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An abnormally high-porosity zone (AHPZ) is beneficial for petroleum exploration, especially for the deep tight reservoirs in a
petroliferous basin. Because of lacking effective research methods, it is hard to analyze the formation process of AHPZs in
different geological periods. From the perspective of the diagenetic fluid type and activity history, geochemical characteristics
and fluid inclusions of diagenetic minerals were utilized to reconstruct the diagenetic fluid type and dynamic evolution. The
ultimate goal is to study the genetic process of AHPZs in the Songtao–Baodao region of the Qiongdongnan basin, South China
Sea. It was found that there are three sections of AHPZs at different burial depths, which are generally favorable for high-quality
reservoirs. Moreover, it can be concluded that the AHPZs are closely related to multiple actions of various diagenetic fluids. The
meteoric waters, organic acid, and thermal fluids facilitated the enlargement of porosity by dissolving minerals to form
secondary pore spaces. The hydrocarbon fluids have positive effects on the preservation of pores by preventing cement from
filling the pore space.

1. Introduction

The development of abnormally high-porosity zones (AHPZs)
in sedimentary basins has always been an important topic,
which is of great significance for high-quality reservoir
predictions and commercial oil-gas exploration [1]. Main
mechanisms for the formation of AHPZs commonly include
sedimentation, grain coat, hydrocarbon filling, overpressure,
and dissolution [2, 3]. Sedimentation can control original
physical properties of the sandstone reservoir. In other words,
the reservoir physical properties are closely related to the sed-
imentary environment. In addition, sedimentation also affects
diagenetic alternation. For example, sandbody that contains
high content of rigid particles, few argillaceous impurities,

and coarser grain generally has a strong resistance to compac-
tion during burial, thereby preserving more pores at the same
burial depth. The cementation is generally weak in the middle
of thick sandbody, and the pore is relatively well preserved [4].
Grain coat grows outward from the surface of skeleton grains.
It can hinder the development of quartz cements and enable
the pores to be effectively preserved in the middle-deep reser-
voirs [5]. During reservoir diagenesis, early hydrocarbon fill-
ing can hinder the flow of pore waters and cause ion supply
and flow barriers, which would inhibit or even stop the precip-
itation of authigenic cements and thus effectively preserve the
reservoir pore [6]. An important function of fluid overpressure
is to reduce the effective stress on the formation. Effective
stress is an important factor controlling the compaction of
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clastic rock, so fluid overpressure can inhibit the compaction,
which is beneficial to the preservation of reservoir space [7, 8].

The contribution of dissolution to an abnormally high-
porosity zone lies in the dissolution of unstable minerals and
the formation of additional secondary pores [9]. The geologi-
cal factors controlling the AHPZ development are closely
associated with the types and activities of diagenetic fluids
[10]. The physical and chemical properties (such as acid,
alkali, temperature, pressure, and components) of the fluid
affect the reservoir diagenesis and control fluid-rock interac-
tion. The fluids affecting the reservoir can be divided into
organic and carbonic acid fluids [11, 12], meteoric water [13,
14], thermal fluids [15], H2S generated by thermochemical
sulfate reduction (TSR) [16], H+ released by clay mineral con-
version [17], acid generated by biodegradable hydrocarbons
[18], and alkaline fluids [19]. Most AHPZs that developed in
sedimentary basins are the result of the comprehensive super-
position of different factors. Therefore, the analysis of the
diagenetic pore fluid type and the evolution of the AHPZs in
different geological periods are difficult to analyze and often
ignored by scholars. Therefore, the key to better understanding
AHPZ genesis is to clarify the fluid types and their large-scale
activity in the geological periods. Because of the difference in
source rock types, transport systems, thermal-burial-tectonic
history, and hydrocarbon migration, the diagenetic fluid types
and effective activity periods are different, which have a large
influence on the lateral and vertical distributions of AHPZs.

The Qiongdongnan basin is one of the most important
oil-bearing basins in the South China Sea. At present, there
are few wells in the eastern part of the basin, and the degree
of oil-gas exploration is low. There are few reports on the
formation of AHPZ in this area. In terms of sedimentary
facies and environment, previous authors have analyzed the
good physical properties of a deep braided river reservoir
[20, 21]. The high content of quartz in sandstone has a stron-
ger compressive ability during compaction of the overburden
strata; hence, the reservoir retains more pores [22]. In addi-
tion, compaction and cementation reduce reservoir porosity,
and dissolution of silicate minerals such as feldspar and rock
debris plays a constructive role in reservoirs with abnormally
high porosity [22, 23]. The previous studies have not system-
atically analyzed the causes and distribution of AHPZ, which
restricts the understanding of high-quality reservoir explora-
tion. Based on the analysis of diagenetic fluid type and activ-
ity history, this study discusses the multistage dynamic
evolution process of the abnormally high-porosity zone in
the study area, which is of valuable and practical significance
for high-quality reservoir exploration.

2. Geological Setting

The Qiongdongnan basin is located in the northwest conti-
nental margin of the South China Sea, covering an area of
about 6:3 × 104 km2. It is an extensional basin on the conti-
nental margin. Generally, this basin experienced two tectonic
evolutionary stages: (1) the rift stage, from the Late Oligocene
to Paleocene; (2) the depression stage, from the Miocene to
Present [24]. It suffered from four successive tectonic episodes,
including the Shenhu, Zhujiang, Nanhai, and Dongsha Move-

ments [25]. The basin has normal faults in the lower part
(Paleogene), which is overlain by Neogene sedimentary rocks
within the depression. The boundary marked by the T60 forms
an unconformity (Figure 1). The Cenozoic stratigraphy consists
of Eocene (E2), Lower Oligocene Yacheng Formation (E3y),
Upper Oligocene Lingshui Formation (E3l), Lower Miocene
Sanya Formation (N1s), Middle Miocene Meishan Formation
(N1m), Upper Miocene Huangliu Formation (N1h), Pliocene
Yinggehai Formation (N2y), and Quaternary Ledong Forma-
tion (Ql), from bottom to top (Figure 2).

The study area is located in the Songtao–Baodao region in
the eastern Qiongdongnan basin. This area is bounded by the
Shenhu uplift and is adjacent to the Zhujiangkou basin. The
burial histories of the eastern and western parts of the basin
are different [25]. The western part experienced a slow burial
at an early stage, followed a rapid burial in the late stage. In
contrast, the eastern part went through a generally long-term,
continuous burial. The geothermal gradient in the eastern
basin (including the Songtao–Baodao region) is generally
high, approximately 3.8~4°C/100m. The current formation
is hydrostatically pressured or weakly overpressured. The
degree of exploration in the Songtao–Baodao region is low
with few discovered petroleum structures (Figure 1). The main
source rocks are coal measures in the Yacheng Formation and
marine mudstones in the Lingshui Formation. The rock type
of the reservoir sandstone is mainly feldspathic quartz sand-
stone, with a low content of rock debris (5.7%) and a medium
to high compositional maturity. The textural maturity of the
reservoir sandstone is relatively high because of its distance
from the source area. The interstitial materials in the rock
particles are mainly cement and argillaceous materials. The
authigenic minerals are mainly carbonate cement, secondary
quartz, and clay minerals [26].

3. Samples and Methods

Forty sandstone samples collected from the Songtao–Baodao
region were used for petrologic characterization, diagenesis
observation, and carbon isotope analysis, which were applied
to the investigation of diagenesis observation, porosity type,
and CO2 origin. The well logs, strata division, stratigraphic
age, vitrinite reflectance andmeasured temperature, formation
tests, lithology, sandstone compositions, source rock data, and
porosity-permeability data were collected from the CNOOC
Research Institute. Eighteen sandstone samples from the three
sections at unusually large depth in the Songtao–Baodao
regions were collected; fluid inclusion analyses, including
inclusion petrography, microscopic fluorescence spectrum
analysis, and microthermometric measurements, were carried
out. Fluid inclusion homogenization temperature (Th) com-
bined with burial history was used to determine hydrocarbon
filling time. In order to perform the diagenesis analysis, twenty
samples were observed using a polarized optical microscope
and an S4800 scanning electron microscope (SEM).

Carbon and oxygen isotopes of the carbonate cements were
measured using a Delta Plus XL (Thermo/Finnigan) gas
chromatography-carbon isotope mass spectrometer. CO2 was
collected from the selected sandstone samples using the acid
solution method. The fused silica capillary column (PoraPLOT
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Figure 2: Stratigraphic composition and tectonic evolution in the Qiongdongnan basin.
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Q 30m × 0:32mm × 0:25 μm) was used, and the carrier gas
was helium. The initial oven temperature was maintained at
50°C for 3min, increased to 180°C at a rate of 15°C/min, and
finally maintained for 15min. Stable carbon isotopic values
are reported in the customary ∂ notation in per mil (‰) relative
to PDB (VPDB). Measurement precision was estimated to be
±0.3‰. The experiment was conducted at the Guangzhou
Institute of Geochemistry, the Chinese Academy of Sciences.

Fluid inclusion analysis was carried out at the Key Labora-
tory of Tectonics and Petroleum Resource of Educational
Ministry, China University of Geosciences. Fluid inclusion
petrography was conducted using a Nikon 80I dual-channel
fluorescence microscope equipped with transmitted and
ultraviolet light. The main geochemical components of gas
inclusions and gas-bearing inclusions were determined using a
laser Raman microprobe. The homogenization temperature
(Th) of fluid inclusions wasmeasured using a LinkamTHMS600
cooling-heating stage at 20°C, i.e., room temperature. The initial
heating rate was 15°C/min. The rate was set to 5°C/min when
the vapor bubble in the fluid inclusion began to disappear. Mea-
surement precision was estimated to be ±0.1°C.

4. Results

4.1. Diagenetic Stage. According to the industrial standard of
the Chinese petroleum and natural gas industry (SY/T 5477-

2003) [27], the diagenesis was analyzed by some parameters,
such as the variation in the reflectivity of organic vitrinite
(Ro), the thermal alteration index (TAI) from sporopollen
color, the thermal evolution and pyrolysis parameters
(Tmax), the smectite mineral content of the illite/smectite
mixed layer (I/S), and the casting thin sections. The result
was that the diagenetic process in the west of the Qiongdong-
nan basin can be divided into two stages, as shown in Table 1,
the early diagenetic stage (including A and B stages) and the
middle diagenetic stage (including A1, A2, and B stages); the
corresponding depth is about 1600, 2400, 3200, 4500, and
more than 4500m (Table 1 and Figure 3).

4.2. AHPZs. AHPZ refers to the reservoir porosity exceeding
that induced by the normal compaction curve with the
increase in burial depth, and it is not completely equivalent
to secondary porosity. The porosity variation in the Song-
tao–Baodao region could be obtained based on the well-
logging and measured data. The plot of porosity vs. depth
reveals three AHPZs at different depths (Figure 3(a)). The
first AHPZ is located at 2250~3100m with a maximum
porosity close to 28%. The second and third AHPZs are
located at 3700~4400 and 4800~5300m, with porosities up
to 18% and 20%, respectively. The reservoir porosity should
be lower than 15% at depths below 3500m by considering
normal pore evolution regularity. This scenario suggests the
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Figure 3: (a) The variation characteristics of porosity; (b) the thermal evolution of organic matter; (c) thermal alteration index from
sporopollen color; (d) smectite mineral content of the illite/smectite mixed layer of the diagenetic stage in the Songtao–Baodao region of
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possibility of high-quality reservoirs in the middle-deep
Qiongdongnan basin.

The first and second AHPZs are regional for the basin,
dominated by primary pores, and followed by secondary
dissolution pores. The secondary dissolution pores are mainly
distributed in feldspar, rock debris, and carbonate cement, and
some of them are even molded holes (Figures 4(a)–4(c), 4(g),
and 4(h)). The third AHPZ is only locally developing at the
Baodao 19-B structure belt and is dominated by secondary
pores (Figure 4(h)). The first, second, and third AHPZs are
in the middle diagenetic A1, A2, and B stages, respectively
(Figure 3).

4.3. Fluid Inclusions. Fluid inclusions capture the original
geofluids, which recorded the physical and chemical proper-
ties of fluid activity, such as temperature, pressure, and com-
position. Therefore, fluid inclusions can be used as one of the
most important objects to study the geological information of
paleofluid activity [28, 29]. There are three types of reservoir
inclusions in the BD19-B area under microscope, including
gas inclusions, oil inclusions, and CO2 inclusions. Gas inclu-
sions are well developed and mainly distributed in the cracks

of quartz grains (Figures 5(a) and 5(b)). A large number of
gas inclusions have been detected in both shallow Sanya
and deep Lingshui reservoirs, which is the direct evidence
of large-scale gas migration and accumulation. However,
only a small amount of yellow fluorescent oil inclusion was
detected in the Lingshui formation in the BD19-B structure
(Figures 5(c) and 5(d)). Some three-phase CO2 inclusions
were also detected in the Lingshui reservoir (Figures 5(e)
and 5(f)), indicating CO2 filling events. Few CO2 inclusions
were found in the Sanya formation. The type of reservoir
fluid observed by fluid inclusions is in good agreement with
the natural gas composition of the present BD19-B structure.

5. Discussion

5.1. Reservoir Diagenetic Fluid Type and Evolution. In addi-
tion to its own properties, reservoir diagenetic fluid in the
sedimentary basin is affected by external factors, including
meteoric water, organic and carbonic acids, and thermal
and hydrocarbon fluids [3, 4]. The property variations of
diagenetic fluids in different geological periods have a large
influence on the products of reaction between fluids and

200 𝜇m

(i)

200 𝜇m

(j)

200 𝜇m

(k)

200 𝜇m

(l)

Figure 4: Thin section images of sandstone samples from the Songtao–Baodao region of the Qiongdongnan basin. (a) Blue cast slice; well
BD15-C-A, 2268m; feldspar dissolved into oversize molded hole. (b) Scanning electron microscopic image (SEM); well ST24-A-A,
2726m; feldspar particles are dissolved. (c) SEM; well ST29-B-A, 2726m; carbonate cement is dissolved. (d) SEM; well BD13-C-A,
2726m; intergranular pores among kaolinite. (e) SEM; well ST36-A-A, 2813.2m; berrylike pyrite. (f) Blue cast; well BD19-B-A, 4102m;
dissolved feldspar pores. (g) Blue cast; well BD19-D-A, 4102m; dissolved feldspar pores and carbonate cement filling. (h) Blue cast; well
BD19-B-B, 5092m; dissolved feldspar and intergranular pores. (i) Cathode luminescence; well BD19-B-C, 2551.2m; carbonate
intragranular calcite cement filling the dissolved pores. (j) Orthogonal polarized light; well BD20-A-A, 2576m; carbonate intragranular
calcite cement filling the dissolved pores; well ST24-A-A, 2914.5m. (k) Thin section; well BD19-B-B, 4100.1m; carbonate intergranular
calcite cement. (l) Cathode luminescence; well BD19-B-B, 4100.1m; carbonate intergranular calcite cement filling the dissolved pores.
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minerals in rocks. Therefore, geochemical information and
mineral assemblages can be used to track the fluid types at
different geological stages [30]. In this area, no obvious disso-
lution [25] of quartz particles suggests that minimal alkaline
action was involved in the diagenetic process.

5.1.1. Organic Acid. Secondary dissolution pores in feldspar
and rock debris were generally observed in three AHPZs, as
well as the kaolinite and authigenic quartz near the secondary
pores (Figure 4(d)), suggesting that these three AHPZs
suffered from acid dissolution. Meanwhile, the relation
between authigenic quartz content and depth reveals a high

peak at 2250~3100m which is in accordance with the first
AHPZ (Figure 6), although the total content of authigenic
quartz in the Songtao–Baodao region is low. The particles with
each other show a point-line contact relationship, and no pres-
sure dissolution or mass conversion of clay minerals at this
depth range is observed (Table 1 and Figure 4). Therefore,
the authigenic quartz at this depth range may form after the
acid dissolution of feldspar and other minerals. These observa-
tions suggest that the dissolution was caused by organic acid.
Under the action of anaerobic bacteria, organic carboxylic acid
anions can be reduced to hydrogen sulfide ions, which would
lead to the formation of pyrite by combining with iron ions

Gas
inclusions

TR 50 𝜇m

(a)

UV 50 𝜇m

(b)

TR 40 𝜇m

(c)

UV

Oil
inclusions
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CO2 inclusions
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10 𝜇m

(f)

Figure 5: Fluid inclusion images of sandstone samples from the Songtao–Baodao region of the Qiongdongnan basin. TR: transmission light;
UV: fluorescence. (a, b) Pure gaseous inclusions without fluorescence observed in quartz particle crack; well BD19-B-2, 3818m. (c, d) Yellow
fluorescent oil inclusions in quartz grains; well BD19-A-1, 3860m. (e, f) Three-phase CO2 inclusions developed in quartz particles and nearby
associated aqueous inclusions; well BD19-B-1, 5155m.
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[31]. Although the content of pyrite in the first AHPZ is low, it
is ubiquitous, as shown in Figure 4(e), with berrylike particles
filling in pores, which also supports the involvement of
organic acids.

When thermal evolution of organic matter reaches early
maturity (Ro of 0.50%–0.70%), short-chain carboxylic acids
will be released during kerogen degradation [32]. After the
organic acid released from the source rock migrates into the
reservoir, it dissolves the unstable materials, such as feldspar
and rock debris, and produces secondary dissolution pores
which improve reservoir quality. In the study area, the previ-
ous thermal simulation experiments show that the organic
matter in the Lingshui and Yacheng Formations generated a
large amount of organic acid, with an average of 3.8mg of acid
per gram of kerogen, dominated by highly soluble oxalic acid
[24], which also supports the existence of organic acid in this
area and the dissolution ability of the reservoir rock to dissolve.

In addition, the effective dissolution of organic acids
generally occurs in the reservoir adjacent to the source rock,
and the effect decreases as the distance from the reservoir to
source rock increases. Using the Baodao 19-B structure belt
as an example, the first AHPZ is distributed in the reservoir
of the Sanya Formation, which is mainly affected by organic
acid generated from the adjacent mudstone of the upper
Lingshui Formation. The second AHPZ in the middle Ling-
shui Formation is mainly affected by the organic acids gener-
ated from its own mudstone, because the sand and mud
frequently form interbeds in this formation. The third AHPZ
is distributed in the reservoir of the lower Lingshui Forma-
tion, dominated by sand, and it is mainly affected by the
organic acids generated from the mudstone in the middle
Lingshui Formation and the coal-measure source rock of
the Yacheng Formation. According to thermal evolution his-

tory, the dissolution history of organic acid can be obtained,
as shown in Figure 7. Concerning this analysis, a large
amount of organic acid is generated from organic matter
when Ro ranges from 0.5% to 0.7%. The organic acid dissolu-
tion periods of three AHPZs are different. The first AHPZ
was dissolved by organic acids roughly from the Late Mio-
cene to the Late Pliocene. The second AHPZ was dissolved
by organic acids from the Late Miocene to the Middle Plio-
cene. The third AHPZ was dissolved by organic acids from
the Early to Middle Miocene and Late Miocene to the Middle
Pliocene.

5.1.2. Meteoric Water. Large-scale meteoric water is an
important factor for the development of AHPZs [33, 34].
During the basin evolution, the strata went through several
tectonic uplifts and formed some unconformable surfaces
[35]. At the end of the Oligocene (about 21Ma), the Nanhai
episode occurred in the basin and resulted in the strata uplift.
The second AHPZ in the Lingshui Formation was uplifted to
near the surface. In this geological period, the buried depth of
the third AHPZ was about 1000m and less affected by mete-
oric water [36, 37]. Therefore, the influence of meteoric water
for the third AHPZ can be neglected. Another tectonic uplift
occurred at 15.5Ma (corresponding to the late stage of the
Nanhai episode), when the first AHPZ was near the surface.
The tectonic uplifts indicate that the first and second AHPZs
were likely affected by meteoric water in the geologic history.

The diagenetic mineral assemblage of the water-rock reac-
tion, such as carbonate cement, is a good tracer to track the
fluid source. Carbonate cement in the study area is mainly
calcite and ankerite, with a little dolomite, and the carbonate
cement types are mainly intragranular calcite cement (in
AHPZ I) and intergranular calcite cement (in AHPZ II)
(Figures 4(j)–4(l)). The carbon isotopic value is different in
different types of fluids; therefore, the carbonate cement pre-
cipitated by the fluids that provide the carbon will have differ-
ent carbon isotopic values. Generally, the carbon in fluids
originates from organic acid, meteoric water, and seawater.
The carbon derived from the decarbonization of organic acids
has a light carbon isotope with a δ13CPDB value as low as −8‰
to −23‰. The δ13CPDB provided by meteoric water generally
ranges from −4‰ to −1‰. The δ13CPDB from seawater varies
from 0 to 3‰ [38]. The oxygen isotope (δ18OPDB) in carbon-
ate cement is related to the formation temperature, the source
of sedimentary fluid, and the diagenetic reformation in the later
period [39]. Based on the types and characteristics of carbonate
cement analysis, the measured carbon and oxygen isotope
values of carbonate cement in the first and second AHPZs of
the Baodao 19-B structure belt are shown in Table 2. The
δ13CPDB value of the first AHPZ ranges from −3.4‰ to
−0.4‰, indicating that the carbon was mainly provided by
meteoric water and/or seawater. The δ13CPDB value of carbon-
ate cement in the second AHPZ is lower than that of the first
AHPZ, ranging from −7.9‰ to −2.2‰, suggesting that the car-
bon in the second AHPZ was derived from an organic carbon
source.

Friedman andO’Neil suggested that oxygen isotopes in car-
bonate cements were determined by fractionation coefficients
of the water-rock reaction, which relates to the formation
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Figure 6: The variation of quartz authigenic enlargement
percentage with depth in the Songtao 24-A and Baodao 19-B
structure belt.
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temperature and fluid oxygen isotopes [40]. The oxygen iso-
tope value of the paleofluid can be deduced according to the
δ13OPDB value and the formation temperature of carbonate
cement. In this study, the formation temperatures of the first
and second AHPZs were obtained from the homogenization
temperature of aqueous inclusions in the dolomite (Figure 8).
The formation temperature of the carbonate cement in the first
AHPZ ranges from 70 to 120°C, and that of the second AHPZ
ranges from 130 to 180°C. The oxygen isotope and formation
temperature of the carbonate cement are plotted in Figure 9.

The paleofluid oxygen isotope composition was obtained from
the relationship. The oxygen isotope composition of the mete-
oric water is in accordance with the current rainfall value of the
western Pacific [41], and the oxygen isotope composition of the
seawater is the same as that of the current seawater. As shown
in Figure 9, the paleofluid oxygen isotope value of the first
AHPZ varies from −8‰ to +3‰. It is distributed in the mix-
ing area of meteoric water and seawater. This phenomenon
indicates that the pore fluids in the first AHPZ were mainly
meteoric waters to high-salinity burial fluid in the process of
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Table 2: Carbon and oxygen isotopic composition of carbonate cement in the Baodao 19-B structure.

Well no. Depth (m) Sample location Rock sample Carbonate cement type δ13CPDB (‰) δ18OPDB (‰)

BD19-B-A 2538~2540 AHPZ-I Borehole cuttings Intragranular calcite cement −2.8 −8.8
BD19-B-A 2530~2532 AHPZ-I Borehole cuttings Intragranular calcite cement −2.8 −8.7
BD19-B-B 2520~2522 AHPZ-I Borehole cuttings Intragranular calcite cement −2.4 −8.9
BD19-B-B 2646~2648 AHPZ-I Borehole cuttings Intragranular calcite cement −0.3 −8.2
BD19-B-C 2550~2552 AHPZ-I Borehole cuttings Intragranular calcite cement −3.1 −8.9
BD19-B-C 2698.0 AHPZ-I Borehole cuttings Intragranular calcite cement −2.5 −9.7
BD19-B-C 2946.0 AHPZ-I Borehole cuttings Intragranular calcite cement −3.4 −12.1
BD19-B-A 4189.0 AHPZ-II Core Intergranular calcite cement −3.4 −10.2
BD19-B-A 4020.0 AHPZ-II Borehole cuttings Intergranular calcite cement −7.9 −11.7
BD19-B-B 4100.0 AHPZ-II Borehole cuttings Intergranular calcite cement −7.7 −12.2
BD19-B-B 4236.0 AHPZ-II Core Intergranular calcite cement −2.2 −13.9
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gradual burial. The paleofluid oxygen isotope value of the sec-
ond AHPZ ranges from −2‰ to +6‰, suggesting that it is
seawater area with little input of meteoric water.

In addition, seawater and meteoric water could also be
distinguished by salinity. The paleofluids trapped by fluid
inclusions in the geological period retain the original physical
and chemical properties. Therefore, the salinity of paleofluids
(NaCl wt.%) can be calculated by the freezing point temper-
ature (Tm) of the inclusions [42]. In this study, the Tm of
aqueous inclusions in the first and second AHPZs were mea-
sured, and the salinity of fluids was calculated. Figure 10

shows the relationship between fluid salinity of aqueous
inclusions in the first and second AHPZs. In this study, the
threshold salinity of seawater and meteoric water was
assumed to be 4%. The salinity of the paleofluid in the first
AHPZ ranges widely from 0% to 15%, with an average value
of 6.65%, indicating a mixture of seawater and meteoric
water. However, the salinity of the paleofluid in the second
AHPZ is relatively high, with an average value of 12.5% and
a maximum of 21.5%, indicating that there was no significant
input of meteoric water.

Generally, on the basis of the carbon and oxygen isotopic
compositions and fluid inclusions in the carbonate cements,
the origins of paleofluids in the first and second AHPZs are
clarified. The paleofluids in the first and second AHPZs were
mainly derived from seawater. In addition, the first AHPZ
suffered from an external meteoric water at the near surface
due to the tectonic uplift at the early diagenesis.

5.1.3. Thermal Fluid. Thermal fluid is a supercritical fluid and
rich in a variety of minerals. It often carries high amounts of
thermal energy, affecting the geothermal temperature. The
Th of fluid inclusions reflects the geothermal temperature
when the fluids are trapped as inclusions. Compared with
the geothermal temperature, the thermal fluid activity in
the basin could be determined, as shown in Figure 11. Geo-
thermal temperatures were obtained from well drilling in
the Baodao 19-B and 20-A structure belts. As shown in
Figure 11, Th values of most fluid inclusions in the first
AHPZ are lower than the corresponding temperatures at
the same depth. However, about half of Th values in the
second and third AHPZs is higher than the current testing
temperature, even exceeding about 45°C. These scenarios
indicate that the second and third AHPZs were affected by
thermal fluids, but the first AHPZ was barely influenced by
thermal fluids.
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In addition, thermal fluid also greatly affects the dissolution
in the reservoir due to its strong fluidity and the temperature-
pressure properties. Strong fluidity can promote acid fluids to
dissolve feldspar which results inmore secondary pores. Mean-
while, the higher pressure and temperature can also improve
the dissolution ability. This is also supported by observation
of thin sections (Figures 4(f) and 4(g)). The feldspar and rock
fragments were dissolved and formed dissolved pores in the
second and third AHPZs, and the proportion of secondary
pores to the total pores was relatively high. There is obviously
high content of authigenic quartz in the second and third
AHPZs, which is observably larger than in the first AHPZ
(Figure 6). The abnormal overgrowth of quartz is the result of
acidic dissolution. While it is impossible for organic acids to
contribute so much silica, the abundant siliceous matter is
likely the result of the dissolution of feldspar, rock debris, and
other minerals by the active thermal fluids. Furthermore, the
formation temperature of the quartz overgrowth zone may
indicate the time of thermal fluids. Combining Th of inclusions
in the quartz overgrowth, the active period of the thermal fluid
in the Songtao–Baodao area was determined to be late stage
(Figure 12).

It is noteworthy that the CO2 content of the gas reservoirs
in the third AHPZ in the Baodao 19-B belt is as high as
81.6%~87.9%. The carbon isotope value of CO2 ranges from
−7.5‰ to −6.9‰, with a 3He/4He value of 5:95 × 10−6
–8:75 × 10−6, and an R/Ra ratio of 4.25–6.25 [26], which indi-
cates an inorganic mantle CO2 source [43], and may be

related to the Miocene volcanic activity close to the No. 2
fault structure (Figure 1(d)). Rifting is always associated with
volcanic activity, which may lead to the release of CO2 from
mantle sources. The fluid inclusion and burial history
indicate that the CO2 filling occurred in the late period
(Figure 12), suggesting that the active period of thermal fluids
(rich in CO2) was also late. Under high-temperature and
high-pressure conditions, the critical fluids rich in CO2 have
strong solubility to effectively dissolve feldspar and other
minerals. This phenomenon is similar to that in a previous
report stating that a large number of dissolution holes were
discovered in high CO2 reservoirs of the Huangliu Formation
in the Dongfang gas field of the Yinggehai Basin [44, 45].

5.1.4. Hydrocarbon Fluid. The influence of hydrocarbon
emplacement on diagenesis is still controversial [46]. Some
scholars believe that hydrocarbon-filled pores would hinder
the communication between inorganic ions and minerals
[47]. Furthermore, authigenous minerals, such as quartz, illite,
and carbonate cement, would be prevented from filling the
pore space, and diagenesis would cease. However, other
scholars have observed that hydrocarbon emplacement failed
to inhibit the development of authigenic quartz and illite
[48]. In this study, the fluid inclusions were used to help deter-
mine the period of hydrocarbon filling in the study area and
also to analyze the effects of hydrocarbon emplacement on
authigenic mineral development. The fluid inclusions in the
study area may consist of gas, minor oil, and CO2 inclusions.
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The inclusions present different shapes, including elliptical,
triangular, and strips. The host minerals mainly include quartz
grain cracks, quartz overgrowth zones, and carbonate cements
(Figure 5). The development of hydrocarbon inclusions at dif-
ferent depths suggests that hydrocarbon migration and accu-
mulation occurred in the geological periods. In this study,
the hydrocarbons filling time in the Baodao 19-B structure belt
were determined by combining the burial history and the Th
of the aqueous inclusions coeval with the hydrocarbon inclu-
sions (Figure 12). As shown in Figure 12, the time of hydrocar-
bon filling in the first AHPZwas after 2Ma, in the Quaternary.
The time of hydrocarbon filling in the second AHPZwas from
the Early Pliocene to the present day. The time of hydrocarbon
filling in the third AHPZ was from the Middle Miocene to the
present day. In addition, the time of CO2 filling was from the
lateMiocene to the present day. On the whole, the start time of
hydrocarbon filling in the lower formation was in the early
period, and that in the upper formation was in the late period,
which also suggests that the lower Yacheng Formation may be
the main source rock in the Songtao–Baodao structure belt.

The Th of aqueous inclusions in the quartz overgrowth
and carbonate cement is similar to that of aqueous inclusions
accompanying hydrocarbon inclusions, indicating that
hydrocarbon filling in the study area fails to completely pre-
vent the formation of authigenic minerals. The result may be
related to gas (oil) saturation in the reservoir or more com-
plex mechanisms. In this study, however, the carbonate
cement demonstrates a certain negative correlation with gas

saturation (Figure 13). The carbonate cement filling in pores
is destructive to reservoir properties (Figures 4(i)–4(l)), and
this negative relationship between the carbonate cement
and gas saturation in the Baodao 20-A structure belt indi-
cates that the hydrocarbon filling restrains the carbonate
cement from filling of pores to a certain extent, which is
favorable for reservoir porosity.
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5.2. Formation Mechanism of AHPZs. The current AHPZs in
the reservoir are the comprehensive results of various diage-
netic fluid activities over geological periods. In this study, the
diagenetic process of three AHPZs in the Songtao–Baodao
region can be deduced according to the analysis of diagenetic
pore fluid type and evolution (Figure 14).

Diagenetic fluids affecting the development of the first
AHPZ included meteoric water, organic acid, and hydrocar-
bon. The meteoric water and organic acids dissolved feldspar
minerals and thus led to secondary pores. The first AHPZ
strata went through tectonic uplift in the Early and Middle
Miocene and experienced dissolution caused by circulation
of meteoric water in the shallower strata until the Middle
Miocene. In the Late Miocene, plenty of organic acids were
generated and expelled from the first mudstone member in
the Lingshui Formation, entering the reservoir and dissolving
minerals to form secondary pores. In the Quaternary, hydro-
carbons began to fill the reservoir, preventing the pores from
being filled and destroyed by carbonate cement to a certain
extent. Finally, the first AHPZ was formed.

Organic acids, thermal fluids, and hydrocarbons were the
main diagenetic fluids that led to the second AHPZ. The
mechanism of organic acid dissolution and hydrocarbon
filling affecting the secondAHPZ is the same as that in the first
AHPZ. Organic acids expelled from the second mudstone
member of the Lingshui Formation in the Late Miocene
caused dissolution in the second AHPZ, which was active until
the Middle Pliocene. In the Early Pliocene, thermal fluid activ-
ity caused dissolution and enhanced the porosity. Meanwhile,
hydrocarbon filling began to fill the reservoir, inhibiting
carbonate cementation at the same time.

The third AHPZ is only found in some wells in the Bao-
dao 19-B structure belt. The special geological location of the
third AHPZ is close to the No. 2 fault where there was an
active volcano and a high content of inorganic CO2. Organic
acids, thermal fluids rich in CO2, and hydrocarbons have an
important influence on the formation of AHPZ in the Bao-
dao 19-B structure belt. In the Early Miocene, the source rock
of the Yacheng Formation began to generate organic acids
and caused reservoir dissolution, which was active until the

Middle Miocene. In the Late Miocene, the second member
mudstone of the Lingshui Formation started to generate
organic acids and caused dissolution again, which was active
until the Middle Pliocene. In the Middle Miocene, hydrocar-
bon filling inhibited the formation of carbonate cements.
Meanwhile, the thermal fluid rich in mantle CO2 began to
dissolve minerals and formed secondary pores in the Plio-
cene, leading to the development of the third AHPZ.

6. Conclusions

The porosity variation, reservoir pore types, and corresponding
diagenetic period are considered together for the identification
of APHZs in the Songtao–Baodao region, eastern Qiongdong-
nan basin, South China Sea. There are three APHZs at depths
of 2250~3100, 3700~4400, and 4800~5300m. Moreover, the
three APHZs were controlled by the multiple action of various
diagenetic fluids, including meteoric water, dissolved organic
acid from source rocks, thermal fluid rich in CO2, and hydro-
carbon fluids. In addition, it was concluded that three AHPZs
in the Songtao–Baodao region resulted from various diagenetic
fluids during different geological times.
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