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Abstract: Qiongdongnan Basin has a tectonic geological background of high temperature and high pressure in a deep
reservoir setting, with mantle-derived CO2. A water-rock reaction device was used under high temperature and high
pressure conditions, in conjunction with scanning electron microscope (SEM) observations, to carry out an experimental
study of the diagenetic reaction between sandstone at depth and CO 2-rich fluid, which is of great significance for revealing
the dissolution of deep clastic rock reservoirs and the developmental mechanism of secondary pores, promoting deep oil
and gas exploration.
In this study, the experimental scheme of the water-rock reaction system was designed according to the parameters of the
diagenetic background of the deep sandstone reservoir in the Qiongdongnan Basin. Three groups of single mineral samples
were prepared in this experiment, including K-feldspar samples, albite samples and calcite samples. Using CO2 as a reaction
solution, a series of diagenetic reaction simulation experiments were carried out in a semi-closed high temperature and high
pressure simulation system. A field emission scanning electron microscope (SEM) was used to observe the microscopic
appearance of the mineral samples after the water-rock reaction, the characteristics of dissolution under high temperature
and high pressure, as well as the development of secondary pores.
The experimental results showed that the CO2-rich fluid has an obvious dissolution effect on K-feldspar, albite and
calcite under high temperature and high pressure. For the three minerals, the main temperature and pressure window for
dissolution ranged from 150°C to 300°C and 45 MPa to 60 MPa. Scanning electron microscope observations revealed that
the dissolution effect of K-feldspar is most obvious under conditions of 150 °C and 45 MPa, in contrast to conditions of
200°C and 50 MPa for albite and calcite. Through the comparative analysis of experimental conditions and procedures, a
coupling effect occurred between the temperature and pressure change and the dissolution strength of K-feldspar, albite and
calcite. Under high temperature and high pressure, pressure changed the solubility of CO 2, furthermore, the dissolution
effect and strength of the sandstone components were also affected. The experiment revealed that high temperature and high
pressure conditions with CO2-rich fluid has a significant dissolution effect on aluminosilicate minerals and is conducive to
the formation of secondary pores and effective reservoirs. Going forward with the above understanding has important
implications for the promotion of deep oil and gas exploration.
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1 Introduction
High temperature and high pressure effects on deep
reservoir quality is at the frontier of the study of petroleum
geology and is significant for theories and hydrocarbon
exploration. Using high temperature and high pressure
fluid-rock reaction experiments to study deep diagenesis
and the developmental mechanisms of secondary pores is
an important approach to the analysis and exploration of
oil-bearing basins. The mechanisms of pore formation by
* Corresponding author. E-mail: lichaomails@lzb.ac.cn

mineral dissolution under deep reservoir conditions and
the associated transportation of diagenetic material during
the dissolution process have always been popular yet
complex issues in petroleum geology (Giles, 1987;
Milliken, 2003; Bjorlykke and Jahren, 2012).
In petroliferous basins dominated by clastic reservoirs,
the erosive diagenetic fluids, especially acidic fluids, have
increased secondary pores through dissolution, resulting in
further hydrocarbon exploration (Schmidt and McDonald,
1979; Surdam and Boese, 1984; Day-Stirrat et al., 2010;
Zhu et al., 2009; Sun et al., 2013). Currently, it is accepted
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that at least one-third of secondary pores in clastic
reservoirs are formed by mineral dissolution during burial
diagenesis (Huang et al., 2003).
In the Qiongdongnan Basin, the geothermal gradient is
high (average 37.1±6.3°C/km), and abnormal high
pressure belts are widely-developed in the deep basin,
with the pressure coefficient generally ranging from 1.6 to
2.1 (Shi et al., 2013). The process of pore formation by
mineral dissolution in clastic reservoirs, the associated
migration of dissolved materials and secondary mineral
precipitation plays an important role in controlling the
evolution of the reservoir quality (Thyne, 2001; Cao et al.,
2014). However, there are few studies on the effects and
mechanisms of mineral dissolution in deep reservoirs
under conditions of high temperature and pressure, due to
the limitations of experimental equipment and techniques.
Researchers around the globe have conducted some
exploratory studies. For example, Li et al. (2015) studied
the dissolution characteristics of sandstone in the
sandstone-CO2-water system under 150°C and 15 MPa.
Marbler et al. (2013) simulated the sandstone-water-CO2
system under 100°C and 10 MPa. Sebastian et al. (2010)
simulated the sandstone-water-CO2 system under 40°C
and 5.5 MPa. Wigand et al. (2008) studied the sandstonewater-CO2 system under 60°C and 15MPa. The above
studies all have the problem that the temperature and
pressure of the experimental system is static, due to the
nature of the experimental device, leading to low pressure,
which is inconsistent with the relatively closed
environment of the deep strata. At the same time, due to
the limitations of computer programs, it is difficult to
conduct long-term stable reactions. Therefore, the studies
conducted thus far have certain inherent limitations and it
is difficult to obtain a more comprehensive understanding.
The purpose of the experiment described herein is to
study the dissolution capability of CO2-rich fluid on
different individual minerals, thus investigating the
dissolution process of minerals in deep clastic rocks.
In view of the fact that there are significant quantities of
K-feldspar and albite in the deep reservoirs of the
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Qiongdongnan Basin and calcite is the main dissolved
carbonate mineral present on a large scale in the study
area, this study is primarily concerned with the dissolution
of K-feldspar, albite and calcite in the deep reservoirs of
the Qiongdongnan Basin. By setting up different gradients
of pressure and temperature, combined with the geological
background of high temperature, high pressure and CO 2rich fluid in the deep reservoir of Qiongdongnan Basin,
the experimental device and schematic design were carried
out. Using CO2 as a reaction solution, the dissolution of
feldspar particles and calcite cement under different
temperature and pressure conditions was compared, the
evolutionary path of mineral dissolution under different
depth, temperature and pressure conditions being revealed.
We also provide further discussion concerning the
selective dissolution of minerals in deeper strata, which
has been proposed in recent years. So as to investigate the
possibility of mineral dissolution in deeper strata, this
study can provide useful predictive tools and guidance for
deep oil and gas exploration.
2 Geological Setting
The Qiongdongnan Basin is a Cenozoic faulted
depression oil-bearing basin, located in the northwest of
the South China Sea, between the Hainan Uplift and the
Yongle Uplift, adjacent to the Pearl River Mouth Basin
and Yinggehai Basin. In the Qiongdongnan Basin, three
sets of basement faults are developed in the NE, NW and
EW directions, which control the distribution pattern of
uplift and depression throughout the basin. On the plane,
the tectonic pattern of the Qiongdongnan Basin can be
summarized as ‘east-west division of blocks, north–south
division of zonation’. The basin can be divided into
several first-level tectonic units from north to south,
including the Northern Depression Zone, Central
Depression Zone, Central Uplift Zone and Southern Uplift
Zone (Lei et al., 2011; Wang et al., 2011; Feng et al.,
2017) (Fig. 1).
Due to the influence of the crust-mantle structure and a

Fig. 1. Division of tectonic units in the Qiongdongnan Basin. (modified from Bi et al., 2019)
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magmatic diapir, the geothermal gradient in the
Qiongdongnan Basin is high (average 37.1 ± 6.3 °C/km),
with abnormal high pressure belts being widely developed
in the deep basin, the pressure coefficient generally
ranging from 1.6 to 2.1 (Shi et al., 2013). In addition,
under the influence of deep and large faults and mantlesource flows, the deep reservoirs in the basin are generally
rich in CO2. The study shows that the CO2-rich fluid
entered the sand bodies mainly through three channels,
including the deep (deeply buried) fault connecting the
deep mantle (a typical example is Baodao 19-2), the
magmatic diapir (a typical example is Baodao 15-3), and
the eruptive volcano (a typical example is Changchang 261), especially the volcano and magmatic diapir, which are
the most direct channels for CO2 (He et al., 2011; Huang
et al., 2015; Guo et al., 2017; Xu et al., 2017; Pang et al.,
2019).
Drilling data indicated that the CO2 content of the
Lingshui Formation in the eastern Qiongnan Basin was
closely related to the deep and large faults. Therefore,
laterally, in the eastern part of the Qiongdongnan Basin,
the content of CO2 is high in the drilling wells near the
deep fault and low in the wells far from the deep fault.
Vertically, the content of CO2 in the deep layer is high,
and low in the shallow layer. Several wells drilled in
Baodao-19 in the eastern part of the Qiongdongnan Basin
have shown that the content of CO2 in the deep Lingshui
Formation is the highest, the content ranging generally
across 80%–97.2% (Huang et al., 2015; Guo et al., 2017;
Xu et al., 2017; Ding et al., 2018). When drilling well
Changchang 26-1-1 in the eastern part of the
Qiongdongnan Basin, sodium bauxite was encountered at
the Lingshui Formation, which had a similar carbon
isotope composition to CO2 gas, confirming that
dissolution and precipitation of CO2-rich fluid and
reservoir rock had occurred in this area (You et al., 2014;
Guo et al., 2017).
In recent years, Lingshui 22-1, Lingshui 17-2 and
Lingshui 25-1 have successively been discovered in the
southeast of the Qiongdongnan Basin, with proven
reserves of 135.9 billion cubic meters (Huang et al., 2016;
Zhang et al., 2014; Zhang et al., 2016). The study shows
that the burial depth is between 3500 and 5000m. The
reservoir space mainly consists intergranular dissolution
pores, intragranular dissolution pores and mold dissolution
pores, with a small number of fractures also being
developed. The secondary dissolution pores are the main
ones, the primary pores being more rarely preserved.
In order to reveal the dissolution modification and
secondary pore development mechanism of the deep
sandstone reservoir for clastic minerals and cements by
CO2-rich fluid within a high temperature and high pressure
environment in the Qiongdongnan Basin, this paper
combines the geological characteristics and diagenetic
environment of deep reservoirs in the Qiongdongnan
Basin with dissolution experiments on K-feldspar, albite
and calcite under high temperature and pressure with a
CO2-rich fluid. The dissolution effect of CO2-rich fluid on
minerals in the deep sandstone reservoir is discussed, to
clarify the control mechanisms and pore-forming effects
of temperature and pressure on the dissolution of a single

mineral, in order to provide a scientific basis for the
prediction of high quality reservoirs in the deep reservoir
of the Qiongdongnan Basin.
3 Experimental Design
In this experiment, the deep reservoir petrological
characteristics, diagenetic environment and geological
fluid were taken as the geological basis for the
experimental design. Natural rock samples of K-feldspar,
albite and calcite were selected, CO2 was chosen to be
used as a reaction solution, the high temperature and high
pressure water-rock reaction device being controlled by a
computer program.
3.1 Experimental scheme
Studies have shown that the dissolution of minerals
such as feldspar could take months or longer to become
balanced (Bertieret al., 2006; Wandrey et al., 2011;
Baletabieke et al., 2019). This experiment is limited by
time and cost, mainly based on geological reality and
exploration needs, so the feldspar dissolution reaction in a
state of equilibrium is not considered in this experiment.
According to the geothermal gradient and pressure
coefficient of the Qiongdongnan Basin, the corresponding
gradient temperature and pressure were set in the
experiment to simulate the temperature and pressure under
the deep reservoirs in the study area (Table 1).
The experimental process was as follows:
(1) Mineral samples were washed with deionized water
several times, dried for 24 hours at 105°C, the mass of the
mineral samples then being weighed accurately;
(2) The processed single mineral samples were placed
within the sample chamber, which was then put into the
kettle body;
(3) The sample chamber was evacuated;
(4) Equal lithostatic pressure was exerted to the top and
bottom of the mineral samples;
(5) The solutions were injected through a high pressure
liquid pump into the sample chamber until the
hydrodynamic pressure reached the target pressure;
(6) During the experiment, the pressure in the cell was
controlled and maintained by the pressure controller, the
temperature in the sample chamber being controlled by the
temperature controller. The experimental device was
equipped with both a liquid inlet and a liquid outlet, which
could be used for continuous sampling analysis at
different times; the liquid was removed from the sample
chamber after arriving at the end of the predetermined
duration of the experiment;
(7) The experimental conditions (including temperature,
time, static rock pressure and fluid pressure) were
recorded by computer at every minute;
(8) After the experiment, the liquid was first collected,
Table 1 Reaction conditions for each series of experiments
Temperature (°C)
100
150
200
250
300

Pressure (MPa)
40
45
50
55
60

Time (h)
144
144
144
144
144
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then the cell opened. After the temperature was reduced to
room temperature, the reactive mineral samples were
taken out and the samples cleaned with deionized water.
After drying at 105°C for 24 hours, the samples were
weighed and selected randomly for observation with a
scanning electron microscope and energy spectrum
analysis.
3.2 Materials
3.2.1 Rock sample
Three groups of single mineral samples were prepared
in this experiment, including samples of K-feldspar, albite
and calcite. K-feldspar samples were collected from
intrusive bodies in the Qinghai Lake area, albite and
calcite were purchased from accredited institutions.
Randomly selected parts of the K-feldspar, albite and
calcite particles were used to avoid the influence of
mineral heterogeneity. Sample composition determination
was carried out with a X-ray diffractometer at Lanzhou
Oil & Gas Center, Northwest Institute of the Chinese
Academy of Sciences (Table 2). Each sample was divided
into 6 parts, each with the same mass, in order to meet the
experimental requirements. One part was used as the
initial rock sample for comparison, the other 5 parts were
used for the high temperature and high pressure simulation
experiments. Samples were crushed to 2.0–4.0mm, which
reduced the errors caused by difference in particle size
during the experiment and thus ensured the comparability
of experimental data.
3.2.2 Reaction solution
In the experiment, a CO2 solution was chosen as the
reaction solution, CO2 gas being replaced by dry ice (solid
CO2) for the reaction, with a dosage of 81g, to ensure that
CO2 gas was in excess during the reaction (Liu et al.,
2003). To avoid the influence of the original ionic
composition of the solution, all solutions were made with
500ml deionized water.
3.3 Experimental device
In order to approximate the real diagenetic geological
environment as closely as possible, the experiments were
carried out in a semi-closed high temperature and high
pressure simulation system. The experimental equipment
consisted of a software control system (computer) and a
hardware operating system (apparatus) (Fig. 2). The
software control system was used to set reaction
conditions and collect data. The hardware operating
system included the following parts: reaction cell, heating
system, pressure system and liquid collection system. The
reaction cell was made of titanium alloy and contained in
an autoclave. The advantages of this kind of reaction cell
are a resistance to acid and alkali dissolution. The
maximum tolerable temperature was 550°C and pressure
was 100 MPa. The accuracy of the heating system was
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±0.1°C. The pressure system contained a hydraulic control
system for lithostatic pressure and confining pressure, as
well as a turbocharger for hydrodynamic pressure. The
accuracy of the lithostatic pressure was ±0.1 MPa, the
accuracy of the hydrodynamic pressure was ±0.05 MPa.
With the help of a pressure system, the instrument could
be used to simulate the lithostatic pressure and
hydrodynamic pressure of the reservoir rock. It is widely
accepted that high temperature can be used to stimulate
the reactions that occur at lower temperatures over a long
period of time in geological systems. The experiments in
this study investigated five different temperatures: 100°C,
150°C, 200°C, 250°C and 300°C. Every experiment at a
different temperature was conducted for 144 h. The
reaction conditions for each series of experiments are
listed in Table 1.
4 Results
Through a series of water-rock simulation experiments
with 3 groups of samples and 5 temperature and pressure
nodes, 15 groups of experimental results were obtained.
SEM observation and cationic concentration determination
were conducted on the rock samples and reaction solutions
obtained from each group.
4.1 Characteristics of the mineral surface after
dissolution
4.1.1 K-feldspar
Observation results with the scanning electron
microscope showed that with the increase of pressure and
temperature, K-feldspar experienced different degrees of
mineral surface dissolution phenomena under different
temperatures and pressures, which demonstrated the effect
of mineral dissolution transformation by CO2 fluid.

Fig. 2. Schematic diagram of the experimental device.
(modified from Li et al., 2019)

Table 2 X-ray diffraction analysis of mineral composition of rock samples
Number
1
2
3

Samples

Quartz
(%)

K-feldspar
(%)

Plagioclase
(%)

FJS
JCS
NCS

6.8

49.1

15.4
86.8

Calcite
(%)
100
4.3

Siderite
(%)

Baudisserite
(%)

4.2

6

Anhydrite
(%)

13.2

Ankerite
(%)

Clay mineral
(%)

9.9

4.3
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Figure 3a shows the original sample, the surface being
smooth, indicating that prior to the experiment, no
dissolution had occurred. Figure 3b shows the
experimental results under a temperature of 100°C and a
pressure of 40 MPa, the surface of the sample being
basically the same as the original sample of K-feldspar
before the reaction, with no dissolution phenomenon being
observed. Figure 3c shows the experimental results under
a temperature of 150°C and a pressure of 45 MPa, where it
can be observed that partial micro-dissolution pits had
appeared on the mineral surface, the surface becoming
uneven, but still retaining some areas with little
dissolution. Figure 3d shows the experimental results

Fig. 3. SEM photomicrograph of K-feldspar dissolution.

under conditions of 200°C and 50 MPa, the dissolution
phenomenon being intensified. It was clear that directional
dissolution pits formed on the mineral surface of the Kfeldspar. The dissolution phenomenon was strong and
extensive across most of the mineral surface, indicating
that the CO2 fluid had a stronger dissolution effect on
minerals under these conditions. When the temperature
was increased to 250°C and the pressure was increased to
55 MPa, Figure 3e shows the dissolution of K-feldspar
mineral surface to not be obvious, with only some
micropores produced by dissolution being found on the
mineral surface. Figure 3f shows the experimental results
under conditions of 300°C and 60 MPa, where it can be
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seen that there was basically no dissolution phenomenon
on the surface of the mineral. In summary, the dissolution
phenomenon was most obvious under conditions of 150°
C/45 MPa, as well as 200°C/50 MPa, while the dissolution
phenomenon was not obvious under the other tested
temperatures and pressures.
4.1.2 Albite
Albite and K-feldspar have similar dissolution
characteristics. Figure 4a is the original sample, the
surface being flat and smooth, with some fine albite
particles adhering to the larger surface of albite mineral,
indicating that no dissolution had occurred on the mineral

Fig. 4. SEM photomicrograph of albite dissolution.
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surface. Figure 4b shows the experimental results under
conditions of 100°C and 40 MPa, the surface of the
sample being basically the same as the original sample of
albite prior to the reaction, with no obvious surface
dissolution. Figure 4c shows the experimental results
under 150°C and 45 MPa, where it can be observed that
there is still no dissolution of the mineral surface and no
trace of CO2 fluid reaction on the smooth surface. Figure
4d shows the experimental results under conditions of
200°C and 50 MPa, where it can be clearly observed that
relatively strong dissolution phenomena have occurred on
the surface of the albite mineral, even peeling occurring on
part of the surface. Part of the exposed albite has also been
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partially eroded, dissolution pores appearing on the
surface of the mineral, which indicates that under
conditions of 200°C and 50 MPa, dissolution was evident
over most of the albite mineral surface; Figure 4e shows
the experimental results under conditions of 250°C and 55
MPa, the dissolution phenomena on the surface of the
albite mineral not being obvious, with only some
micropores generated by dissolution appearing on the
surface of the mineral. Figure 4f shows the experimental
results under the temperature and pressure of 300°C and
60 MPa, the mineral surface being basically flat, with only
occasional small dissolution micropores. By comparing
the above experimental results, we can see that the

dissolution phenomena of albite were most evident at 200°
C and 50 MPa, while the dissolution phenomenon was not
evident at other temperatures.
4.1.3 Calcite
The microscopic dissolution of calcite minerals is quite
clear. Figure 5a shows the original sample. The surface of
the original sample was smooth, with no other particles
attached to the surface, indicating that no dissolution had
occurred. Figure 5b shows the experimental results under
the conditions of 100°C and 40 MPa, partial dissolution
pores appearing on the surface of the calcite, only a small
proportion in the visible range, indicating that only slight

Fig. 5. SEM photomicrograph of dissolution on the surface of calcite.
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dissolution had occurred. Figure 5c shows the
experimental results under conditions of 150°C and 45
MPa, a relatively strong dissolution phenomenon being
observable on the mineral surface, with traces of
dissolution by CO2 fluid on the mineral surface and
directional dissolution phenomena appearing. Figure 5d
shows the experimental results under conditions of 200°C
and 50 MPa, where it can be clearly observed that more
intense dissolution occurred on the surface of the calcite
minerals, some particles being attached to the surface of
the calcite, which may be clastic particles produced by
dissolution on the surface of other calcites. Figure 5e
shows the experimental results under conditions of 250°C
and 55 MPa, only a few dissolution pores being visible on
the surface of the calcite mineral, no obvious dissolution
occurring in the remainder. Figure 5f shows the
experimental results under conditions of 300°C and 60
MPa, the mineral surface being basically flat, only
occasional small dissolution pores appearing. In summary,
the dissolution phenomenon was most obvious on the
surface of the calcite mineral at 150°C/45 MPa and
200°C/50 MPa. Dissolution phenomena occurred at other
temperatures, but only on parts of the surface.
4.2 Changes in ion concentration of the solution
4.2.1 Reaction solution with K-feldspar
As can be seen from Fig. 6, the concentration of K + in
the solution varied with the change in temperature and
pressure. With the exception of the original solution,
where the potassium ion concentration was very low under
normal temperature and pressure, all the reaction solutions
under other temperature and pressure conditions contained
potassium ions. The concentration of K+ ranged from 16.9
to 84.8 ppm. The potassium ion concentration of the 5
groups of reaction solutions changed with temperature and
pressure, having the characteristics of a skewed normal
distribution. Under 150°C and 45 MPa, the concentration
of dissolved potassium ions was at the highest, at 84.8
ppm, all other solutions have lower concentrations of
potassium ions. The partial normal distribution had a
coupling response to the differential dissolution of Kfeldspar.
4.2.2 Reaction solution with albite
Figure 7 shows the sodium ion concentration of the

Fig. 6. Concentration of K+ by dissolution of K-feldspar under
different temperatures and pressures.
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albite samples after water-rock reactions with CO2-rich
fluid under 5 sets of temperature and pressure conditions.
Except for the original solution, where the sodium ion
concentration was very low under normal temperature and
pressure, all the reaction solutions under other temperature
and pressure conditions contained sodium ions. The
concentration of Na+ ranged from 64.6 to 93.8 ppm.
From the change in sodium ion concentration, the
temperature and pressure have specific influences on the
dissolution of albite. The dissolution of sodium feldspar is
strong at 200°C/50 MPa and 250°C/55 MPa, the
concentration of sodium ions in solution being higher,at
93.8ppm and 78.4ppm, respectively. Under other
temperature and pressure conditions, the dissolution was
similar, with the sodium ion concentration being 64.6 –
69.4 ppm.
According to the comparison of the potassium ion
concentration in Fig. 6 and sodium ion concentration in
Fig. 7, the dissolution strength of albite may be slightly
higher than that of K-feldspar.
4.2.3 Reaction solution with calcite
Figure 8 shows the calcium ion concentration of the
calcite samples after water-rock reactions with CO2-rich
fluid under 5 sets of temperature and pressure conditions.
Except for the low concentration of calcium ions in the
original solution at room temperature and pressure, all the
other reaction solutions were rich in calcium ions, with the
concentration ranging from 47.9–114.3 ppm.
The variation in calcium ion concentration
characteristically fluctuates under different temperature
and pressure conditions. The reaction solution
corresponding to the temperature and pressure conditions
of 100°C/40 MPa, 200°C/50 MPa, and 250°C/55 MPa
exhibited higher calcium ion concentrations, reflecting a
strong dissolution effect. The corresponding calcium ion
concentrations for 150°C/45 MPa and 300°C/60 MPa were
lower, reflecting a weak dissolution effect.
According to the comparison of calcium ion
concentrations in Fig. 8, sodium ion concentration in Fig.
7 and potassium ion concentration in Fig. 6, there is a
correlation between dissolution action strength and cation
migration. The dissolution of calcite was stronger and the
concentration of Ca2+ was higher. The dissolution of albite
and K-feldspar was relatively weak, with the concentration

Fig. 7. Concentration of Na+ by albite dissolution under different temperatures and pressures.
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Fig. 8. Concentration of Ca2+ by dissolution of calcite under
different temperatures and pressures.

studies have shown that, under high temperature and
pressure, the solubility of CO2 is much greater. With a
large amount of CO2 dissolved in the fluid of the basin, the
formation fluid would be strongly acidic. When the fluid
entered a formation bearing alkaline minerals (cement or
clastic particles), it would interact with alkaline minerals,
dissolution or replacement resulting.
Previous studies have confirmed that the solubility of
CO2 in formation fluids is affected jointly by temperature,
pressure and the ionic strength of the system, which
increases with increasing pressure and decreases with
increasing salinity of the solution (Bischoff et al., 1996;
Duan et al., 2003). When the temperature and pressure are
coupled, the CO2 solubility decreases with the increase of
temperature. When the pressure is high (>10 MPa), the
CO2 solubility first decreases and then increases with the
increase of temperature: the higher the pressure, the more
significant this feature becomes (Duan et al., 2003).

of sodium and potassium ions being low.
5 Discussion
5.1 Analysis of dissolution mechanism
5.1.1 Dissolution mechanism of CO2-rich fluids
Liu et al. (2003) found that the presence of CO 2 made
the sandstone dissolution in the system more intense,
when compared with the H2O-CO2-sandstone system, due
to, the concentration of main ions in the former reaction
solution was higher than that of the latter. Compared with
the sample which was placed in deionized water, the
concentration of main ions was 10–20 times higher than
that of the latter, which indicated that the dissolution by
CO2 was very obvious.
The study showed that the pH value of a CO2 saturated
solution could reach 5.6 at room temperature and pressure,
and it could be even lower under high pressure conditions
(Pokrovsky et al., 2009; Black et al., 2015; Tang et al.,
2016). Carbonic acid solution generated by highly
saturated CO2 fluid can dissolve silicate minerals and
carbonate minerals in a clastic reservoir. The chemical
process is as follows (Gao et al., 2007; Zhu et al., 2011;
Tang et al., 2016; Bicocchi et al., 2017):
K-feldspar: KAlSi3O8 + 4H2O + 4H+→K+ + Al3+ +
3H4SiO4(aq)
(1)
Albite: NaAlSi3O8 + 4H2O + 4H+→Na+ + Al3+ +
3H4SiO4(aq)
(2)
Calcite: CO2 + H2O + CaCO3 = Ca(HCO3)2
(3)
Ca2+ + CO32- =CaCO3
(4)
Ca2+ + 2HCO3-=CaCO3↓+ H2O + CO2
(5)
The precipitation of carbonate minerals was primarily
caused by the decrease of system pressure, as shown in
Equations 4–5, so that when the partial pressure of CO2
increased, the reaction favored the dissolution of calcite.
5.1.2 Effects of temperature and pressure conditions on
CO2 solubility
The reaction mechanism shows that when CO2 entered
the sedimentary basin, it was mainly dissolved in the basin
fluid in the form of carbonate or bicarbonate, separating
hydrogen ions from water, resulting in a decrease in the
pH value of the formation (Liu et al., 2003). Previous

5.1.3 The influence of burial depth and temperature
and pressure conditions on dissolution
As can be seen from Figs. 6–8, the degree of mineral
dissolution changes rapidly with the increase of the
pressure of the reaction system, indicating that in a high
temperature environment the increase of pressure
promotes the faster dissolution of sandstone. In other
words, under the joint action of higher temperature and
pressure, the dissolution becomes more significant.
Under real formation conditions, the rock pressure has
two aspects, one being lithostatic pressure generated from
the overlying strata, the other being fluid pressure caused
by fluid in rock pores (Fan et al., 2007). In this
experiment, the device used could provide scenarios to
simulate both deep fluid pressure and the lithostatic
pressure produced by the overlying strata. The result can
reflect the water-rock reaction process in the deep strata.
With increasing pressure, the solubility of CO2 in water
increases, the pH value of the fluid decreases, the
solubility of carbonate increaseing, which is not conducive
to the formation of carbonate cements. High pressure not
only impacts on the effect of CO2 on mineral dissolution,
but also can compensate for the effect of partial
overburden due to the extra pressure, which has an
obvious inhibitory effect on the mechanical compaction of
clastic rocks as well as a good protective effect on the
pores of the reservoir (Ma et al., 2015).
High pressure can inhibit the transformation of clay
minerals, prolong the action time of CO 2 in the formation,
increase the contact time and strength of acidic fluids with
silicate and carbonate minerals, as well as increase the
secondary pores (Lei et al., 2012).
In this experiment, the temperature was between 100°C
and 300°C, the pressure being between 40 MPa and 60
MPa, corresponding to the deep reservoir (>3500 –6000
m), while the actual formation temperature and pressure
may be higher. According to the degree of acid formed
that could then flow to dissolve carbonate minerals and
aluminosilicate minerals following the entry of a large
amount of CO2 to the sedimentary basin, as well as the
relationship between the degree of dissolution and the
change in temperature and pressure, it was determined that

Acta Geologica Sinica (English Edition), 2021, 95(1): 268–279

dissolution was inhibited when the pressure and
temperature rose to a certain range. At low temperatures,
mineral dissolution was positively correlated with pressure
on the whole, the effect of pressure being more significant
at high temperatures.
Based on the results of this experiment, a trend of
positive correlation between temperature and pressure and
corrosive strength exists within a specific range of
temperature and pressure, having a range of applications.
Under higher temperature and pressure conditions, the
variation trend may be different. In the real burial
environment, there may be a range of temperature and
pressure that is most favorable for dissolution, namely a
‘dissolution window’. In short, the reservoir in the
‘dissolution window’ has the strongest dissolution effect,
while the dissolution effect outside this range is weaker.
5.1.4 The influence on dissolution of the openness and
closure of the reaction system
The closure and openness of the reaction system are
important factors affecting the temperature and pressure
conditions, fluid migration, reaction balance and the
dissolution strength of the reaction system.
In a closed system, due to the limitation of the reaction
space, the ionic substances produced by the dissolution
cannot be removed over time, so the dissolution is
inhibited. In an open system, the dissolution will be
further enhanced due to the regular removal of the
dissolved material.
From the perspective of geological practice, if the
diagenetic environment of the reservoir develops a
network of faults, fractures, permeable layers and ultrafine pores and permeability, the ions generated by
dissolution can be carried away by the formation fluid,
which is conducive to the further enhancement of
dissolution.
5.2 Geological significance and implications
The essence of the transport of petrogenic materials in
the water-rock reaction system of sandstone is the
equilibrium process of mineral-fluid physical and
chemical interactions in the system (Giles, 1987; Park,
2014). For the Qiongdongnan Basin, when mantle-derived
CO2 entered the deep reservoir, it formed a water-rock
reaction system of ‘CO2-water-sandstone’ under high
temperature and high pressure with the geological fluid
inside the reservoir.
The simulation results show that the CO2-rich fluid had
an obvious dissolution effect on silicate and carbonate
minerals under high temperature and pressure. The
dissolution phenomena of K-feldspar and albite indicates
that surface erosion can occur at the edge of the structural
grains of a deep sandstone reservoir, the dissolution also
being able to occur in the calcite mineral of the cement.
Sun et al. (1995) believed that the sandstone can produce
secondary dissolution pores of 4%–5% due to the thermal
fluid, rich in CO2.
The genesis and geological background of the deep
reservoirs in the Qiongdongnan Basin are unique. The
high temperature and high pressure diagenetic
environment and the coupling and superposition of CO2-
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rich fluid are significant characteristics that distinguish it
from other oil-bearing basins. This unique diagenetic and
reservoir formation model is of great significance in
enriching and developing the deep diagenetic and
reservoir formation theory in order to promote exploration
at depth. Against the background of higher and higher
costs and greater risks attendant on deep oil and gas
exploration, research on high temperature and high
pressure water-rock reactions and deep reservoir
prediction is of great practical significance for improving
the success rate of deep exploration and reducing the risks
associated with exploration.
6 Conclusions
(1) Water-rock simulation experiments at 100°C/40
MPa, 150°C/45 MPa, 200°C/50 MPa, 250°C/55 MPa and
300°C/60 MPa have shown that CO2-rich fluids can
effectively dissolve K-feldspar, albite and calcite minerals
under high temperature and high pressure in semi-closed
systems. These three minerals have obvious differences in
dissolution under different temperature and pressure
conditions, there existing a temperature and pressure range
with relatively strong dissolution, which is called the
‘dissolution window’.
(2) The above experimental results scientifically explain
the mechanism of secondary pore development in the deep
reservoir of the Qiongdongnan Basin. It is believed that
high temperature and high pressure have a coupling
superposition effect with CO2-rich fluid, which effectively
promotes dissolution of the edge of silicate structural
particles such as K-feldspar and albite, as well as the
intergranular dissolution of carbonate cements.
Understanding this has an important guiding importance
for deep reservoir prediction and exploration target
evaluation in the Qiongdongnan Basin.
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