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Abstract: This study focuses on the diagenetic evolution of the reservoir in the third member of
the Oligocene Weizhou Formation (E3w3) in Weinan Sag of Beibuwan Basin, northern South China
Sea. Based on the contents and occurrence states of chlorite, illite, kaolinite and quartz cement were
described by scanning electron microscopy (SEM), thin section and X-ray diffraction. In the Esw3
reservoir, three different occurrences of chlorite are recognized. These include chlorite coating, leaf-
shaped chlorite and tongue-shaped chlorite. Furthermore, three major types of diagenetic kaolinite
are observed. These include kaolin crystallization promoted by fluids of meteoric origin, kaolin
formed by organic acids and blocky kaolin. In addition, feldspar, by organic acid dissolution, can
mainly form kaolinite but also form illite or chlorite in the E3wj reservoir. Different clay minerals have
different effects on reservoir quality, which are controlled by occurrence and diagenetic environment.
Compared to the other minerals, chlorite coating has a greater effect on quartz overgrowth. However,
If minerals are packed in intergranular pores, they have a negative effect on reservoir quality.

Keywords: diagenesis; grain-coating chlorite; kaolinite; quartz overgrowth; beibuwan basin

1. Introduction

Although sediment controls the inherent physical properties of the reservoir, diagene-
sis determines the ultimate reservoir quality. In the Ezw3 reservoir, clay minerals, corrosion
of feldspar and oil placement play an important role in the diagenetic process. They have a
great effect on porosity and permeability, which are key properties of a petroleum reser-
voir [1]. For different clay minerals, it is important to study reservoir quality to understand
the occurrence of clay minerals and the control factors on the occurrence of clay minerals [2].
There have been many studies on the effect of chlorite coats on reservoir quality [3-10]. In
addition to chlorite coating, clay grain coats include illite coating [2,11], quartz overgrowth
coating [12,13] and kaolinite coating [14]. Additionally, organic acids are also important to
the dissolution of reservoirs, which result from the maturation of organic matter in shales
or mudstone adjacent to sandstone [15]. In general, potassium feldspar is dissolved by
organic acid to form kaolinite or illite [15-18]. However, K-feldspar may also be converted
to chlorite from the analysis of the SEM in the Ezwj reservoir. Although at temperatures ex-
ceeding 70-80 °C, rates of authigenic quartz cementation become significant [19,20], quartz
overgrowth was effectively inhibited by chlorite coating in the E3w3 reservoir. Previous
researchers have conducted extensive research on reservoir quality in the study area [21-25],
but there is little research on the control effect of diagenetic evolution on reservoir quality.
From the analysis of XRD, SEM, thin section and core, it is more simple and feasible to
determine the sequence of diagenetic evolution to observe the contact relation, symbiotic
assemblage and dissolution filling characteristics of different authigenic minerals in the
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reservoir [26,27]. Most importantly, we can understand the change in reservoir quality
and its influencing factors, such as the occurrence of clay minerals, quartz overgrowth, oil
placement and organic acid.

2. Geological Setting

Beibu bay basin is a tertiary sedimentary basin developed on the basis of prepaleogene
bedrock, with an area of about 3.98 x 10* km?. Weixinan Sag is located in the north of
the Beibu bay basin, China. The study area is located in the Weixinan Sag and consists of
three blocks: the North Block, Middle Block and South Block. The target layer is the third
member of the Oligocene Weizhou Formation (E3ws), which was influenced by tectonic
movements accompanied by the fault from activity to weakness (Figure 1a,b). Based on the
core studies, the depositional environment of E3w3 has been interpreted to represent a delta
front facies where the river enters the lake (Figure 1c). Affected by the sedimentary facies,
the lithology is mainly sandstone, but there are mudstones of different thicknesses in the
middle. This turbulent sedimentary feature leads to changes in the diagenetic environment,
resulting in porosity and permeability varying greatly in the Ezw3 reservoir.
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Figure 1. Division of tectonic units of Weixinan Sag (a), location of the study area (b) and stratigraphic
characteristics of Weixinan Sag (c).

3. Petrographic and Micrological Analyses
3.1. Data Base

The database comprises 2446 samples, observed by microscopy of the thin sections
(192 samples) and XRD analysis of bulk rock (180 samples). An SEM was also used (about
74 samples). All the samples were provided by CNOOC China Limited, Zhanjiang Branch,
which also provided additional data such as grading analysis (438 samples) and whole rock
analysis (30 samples).

3.2. Petrographic Description

The Ezw3 Formation is a feldspathic quartz sandstone, fine to medium-grained, sandy
sequence. There is a good correlation between particle size and mud content. The increase
in grain size is accompanied by a reduction in shale content. The Ezw3 Formation in well#3
has an average of 47.5-67.5% detrital quartz, including single-crystal and polycrystalline
quartz (Figure 2). Quartz has a strong compressive resistance, which can hinder compaction,
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and is beneficial to pore preservation [28]. It is relatively stable for the content of quartz
overgrowth to vary between 0.5 and 2% (Figure 2). Quartz precipitation is influenced
by temperature, pressure, PH and formation water properties. Feldspar content varies
greatly, between 2 and 14%, which includes potassium feldspar and plagioclase. The Ezws
Formation has several carbonate cemented intervals, such as calcite, ferrocalcite, dolomite
and ankerite (Figure 2). About 1.3% is usually present in the Ezw3 Formation from well#3.
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Figure 2. Results from analysis of microscopy of the thin sections. Well#3, E3w3 formation.

Core data for conventional porosity and permeability show high porosity at 2440 m
and low porosity at 2493 m. The abnormal change in porosity is related to the irregular
variation in cement content, especially calcite and ferrocalcite. Calcite (20.5%) or ferrocalcite
(12.5%) cement has very low porosity.

3.3. Clay Minerals

Clay minerals are observed by SEM and analyzed by XRD. With the change in burial
depth, the relative content of clay minerals is different. The relative content of chlorite
(approximately 32%) is slightly higher than that of kaolinite (approximately 30%), followed
by illite (approximately 24%) in well#3 (Figure 3). But chlorite began to transform into
kaolinite at a depth of 2470 m to 2500 m in well#3 (Figure 3). The relative content of
kaolinite (about 40%) was significantly higher than that of chlorite (approximately 22%)
and illite (approximately 22%) in well#4 from the XRD data (Figure 3). Compared with
well#4, the content of kaolinite (about 31%) is relatively low in well#7. The content of illite



Processes 2023, 11, 2171

and chlorite is still lower than kaolinite in well#7 (Figure 3). Kaolinite and illite have an
obvious relationship between growth and decline from the XRD analysis data in well#7. At
the same time, kaolinite and chlorite are positively correlated to a certain extent, which is

different from well#3.
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Figure 3. Results from the X-ray diffraction (XRD) analysis: Well#3; well#4; well#7.
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4. Diagenetic Environment and Evolutionary Sequence

It is a more simple and feasible means for determining the sequence of diagenetic
evolution to observe the contact relation, symbiotic assemblage and dissolution filling
characteristics of different authigenic minerals in the reservoir [26,27]. The results from
the microscopy of the thin section show that calcite and dolomite were formed in the
early diagenetic stage (Figure 4a). And the formation time of ferric calcite and dolomite
is later than that of calcite and dolomite (Figure 4b,c). Additionally, fine dolomite was
replaced by ferrocalcite due to the addition of iron ions (Figure 4c). By scanning electron
microscope, it was found that quartz cement is on the surface of the grain (Figure 5a,e).
But the amount of quartz cement in the analyzed samples is clearly linked to the presence
or absence of grain-coats anthigenic clays [11]. The amount of quartz cement in the Esws
reservoir is controlled by chlorite attached to the surface of the particle. In addition, the
precipitation time of quartz overgrowth is later than that of chlorite. The amount of quartz
cement can be reduced if grain coats cover a large part of the surface of detrital quartz
grains [8]. Therefore, chlorite coats can inhibit quartz cement and preserve porosity in
the Egw3 reservoir. In the early diagenetic stage, there was acidic leaching of atmospheric
water. Potassium feldspar was leashed and performed a honeycomb structure (Figure 5b).
These phenomena indicate that the sequence of diagenetic evolution is calcite/dolomite
— chlorite — quartz overgrowth — kaolinite. Therefore, the sequence of the diagenetic
environment is acid — alkaline — acid. Additionally, there are corrosion pits on the surface
of quartz secondary overgrowth (Figure 5¢). The dissolution pit on the surface of the quartz
particle is filled with kaolinite and chlorite (Figure 5h). In the middle diagenetic stage,
kaolinite is mainly formed by organic acid entering the reservoir to dissolve feldspar and
the transformation between clay minerals (Figures 3 and 5g). But, feldspar is dissolved to
form not only kaolinite but also illite and chlorite (Figure 5d,i). Additionally, it was found
that kaolinite cement was dissolved. These phenomena indicate that the sequence of the
diagenetic environment is alkaline — acid — alkaline. Therefore, the diagenetic evolution
of the Ezwj reservoir can be determined (Figure 6).

Figure 4. Analysis of microscopy of the thin sections: (a) Well#3,2448.47 m, (-) x5, calcite cementation.
(b) Well#3, 2447.24 m, (-) x 10, ferrocalcite cementation. (c) Well#4, 2516.17 m, (-) x200, fine dolomite
was replaced by ferrocalcite. Fc—ferrocalcite; Do—dolomite.
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Figure 5. Analysis of scanning electron microscopy (SEM): (a) Well#2, 2360.92 m, x 1500; there are
chlorite, quartz secondary overgrowth, kaolinite on the surface of grain. (b) Well#4, 2512.39 m, x2940;
potassium feldspar was leached by atmospheric water, and its shape is like a needle or rod. (c) Well#6,
2439.22 m, x465; there are corrosion pits on the surface of quartz secondary overgrowth. (d) Well#2B,
2375.39 m, x1260; feldspar transformed into chlorite, which is a leaf-shaped, filled between grains.
(e) Well#4, 2713.37 m, x1000; quartz secondary overgrowth III level formed later than the grain
of chlorite. (f) Well#2B, 2375.39 m, x815; kaolinite cement shrinkage and filled between grains.
(g) Well#2B, 2393.05 m, x1700; feldspar was dissolved and transformed into kaolinite. (h) Well#4,
2477.42 m, x1180; kaolinite and chlorite were filled in the corrosion pit. (i) Well#2B, 2384.46 m,
% 3400; feldspar was dissolved and transformed into illite. Ch—chlorite; Q—quartz; K—kaolinite;
Or—potassium feldspar; I—illite.
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Figure 6. Diagenetic evolutionary sequence of Ezw3 reservoir.

5. Discussion
5.1. Occurrence and Existing State

Chlorite is unstable under the physicochemical conditions of the Earth’s surface but
can form over a wide range of temperatures [29]. Most chlorite species existing in geological
systems result from specific precursors except for direct precipitation due to dissolution.
Furthermore, three main types of clay mineral series were reviewed by Beaufort et al. (2015):
saponite-to-chlorite, berthierine-to-chlorite and kaolinite-to-sudoite reactions. In addition,
the effect of chlorite coating in sandstones from different places is well known [3-10].
Micro-quartz [12,13], illite [2,11] and kaolinite [14] were also documented.

Many authors argued that the occurrence of chlorite is related to its genesis, but there
is no one-to-one correspondence between the occurrence and genesis. In this paper, based
on the results of previous studies, chlorite can be divided into four types: (1) chlorite
coats are attached to the surface of the grain and wrap it [30-39]. It can inhibit a series of
physical and chemical reactions of enveloped particles. In the E3w3 reservoir, the amount
of quartz cement is reduced because chlorite coats cover the part of the detrital quartz.
(2) Chlorite is attached to the surface of the pore throat [30,34-37,40-42]. It mainly affects
the fluidity of pore fluid, especially permeability. (3) Chlorite is in the shape of a rose
or leaf and is mainly filled in intergranular pores [22,23,30,34-37,39—41]. It occupies the
pore space, which is unfavorable to the reservoir, and even plugs the throat. (4) Chlorite
is globular or cellular [31,34]. In the Ezw3 reservoir, the morphological characteristics of
chlorite are mainly leaf-shaped (Figure 7a,e) and needle-shaped (Figure 7c), while tongue-
shaped chlorite is rare (Figure 7d). The leaf-shaped aggregate of chlorite is globular or
cellular; it can be only observed where feldspar is dissolved and transformed into chlorite
(Figure 7a). Additionally, there are chlorites filling in the quartz secondary overgrowth
(Figure 7f). From the analysis of SEM, the content of quartz cement is relatively low in the
Esws reservoir; it is mainly affected by chlorite coats and oil emplacement. When chlorite
coats cover the surface of quartz grains, it can restrain quartz overgrowth by preventing or
reducing contact of quartz with fluid [3,42]. However, for chlorite in the filled pores, its
effect on the quartz cement may not be as great or even insignificant; the effect of chlorite
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on porosity and permeability cannot be ignored. Additionally, oil emplacement appears
to have inhibited quartz cementation at high oil saturations and can be viewed as an
important control of reservoir quality [43]. In the place with more oil, the content of quartz
overgrowth is obviously less in the Ezw3 reservoir. However, it is difficult to distinguish
between chlorite and oil emplacement, which has a greater influence on quartz overgrowth.

2Cag1NagyFe; 1MgAISi3 s019(OH); + 1.3Fe?" + 1.5Mg?* + 4A13* + 7.6H,0 = Fe3 sMg3 5Al5SigOx0 OH)16

Figure 7. Results from scanning electron microscopy (SEM): (a) Well#2B, 2304.7 m, x3100; feldspar
was dissolved and transformed into chlorite. Chlorite is leaf-shaped. (b) Well#2B, 2355.7 m, x510;
there was chlorite coating. (c) Well#4, 2518.53 m, x4570; chlorite was needle-shaped on the sur-
face of grain. (d) Well#4, 2518.53 m, x1630; chlorite was tongue-shaped. (e) Well#4, 2656.37 m,
x3870; there were C/S mixed layer and chlorite, which are filamentous and foliate, respectively.
(f) Well#6, 2442.92 m, x1510; there were chlorites filling in the quartz secondary overgrowth crystal.
Ch—chlorite; Cc—calcite; Or—KAISi3Og; C/S—C/S mixed layer; Q—quartz.

From the early Paleocene to the late Oligocene, the Beibuwan Basin experienced
intense tension movement, and the large fault connected the deep magma heat source [44].
When the high-temperature magmatic-hydrothermal fluid moves to the shallow stratum
and surface along the fault, the local geothermal field and fluid chemical properties near the
migration channel would be affected, which was bound to affect the diagenesis of different
types of rocks. When the high-temperature magmatic-hydrothermal solution carried a
large amount of iron and magnesium plasma into Ezws, it promoted the transformation of
smectite, kaolinite and feldspar to chlorite, resulting in the extreme development of chlorite
in this period, and the common reaction formulas are as follows [45,46]:

+0.2Ca%" + 0.4Na* + 1.2Si0, + 16.8H* )

5CaMg(CO3)2 + AleizO5(0H)4 + Si0, + H,O = 5CaCO3 +5CO; + Mg5A12813010(OH)8 (2)

KAISigOg + 14H20 + 0.4Fe2+ + 03Mg2+ = 0.3(Fel_4Mg1.2A12.5)(A10.7Si3.3)010(OH)g +K" +04H" + 25102 (3)

Due to plenty of detailed investigations, most authors have shown the decisive influ-
ence of temperature on the occurrence of different kaolinite polytypes [47-50]. All these
studies consistently show that morphological and structural modifications of kaolinite
are continuous and related to temperature, depth or physicochemical properties of basin
fluid [51-56].
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In the Ezwj3 reservoir, three types of diagenetic kaolin are recognized: (1) kaolinnite
is controlled by fluids of meteoric origin that flush the formation during early diagenesis
(Figure 5b). However, it happens at a shallow depth [48,49,57]. (2) When organic acids
entered the Eswj reservoir, potassium feldspar was dissolved and converted to kaolinite
(Figure 5g). (3) Dickite was recognized by scanning electron microscopy (SEM), which
has a different occurrence compared with kaolinite. The model for the kaolinite-to-dickite
transition: from the disordered kaolinite (Figure 8a) to ordered kaolinite (Figure 8b), then
ordered dickite is present after the disordered. The diagenetic evolution of kaolin in
sandstone was described in detail by Lanson et al. (2002).

Figure 8. Occurrence of kaolinite observed by Scanning electron microscopy (SEM): (a) Well#B33,
2948.7 m, x3500; pseudohexagonal flaky kaolinite. (b) Well#B33, 2197.4 m, x2000; vermiform
kaolinite. (c) Well#4, 2685.41 m, x5450; dickite in the corrosion pit. K—kaolinite; D—dickite.

During the sedimentation period of the middle and late Weizhou Formation to Xiayang
Formation, organic acids and CO, generated by the thermal evolution of organic matter
entered Eswj along the fault with the large-scale migration of oil and gas in the early stage,
promoting the transformation of feldspar, illite and a small amount of chlorite to kaolinite,
resulting in the extremely development of kaolinite. The common reaction formulas are as
follows [58]:

ZKAISI?,Og + Hzo +2H" — A1251205(OH)4 + 48102 +2K* (4)

Ko 6Mgo.25A153Si35010(0OH); + 1.1H" — 1.15A1,Si,05(0OH)4 + 1.2Si0, + 0.6K* + 0.25MgZJr (5)

Fe35Mg3 5A16Si4020(0H) 16 + 14H' —3.5Fe** + 3.5Mg>" + 9H,0 + Al,Si,O5(OH),  (6)

The above multiple reactions can occur at different times or simultaneously, but the
difficulty of their reactions varies significantly depending on the geological conditions of
different basins. This can be studied through the calculation results of Gibb’s free energy
increment in thermodynamics [59]. When the free energy increment AG > 0, the process
cannot occur automatically; when AG < 0, the process automatically occurs. In this paper,
the free energy increment of transformation from kaolinite to illite, kaolinite to chlorite
(Equation (2)), illite to kaolinite (Equation (5)), and chlorite to kaolinite (Equation (6)) was
calculated, respectively, through temperature and pressure data (Figure 9). The results
show that the free energy increment of the transformation from kaolinite to illite is positive,
indicating that the reaction cannot occur automatically. The free energy increments of the
other three reactions (Equations (2), (5) and (6)) are all negative, indicating that the three
reactions can occur automatically underground. In addition, numerically, the free energy
increment from kaolinite to chlorite is far less than that from kaolinite to illite (Figure 9);
the free energy increment from illite to kaolinite is less than that from chlorite to kaolinite
(Figure 9). That is, under alkaline conditions, the transformation from kaolinite to chlorite
is much easier than that from kaolinite to illite. Under acidic conditions, the conversion of
illite to kaolinite is easier than that of chlorite to kaolinite.
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Figure 9. Free energy increment of clay mineral transformation in Weixinan Sag.

5.2. Dissolution of Feldspar

It is well known that potassium feldspar is dissolved to form kaolinite [60]. But it is
comparatively rare that feldspar is dissolved to form illite or chlorite, especially chlorite.
The replacement of K-feldspar by kaolinite or illite is sensitive to the PH and the activity
of aqueous potassium. However, iron and magnesium ions are the basis of the formation
of chlorite [34,61,62]. Currently, more recognized sources of iron and magnesium are as
follows: (1) Rivers can carry iron and magnesium ions [3]. (2) Volcanic debris is hydrolyzed.
(3) The mudstone is compacted and dehydrated [63]. (4) External fluids carry iron and
magnesium ions [32].

In the Ezws; reservoir, feldspar is dissolved mainly to form kaolinite from the analysis
of XRD and SEM. But, K-feldspar can also be replaced by illite or chlorite (Figure 5d,i
and Figure 7a). Transformation of K-feldspar to kaolinite or illite can be expressed by the
following equations, respectively:

2KA151308 + HzO +2H" = A1251205(OH)4 + 48102 +2K* (7)
3KA151308 +2H" = KA13Si3010(OH)2+ 68102 +2K* (8)

Equations (7) and (8) show that the transformation of K-feldspar to kaolinite and illite
occurred in an acidic diagenetic environment. However, chlorite is formed in an alkaline
diagenetic environment. In the early diagenetic stage, the strong hydrolysis of igneous rock
debris in sandstone and the large amount of iron and magnesium ions carried by rivers
provide favorable conditions for the formation of chlorite. Additionally, C/S mixed layer

is observed by SEM (Figure 7e). It indicates that there is a transformation of smectite to
chlorite [64]:

Cag 1Nag,Fe; 1MgAISi3 ¢O19(OH), + 1.5Fe?* + 1.2Mg?* + 1.4A1%* + 7.6H,0 = ©)
= Fe3.5Mg3.5A168i6O20(OH)]O + 0.1Ca2+ + 0.2Na* + 0.85102 +9.2H*

Although feldspar to chlorite conversion is relatively rare, during the transformation
of smectite into illite, the content of chlorite in mudstone increased obviously [65]:

K-feldspar + smectite — illite + chlorite + quartz (10)



Processes 2023, 11, 2171

11 of 17

The dissolution of micrograined feldspar in low-temperature alkaline solution was
studied [66], and the results show that the solubility of micrograined feldspar increases
with the increase in pH. This result also coincides with the previous research results [67].
Therefore, feldspar transforms into chlorite in an alkaline environment. There may be the
following equation:

2KAISi30g + 14H,0 + 3.5Fe*" + 3.5Mg?" = Fe3 5Mg3 5A16Sis000(OH) o + K+ + 18H* (11)

In the Eswj reservoir, kaolinite and chlorite are a positive correlation in the transition
zone between sandstone and mudstone (Figure 10). However, kaolinite in sandstone is a
negative correlation with chlorite (Figure 10). This has been mainly attributed to higher
porosity and permeability in sandstone compared to mudstone [68,69]. Therefore, we
need to understand the effects of an open system vs. a closed system on changes in clay
mineralogy [69]. The mutual reaction between kaolinite and chlorite can happen in an
open system, while the reaction may be inhibited by a closed system because the products
of the reaction cannot be carried out by the fluid due to lower porosity and permeability.
At the same time, the transformation of potash feldspar to chlorite also tends to react in
closed systems.

5014
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» Fine sandstone
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Figure 10. Relationship between chlorite and kaolinite from the analysis of XRD.

5.3. Reservoir Quality

In the Esw3 reservoir, kaolinite always has a positive effect on porosity (Figure 11a). In
general, the reservoir with a higher content of kaolinite is often accompanied by stronger
dissolution and more secondary porosity, which is beneficial to improve reservoir quality,
but illite always has a negative effect on porosity (Figure 11b), and the effect of the I/S
mixed layer on reservoir porosity is similar to that of illite (Figure 11f). However, the
influence of chlorite on reservoir quality is complicated and is different from well to well.
Chlorite has a negative effect on the porosity in well#4 (Figure 11e), while chlorite has a
positive effect on the porosity in well#3 (Figure 11c). In addition, chlorite has both positive
and negative effects on porosity in well#7 (Figure 11d). The result may be related to the
number of samples. Mostly, it is difficult to determine the morphological characteristics
and occurrence state of each chlorite sample in the reservoir.



Processes 2023, 11,2171 12 of 17
25 25 25
(a) (b) (c) A oa ko,
20 PR N 20 ‘s aah 4 20 A Mt A
_ . —_ PN
S T N S YT v N < . “ 4L At Aaa
> R SV O > Loadt . < ot
215 At VoS e a 215 N ‘AAAA‘AAA‘ N 2 15 . A . A
= N N = A = A
@ A Ripay 7] A A A By . @» a
R N N N N
2 10 aoar Lt 2 10 A aa S 1o N R
o X Lt A, o A oas . )
[ o~ . -9 R N o a4
5 ak LA “ 5 e AT ey 5 La st
a » R a N
o . ‘ Well#4, Well#3, Well#7. | Well#4, Well#3, Well#7. ‘ i i — Well#3
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35 40 45 0 10 20 30 40 50
Kaolinite(%) Ilite(%) Chlorite(%)
25 25 30
(d (e) €] .
A 2s5{ 4 A, s
i 20
% : S o s e S
s R ., = R Ads B S 20 Y WO 1, 4
15 A = 15 a A a4 > NN
Z as A 2 N Z o R
R R = . aa N = 15 7™t 3 Y * 4
Z 2 2 PN N
<] 4 o =} i A4 aa,
2 109 2 10 = K A N
S a S ) S 10 N a N
~ . ~ = R L N
R
5 A 4 5 Aa . N 5 - A A 4 4
a
e wemw o welis4 Welfha Well#3, Well#,
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 s 10 15 20 25 30

Chlorite(%)

Chlorite(%) 1/S(%)

Figure 11. The effect of clay minerals on porosity in the E3wj reservoir: (a) Kaolinite has a positive
effect on porosity. (b) Illite has a negative effect on porosity. (¢) Chlorite has a positive effect on
the porosity in well#3. (d) Chlorite has both positive and negative effects on the porosity in well#7.
(e) Chlorite has a negative effect on the porosity in well#4. (f) The I/S mixed layer has a negative
effect on porosity.

XRD diffraction, laser particle size, and physical property analysis data indicate
that the types and contents of authigenic clay minerals with different particle sizes have
different control effects on reservoir permeability (Figure 12). Taking the typical well#4 as
an example, when the clastic particles are medium sandstone, the reservoir permeability
is high. In terms of numerical value, when the content of kaolinite, illite, I/S mixed layer
and chlorite is high or low, the change in reservoir permeability is relatively small, and the
difference between the maximum and minimum values is about 1~2 orders of magnitude.
When the clastic particles are, respectively, fine sandstone and extremely fine sandstone,
the content of kaolinite, illite, I/S mixed layer and chlorite has a significant control on the
permeability, and the maximum and minimum permeability of the reservoir differ by about
three and four orders of magnitude, respectively. Among them, the content of kaolinite
and chlorite is positively correlated with the overall permeability. The main reason is that
the genesis of kaolinite and chlorite is related to the deep magmatic-hydrothermal solution,
organic acid and CO,, which is more constructive than the precipitation effect of authigenic
clay itself [22], increasing the porosity and permeability of the reservoir. The illite and I/S
mixed layer have a negative correlation with permeability. The main reason is that the illite
and I/S mixed layer often bridges the pore throat or fills the intergranular pores, reducing
the reservoir porosity and permeability. Therefore, the particle size of detrital particles
significantly restricts the influence of clay minerals on reservoir physical properties. The
finer the particle size of detrital particles is, the weaker the control effect of particle size on
permeability, the stronger the influence of clay minerals on permeability, and the greater the
order of magnitude difference between the maximum and minimum values of permeability.

There are three abnormally high porosity and permeability zones (I~1II zone) vertically
developed in the reservoir of the study area (Figure 13), with depths ranging from 2300 m to
2400 m, 2400 m to 2600 m, and 2600 m to 2900 m [21]. There are significant differences in the
diagenetic stages, diagenetic facies, clay mineral content, and types of different abnormal
high porosity and permeability zones.

The I zone is in the middle A;' stage of diagenesis, with early weak dissolution facies
developed. The content of chlorite is low, ranging from 12 to 35.7%, with an average of
23.6%. The content of kaolinite is relatively high, ranging from 11 to 70.1%, with an average
of 44.5%. The content of illite is low, ranging from 11 to 60.1%, with an average of 22.8%.
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Figure 13. Differential control effect of diagenesis on different abnormal high porosity and perme-
ability zones: (a) Vertical distribution of abnormal high permeability zones. (b) Vertical distribution
of abnormal high porosity zones. (c) Evolution trend of relative content of chlorite with burial depth.
(d) Evolution trend of relative content of kaolinite with burial depth. (e) Evolution trend of relative
content of illite with burial depth. (f) Evolution trend of relative content of I/S mixed layer with
burial depth.

The II zone is in the middle A2 stage of diagenesis, with early development of strong
dissolution facies. The upper part of it has been eroded by alkaline hydrothermal fluid,
with a depth of 2400~2500 m. The content of chlorite is high, between 15 and 46.4%, with an
average of 30.9%. The content of kaolinite and illite is similar, ranging from 15 to 50% and
14.3 to 45.2%, with an average of 27.8% and 27.7%. The lower part of it has experienced the
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erosion of organic matter acidic thermal fluid, with a depth of 2500 m~2600 m. The content
of kaolinite is high, between 11 and 59%, with an average value of 36.3%. The content of
chlorite is lower, between 8 and 41%, with an average of 25.5%. The content of illite is the
lowest, ranging from 12 to 42.7%, with an average of 23.6%.

The III zone is in the middle A;? stage of diagenesis, with strong dissolution facies
in the middle development stage. The content of kaolinite is the highest, between 9 and
68%, with an average of 34.5%. The content of illite is lower, ranging from 10 to 48.9%, with
an average of 27.5%. The content of chlorite is the lowest, ranging from 9 to 41%, with an
average of 18.8%.

In summary, the formation of abnormal high porosity and permeability zones in
the Weixinan Sag is closely related to the abnormal transformation of clay minerals. The
formation of the I zone is mainly related to kaolinization, the formation of the III zone is
mainly related to chloritization, and the formation of the II zone is the result of the joint
action of kaolinization and chloritization.

6. Conclusions

It is important to determine the diagenetic evolution of the Ezw3 reservoir because
it can give us much geological information. In the early diagenetic stage, early calcite
and dolomite start to precipitate. Calcite and dolomite were replaced by ferrocalcite and
ankerite when the diagenetic environment changed from acidic to alkaline.

At the same time, chlorite began to form because there was enough iron and mag-
nesium. In the middle diagenetic stage, as organic acids enter the reservoir, feldspar is
dissolved, which is mainly converted into kaolinite, but also into illite or chlorite. Different
clay minerals have different effects on reservoir quality. In general, kaolinite always has a
positive effect on the reservoir quality, and illite always has a negative effect on the reservoir
quality. However, the effect of chlorite on reservoir quality is influenced by occurrence,
existing state, and diagenetic environment.

Different clay minerals have different controls on reservoir physical properties. Kaolin-
ization has an important influence on the formation of the first abnormal high porosity
and permeability zone, and chloritization has an important control on the formation of the
third abnormal high porosity and permeability zone. The formation of the second abnor-
mal high porosity and permeability zone is the result of the combination of kaolinization
and chloritization.
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