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Abstract: Reservoir sensitivity is a parameter that is used to evaluate the degree of change in reservoir
permeability under the influence of external fluids. Accurate evaluation of reservoir sensitivity is
conducive to the optimization of fluid parameters during exploration and development. Taking the
Wenchang Formation and Enping Formation of the Paleogene in the Huilu area of the Pearl River
Mouth Basin as the research object, reservoir sensitivity experiments were carried out. Combined with
the corresponding experimental results obtained using methods such as thin section identification,
scanning electron microscopy (SEM), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP),
and screening analysis, based on mineral sensitization and pore structure sensitization, qualitative
and quantitative evaluations of reservoir sensitivity were carried out, and factors affecting sensitivity
and sensitization mechanisms were analyzed. This work shows the following: (1) The sandstone
reservoirs in the two areas have the same clay type, but the total clay content of the Wenchang
Formation is greater than that of the Enping Formation. The porosity of the Wenchang Formation is
less developed than the Enping Formation. (2) The Wenchang Formation has weak or moderately
weak water sensitivity and moderately weak or moderately strong flow velocity sensitivity. The
water sensitivity of the Enping Group samples is moderately weak or moderately strong, the flow
rate sensitivity is moderately weak, the alkali sensitivity is weak, the acid sensitivity is moderately
weak, and the salinity sensitivity is moderately weak or moderately strong. (3) The sensitivity of
the Wenchang Formation is mainly affected by the content of clay minerals. The sensitivity of the
Enping Formation is also affected by the clay content and type. Although the clay content is not
high, the permeability is more susceptible to sensitivity due to the pore structure and debris particle
distribution characteristics. These conclusions are beneficial for the selection of fluid parameters and
efficient reservoir development.

Keywords: sandstone reservoir; sensitivity; Wenchang Formation; Enping Formation; Huilu area

1. Introduction

Economic development continues to have a strong energy demand, the degree of
offshore oil and gas exploration continues to increase, and deep-water unconventional oil
and gas reservoirs have become the focus of exploration [1–3]. The Pearl River Mouth
Basin continues to make breakthroughs in oil and gas exploration of low-permeability
sandstone reservoirs and shows huge potential for oil and gas resource development [3].
The Paleogene Wenchang Formation in the Lufeng Sag and the Paleogene Enping For-
mation in the Huizhou Sag in the northeastern part of the basin has been confirmed to
be hydrocarbon-rich sags [4]. However, compared with onshore oil and gas, offshore oil
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and gas development operations have high costs, difficult construction, and high technical
requirements [5]. There are two main reasons. First, deep water and deep sandstone
reservoirs have low porosity and permeability, diverse mineral composition, high mud
content, and complex pore structure [6]. Second, during the drilling, completion, and de-
velopment processes, the incompatibility between the external fluid and the reservoir will
lead to damage to the absolute permeability or effective permeability of the reservoir [7],
causing deviations between actual production and expected production and irreparable
economic losses [8]. Permeability damage during exploration and development is due to
the sensitivity of the reservoir, including speed sensitivity, water sensitivity, acid sensitivity,
alkali sensitivity, and salt sensitivity [9]. Since any reservoir development measures may
induce reservoir sensitivity and pose irreversible potential threats to development results,
an accurate evaluation of reservoir sensitivity and reservoir permeability is important for
efficient reservoir exploration and development [10].

During the drilling process, the entry of drilling fluid is only the beginning of stimu-
lating the sensitivity of the reservoir. The properties of the drilling fluid, such as salinity,
injection rate, acidity, and alkalinity, may cause incompatibility with the fluids in the reser-
voir [7]. During the development process, the main production stimulation techniques for
complex oil and gas reservoirs are acidification, water flooding, or fracturing [11]. The
main components of the fracturing fluid system are hydrochloric acid, acetic acid, fluoro-
boric acid, and polyhydric acid [12]. These fracturing fluids or some water that does not
match the salinity of the formation water will enter and react with the reservoir, causing
permeability damage. In addition, after the fracturing operation is completed, the flow
back of fracturing fluid may carry a large number of debris particles and even broken
proppant particles, blocking the pore throats and inducing flow velocity sensitivity of the
reservoir. A large number of scholars at home and abroad have researched the reservoir
sensitivity caused by the above reasons. Microscopic methods, such as high-resolution
scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), and scanning
electron microscopy (QEMSCAN), are used to visualize the reservoir pore structure and
mineral distribution [13]; nitrogen adsorption, high-pressure mercury intrusion, and X-ray
diffraction (XRD) are used to quantify the pore structure and mineral content [14]. Finally,
combined with reservoir sensitivity experiments, the reservoir flow rate sensitivity [15] and
water sensitivity [16,17], acid sensitivity and alkali sensitivity (Fang et al., 2016) [18], and
salt sensitivity [19] are studied. These reasons are mainly attributed to the content, type,
and occurrence of clay minerals in the reservoir [20,21]. However, some reservoirs have
less clay content, and pore structure (size distribution, connectivity) and clastic particle
distribution have an important impact on reservoir sensitivity [22]. At present, the research
on reservoir sensitivity mainly focuses on tight sandstone and shale reservoirs [23,24].
There is a lack of research and understanding of the damage mechanism of deep water and
low-permeability sandstone reservoirs.

This work takes the Wenchang Formation and Enping Formation in the Huilu area
of the Pearl River Estuary Basin as the research objects. Based on the experimental results
of sensitivity tests, thin slice identification, SEM, XRD, MIP and screening analysis, the
reservoir sensitivity is qualitatively and quantitatively evaluated from the aspects of mineral
sensitization and pore structure sensitization, and the influencing factors of sensitivity and
the sensitization mechanism are deeply analyzed. The difference in reservoir sensitization
mechanisms between the Wenchang Formation and Enping Formation is compared and
analyzed. This work could provide a reference for the exploration and development of
sandstone reservoirs and similar formations in the study area.

2. Geological Setting

The Pearl River Estuary Basin is a large-scale Cenozoic sedimentary basin on the
northern continental shelf of the South China Sea and the land slope. The thickness of the
sedimentary rock is greater than 10,000 m. It is the main oil and gas production area of the
South China Sea. Lu Feng Sag and Huizhou Sag are located in the northeast of the Pearl
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River Estuary Basin (Figure 1); the Lufeng area is about 0.8 × 104 km2, and the Huizhou
area is about 1.0 × 104 km2.
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The main oil layer is the Paleogene Wenchang Formation and Enpan Formation.
During the Wenchang Formation sedimentary period, the lake experienced three stages [26]:
initial breaks, the peak stage of the fault depression, and the atrophy stage. During the
initial breaks and atrophy, the large-scale braided river delta facies and the shore shallow
lake facies were formed; during the peak stage of the fault depression, the thick semi-deep
lacustrine mudstone and the small-scale braided river delta were mainly formed. The
Wenchang period’s volcanic activity continues to be strong, with basic and medium-acid
lava overflow or explosive eruption, which mostly forms a relatively thick gray stone [4].
In the Enping Formation of Huizhou, there was the development of a large fan delta,
a braided river delta composite system, during the sedimentary period of the Huizhou
area, with a fan-braid development relationship is “south fan and north braided, early fan
and late braided” [27]. The volcanic activity of Enping has weakened and erupted with
a medium-acid lava explosion, and the fine-grained gray content was formed as a whole.
Among the three wells in the Lufeng Sag and Huizhou Sag, the research horizons of the
LF15-5-A and LF13-9-A wells are the Wenchang Formation, and the research horizon of the
HZ26-6-A well is the Enping Formation.

3. Experiments and Results
3.1. Samples

Experimental samples are taken from LF15-5-A, LF13-9-A in Lufeng sag, and HZ26-6-
A in Huizhou sag. There are four groups of experimental samples (Group 2 in Lufeng Sag
and Group 2 in Huizhou Sag). There are two samples in each group in Lufeng Sag, and the
water sensitivity and velocity sensitivity were measured, respectively. Water sensitivity,
velocity sensitivity, acid sensitivity, alkali sensitivity, and salinity sensitivity were measured
in each group of five samples in Huizhou Sag. The conventional physical properties of the
samples are shown in Table 1.
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Table 1. Basic information of the experiment samples.

Region Formation Well Sample Length
(cm)

Diameter
(cm)

Porosity
(%)

Permeability
(mD)

Depth
(m)

Lufeng
Sag

Wenchang
LF15-5-A

1-29B 3.732 2.524 2.7 0.05 3719.90
1-29D 3.171 2.526 2.4 0.40 3719.88

LF13-9-A
2-15A 3.006 2.536 12.1 0.68 3979.40
2-25A 3.665 2.513 16.5 2.88 3981.96

Huizhou
Sag

Enping HZ26-6-A

1-03F

1 5.523 2.527 12.6 200 3119.62
2 5.624 2.531 10.6 54.70 3119.62
3 5.200 2.500 13.0 256 3120.00
4 5.336 2.527 13.2 257 3119.68
5 5.111 2.527 11.7 80.60 3119.68

1-64F

1 5.481 2.533 12.0 48 3135.00
2 5.394 2.531 11.4 33.60 3134.80
3 5.853 2.534 13.0 101 3134.90
4 5.308 2.534 15.0 254 3135.00
5 5.375 2.534 12.5 171 3134.97

Sensitivity experiments are carried out according to Chinese oil industry standard
SY/T 5358-2010 [19]. The samples from the two regions are classified according to the
Chinese oil industry standard SY/T 6285-2011 [28]. The samples of the Wenchang Forma-
tion in the Lufeng area are divided into two types. The first type is ultra-low porosity and
ultra-low permeability with a porosity of φ < 15% and a permeability of K < 1 mD. The
other type, with porosity 10% < φ < 15% and permeability K < 1 mD or 1 mD < K < 10
mD, is low porosity ultra-low permeability or low porosity ultra-low permeability. The
samples of the Enping Formation in the Huizhou area are also divided into two types. The
porosity of one type is 10% < φ < 15%, and the permeability of 50 mD < K < 500 mD is low
porosity. The other is low porosity and low permeability, with porosity of 10% < φ < 15%
and permeability of 10 mD < K < 50 mD.

3.2. Experimental Principle and Process

Velocity sensitivity, water sensitivity, salinity sensitivity, acid sensitivity, and alkali
sensitivity are all experimented at a constant temperature of 25 ◦C, and the initial confining
pressure is 2 MPa. During the experiment, the confining pressure is always greater than the
fluid pressure by 2 MPa. Before the sensitivity experiments, the salinity of the formation
water at the depth of the sample should first be measured. In general, the greater the
sample depth, the higher the salinity of the formation water. For example, the buried depth
of the two groups of samples in the Lufeng area ranges from 3700 m to 4000 m, and the
formation water salinity is 40,000 mg/L. The two groups of samples in the Huizhou area
are buried in the range of 3119~3135 m, and the formation water salinity is 35,278 mg/L.

(1) Velocity sensitivity
When the fluid in the reservoir flows at a constant speed or the flow velocity changes,

the fluid carries some loose particles in the rock and makes the particles migrate in the pore
throat; this is called velocity sensitivity. When the diameter of the throat is smaller than
the diameter of the particles or the number of particles is large, the particles accumulate
in the throat and block the throat, resulting in a process of rock permeability change. The
higher the flow rate, or the sufficient looseness of the rock, the greater the sensitivity of the
reservoir flow rate.

The specific steps of the experiment are as follows: 1⃝ saline with the same salinity as
the formation is used, the flow rate is controlled as 0.25 mL/min, and the permeability Ki of
the sample is measured; 2⃝ the permeability Kn at the flow rate of 0.5 mL/min, 0.75 mL/min,
1 mL/min, 1.5 mL/min, 2 mL/min, 3 mL/min, 4 mL/min, 5 mL/min, and 6 mL/min is
repeatedly measured successively; 3⃝ when the flow rate does not reach 6 mL/min during
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the experiment, but the sample pressure gradient is greater than 2 MPa/cm, the experiment
is stopped. The velocity sensitivity index (Dv) is

Dv =
|Kn − Ki|

Kn
× 100 (1)

where Dv is the reservoir velocity sensitivity index, %; Ki is the permeability at the minimum
flow rate in the experiment, mD; Kn is the permeability of rock samples at different flow
rates in the experiment, mD.

(2) Water sensitivity
The expansion of clay minerals under low salinity conditions, or the obstruction

of pores through particle migration under the action of fluid (particle migration water
sensitivity), so that the seepage channel changes, thereby changing the permeability of the
reservoir rock phenomenon, is called water sensitivity. Water swelling is the main cause of
water sensitivity [19].

The specific experimental steps are as follows: 1⃝ The initial permeability Ki of the
sample is measured by salt water (formation water) with the same salinity as the formation
water, and recorded. 2⃝ Use brine with a salinity half that of formation water (sub-formation
water) to displace the formation water in the sample. After displacing 10 times the pore
volume of the sample, stop the displacement and keep the sub-formation water in contact
with the sample for more than 12 h. 3⃝ Use sub-formation water to displace and measure
sample permeability. 4⃝ Using distilled water with a salinity of 0, repeat the operation steps
of formation water and record the permeability Kw measured by distilled water. Then, the
water sensitivity damage rate of the measured sample is

Dw =
|Ki − Kw|

Ki
× 100 (2)

where Dw is water sensitivity damage, %; Kw is the corresponding rock sample permeability
corresponding to distilled water in the hydraulic erosion experiment, mD; Ki is the initial
permeability (the permeability of the corresponding rock samples of the fluid in the initial
test of the fluid in the hydromine experiment), mD.

(3) Salinity sensitivity
The salinity sensitivity shows that when a series of saline with different salinity is

injected into the reservoir, the change in fluid salinity causes the expansion or dispersion
and migration of clay minerals, resulting in the change in reservoir rock permeability. The
specific steps of the experiment are as follows: 1⃝ The initial permeability Ki of the sample
is measured with brine (formation water) with the same salinity as the formation water and
recorded. 2⃝ The formation water in the sample is dislodged by injecting distilled water
with salinity 0. After the pore volume of the sample is dislodged 10 times, the displacement
is stopped and the contact between the sub-formation water and the sample is kept for more
than 12 h. Distilled water is used again for displacement, and permeability Ks is measured.
3⃝ Inject 33,000 mg/L, 30,000 mg/L, 26,000 mg/L, and 17,500 mg/L of brine successively

according to step 2⃝, and measure the permeability Kn at various mineralization degrees.
4⃝ Calculate the rate of change in permeability measured by brine with various salinity

levels. When the rate of change is greater than 20%, the salinity corresponding to the
previous point is the critical salinity. The mean permeability Ks2 before critical salinity is
calculated. Then, the salinity sensitivity damage rate of the measured sample is

Ds =
|Ks2 − Ks|

Ks2
× 100 (3)

where Ds is the reservoir salt sensitivity index, %; Ks2 is the average permeability before
critical salinity, mD; Ks is the permeability of rock sample measured by distilled water, mD.

(4) Acid sensitivity
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Acid sensitivity is the phenomenon in which acid reacts with reservoir minerals to
precipitate or release particles, resulting in changes in reservoir rock permeability. The
specific experimental steps are as follows: 1⃝ use KCl solution with the same salinity
as formation water to measure the permeability Kf of the sample before acid treatment;
2⃝ configure 3% HF and 12% HCl solution, perform reverse injection into the sample,

displace 10 times the volume of pore volume acid, and then suspend the injection so that
the sample and acid fully react for 1 h; 3⃝ after the acid reaction, KCl solution with the
same salinity as the formation water is displaced forward, and the permeability Ka after
acid treatment is measured. The reservoir acid sensitivity index (Ia) is

Da =
K f − Ka

K f
× 100 (4)

where Da is the reservoir acid sensitivity index, %; Kf is the permeability of the core sample
before acid injection, mD; Ka is the permeability measured after acid injection, mD.

(5) Alkaline sensitivity
Alkali sensitivity is the phenomenon in which alkaline liquid reacts with reservoir

minerals to precipitate or cause clay dispersion and migration, resulting in changes in
reservoir rock permeability. The specific experimental steps are as follows: 1⃝ the initial
permeability Ki of the sample is measured by KCl solution with the same salinity as the
formation water; 2⃝ KCl solutions with PH values of 7, 8.5, 10, 11.5, and 13 are injected
for displacement, and displacement is stopped after displacement of 10 times the pore
volume so that the lye and the sample are fully reacted for more than 12 h; 3⃝ reinject the
displacement lye corresponding to step 2⃝, and measure the permeability Kn at different
pH values. Reservoir alkali sensitivity index (Db) is

Db = max
(
|Kn − Ki|

Kn
× 100

)
(5)

where Db is the reservoir alkali sensitivity index, %; Kn is the permeability corresponding
to different PH values, mD; Ki is the permeability measured by lye at initial PH, mD.

3.3. Experimental Results

The sensitivity results are shown in Table 2. According to the sensitivity damage rate
(D), the reservoir sensitivity intensity is divided into the following six levels: extremely
strong (sensitivity damage rate D ≥ 90%), strong (sensitivity damage rate 70% < D ≤ 90%),
moderately strong (sensitivity damage rate 50% < D ≤ 70%), moderately weak (sensitivity
damage rate 30% < D ≤ 50%), weak (sensitivity damage rate 5% < D ≤ 30%), and none
(sensitivity damage rate D ≤ 5%).

Table 2. The results of sensitivity.

Well Samples

Water-
Sensitive
Damage
Rate (%)

Speed-
Sensitive
Damage
Rate (%)

Acid-
Sensitive
Damage
Rate (%)

Alkali-
Sensitive
Damage
Rate (%)

Salt
Sensitivity

Damage
Rate (%)

LF15-5-A
1-29B 49.90 — — — —
1-29D — 56.93 — — —

LF13-9-A
2-15A 19.36 — — — —
2-25A — 37.73 — — —

HZ26-6-A
1-03F 59.89 41.65 33.88 25.30 56.32
1-64F 48.87 32.27 43.57 23.10 47.27
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4. Results
4.1. Mineral Sensitivity

As shown in Figure 2, sandstone samples in the Huizhou and Lufeng area contain a
variety of minerals, mainly including quartz, feldspar (potassium feldspar, plagioclase),
and clay minerals. The minerals related to reservoir sensitivity are mainly clayed, and the
type, content, and occurrence of clay minerals determine the type and damage degree of
reservoir sensitivity [21].
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Figure 2. Mineral content in Lufeng Sag and Huizhou Sag. (a) The content of clay minerals in LF15-5-
A ranges from 5 to 26%, and the content of clay minerals in samples 1-29B (3719.90 m) and 1-29D
(3719.88 m) is 25% and 23%, respectively; (b) in LF13-9-A, the clay mineral content is distributed in
the range of 2–24%, and the clay mineral content of samples 2-15A (3979.40 m) and 2-25A (3981.96 m)
is 5% and 3%, respectively; (c) HZ26-6-A, the clay mineral content distribution is 1.5~5%, and the
clay mineral content of samples 1-03F (3120 m) and 1-64F (3135 m) is 2%.

Type and content
It can be found in Figure 2 that the total amount of clay in well LF15-5-A, well

LF13-9-A, and well HZ26-6-A is 5–26%, 2–24%, and 1.5–5%, respectively. As shown in
Figure 3, samples at different depths in the Huilu area mainly contain clay minerals of the
illite/montmorillonite mixed layer (I/S), illite (I), chlorite (Ch), and kaolinite (K) types. The
relative content of illite in well LF15-5-A is the highest, which is 60–80%, followed by I/S
mixed layer, kaolinite, and chlorite. LF13-9-A mainly contains illite and chlorite, and the
relative content of these two minerals accounts for more than 70%, followed by kaolinite
and I/S mixed layer. In well HZ26-6-A, the clay mineral content varies with the buried
depth, but the content of illite and kaolinite is higher in most depth samples, followed by
I/S mixed layer and chlorite.

Distribution pattern
Through the observation of SEM images of more than 30 sets of samples from wells

LF15-5-A, LF13-9-A, and HZ26-6-A, it is found that the occurrence and distribution of
kaolinite, illite, chlorite, and the I/S mixed layer in sandstone are regular, and the typical
distribution characteristics are shown in Table 3. From the distribution of various minerals
in Table 3, the following can be seen:
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1⃝ The layered kaolinite is filled with intergranular pores. As a non-expansive min-
eral [29], kaolinite easily forms loose particle fragments under the shearing force of high-
speed fluid and then migrates under the fluid and accumulates in the narrow throat,
hindering the flow and recovery of oil. In an alkaline environment, kaolinite particles are
more likely to fall off [19]. At the same time, it has a certain alkali sensitivity. The sensi-
tization mechanism of kaolinite is that fluid flow causes the migration of loose particles.
If the fluid is water, the reservoir containing kaolinite is also water-sensitive. Therefore,
reservoirs containing kaolinite will have both flow velocity sensitivity and water sensitivity.

2⃝ Illite is distributed on the surface of quartz grains in filaments or strips. Illite is
a typical water-sensitive mineral, and there will be two sensitization mechanisms when
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it meets water or other fluids in the reservoir. On the one hand, the cation in illite will
chemically react with OH- in water [19]; on the other hand, illite will expand after encoun-
tering water, and when it is distributed in filaments, strips, or honeycombs, it can maximize
contact with water due to its large specific surface area, resulting in greater expansion,
reducing or blocking pore throats, forming the Jamin effect, and causing serious reservoir
water-sensitive damage.

Table 3. Main clay mineral characteristics and potential damage in Lufeng Sag and Huizhou Sag.

Mineral SEM Map of the Distribution
Pattern Description Sensitive Type Potential Damage

K
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3⃝ The chlorite in the sandstone is arranged in a needle-like arrangement and is
associated with quartz. Chlorite is a non-expansive mineral with weak hydrophilicity (Xi
et al., 2015) [30]. Some of its particles fall off after encountering water and block pore
channels after migration, thus showing weak water sensitivity. Due to the iron content
of chlorite, it reacts with alkaline fluid to form an iron hydroxide precipitate. In addition,
chlorite can also react with acidic fluids, and although it will not directly precipitate,
the products of the reaction will react with each other again, resulting in insoluble or
insoluble secondary precipitation. Therefore, the reservoir containing chlorite mainly has
acid sensitivity and alkali sensitivity.
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4⃝ The I/S mixed layer is a mixed layer mineral arranged in a honeycomb pattern and
associated with illite. Both illite and montmorillonite are water-sensitive minerals. After
encountering water, they can not only expand rapidly, and occupy the pore throat space,
but also undergo a hydration reaction, showing a loose state or even breaking, resulting in
particle migration and plugging of the pore throat, reducing reservoir permeability. The
I/S mixed layer in the study area is mainly a honeycomb, and its large specific surface area
will produce greater expansion when it meets water.

4.2. Pore Structure Sensitivity

(1) Pore type
Thin section observations of the cast in the study area show (Figure 4) that the pore

types of well LF15-5-A are mainly intergranular dissolved pores (volume fraction < 0.5%)
and intragranular dissolved pores (volume fraction = 0.5%). The pore types of well LF13-
9-A are mainly intergranular dissolved pores (volume fraction = 1.5%) and intragranular
dissolved pores (volume fraction = 1%). The face ratio of the two groups of Wenchang
Formation samples in the Lufeng area is less than 2.5%, and the pore development is
very poor. The pore types of well HZ26-6-A are mainly intergranular pores (volume
fraction = 12%), intragranular pores (volume fraction = 0.5%), and mold holes (volume
fraction = 0.5%). The average face rate of Enping Formation in the Huizhou area is 13%,
and the pores are well developed.
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(2) Pore structure characteristics
The pore structure characteristics of the reservoir can reflect the size, distribution,

geometry, and connectivity of the pore and throat from the microscopic level.
Wenchang Formation, Lufeng area: the porosity of well LF15-5-A is between 4.7% and

6.2%, with a small average porosity of 5.45%. The permeability ranged from 0.62 to 8.04 mD,
with an average of 4.33 mD. As shown in Figure 5a, the capillary pressure curve is skewed
to the right without an intermediate flat section, the maximum displacement pressure is
41.30 MPa (average 32.73 MPa), the overall pore throat is dominated (average distortion
coefficient −1), the sorting ability is relatively average (average separation coefficient 0.81),
and the maximum mercury intake saturation is low (average 27.85%). The maximum
mercury saturation is 33.10% when the pore throat radius is 0.012 µm. As shown in
Figure 5d, pore diameters range from 0 to 60 µm, and pores smaller than 20 µm dominate.
Figure 5g shows the diameter distribution of the detrital particles of the sample. The
diameter of the particles varies widely, the sorting is poor, and it is easy for the fine particles
to fall off and block the pores. The porosity of well LF13-9-A is between 17.38% and 18.3%,
with an average porosity of 17.84%. Permeability ranged from 2.04 mD to 6.88 mD, with an
average value of 4.46 mD. As shown in Figure 5b, the capillary pressure curve is skewed to
the left with a gentle section in the middle and low displacement pressure (average 0.19
MPa), and the overall mesoporous throat (average distortion coefficient 0.37) is dominant,
with a high maximum mercury inlet saturation (average 63.52%), and the highest mercury
inlet saturation occurs when the pore throat radius is 161.62 µm; the highest is 67.05%. The
reservoir is represented by the middle pore throat, the permeability of the reservoir is low,
and the sensitivity of the reservoir changes greatly. As shown in Figure 5e, pore diameters
range from 0 to 220 µm, and pores smaller than 0 to 60 µm dominate. Figure 5h shows the
diameter distribution of the detritus particles of the sample. The diameter of the particles
varies widely, and the particles are concentrated in 250 µm and 425 µm, with poor sorting
performance. The fine particles fall off and easily block the pores with pore diameters less
than 60 µm.

Enping Formation in the Huizhou area: The porosity of the reservoir is between 14.20%
and 16.50%, and the average porosity is high (15.40%). Permeability ranged from 314 to
644 mD, with an average of 479 mD. As shown in Figure 5c, the capillary pressure curve is
skewed to the left with a flat section in the middle, low displacement pressure (average
0.02 MPa), a large pore throat as a whole (average distortion coefficient 0.60), good sorting
ability (average separation coefficient 3.45), and high maximum mercury intake saturation
(average 95.37%). The maximum mercury saturation is 96.8% when the pore throat radius
is 35.7 µm. The reservoir is represented by a large pore throat, high permeability, and a
large variation in reservoir sensitivity. As shown in Figure 5f, pore diameters range from
0 to 400 µm, and pores smaller than 0 to 80 µm dominate. Figure 5i shows the diameter
distribution of the detrital particles of the sample. The diameter of the particles varies
widely, and the distribution frequency of the particles smaller than 62 µm is larger, while
the distribution of other particles is more uniform. The presence of a large number of fine
particles makes the overall state extremely unstable.
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Figure 5. Pore structure characteristics in Lufeng and Huizhou areas. (a–c) show the mercury injection
experiment results of wells LF15-5-A, LF13-9-A, and HZ26-6-A respectively; (d–f) show the results
of wells LF15-5-2, LF13-9-A, and HZ26, respectively. The results of image analysis and detection of
cast thin section pore characteristics in well -6-A; (g–i) show the particle size screening results of well
LF15-5-A, well LF13-9-A, and well HZ26-6-A, respectively.

5. Discussion

From the analysis of Sections 4.1 and 4.2, it can be seen that samples from the same
well or even the same formation have certain similarities in terms of sensitized minerals
(content, type, and distribution pattern of clay minerals) and sensitized pore structure.
Therefore, the sensitization mechanism is analyzed according to the region and formation.

5.1. Water Sensitivity and Velocity Sensitivity

Table 4 shows the relationship between water sensitivity and velocity sensitivity
damage rates and clay mineral content of samples from the Wenchang Formation in the
Lufeng area and the Enping Formation in the Huizhou area. The actual clay mineral content
of Wenchang Formation samples is higher, and the samples with high actual clay mineral
content have stronger water sensitivity and velocity sensitivity. The total amount of clay
minerals in the sample of Enping Formation is equal to 2%, and the actual content of each
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clay mineral is less than 1%. The corresponding relationship between water sensitivity and
velocity sensitivity and the actual content of each clay is not obvious.

Table 4. Clay mineral content and water sensitivity and velocity sensitivity damage rates of Wenchang
Formation samples in the Lufeng area.

Well Formation Sample
Relative Content (%)/Actual Content (%) Water Sensitivity

Damage Rate
(%)

Velocity Sensitivity
Damage Rate

(%)I/S I K Ch

LF15-5-A Wenchang 1-29B 18/4.5 80/20 7/1.8 3/0.8 49.9 56.9
LF13-9-A 2-25A 9/0.5 29/1.5 21/1.1 41/2.1 19.4 37.7

HZ26-6-A Enping 1-03F 10/0.2 33/0.7 50/1 7/0.1 59.9 41.7
1-64F 21/0.4 31/0.6 33/0.7 15/0.3 48.9 32.3

The influence of different clay minerals on water sensitivity and velocity sensitivity
is different. The I/S mixed layer is a typical water-sensitive mineral, and the main sen-
sitization mechanism is particle expansion after water encounter, which is stronger than
particle migration [19]. The dilatability of illite and chlorite is weak [31], but the expansion
rate of illite in contact with water is larger than that of chlorite. Illite is more hydrophilic,
while kaolinite does not expand after contact with water, and the sensitization mechanism
is mainly due to the particles falling off and plugging pores after contact with water [32].
Therefore, the water sensitivity of clay minerals is as follows: I/S > I > Ch > K. The water
sensitivity caused by mineral and pore structure has a negative effect on permeability.
However, for the low-salinity water flooding process, the stronger the moisture wettability
of the clay, the more beneficial it is to oil and gas development [33]. For velocity sensitivity,
kaolinite is the main clay mineral with outstanding contribution [34]. This is because kaoli-
nite chips are mainly connected by molecular bonds, the molecular force is small, and the
degree of mechanical resistance is low [35]. As a result, under the action of high-speed fluid,
the mechanical force will crack it along the cleavage and turn it into finer particles. Under
the action of high-speed fluid, it is easier to transfer and accumulate to the throat of the
hole. The intercrystalline structure of illite is also relatively unstable [23], and its velocity
sensitivity is second only to kaolinite. However, chlorite has a strong link with detritus
particles and does not easily migrate [36], so it will not cause velocity sensitivity. Therefore,
the velocity sensitivity relationship of clay minerals is as follows: K > I > I/S > Ch.

According to the relationship between water sensitivity and velocity sensitivity of
different clay minerals, the main mechanism of reservoir sensitization can be further
analyzed. Figure 6 shows the relationship between clay mineral content, water sensitivity,
and velocity sensitivity. As can be seen from Figure 6a,b, the water sensitivity of the
Wenchang Formation in the Lufeng area is weak or moderately weak, and the velocity
sensitivity is moderately weak or medium strong. The content of the I/S mixed layer in
clay minerals is positively correlated with water sensitivity. The I/S mixed layer increased
from 0.5% to 4.5% and illite from 1.5% to 20%, resulting in an increase in water sensitivity
from 19.4% to 49.9%.

The velocity sensitivity is mainly influenced by kaolinite and illite. Kaolinite increases
from 1.1% to 1.8%, and illite increases from 1.5% to 20%, resulting in velocity sensitivity
increases from 37.7% to 56.9%. Therefore, the sensitized minerals of Wenchang Formation
samples in the Lufeng area are I/S mixed layer, illite, and kaolinite, respectively. In
addition, the pores of Wenchang Formation samples in the Lufeng area are mainly intra-
and intergranular dissolved pores, with poor pore development. The pore diameter of the
samples is concentrated in the range of 0~60 µm, and the sorting ability of clastic particles
is general. There is a concentrated distribution of clastic particles with a diameter greater
than 90 µm, and few clastic particles with a diameter less than 63 µm are distributed.
Therefore, clastic particle shedding is also one of the causes of velocity sensitivity, but the
main sensitization mechanism of velocity sensitivity is mineral sensitization.
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Figure 6. Relationship between actual clay mineral content and water sensitivity and speed sensitivity
in Lufeng and Huizhou areas. (a) Clay mineral content and water-sensitive damage rate of the
Wenchang Formation in the Lufeng area; (b) clay mineral content and flow-sensitive damage rate of
the Wenchang Formation in the Lufeng area; (c) clay mineral content and water-sensitive damage rate
of the Enping Formation in the Huizhou area; (d) clay mineral content and flow velocity sensitivity
damage rate in the Enping Formation in Huizhou area.

As shown in Figure 6c,d, the water sensitivity of the Enping Formation in the Huizhou
area is moderately weak or moderately strong, and the velocity sensitivity is moderately
weak. From the analysis of clay mineral content, the main sensitized minerals are I/S mixed
layer and illite, but the content of these two minerals, only illite and water sensitivity is
positively correlated. The content of kaolinite and illite is positively correlated with the
velocity sensitivity. However, compared with the total clay content, the clay content of
Enping Formation samples in the Huizhou area is very small, so the sensitizing mineral
content is only one of the reasons affecting the sensitivity of this area. From the analysis
of pore structure, the samples of the Enping Group are mainly composed of intergranular
pores and intragranular dissolved pores, with a large face ratio and relatively developed
pores. The pore diameter is mainly distributed in the range of 0~100 µm, but the sorting
ability of detrital particles is poor, and the detrital particles with a diameter less than 62 µm
account for a large proportion. It is easy to plug pores, which leads to a significant decrease
in reservoir permeability. At the same time, water-sensitive minerals are more likely to plug
pores after expansion. Therefore, pore structure and detrital particle distribution are the
main causes of water sensitivity and flow velocity sensitivity of Enping Formation samples.

As shown in Figure 6c,d, the water sensitivity of the Enping Formation in the Huizhou
area is moderately weak or moderately strong, and the velocity sensitivity is moderately
weak. From the analysis of clay mineral content, the main sensitized minerals are I/S
mixed layer and I, but only I and water sensitivity are positively correlated. The content
of K and I is positively correlated with the velocity sensitivity. However, compared with
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the total clay content, the clay content of Enping Formation samples in the Huizhou area
is very small, so the sensitizing mineral content is only one of the reasons affecting the
sensitivity of this area. From the analysis of pore structure, the samples of the Enping
Group are mainly composed of intergranular pores and intragranular dissolved pores, with
a large face ratio and relatively developed pores. The pore diameter is mainly distributed
in the range of 0~100 µm, but the sorting ability of detrital particles is poor, and the clastic
particles with a diameter less than 62 µm account for a large proportion. It is easy to plug
pores, which leads to a significant decrease in reservoir permeability. At the same time,
water-sensitive minerals are more likely to plug pores after expansion. Therefore, pore
structure and clastic particle distribution are the main causes of the water sensitivity and
flow velocity sensitivity of Enping Formation samples.

5.2. Acid Sensitivity and Alkali Sensitivity

Table 5 shows the mineral content acid sensitivity and alkali sensitivity damage rates
of the two groups of samples from the Enping Formation in the Huizhou area. The alkali
sensitivity damage rates of the samples from Enping Formation are all less than 30%, and
the sensitivity grade is weak. The damage rate of acid sensitivity was between 30% and
50%, and the sensitivity grades were moderately weak. The formation mechanism of alkali
sensitivity is mainly due to the dissolution of quartz, feldspar, and clay minerals (mainly
kaolinite) by lye [14]. In an alkaline environment, kaolinite particles are more likely to fall
off [37]. This is because the dissolution in the alkaline environment will produce colloids or
particles containing silicon and aluminum elements [38], which would precipitate in the
pores and block the channels of fluid migration. The difference in alkali sensitivity mineral
content between the two groups is small, resulting in a difference in alkali sensitivity of
only 2.2%, which may be due to the difference in kaolinite content of 0.3% between the two
samples. The main minerals that cause acid sensitivity are calcite, ankerite, pyrite, siderite,
and chlorite [21]. Similar to the alkali sensitivity, in an acidic environment, iron-containing
minerals as well as silicate and carbonate minerals will be dissolved, resulting in Fe (OH)3
and Mg (OH)2 precipitating to clog pores. At the same time, the chlorite contained in the
sample is needle-like, attached to the surface of the particles, and has a large contact area
with the acid, which makes it easier to react with the acid. The acid-sensitivity minerals in
the two groups are not different, the samples containing more calcite and chlorite are more
sensitive to acid, and the acid sensitivity damage rate of the two samples is about 10%.

Table 5. Mineral content and acid and alkali sensitivity damage rate of samples from Enping
Formation in the Huizhou area.

FormationSample Alkali Sensitivity Mineral Content (%) Acid Sensitivity Mineral Content (%) Damage Rate (%)
Q F P K Ca A Py S Ch Alkali Acid

Wenchang 1-03F 71 17.5 5.5 1 0.5 2 1 0.5 0.1 25.3 33.9
1-64F 71 17 6 0.7 1 2 1 0 0.3 23.1 43.6

Q—quartz, F—feldspar, P—plagioclase, Ca—calcite, A—ankerite, Py—pyrite, S—siderite.

5.3. Salinity Sensitivity

The sensitization mechanism of salinity sensitivity is similar to that of water sensitivity.
As shown in Table 6, there is a small difference between the damage rate of water sensitivity
and salt sensitivity. In clay minerals, the I/S mixed layer and I also play an important
role in reservoir salt sensitivity. When these two clay minerals meet a salt solution in the
reservoir, hydration and cation displacement reactions will occur, causing the clay minerals
to expand, resulting in accumulation at the small pore throat and reducing the permeability
of the reservoir [16]. However, the clay content of the two samples of the Enping Group
is not high, and the influence on salinity sensitivity is limited. The pore structure and the
distribution characteristics of clastic particles determine the difficulty of damage. This is



J. Mar. Sci. Eng. 2024, 12, 888 16 of 18

because, in immersion in a salt solution, the clastic falls off more easily, the content of fine
clastic is large, and the pores are blocked more easily, resulting in greater salinity sensitivity.

Table 6. Comparison of water sensitivity and salt sensitivity damage rates of samples from Enping
Group in the Huizhou area.

Well Formation Sample Total Clay
(%)

Water Sensitivity
Damage Rate (%)

Salinity Sensitivity
Damage Rate (%)

HZ26-6-
A

Enping 1-03F 2 59.9 56.3
1-64F 2 48.9 47.3

6. Conclusions

In this work, the Wenchang Formation and Enping Formation in the Huilu area
of the Pearl River Estuary Basin are selected as the research objects. The sensitivity of
the reservoir is quantitatively evaluated by using the results of sensitivity experiments,
thin slice identification, scanning electron microscopy, X-ray diffraction, high-pressure
mercury injection, and particle size analysis experiments, and the influencing factors and
sensitization mechanism are deeply analyzed from the two aspects of mineral sensitization
and pore structure sensitization. The results are as follows:

(1) In terms of mineral sensitivity (content, type, and distribution pattern) and pore
structure sensitivity, samples from the same well location have certain similarities. The
main clay minerals in the samples from the two regions are illite/montmorillonite mixed
layer, illite, kaolinite, and chlorite. The illite/montmorillonite mixed layer and illite are
the main sensitizing minerals that affect the water and salinity sensitivity of the reservoir.
Kaolinite is the main sensitizing mineral affecting velocity sensitivity. The silica-containing
and aluminum-containing minerals are alkali-sensitizing minerals. Calcite, ankerite, pyrite,
siderite, and chlorite are acid-sensitizing minerals.

(2) The water sensitivity of the Wenchang Formation is weak to moderate, and the
velocity sensitivity is moderately weak or moderately strong, its sensitivity is mainly
affected by the clay mineral content. The water sensitivity of Enping Formation is mod-
erately weak or moderately strong, the velocity sensitivity is moderately weak, the alkali
sensitivity is moderately weak, the acid sensitivity is moderately weak, and the salinity
sensitivity is moderately weak or moderately strong; its sensitivity is mainly affected by
the pore structure.

(3) The water sensitization mechanism is that the I/S mixed layer and I are mostly
flaky and filamentous, have a large contact area with water, easily expand, and easily
block the pore throat. The velocity sensitization mechanism is the accumulation of laminar,
worm-like, and accordion-like particles on the particle surface, and the particles can easily
fall off, migrate, and clog the pore throat under the action of high-speed fluid. The alkali
and acid sensitization mechanism dissolves minerals, causing them to precipitate and clog
pores. The sensitization of pore structure is such that when the difference between pore
diameter and sample clastic particle diameter is small, the permeability of the reservoir is
more likely to be damaged.
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