanic opening [28]. As a result,
the Baiyun Sag developed precisely where the continental lithosphere was severely thinned
and experienced strong extensional action during the Late Cretaceous—Late Oligocene,
leading to the deposition of the Wenchang Formation, with a maximum thickness of
3400 m, and the Enping Formation, with a maximum thickness of 1500 m. These formations
represent the two most important sets of hydrocarbon source rocks in this region [29-31].
The Nanhai Movement, which began around 32 million years ago during the Late Oligocene,
facilitated large-scale marine intrusion into the northern land margin of the South China Sea,
gradually developing a stable shelf-slope topography. During the period from 32 million
years ago to 23.8 million years ago, the northern shelf-slope folding zone of the South China
Sea developed relatively stable on the southern slope of the Baiyun Sag. The main body of
the sag was situated in a shelf environment, and it deposited the Zhuhai Formation, which
exhibits a maximum thickness of 1850 m (Figure 1c) [32-34].

2.2. Stratigraphy and Depositional Facies

The Cenozoic evolution of the Baiyun Sag can be divided into three distinct tectonic
stages: the fault subsidence stage, the fault-sag transition stage, and the depression stage.
These stages correspond to different sedimentary environments, namely terrestrial fluvial
lake sedimentary environments during the Eocene-Early Oligocene, shallow marine shelf
sedimentary environments during the Enping Formation, and land-slope deep-water
sedimentary environments [35-37].
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Figure 1. Tectonic position, stratigraphic development characteristics, and tectonic section of the
Baiyun Sag: (a) location map of the study area; (b) integrated tectonic-sedimentary histogram of
the deep-water area (according to [31] revised); and (c) the tectonic cross-section of the study area is
a figure.

During the subsidence phase in the Eocene—Early Oligocene, the Wenchang Formation
underwent river and lake phases. The lithology of the formation mainly consists of medium-
thick grey-brown-light grey mudstone interbedded with medium-thin siltstone and clayey
siltstone. Occasional coal seams and locally found igneous rocks, such as tuffs, basalts,
and andesites, are also present [38—41]. The Enping Formation was subsequently filled by
fluvial (braided river) deltaic-shallow marine sediments. In the middle and lower parts, the
lithology of the formation is primarily medium-thick-bedded medium-coarse sandstone
interbedded with medium-thin-bedded mudstone, while the upper part contains light grey
mudstone interbedded with medium-thin-bedded sandstone.

During the Late Oligocene, the tectonic stage shifted to fracture transition, with the
development of a large-scale shelf delta of the Zhuhai Group and shallow coastal marine
fill. The lithology during this stage mainly comprises medium-thickness griststone with
thin mudstone.

From the Miocene to the present, the Baiyun Sag experienced a period of argillaceous
subsidence, primarily marked by the deposition of the Zhujiang Formation, Hanjiang
Formation, Yuehai Formation, Wanshan Formation, and Pleistocene-Holocene deep-water
fan and bathyal deep sea argillaceous deposits (Figure 1b) [42—44].



Minerals 2023, 13, 1265

40f19

3. Materials and Methods

This study is based on data from 7 existing core holes in the southwest area of the
Baiyun Depression. The research approach involves rock chip sampling, single-well burial
thermal evolution history analysis, microscopic observation, statistical analysis of cast thin
sections, electron microscope scanning for microscopic diagenesis phenomenon analysis,
wavelet analysis, and the testing of carbon and oxygen isotopes and the physical properties
of sandstone carbonate cement (Figure 2). In the laboratory, the rock samples were first
washed, dried, and then crushed to 200 mesh. CO, was produced using the phosphoric
acid method and the CO, gas obtained was analyzed using a Mat253 mass spectrometer to
obtain the §!80 and §!3C values. Through these methods, the burial thermal history and
diagenetic evolution characteristics of Paleogene sandstones in the southwest area of the
Baiyun Sag were thoroughly investigated.

Ebris samples Sample powder Experimental testing instruments

Figure 2. Carbon and oxygen isotope experimental process.

The main objectives of this study are to analyze the diagenetic characteristics of
high-quality sandstone reservoirs in the Zhuhai Formation and Enping Formation and to
examine the genesis characteristics, distribution rules, and controlling factors of favorable
reservoirs. By comprehensively studying these aspects, the research aims to gain valuable
insights into the diagenetic processes that have shaped the reservoirs’ properties in this
region, particularly identifying and understanding the favorable reservoirs with high
potential for hydrocarbon accumulation.

4. Results
4.1. Petrology Characteristics

Based on the statistics of existing drilling data and analysis of 61 sets of thin-section
data in the southwest area, it is evident that the Zhuhai Formation mainly comprises
feldspathic quartz sandstone and feldspar sandstone, while the Enping Formation consists
mainly of feldspathic quartz sandstone, feldspar sandstone, and lithic quartz sandstone
(Figure 3).

The clastic particle composition of the Zhuhai Formation, on the whole, exhibits
Q77.96F14.48R7 56, with the quartz content ranging from 66% to 94% and an average value of
77.96%. The feldspar content varies between 1% to 24%, with an average value of 14.48%,
while the rock debris content ranges from 2% to 18%, with an average value of 7.56%. In
contrast, the clastic particle composition of the Enping Formation shows Q7 17F1473R13 10,
with the quartz content ranging from 52% to 89% and an average value of 72.17%. The
feldspar content ranges from 4% to 29%, with an average value of 14.73%, and the rock
debris content ranges from 2% to 42%, with an average value of 13.10%.

4.2. Reservoir Physical Properties

Under the combined influence of sedimentary facies, lithology, grain size differences,
and late diagenesis, the porosity of the Paleogene sandstones in the southwest of the Baiyun
Sag exhibits significant variability, generally ranging from 5.2% to 28.9%, with an average of
18.3%. The frequency of different porosity distributions is between 7% and 29% (Figure 4a).
As for permeability, the samples demonstrate a wide range from 0.1 to 1396.2 mD, with
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an average permeability of 315 mD. Notably, 56% of the samples fall within the range of
100~1000 mD, and the distribution frequency of different permeability values is between
2.9% to 55.6% (Figure 4b).

e Zhuhai

75 I Quartz sandstone
Il Feldspathic quartz sandstone
III Lithic quartz sandstone
IV Arkose
V' Lithic Arkose
VIl VI Feldspathic debris sandstone

VIl Lithic sandstone

F 25 50 75 R

Figure 3. Sandstone type triangle diagram of the southwest Baiyun sag. (Classification scheme based
on Yunfu Zeng, 1986 [45]).
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Figure 4. Physical properties of Paleocene sandstone reservoirs in the southwest of the Baiyun Sag:
(a) porosity distribution frequency diagram and (b) permeability distribution frequency diagram.

The porosity and permeability intersections reveal a positive correlation between the
porosity (x) and permeability (y) of the Paleogene sandstone reservoirs in the Baiyun Sag
(y =51.12x — 635.27, R? = 0.6774). This correlation indicates that the permeability of the
sandstones is influenced by the associated pore space (Figure 5).

To study the longitudinal development characteristics of reservoir physical properties,
Well A, located in the southwest Yunkai low uplift of the Baiyun Sag, serves as an example.
Below the depth of 2550 m, the well exhibits mainly medium- and high-porosity (® > 15%)
reservoirs, while the deeper section beyond 2550 m primarily consists of low-porosity
and tight reservoirs. In the Zhuhai Formation, porosity increases with depth due to the
occurrence of dissolution processes involving detrital mineral particles and carbonate
cement. These processes lead to the formation of numerous intergranular pores and
intragranular dissolution pores, resulting in an overall increase in pore volume. However,
in the Enping Formation, porosity decreases with depth. The change range of permeability
is considerable, and its vertical distribution characteristics align with those of porosity.
Specifically, with increasing depth, the permeability of the Zhuhai Formation first increases
and then decreases. In contrast, the porosity and permeability of both formations display
gradual decreases with depth, according to Figure 6.
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Figure 5. Relationship between the porosity and permeability of sandstone in the southwest deep-
water area of the Baiyun sag (The blue dot represents the permeability input point corresponding to
each porosity).
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Figure 6. The relationship between the porosity, permeability, and depth of Well A in the Southwest
Baiyun Sag (Blue dots represent the corresponding porosity of samples at different depths; Yellow
dots represent the corresponding permeability of samples at different depths).

Common types of pores in sandstone reservoirs include intergranular dissolved pores,
molded pores, intragranular dissolved pores, and intergranular pores, as well as mi-
crofractures in clay minerals [45]. In the Paleogene reservoir of the southwest Baiyun Sag,
thin-section and scanning electron microscope analyses of samples from key exploration
wells revealed that the pores are primarily dominated by secondary pores, with a smaller
number of microcracks. Among the secondary pores, intergranular dissolved pores and
mold pores are prominent (Figure 7a,b), along with intergranular pores and a minor num-
ber of intragranular dissolved pores (Figure 7c). Thin-section observations further reveal a
considerable number of mold pores (Figure 7a), intragranular dissolved pores (Figure 7c),
and intergranular dissolved pores (Figure 7b), along with a few developed microcracks.

Porosity plays a vital role in improving the physical properties of sandstone reservoirs,
particularly when secondary dissolved pores are present. These secondary pores enhance
reservoir connectivity to a certain extent and facilitate fluid flow through the interconnected
pore network. Additionally, some of the pores are filled with various types of matrices and
cement, such as mud, calcite, and dolomite (Figure 7d—f), which contribute to the overall
complexity and heterogeneity of the reservoir system.
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Figure 7. Microscopic photos of Paleogene reservoir pores in the Baiyun Sag. (a) Well B, 4150.0

m, Enping, intergranular dissolved pore; (b) Well C, 4098.3 m, Enping, the feldspar is completely
dissolved to form a mold pore; (c) Well C, 3354.6 m, Enping, feldspar dissolves to form dissolution
pores in feldspar grains; (d) Well D, 5109.0 m, Enping, the tuffaceous filled the intergranular pores
and sericitization occurred; (e) Well D, 5109.0 m, Enping, ankerite filling intergranular; and (f) Well C,
3651.2 m, Enping, the mud is a mixed matrix filling and intergranular.

4.3. Wavelet Analysis

Due to the limited drilling data and incomplete lithological information in the study
area, wavelet transform technology was employed to process the existing GR (gamma ray)
logging data using Matlab2018. This approach enables us to better understand the changing
patterns of the stratigraphic sequence and accurately identify the corresponding sequence
interfaces. Different sequence frameworks play a crucial role in controlling the spatial
distribution of each diagenetic effect and influencing the reservoir physical properties in
the corresponding sequence units.

Taking Wells E and C in the study area as examples, the Zhuhai Formation-Enping
Formation of the Baiyun Sag in the Pearl River Mouth Basin can be roughly divided
into four third-order sequences (Figure 8). The analysis shows discernible changes in
trend for the GR imaginary lines and shifts in lithological combinations during logging.
The stratigraphic interfaces are identifiable as bright spots and superposition phenomena
visible in the time—frequency chromatographic curves, and the wavelet coefficient curves
demonstrate significant fluctuations. Through this approach, we gain valuable insights into
the complex stratigraphic sequences and their influence on diagenetic processes, providing
a basis for understanding the reservoir physical properties within the study area.

4.4. Seismic Facies Analysis

Seismic facies is the comprehensive response of sedimentary processes and sedimen-
tary bodies in sedimentary areas to earthquakes, which can explain the relationship between
source supply intensity and water body transformation and reflect the intensity of source
transport and water body energy. Therefore, the indication of seismic facies can reflect the
sedimentary environment at that time.

In response to the specific characteristics of multiple sedimentary types, complex
tectonic processes, scarce and unevenly distributed drilling in the southwest of the Baiyun
Depression, based on familiarity with the geological characteristics, stratigraphic sedimen-
tary sequences, and distribution characteristics of the southwest of the Baiyun Depression,
seismic facies analysis was conducted using three-dimensional data. The classification of
seismic phase types is described and was classified based on the amplitude, frequency, and
continuity characteristics of seismic events. A total of 11 types were identified during the
research process (Table 1).
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Figure 8. The sequence interface of the Enping-Zhuhai Formation in deep water are of the Baiyun Sag.

Table 1. Seismic facies, logging facies, and sedimentary facies types of sandstone types in the
southwest of the Baiyun Depression.
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4.5. Diagenesis Type of the Reservoirs
4.5.1. Compaction

The Zhuhai and Enping Formations in the study area exhibit complex types of com-
paction, with them displaying a wide range of planar distributions and depth spans. The
main contact types observed are point, point-line, and line-point contacts. As the burial
depth increases from shallow to deep, the contact type transitions from weak to strong com-
paction. In the southwest area, the geothermal gradient ranges from 4.5 to 5.3 °C/100 m.
Under this high-temperature geothermal background, the Baiyun Sag reservoir experiences
not only mechanical compaction but also strong thermal compaction. The overall trend
for the line contacts indicates that the depth of the strong compaction boundary becomes
shallower with an increasing geothermal gradient.

For instance, the burial depth of the Upper Enping Formation on the Yunkai Low
Uplift is relatively shallow, approximately 2300-2800 m. As we go deeper, the contact
type gradually changes from point to line-point contact. In the southwest fault zone, the
Enping Formation is characterized by point-line contacts and line contacts, with a higher
proportion of line contacts, while the Zhuhai Formation is predominantly composed of
line-point contacts (Figure 9).

Contact method

SO0 point pomtl-hnc 11ne-lp01nt 1ill1e t‘r?e
2500 é ‘ ®
e
~ 3000 -
g
N’
=
=
S 3500 |
A
4000 ° .
® ' ® Enping
4500 Zhuhai

Figure 9. Longitudinal characteristics of the degree of compaction in the southwest of the Baiyun Sag.
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Pressure solution plays a significant role in the compaction process, mainly occurring
between quartz particles or between quartz particles and metamorphic quartzite debris.
This pressure solution leads to particle contacts in the form of sutures (Figure 9a). The com-
bination of mechanical compaction, thermal compaction, and pressure solution contributes
to the complex compaction patterns observed in the Zhuhai and Enping Formations within
the study area.

4.5.2. Cementation

In the southwest area of the Baiyun Sag, the cementation products in the sandstone
reservoirs consist of a variety of minerals, including carbonate cements, quartz secondary
enlargement, authigenic kaolinite, illite, chlorite, and pyrite.

Carbonate cements primarily include siderite, calcite, ferrocalcite, dolomite, and
ankerite, with calcite, ferrocalcite, and ankerite being the most common types. Calcite
is predominantly found filling intergranular pores or intergranular dissolution pores,
appearing as bright crystals and hypsocrystals, with debris particles dispersed within the
crystalline calcite (Figure 10b). Sparry calcite or ferrocalcite occupies intergranular pores,
and these sparry and hypocrystalline calcite forms are typically developed during early
diagenesis stages, with a low degree of compaction. Dolomite is mainly observed filling
intergranular spaces in microcrystalline and sparry forms or as cemented and replacement
grains (Figure 10c,d). The thin-section images show varying degrees of quartz secondary
enlargement (Figure 10e,f). Additionally, microcrystalline quartz coexists with ankerite
within the pores (Figure 10g). The symbiotic relationship between quartz secondary
enlargement and ankerite indicates that quartz secondary enlargement is dependent on
quartz grains, while ankerite forms later than quartz secondary enlargement.

Illite and kaolinite are the major types of clay minerals present in the reservoirs.
Autochthonous kaolinite is primarily associated with the dissolution of feldspar, and
it can often be observed filling intergranular or intragranular pores near the secondary
pores formed due to the dissolution of feldspar grains (Figure 10h). Curled flake illite is
distributed on the surface of the grains and fills the intergranular pores (Figure 10i). Pyrite
appears in the form of microspheres and cubic aggregates, filling intergranular pores, and
coexisting with illite and other minerals (Figure 10j). These cementation products and clay
minerals play significant roles in the diagenetic evolution and physical properties of the
sandstone reservoirs in the Baiyun Sag.

4.5.3. Dissolution

Dissolution plays a crucial role in enhancing the reservoir quality in the Baiyun Sag,
with intergranular dissolved pores and intragranular dissolved pores being the primary
pore types [46]. Acidic fluids act on soluble materials such as feldspars, debris, and tuffa-
ceous matrices, leading to the formation of secondary pores (Figure 10k). The resulting pore
network, comprising fractures and pores, significantly improves the physical properties
of the reservoirs (Figure 101). Autogenous quartz, ferrocalcite, or ankerite can fill into
the dissolution pores (Figure 10b,h), and late cementation partially counteracts the pore-
enhancing effects of dissolution. Deeper reservoirs tend to exhibit dissolution pores that are
more likely to be associated with high compaction. In many instances, the dissolution pores
occur between or within the point-line contact, line-point contact, and line-contact debris
grains, suggesting that dissolution might have occurred after strong compaction. While
various materials can undergo dissolution, feldspar appears to be the most commonly
dissolved mineral.



Minerals 2023, 13, 1265

11 0f 19

400)
S

Figure 10. Diagenetic types of Paleogene sandstones in the southwestern Baiyun Sag: (a) Well F,
2327.5 m, Enping, pressure solubilisation, visible sutures between grains; (b) Well B, 3912.1 m, Zhuhai,
calcite fills the pores of the grains; (c) Well D, 5116.0 m, Enping, ankerite is a fine and medium crys-
talline filling in the intergranular or cemented and metasomatism grains output; (d) Well F, 2437.0 m,
Enping, ankerite is a fine and medium crystalline filling intergranular; (e) Well D, 5107.0 m, Enping,
quartz secondary enlargement edge; (f) Well F, 2342.0 m, Enping, quartz secondary enlargement
edge; (g) Well C, 4103.3 m, Enping, rhomboid ankerite and quartz secondary enlargement; (h) Well C,
3770.3 m, Zhuhai, dissolution of feldspar forms dissolved pores in the feldspar particles and kaolinite
accumulates in situ; (i) Well F, 2479.1 m, Enping, the curled flake illite is distributed on the surface
of the grains and filled with intergranular pores; (j) Well F, 2437.0 m, Enping, cubic, microspherical
pyrite is distributed on the surface of the grains and fills the intergranular pores, and curly lamellar
illite dissolution is seen; (k) Well D, 5109.0 m, Enping, intergranular dissolved pores and mold pores;
(1) and Well D, 5116.0 m, Enping, grains fracture.

5. Discussion
5.1. Diagenetic Environment and Stages

Carbonate cementation is a significant diagenetic process in the Paleogene sandstone
reservoirs of the southwest Baiyun Sag. To further analyze the impact of carbonate cemen-
tation on the reservoir physical properties and to identify the diagenetic environments and
stages of the Paleogene sandstones in this area, carbon and oxygen stable isotope analyses
were conducted on carbonate cements from 13 sandstone samples obtained from 6 wells in
the Baiyun Sag (Table 2).
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Table 2. Isotopic analyses of carbonate cementation in Paleocene sandstones of the Baiyun Sag.

Well Depth/m Formation  §3C/PDB 5180/PDB V4 Temperature/°C  Porosity/%  Permeability/%
A 2522 Enping —10.430 —10.769 100.6 89.1 18.4 186.2
2560 Enping —18.319 —10.523 84.5 87.4 20.2 193.4
C 3005 Zhuhai —2915 —11.237 115.7 924 21.2 234.1
4098 Enping —2.711 —11.749 115.9 96.0 124 60.5
4025 Zhuhai -5.015 —7.622 113.2 68.3
D 5082 Enping —9.648 —11.540 101.8 94.5
5218 Enping —11.75 —10.50 98.0 87.3
E 3336 Enping —5.413 —9.848 111.3 86.1
3450 Enping —9.744 —10.543 102.1 87.6
G 4381 Zhuhai —6.138 —12.003 108.8 97.8 12.8 10.8
4415 Zhuhai —6.134 —12.048 108.7 98.2 13.7 58.1
H 4575 Enping —5.333 —14.486 109.2 116.3
4606 Enping —7.845 —14.267 104.1 114.6

The test results reveal that the §'80 values of the Paleogene sandstone samples in
the southwest Baiyun Sag range from —14.486 %o to —7.622%. and the §!3C values range
from —18.319%0 to —2.711%o. Previous studies have demonstrated that as burial depth and
formation temperature increase, pore water undergoes fluid—rock interactions, resulting in
lower 8'80 values [47]. The measured 5'80 values of the Enping Formation in Well H are
lower compared to the other five wells, indicating that the carbonate cements in the Enping
Formation sandstones of Well H have been more significantly affected by burial heating.
Additionally, the carbon isotopes in the carbonate cements have undergone exchange
to some extent with carbon isotopes of organic acids released during early hydrocarbon
generation in the source rocks [48].

The Z values of the carbonate cements in the Paleogene sandstones of the Baiyun
Sag vary from 84.5 to 115.9 (Table 2). It can be seen that all wells are related to freshwater
leaching. Wells A and E in the Yunkai Low Uplift, Well D in the Main Depression, and
Well H in the Liwan Sag demonstrate a gradual decrease in Z value with increasing burial
depth, indicating a trend towards the decreasing ambient salinity of carbonate cements in
sandstone reservoirs. However, the diagenetic environments of Wells C and G, situated in
the southwest fracture terrace zone, remain relatively unchanged.

The diagenetic temperatures of the Paleogene sandstones in the southwest Baiyun
Sag span a wide range between 68.3 and 116.3 °C, with the average temperature centered
around 93.5 °C (Table 2). The carbonate cementation of Paleogene sandstones in this area
primarily occurred during the early diagenetic stage B to the middle diagenetic stage A.
Specifically, the carbonate cementation of sandstones in the upper part of the Zhuhai For-
mation in Well D predominantly took place during the early diagenetic stage B (65~85 °C),
while in other wells, it occurred during the middle diagenetic stage A (85~140 °C).

Combining the reservoir physical properties from Wells A, C, and G, the temperature
range for carbonate cementation in relatively shallowly buried strata is 89.1-92.4 °C. These
strata exhibit really high measured porosity and permeability, ranging from 18.4 to 21.2%
porosity and 186.2 to 234.1 mD permeability. However, in strata with a burial depth
exceeding 4500 m, the diagenesis temperature of the carbonate record is 96.0-98.2 °C.
As the burial depth and diagenesis temperature increase, the physical properties of the
reservoirs significantly decrease, resulting in porosity of 12.4%-13.7% and permeability of
10.8-60.5 mD (Figure 11).
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Figure 11. Paleocene porosity and permeability versus diagenetic temperature in the southwest of
the Baiyun Sag. (Blue dots represent the corresponding porosity at different temperatures; Yellow dot
represents the corresponding permeability at different temperatures)

Samples from the Zhuhai and Enping Formations mainly fall within the range asso-
ciated with organic acid decarboxylation (Figure 12). The samples with carbon isotope
distributions in the range of —9.848%. to —3.236%. indicate the influence of inorganic
carbon sources and terrestrial debris from atmospheric precipitation during the Supergene
period. On the other hand, the samples with distributions in the range of —18.319%. to
—10.430%o display a significant negative carbon isotope bias, which is clearly related to
hydrocarbon activities [49].
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Figure 12. Carbon and oxygen isotope intersection diagram of carbonate cements in the Southwest
Paleogene Baiyun Sag Sandstone.

Carbonate cementation of the Enping Formation sandstones took place in a deeper
burial and higher paleotemperature environment. The relatively negatively biased carbon
isotopes in these samples suggest increased activity of hydrocarbon-bearing fluids in the
deep burial environment, creating favorable conditions for organic acid dissolution in
this setting.

5.2. Diagenetic Sequence

Based on rock thin-section identification, diagenesis characterization, and analysis of
diagenetic mineral interrelationships, the Paleogene sandstone reservoirs in the southwest
of the Baiyun Sag have undergone various diagenetic sequences (Figure 13). These include
shallow early mechanical compaction, early calcite precipitation and cementation, mid-
term diagenetic fluid acidification, mid-late quartz secondary enlargement, and late ferric
carbonate cement recrystallization filling. Different diagenetic effects have distinct impacts
on reservoir porosity at different diagenetic stages. Compaction primarily occurs during
the early diagenetic stage, leading to a reduction in reservoir porosity. Cementation
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occurs predominantly in the early diagenetic stage B and the middle diagenetic stage,
further decreasing reservoir porosity. Conversely, dissolution enhances reservoir porosity
accordingly. This comprehensive analysis provides valuable insights into the diagenetic
processes and their effects on the physical properties of the Paleogene sandstone reservoirs
in the studied area.
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Figure 13. Pore evolution and stratigraphic burial history of the diagenetic sequence in the southwest
of the Baiyun Sag.

5.3. Pore Evolution Characteristics

The evolution of pores in sandstone reservoirs is a result of changes in the diagenetic
environment, such as paleotemperature and sedimentary fluids, and the transformation
of various diagenetic processes. The content of the matrix and the composition of debris
significantly influence compaction. Higher amounts of stabilizing minerals like quartz in
debris lead to more stable physical properties during diagenesis, while increased depth
generally results in a rapid decrease in reservoir porosity due to overall compaction.

Cementation also plays a crucial role in shaping the physical properties of the reser-
voirs, mainly through changes in the cementation content. Paleogene sandstones in the
Baiyun Sag are primarily cemented by clay and carbonate minerals, which tend to decrease
porosity as their content increases (Figure 13).

The pore evolution of sandstone reservoirs in the southwest of the Baiyun Sag is mainly
influenced by diagenetic processes such as compaction, cementation, and dissolution. The
average porosity lost due to compaction is 23.07%, while the average porosity lost due to
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the cementation of carbonate and clay minerals is 9.02%. Compaction has a more significant
impact on reducing porosity compared to cementation. On the other hand, the average
porosity improvement resulting from diagenetic processes like feldspars, lithic grains, and
the dissolution of minerals is 5.09% (Table 3; Figure 13). These findings highlight the
complex interplay of the diagenetic factors shaping the physical properties of sandstone
reservoirs in the Baiyun Sag.

Table 3. Quantitative analysis of the diagenetic porosity of Paleogene sandstone reservoirs in the

Baiyun Sag.
) Initial Compaction Dissolution Cement Residual Primary
Formation Porositv/% Loss Increases Loss Porosity/%
y Porosity/% Porosity/% Porosity/%
Zhuhai 36.91 24.03 5.56 5.64 711
Enping 38.69 2211 4.63 12.39 13.0

5.4. The Impact of Diagenetic Evolution on Reservoirs

The diagenetic evolution of Paleogene sandstone reservoirs in the Baiyun Sag can be
classified into three types based on data from core cast thin-section and scanning electron
microscopy, taking into account the morphological types, structural features, and pore
distribution characteristics of various diagenetic minerals (Figure 14).
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Figure 14. Diagenetic evolution of Paleogene sandstones in the southwestern Baiyun Sag.

(1) Mainly Mechanical Compaction: This type is primarily observed in the Zhuhai For-
mation at burial depths exceeding 2300 m, with diagenesis temperatures ranging from
72 t0 90 °C. In the early diagenetic stage, the sandstone grains are loose, and primary
pores are well-preserved. However, as the burial depth increases, the grain arrange-
ment becomes progressively tighter, and primary pores are filled with authigenic
clay minerals, leading to the densification of the reservoir. Unstable clastic grains,
such as feldspars, are prone to dissolution, and some rigid grains may fracture. This
diagenetic evolution results in poor reservoir performance.
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Unstable Clastic Dissolution Dominant: This type is mainly found in the Zhuhai
Formation and the upper part of the Enping Formation, at burial depths of 2300 to
3500 m, with diagenesis temperatures ranging from 70 to 95 °C. Reservoirs with larger
particle diameters, better sorting, and higher pore permeability are observed. There is
less compaction, and primary pores are well-preserved. Intense dissolution enhances
the physical properties of the reservoir, with loose sandstone grains having a higher
content of matrix and plastic debris. The main rock-forming minerals, such as calcite
and kaolinite, are associated with feldspar dissolution. However, they fill only a small
proportion of the pores in the reservoir, with them having little effect on porosity
and permeability.

Dominated by Carbonate Rocks Cemented with Clay Minerals: This type is more
developed in the lower part of the Enping Formation, at burial depths exceeding
3500 m, with diagenesis temperatures ranging from 120 to 146 °C. The diagenetic
evolution is mainly characterized by carbonate rocks cemented with clay minerals,
with pore fills dominated by calcite, ferrocalcite, kaolinite, and illite. Secondary
dissolution pores are minimal, with only a few remaining primary pores and feldspar
dissolution pores as the main reservoir space. As most primary pores are filled by
cement and the degree of dissolution is low, the storage space is limited, resulting in
relatively poor pore permeability in reservoirs of this type of diagenetic evolution.

6. Conclusions

@

@)

®)

4)

The Paleogene sandstones within the Baiyun Sag predominantly comprise feldspathic
quartz sandstones and feldspathic sandstones. The reservoirs exhibit a predominance
of secondary porosity, complemented by a minor presence of fractures. In the Zhuhai
Formation and the upper segment of the Enping Formation reservoirs, intergranular
dissolution pores dominate, followed by intragranular dissolution pores, contributing
to higher permeability. Conversely, the lower segment of the Enping Formation reser-
voirs primarily exhibits intragranular dissolved pores, with relatively well-developed
micropores resulting in lower permeability.

At greater depths, reservoir porosity exhibits a clear declining trend. Remarkably, a
secondary pore development zone emerges at 22802350 m, characterized primarily
by intergranular dissolution pores and intragranular dissolution pores. This unique
zone is a consequence of the diverse impact of diagenetic processes on the reservoir
physical properties.

Seismic signatures of the Zhuhai and Enping formations are classified into four third-
order sequences. Carbonate cement in the upper Zhuhai Formation originated from a
mixed-water diagenetic environment, while the lower Zhuhai Formation and Enping
Formation sandstone reservoirs underwent freshwater diagenesis. The diagenetic
temperatures ranged from 42.6 to 116.3 °C. Sandstones of the upper Zhuhai Formation
correspond to Early Diagenesis Stage B, while the lower Zhuhai Formation and Enping
Formation correspond to Middle Diagenesis Stage A.

In the deepwater area of the Baiyun Sag, sandstone reservoirs have undergone three
main diagenetic evolution processes: compaction leading to a reduction in porosity
of 23.07%, cementation leading to a reduction of 9.02%, and dissolution enhancing
porosity leading to a reduction of 5.09%. The diagenetic evolution is characterized
by mechanical compaction, carbonate cementation, and feldspar dissolution. No-
tably, feldspar dissolution contributes to the formation of high-quality reservoirs,
making the sandstone in the upper part of the Enping Formation a conventional
high-quality reservoir.
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