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Abstract: The feasibility of geologic CO2 storage in deeply buried arkosic sandstones has been tested 7 

using high-temperature, high-pressure short-term laboratory experiments and long-term numerical 8 

simulations with CO2-saturated solution rich in CaCl2. These conditions mimic the conditions found 9 

today in the Eocene reservoir sandstones of depleted oilfields in the Dongying Sag, Bohai Bay Basin, 10 

China. Experiments at 100C and 150C and PCO2 of 4MPa were conducted on sandstones rich in K-11 

feldspar and albite without anorthite. During the experiments, calcite and kaolinite precipitated whilst 12 

albite and K-feldspar partly dissolved. Ca2+ in formation water is shown to be critical for mineral 13 

trapping of CO2. The continuous dissolution of K-feldspar and albite at a slow rate for a long time 14 

period can prolong duration time of calcite precipitation and increase geologic CO2 storage capability 15 

by mineral trapping. Addition of NaCl, KCl and MgCl2 can prolong the dissolution time of K-feldspar 16 

and albite and precipitation duration of calcite. It also increased the mass of sequestered CO2 by 17 

mineral trapping. The process of geologic CO2 storage can be divided into 3 stages. In stage Ⅰ, calcite 18 

precipitates rapidly, and geologic CO2 storage is dominated by solubility trapping within 100 years. 19 

Stage Ⅱ lasts up to 300 years in the solution without NaCl, KCl and MgCl2 and 900 years with addition 20 

of NaCl, KCl and MgCl2 into the solution. The precipitation rate of calcite decreases abruptly and the 21 

mass of mineral trapping of CO2 increases with increasing time, because dissolution of K-feldspar 22 

and albite causes decrease of Ca activity and prolongs calcite precipitation time. The geologic CO2 23 

storage is dominated by mineral trapping. In stage Ⅲ, reactions reach equilibrium and the mass of 24 

geologic CO2 storage reaches the maximum. The calculated mass of CO2 by mineral trapping in 25 

sandstones of the Es4x to Es3z in the Dongying Sag is about 3.61GT.  26 

Keywords: geologic CO2 storage; mineral trapping; K-feldspar- and albite-rich sandstones; CaCl2-27 

rich formation water; laboratory experiment; numerical simulation. 28 

Introduction 29 

Carbon Capture and Storage (CCS) is a practical technology to create new and sustainable CO2 30 

sinks (Gluyas and Mathias, 2013; Leung et al., 2014; Elmabrouk et al., 2017). Geologic CO2 storage 31 

is currently considered to be the most viable for the permanent storage of the large quantities of CO2 32 

(Celia and Nordbotten, 2009; Zwaan and Semkens, 2009; Yang et al., 2010; Myer, 2011). The 33 

geologic CO2 storage mainly involves injection of CO2 into depleted oil and gas reservoirs, deep 34 

saline aquifers, and possibly mined and unmined coal seams (Wigand et al., 2008; Yu et al., 2015, 35 
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2017). The geologic CO2 storage potential in depleted oil and gas reservoirs can reach 920 GT in the 36 

largest 155 petroleum provinces that encompass 32,000 known oil and gas fields (Klett et al., 1997; 37 

Masters et al., 1998; Stevens et al., 2001; International Energy Agency Report, 2004). Therefore, 38 

injection of CO2 into depleted oil and gas fields with good sealing conditions, high porosity and 39 

permeability has become a major research theme for geologic CO2 storage, although at present only 40 

about 5 million tons of CO2 is stored each year using this technology (Jenkins et al., 2012; De Coninck 41 

and Benson, 2014). 42 

The geologic CO2 storage mechanisms include physical trapping, residual saturation trapping, 43 

solubility trapping and mineral trapping (Bachu et al., 2007; Matter and Kelemen, 2009; Shukla et al. 44 

2010; Li et al., 2016; Li et al., 2018). The mineral trapping is the safest and most stable geologic CO2 45 

storage mechanism in the long term (He et al., 2015; Munz et al., 2012; Alia et al., 2015; Yang et al., 46 

2017). However, most research on geologic CO2 storage mechanisms in depleted oil and gas fields 47 

are currently focused mainly on physical trapping and solubility trapping (Gilfillan et al., 2009). 48 

Mineral trapping of CO2 in depleted oil and gas fields is important for permanent storage (Gunter et 49 

al., 2000; Raistrick et al., 2009; Matter and Kelemen, 2009; Scislewski and Zuddas, 2010; Lu et al., 50 

2010, 2014; Luquot et al., 2012; Carroll et al., 2013b; Luhmann et al., 2012; Kirsch et al., 2014).  51 

Mineral trapping of CO2 primarily refers to carbonation of CO2 to form calcite, dolomite (Li et 52 

al., 2009; Hangx and Spiers, 2009; Li and Pang et al., 2017). The sources of Ca2+ and Mg2+ is a key 53 

factor for carbonation of CO2 (Gilfillan et al., 2009; Matter and Kelemen, 2009). At present there are 54 

trials in which CO2 is injected into igneous rocks and anorthite-rich clastic rocks. The injected CO2 55 

reacts with divalent cations of Ca2+, Mg2+ from dissolution of olivine, pyroxene, and anorthite in 56 

igneous rocks to form magnesium/calcium carbonates (Mcgrail et al., 2006; Aradóttir et al., 2011; 57 

Kumar et al., 2017; Li and Li et al., 2017; Wolff-Boenisch and Galeczka, 2018). However, the mass 58 

of mineral trapping of CO2 in igneous rocks is only ever likely to be very small due to small volumes 59 

of fractures in such rocks and upon which permeability depends (Van Pham et al., 2012). After 60 

injection of CO2 into anorthite-rich clastic rocks, the injected CO2 reacts with the calcium from 61 

anorthite dissolution at low pH to form calcite (Hitchon et al., 1999; Xu et al., 2004; Gilfillan et al., 62 

2009; Matter and Kelemen, 2009; Gaus, 2010; Liu et al., 2011; Munz et al., 2012). However, most 63 

clastic rocks in depleted oil and gas fields lack calcium-containing minerals. 64 

Previous studies suggested that solubility trapping is the major mechanism of geologic CO2 65 

storage in clastic rocks lacking calcium-containing minerals (Gilfillan et al., 2009; Matter et al., 2016; 66 

Hellevang et al. 2014). Therefore, geologic CO2 storage by mineral trapping in clastic rocks lacking 67 

calcium-containing minerals needs to be further investigated because of the vast pore volume 68 

available for storage. Whilst calcium-bearing silicate minerals are relatively rare in sandstones, 69 

calcium-rich connate brines (pore water) is relatively common and as such we have investigated the 70 
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role that it may place in sequestration of CO2 through mineralization. In the oilfields in eastern China, 71 

the sandstones are dominantly rich in K-feldspar and albite without anorthite (Li et al., 2009; Yuan et 72 

al., 2015a), but the formation water is mainly rich in CaCl2 (Yuan et al., 2015a, 2015c; Li and Pang 73 

et al., 2017). Thus, the oilfields of eastern China are a good location for study of geologic CO2 storage 74 

(Li et al., 2016; Yuan et al., 2017a).  75 

We combined laboratory experiments and numerical simulations, constrained by the conditions 76 

within the Eocene sandstones of the Shengtuo area, Dongying Sag, Bohai Bay Basin, China, in a 77 

single study to (1) discuss mineral trapping of CO2 with CaCl2 in formation water as the calcium 78 

source, (2) analyze of the influence of K-feldspar and albite dissolution on mineral trapping of CO2, 79 

(3) improve the understanding of geologic CO2 storage processes, and (4) estimate capability of 80 

geologic CO2 storage in the sandstones rich in K-feldspar and albite with formation water rich in 81 

CaCl2. 82 

1. Geological setting 83 

The lower part of the fourth Member of the Paleogene Shahejie Formation (Es4x) to the middle 84 

part of the third Member of the Paleogene Shahejie Formation (Es3z) in the Shengtuo area are the 85 

target of this study. The regional tectonic background and stratigraphic development of the Dongying 86 

Sag were referred to Yuan & Wang (2001) and Cao et al (2018). The rocks are dominated by 87 

conglomerates and sandstones. The sandstones are dominated by lithic feldsarenite and feldspathic 88 

litharenite. The feldspars are mainly K-feldspar and albite without anorthite. Carbonate cements, 89 

quartz overgrowth, kaolinite and illite are the main authigenic minerals in the sandstones. The present-90 

day formation temperature is approximately 150°C at 4000 m and approximately 82°C at 2000 m 91 

(Wang, 2010; Guo et al., 2012). The PCO2 in hydrocarbon reservoirs ranges from 0.25 MPa at 2000m 92 

to 4.05 MPa at 4000m (Yuan et al., 2015a). The formation water is highly saline, and the 93 

concentrations of Ca2+, Mg2+, K+, Na+ are 13.85~26.26 g/L, 0.71~1.91 g/L, 0.52~0.71 g/L, 94 

56.65~100.43 g/L, respectively (Yuan et al., 2015a and 2015b). The average concentration of CaCl2 95 

in the formation water in the fourth Member of the Paleogene Shahejie Formation (Es4) is 0.38 mol/L. 96 

Core-analysis porosities of sandstones range from 2.4% to 35% with an average of 12.76%. Porosities 97 

of oil layers mostly fall between 11% and 35% with an average of 25.55%. 98 

2. Methodology 99 

2.1 Laboratory experiments 100 

Six laboratory experiments (LES) on the reaction of CO2-saturated solution and sandstones rich 101 

in K-feldspar and albite were conducted at China University of Petroleum (UPC). The experimental 102 

apparatus is composed of a high-pressure and high-temperature resistant stainless-steel alloy reactor, 103 

carbon dioxide cylinder, heating cover, temperature and pressure sensors and temperature-pressure 104 

control system (Fig. 1). The reactor with volume of 500ml is equipped with a Ti-Ni-Cr alloy wall and 105 



 

4 
 

a netted cradle. CO2 with a purity of more than 99.995% was injected into the reactor by pumping to 106 

reach the designed PCO2 of 4.0 MPa. The real-time temperature and pressure were monitored by a 107 

sensor connected with a digital thermometer and a pressure meter. Temperature was adjusted by an 108 

automatic control instrument, with an error of ± 1°C. 109 

 110 

Fig. 1. Experimental apparatus used for the laboratory experiments  111 

Two pieces of typically sandstones rich in K-feldspar and albite were taken from the Es3z at 112 

2938.13m in well Tuo76 and from the Es4x at 3671.8m in Well Tuo720 in the Shengtuo area, 113 

respectively. The Es4x sandstone sample was cut into six small pieces. Mineral composition of the 114 

six sandstone samples were determined by X-ray diffraction (XRD) in the College of Chemical 115 

Engineering, UPC. The six pieces of sandstone samples were cut into small round slabs with a 116 

diameter of 25mm and a thickness of 3mm. The surfaces of the round slabs are uneven (Fig. 2a). One 117 

surface of each round slab was polished to be smooth and flat (Fig. 2b) and washed repeatedly in 118 

deionized water. 119 

 120 

Fig. 2. SEM photomicrographs showing (A) the uneven surface of unpolished pre-experiment sample and (B) the 121 
smooth and flat surface of polished pre-experiment sample, 2938.13m, Well Tuo76. 122 

The experimental process is as follow. (1) The prepared sandstone sample was placed at the 123 

bottom of the reactor, 200ml of solution was poured into the reactor, and then the reactor was sealed. 124 

(2) CO2 was continuously injected into the reactor by pumping, to maintain PCO2 of 4.0±0.1 Mpa in 125 

reaction system and to ensure CO2 saturation during the whole experiments. (3) The reactor was 126 

heated to 100C and 150C with a heating rate of 4C/min, continuing 48h and 96h, respectively.  127 
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The experimental conditions and processes are shown in Table 1. The ion concentration in SHCa-128 

LE and FW-LE was determined according to the average ion concentration in formation water in the 129 

Es4x to Es3z in the Shengtuo area (Table 2). The rock composition and mineral composition of DLF-130 

LE and FL-LE will be introduced in the section of mineralogy. 131 

After the laboratory experiments, the reactors were quenched to room temperature in cold water 132 

for 10 minutes. The reaction solution was extracted by a syringe and put into a sealed glass vial. The 133 

reaction solution was filtered before ion concentration can be tested. The concentrations of Al3+, 134 

SiO2(aq), K+, Na+, Ca2+ in the six post-experiment solution samples were tested using an ICP-MS 135 

(Thermo icapQ, USA) in the Analytical and Measurement Research Center, Qingdao Institute of 136 

Oceanology. The analysis error of cations was less than 0.001ppm. The pH of all the post-experiment 137 

solution samples was analyzed by pHS-3C of Rex (Shanghai) in the College of Chemical Engineering, 138 

UPC. The analysis error of multi-measurements for pH at 25℃ was scaled between -1% and 1%. The 139 

concentrations of HCO3
− and CO3

2− were calculated by pH and dissociation constants of HCO3
− and 140 

CO3
2− referred to Li and Duan (2007). Saturation indices for different minerals were calculated 141 

according to the measured temperatures (T), pressures (P), and chemical composition of post-142 

experiment solution. Saturation index is defined as lg (Q/Keq), where Q denotes the activity quotient 143 

and Keq denotes the equilibrium constant. Equilibrium constants (Keq) are different at different 144 

temperatures (Table 3). 145 

The post-experiment samples were repeatedly cleaned in deionized water to remove 146 

experimental liquid and then were observed under a Coxem-30plus SEM to identify dissolution and 147 

precipitation of minerals. The chemical composition of minerals in the post-experiment samples was 148 

tested under a Bruker Energy Dispersive Spectrometer System (EDS) (X-Flasher Detector 430-M).  149 

2.2 Numerical simulations 150 

With the laboratory experimental results used as constraining conditions, five numerical 151 

simulations (NSS) on the long-term reaction of CO2-saturated fluid and sandstones rich in K-feldspar 152 

and albite were conducted using the react module in the Geochemist's Workbench (GWB) 9.0.  153 

The conditions of numerical simulations are listed in Table 4. The fluid chemistry and mineral 154 

composition data are listed in the Tables 5 and 6. The temperature and pressure conditions are the 155 

same as those in the laboratory experiments (Table 4). The volume fraction of DLF-NS and FL-NS 156 

were from the mineral composition of DLF-LE and FL-LE in the laboratory experiments (Table 5 157 

and Table 8). The volume fraction of DLF-NS1 was determined by the average mineral composition 158 

of the sandstones in the Es4x to Es3z in the Shengtuo area (Table 5). The rock composition and 159 

mineral composition of DLF-NS1 will be introduced in the section of mineralogy(Table 5). The ion 160 

composition of SHCa-NS and FW-NS was from the ion concentration of SHCa-LE and FW-LE in 161 

laboratory experiments (Table 6). The water: rock ratio is discussed in Appendix 3 and Table 5. The 162 
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numerical simulations runs under the closed system. Any external water was not added in the 163 

numerical simulations. 164 

Constraints such as K25, Ea, Am for K-feldspars, albite, dolomite, calcite, kaolinite and quartz are 165 

available in Table 7 and Table 17 in Appendix 3. The reaction rate of kinetically-controlled reaction 166 

of CO2-saturated fluid and sandstones rich in K-feldspar and albite is referred to Lasaga, A. C.(1981), 167 

Aagaard, P. & Helgeson, H.C. (1982) and Xu et al (2005). The rate constant of aluminosilicate and 168 

carbonate minerals is a function of temperature (Perkins & Gunter, 1995; Gunter et al., 1997; Xu et 169 

al., 2005).  170 

The reaction path determined by laboratory experiments was used as the constraint condition in 171 

numerical simulations. The reaction path will be discussed at the discussion section of this paper. The 172 

boundary conditions for numerical simulations are listed in Appendix 2. The model of the CO2 173 

solubility and activity are introduced in Appendix 3.  174 

3. Results 175 

3.1 Mineralogy 176 

XRD data of mineral composition show that the sandstones in the Es4x to Es3z are rich in K-177 

feldspar and albite. K-feldspar content is 2-27% with an average of 11%. albite content is 2%-46% 178 

with an average of 24%. Quartz content is 3%-63% with an average of 39%. Kaolinite content is 0-179 

9% with the average of 1.7%. Dolomite content is 0-45% with the average of 7%. XRD analysis of 180 

DLF-LE shows that the volume fraction of K-feldspar, albite, quartz, kaolinite, and dolomite is 8%, 181 

18%, 40%, 0.99% and 33%, respectively (Table 8). XRD data of the FL-LE shows that the volume 182 

fraction of K-feldspar, albite, quartz, and kaolinite is 22%, 24%, 52% and 2%, respectively (Table 8). 183 

The samples are Medium and coarse-grained sandstones. The grain sizes of sandstone samples 184 

are analyzed by SEM and thin sections (methodology referred to Sundal & Hellevang (2019)). The 185 

sand fraction is classified as quartz, K-feldspar, albite, and lithic fragments from fine to coarse. Albite 186 

is the most reactive phase in Medium and coarse-grained sand fractions. K-feldspar and quartz are 187 

finer in the fine and medium-grained sand fractions. The dolomite cements mainly appear as 188 

poikilotopic blocks and locally as pore-filling crystals. It does not block silicate mineral surfaces. 189 

3.2 Laboratory experiments 190 

3.2.1 Dissolution of detrital grains and dolomite cements 191 

The degree of dissolution for different minerals on the surfaces of the post-experiment samples 192 

is significantly different. The dissolution of albites is stronger than that of K-feldspars, and the 193 

dissolution of quartz is weakest. A few etch pits (<2μm in diameter) on the surfaces of quartz grains 194 

were observed. (Fig. 3).  195 
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 196 
Fig. 3. SEM photomicrographs showing etch pits on the surfaces of albites, K-feldspars and quartzes. (A), (B), (C), 197 
(D), (E) and (F) are the post-experiment samples from laboratory experiments 1, 2, 3, 4, 5, and 6, respectively. 198 
Q, quartz; KF, K-feldspar; P, albite; EP, etch pits; DC, dissolution along cleavage. 199 

  200 
Fig. 4. SEM photomicrographs and EDS analyses showing irregular etch pits on the surfaces of the dolomite 201 
cements in the post-experiment samples from the (A) laboratory experiment 1, (B) laboratory experiment 2, 202 
(C) laboratory experiment 3, (D) laboratory experiment 4, (E) laboratory experiment 5, and (F) laboratory 203 
experiment 6. The red crosses represent the locations of EDS analysis. IEP, Irregular etch pits.  204 

In laboratory experiment 1, many scattered etch pits (3~4μm in diameter) occured on the 205 

surfaces of the albite grains and weak corrosion on the edges of K-feldspars grains (Fig. 3A). In 206 

laboratory experiment 2, the irregular etch pits (6~7μm in diameter) developed extensively on the 207 

albite surfaces of the post-experiment sample (Fig. 3B). Compared with laboratory experiment 1, the 208 

dissolution degree of K-feldspar was significantly increased in laboratory experiment 2 (Fig. 3A, B). 209 

The larger corrosion pits (greater than 10μm in diameter) were observed on the surfaces of K-feldspar 210 

grains and albite grains in the post-experiment samples of the laboratory experiments 3, 4, 5, 6 at 211 

150 ℃ for 4 days (Fig. 3C, D, E and F). The dissolution of albite grains at 150℃ for 4 days in the 212 
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laboratory experiments 3, 4, 5, 6 strengthened dramatically and was stronger along cleavages (Fig. 213 

3C, D, E and F). The dissolution of K-feldspar grains at 150℃ for 4 days in the laboratory 214 

experiments 3, 4, 5, 6 was stronger than that of K-feldspar grains at 150℃ for 2 days in the laboratory 215 

experiments 1, 2 (Fig. 3A, B).  216 

A large number of irregular etch pits were developed on the surfaces of most dolomite cements 217 

in the post-experiment samples (Fig. 4 A and B; Table 9).  218 

3.2.2 Precipitation of authigenic minerals 219 

No authigenic minerals were found in the post-experiment sample from the laboratory 220 

experiment 1. Small hexagon-shaped authigenic minerals (Fig. 5 A-E), with cross sectional diameter 221 

(d) of less than 0.5μm and height (h) of about 0.1μm, covered approximately 5% of the feldspar 222 

surfaces in the post-experiment sample from the laboratory experiments 2 and about 10% of the 223 

feldspar surfaces in the post-experiment samples from the laboratory experiments 3, 4, 5, 6. In 224 

addition, a large amount of lath-shaped authigenic minerals (Fig. 5E and F) were precipitated on the 225 

surfaces of the albite grains in the post-experiment samples from the laboratory experiments 4 and 6. 226 

The hexagon-shaped authigenic minerals are mainly composed of O, Si and Al (Fig. 5A-E; Table 9), 227 

suggesting these minerals are probably kaolinite particles. The lath-shaped authigenic minerals are 228 

mainly composed of O and Al (Fig. 5C and F; Table 9), suggesting these minerals are probably 229 

gibbsite particles. The relative abundance of authigenic minerals on the feldspar surfaces from each 230 

laboratory experiment is consistent with observed distribution of mineral dissolution.  231 

 232 
Fig. 5. SEM photomicrographs and EDS analysis of authigenic minerals in the post-experiment samples. (A) 233 
Hexagon-shaped authigenic minerals(with cross sectional diameter (d) of less than 0.5μm and height (h) of about 234 
0.1μm) on the surface of feldspar in the post-experiment sample from the laboratory experiment 2; (B) Small 235 
hexagon-shaped authigenic minerals in the post-experiment sample from the laboratory experiment 3; (C) 236 
Hexagon-shaped and short lath-shaped authigenic minerals on the surface of feldspar in the post-experiment sample 237 
from the laboratory experiment 4; (D) Hexagon-shaped authigenic minerals in the post-experiment sample from 238 
the laboratory experiment 5; (E) Hexagon-shaped minerals on the surface of the albite grains in the post-239 
experiment sample from the laboratory experiment 6; The red box is the location of photomicrograph F; (F) short 240 
lath-shaped minerals on the surface of the albite grains in the post-experiment sample from the laboratory 241 
experiment 6. The red crosses represent the locations of EDS analysis. Kao, Kaolinite. GB, Gibbsite. 242 
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 243 
Fig. 6. SEM photomicrographs and EDS analysis of authigenic minerals in the post-experiment samples. (A) 244 
Crystalline cone of authigenic minerals precipitated in the laboratory experiment 2; (B) Crystalline cone of 245 
authigenic minerals precipitated in the laboratory experiment 3; (C) Rhombohedral authigenic minerals 246 
precipitated on the surfaces of K-feldspar in the laboratory experiment 3; (D) Short columnar authigenic minerals 247 
precipitated between detrital grains in the laboratory experiment 3; (E) Crystalline cone of authigenic minerals 248 
precipitated in the laboratory experiment 5; (F) Crystalline cone of authigenic minerals precipitated in the 249 
laboratory experiment 6; (G) Rhombohedral authigenic minerals precipitated on the surface of quartz in the 250 
laboratory experiment 5; (H) Blocky minerals precipitated on the surface of quartz in the laboratory 251 
experiment 6. The red crosses represent the locations of EDS analysis.  252 

Crystalline cone of authigenic minerals, rhombohedral minerals and short columnar crystal 253 

minerals were precipitated on the surfaces of K-feldspar, albite and quartz in the laboratory 254 

experiments 2, 3, 5, 6 (Fig. 6). These newly precipitated minerals are mainly composed of O, C, Ca 255 

(Fig. 6B, C, E, G, H; Table 9), showing these minerals are probably calcite particles. The crystalline 256 

cone minerals and blocky minerals were also precipitated between detrital grains (Fig. 6A, D, F). The 257 

volume of the calcite precipitated in the laboratory experiments 5 and 6 is larger than laboratory 258 

experiment 3. These minerals between detrital grains are composed of O, C, Ca, reflecting that they 259 

are also likely to be calcites (Fig. 6A, B, E-H; Table 9). 260 

3.2.3 Chemical composition of the post-experiment solution 261 

In the three deionized water experiments 1, 2 and 3, pH and concentration of Al3+, K+, Na+ and 262 

SiO2(aq) increased with the increase of reaction time and temperature (Table 10). Comparing 263 

laboratory experiment 1 with laboratory experiment 2, it was found that the concentration of Ca2+, 264 

Fe2+, Mg2+, HCO3
− and CO3

2− decreased obviously with the increase of temperature from 100℃ to 265 

150℃ (Table 10). Comparing laboratory experiment 2 and laboratory experiment 3, the concentration 266 
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of Ca2+, Fe2+, Mg2+, HCO3
− and CO3

2− increased with the increase in reaction time from 2 days to 4 267 

days (Table 10). Compared with laboratory experiments 1, 2 and 3, pH and concentration of Al3+, 268 

SiO2(aq), HCO3
− and CO3

2− of the post-experiment solution in the laboratory experiments 4, 5 and 6 269 

were lower, whereas the concentration of Ca2+, Mg2+, Fe2+, K+, and Na+ was higher (Table 10).  270 

The calculated saturation indices of all the post-experiment solutions in the laboratory 271 

experiments 1 and 2 indicate that the solutions were under-saturated with respect to K-feldspar, albite, 272 

quartz, dolomite (SI<0) and saturated with respect to kaolinite, gibbsite, calcite (SI>0) (Table 11). In 273 

the Laboratory experiments 3, 4, 5 and 6 at 150℃ for 4 days, the post-experiment solution was close 274 

to equilibrium with respect to quartz (−0.4<SI<−0.1), saturated with respect to calcite, kaolinite, 275 

gibbsite and under-saturated with respect to dolomite, K-feldspar and albite (Table 11). 276 

3.4 Numerical simulations  277 

3.4.1 Fluid chemistry 278 

The species concentration of CO2(aq) was stable with the increase of numerical simulation time 279 

(Fig. 7 A, E) in all numerical simulations. The results of all the numerical simulations show that 1000 280 

years after CO2 injection at 150℃ and PCO2 of 4MPa, the total concentration of CO2 dissolved into 281 

formation water in the form of CO2(aq), CO3
2− and HCO3

− was 0.449 mol/L in numerical simulations 282 

1, 0.456 mol/L in numerical simulations 2, 0.72mol/L in numerical simulations 3, 0.472mol/L in NS 283 

4, 0.473mol/L in numerical simulations 5, respectively (Table 12). The concentration of CO2(aq), 284 

CO3
2− and HCO3

−in the formation water in all the numerical simulations was shown in Table 12. 285 

  286 

Fig. 7. Changes in species concentration with simulation time in all numerical simulations from 0 to 50 years. 287 
(A) changes in species concentration of CO2(aq), CO3

2−, HCO3
− from 0 to 50 years; (B) changes in species 288 

concentration of Ca2+, Mg2+ from 0 to 50 years; (C) changes in species concentration of SiO2(aq), K+, Al3+ from 0 289 
to 50 years. (D) changes in species concentration of Na+ from 0 to 50 years. (E) changes in species concentration of 290 
CO2(aq), CO3

2− and HCO3
− during 1000 years; (F) changes in species concentration of Ca2+ and Mg2+ during 1000 291 

years; (G) changes in species concentration of SiO2(aq), K+, Al3+ during 1000 years. (H) changes in species 292 
concentration of Na+ during 1000 years. 293 
 294 
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3.4.2 Mineral reaction rates 295 

At initial time of numerical simulations 1 and 2, the negative values of calculated saturation 296 

indices of K-feldspar, albite, quartz, and kaolinite and the positive values of calculated saturation 297 

indices of dolomite (Table 13) suggests the solution is undersaturated with respect to K-feldspar, 298 

albite, quartz, and kaolinite and saturated with respect to dolomite. At initial time of numerical 299 

simulations 3 and 4, the calculated saturation indices of K-feldspar, albite, quartz, dolomite and 300 

kaolinite are less than zero (Table 13), which indicates the solution is undersaturated with respect to 301 

K-feldspar, albite, quartz, dolomite, calcite and kaolinite. The dissolution rates of K-feldspar, albite, 302 

dolomite and calcite at initial time reached the maximum values, respectively (Table 14). With the 303 

numerical simulation proceeding, saturation indices and mineral reaction rates of all minerals 304 

decreased constantly and remained unchanged after 900 years (Fig. 8). The dissolution rate of albite 305 

in numerical simulations 1, 2 increased first and then decreased within 1000 years. The dissolution 306 

rate of albite in numerical simulations 3 decreased within 1000 years. The dissolution rate of albite 307 

in numerical simulations 4 increased first and then decreased within 500 years, and kept basically 308 

unchanged after 500 years (Fig.8C).  309 

 310 
Fig. 8. Changes in mineral reaction rates with simulation time in all numerical simulations. (A) changes in 311 
mineral reaction rates of K-feldspar with simulation time; (B) changes in mineral reaction rates of kaolinite with 312 
simulation time; (C) changes in mineral reaction rates of albite with simulation time; (D) changes in mineral reaction 313 
rates of quartz with simulation time; (E) changes in mineral reaction rates of dolomite with simulation time. (F) 314 
Changes in mineral reaction rates of calcite with simulation time.  315 
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3.4.3 Change in mineralogy 316 

The dissolved minerals were mainly K-feldspar, dolomite and albite and the newly precipitated 317 

minerals were mainly calcite, quartz and kaolinite at the initial reaction stage in all numerical 318 

simulations (Fig.9; Table 15). The dissolution mass of K-feldspar, albite and dolomite and the 319 

precipitation mass of calcite, quartz and kaolinite increased gradually with the increase of simulation 320 

time (Fig.9; Table 15). The dissolution of albite and precipitation of kaolinite and quartz reached 321 

equilibrium within 1000 years and their resulting dissolution and precipitation mass reached the 322 

maximum (Fig.9; Table 15). The dissolution of K-feldspar reached equilibrium within 200 years and 323 

their dissolution mass reached the maximum. The precipitation of calcite reached equilibrium and 324 

precipitation mass reached the maximum within 260 years in numerical simulations 3, 600 years in 325 

NS2 and 700 years in numerical simulations 4 (Fig.9F; Table 15).  326 

  327 
Fig. 9. Changes in mineral reaction mass with simulation time in all numerical simulations.  328 

3.4.4 Geologic CO2 storage 329 

The mass of geologic CO2 storage by solubility trapping calculated by the concentration of 330 

HCO3
-, CO3

2-, CO2(aq) and mineral trapping increased with the increase of simulation time in all 331 

numerical simulations(Fig. 10 A). At the initial time of CO2 injection, Geologic CO2 storage in the 332 

sandstones rich in K-feldspar and albite with CaCl2-rich formation water was controlled by solubility 333 

trapping (Fig. 10 A, B). Geologic CO2 storage by solubility trapping was mainly in form of CO2 (aq). 334 

As CO2 continued to charge, the proportion of mineral trapping increased and the proportion of 335 

solubility trapping gradually decreased with the increase of reaction time (Fig. 10 B). After 900 years, 336 

the reaction of CO2-saturated solution and the sandstones rich in K-feldspar and albite reached 337 

basically equilibrium and the geologic CO2 storage reached the maximum (Fig. 10 A; Table 16).  338 
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 339 
Fig. 10. Change of geologic CO2 storage mass (A), Proportion of mineral trapping and solubility trapping (B) in 340 

the numerical simulations within 1000 years.  341 

4. Discussion 342 

4.1 Reaction processes of CO2-saturated solution and sandstones rich in K-feldspar and albite 343 

Based on mineralogy of post-experiment sandstone samples and fluid chemical composition of 344 

post-experiment solution from the short-term laboratory experiments (Figs. 3-6; Table 10), the 345 

reaction processes of CO2-saturated solution and sandstones rich in k-feldspar and albite were 346 

proposed.  347 

Under acidic conditions, the calculated final saturation indices of dolomite, albite and K-feldspar 348 

were negative in all the laboratory experiments (Table 11), indicating that dolomite, albite and K-349 

feldspar were all dissolving (Figs. 3 and 4).  350 

Dissolution of K-feldspar and albite consumed H+ and released SiO2, K
+ and Na+ into solution. 351 

The final concentrations of SiO2, K+ and Na+ increased significantly relative to their initial 352 

concentrations, while the final concentration of H+ decreased in all laboratory experiments (Table 10).  353 

 354 
Fig. 11. Mineral activity diagram at different temperatures. (A) The paths of the radio of Si to (K++Na+) and pH in 355 
the post-experiment solution taken from Tutolo et al., 2015. (B) Activity diagram taken from Tutolo et al., 2015 and 356 
Choi et al., 2014 for the Na2O-Al2O3-SiO2-H2O-CO2 system at 100℃ (red dashed lines and red texts) and 150℃ 357 
(black solid lines and black texts). (C) Activity diagram taken from Choi et al., 2014 and Tutolo et al., 2015 for the 358 
K2O-Al2O3-SiO2-H2O-CO2 system at 100 ℃ (red dashed lines and red texts) and 150℃ (black solid lines and black 359 
texts).  360 
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The whole CO2-saturated solution-aluminosilicate reaction can be divided into two stages. 361 

Firstly, K-feldspar and albite dissolution is in the stability field of gibbsite (Fig. 11 A and B ). Secondly, 362 

compositional changes in solution progressed slowly toward the stability field of kaolinite (Fig. 11 A 363 

and B). The mineral phase diagram (Fig. 11 A and B) and saturation indices of authigenic minerals 364 

revealed by Laboratory experiments 4 and 6 (Table 11) provided evidences for gibbsite conversion to 365 

kaolinite. Calcite precipitation was consistent with the positive saturation indices in Laboratory 366 

experiments 3, 5 and 6 (Table 11).  367 

In summary, during the reaction processes of CO2-saturated solution and sandstones rich in K-368 

feldspar and albite at 100-150℃, PCO2 of 4MPa, for 2 to 4 days, calcite was precipitated and 369 

dissolution of k-feldspar and albite and kaolinite precipitation also occurred simultaneously. 370 

4.2 Mineral trapping of CO2 in arkosic sandstones with CaCl2-rich formation water 371 

Little morphological evidence was found for the calcite precipitation in the laboratory 372 

experiment 4 for 4 days and laboratory experiment 1 with DW for 2 days, whereas calcite was 373 

precipitated in the numerical simulations for 1000 years (Fig. 9 F). Carbonate precipitation often 374 

occurred in the longer term experiments, such as experiments with CO2-saturated, Ca2+-rich solution 375 

and sandstones rich in quartz and clay minerals at 95 ℃, PCO2 of 10 MPa for 2 months (Carroll et 376 

al., 2011), CO2-spring water-basalt at 75°C to 250°C, PCO2 of 11 and 24 bar for 150 days (Gysi and 377 

Stefánsson, 2012b), sandstones rich in oligoclase and solution rich in Ca2+ and Mg2+ at 200 °C and 378 

PCO2 of 20 MPa for 2.5 months (Kaszuba et al., 2003). Hangx and Spiers (2009) proposed that 379 

carbonates would ultimately be precipitated, given enough time for sufficient suitable ions, such as 380 

Ca2+, to be liberated by dissolution of minerals rich in calcium. Therefore, non-precipitation of calcite 381 

in the laboratory experiments was probably caused by the short reaction time.  382 

The small amount of calcite precipitation was typically much less than the original volume of 383 

the dolomite cements in Laboratory experiments 2 and 3 (Figs. 6 A, B, C). The authigenic calcites in 384 

Laboratory experiments 2 and 3 were interpreted as re-precipitation of previously dissolved dolomite 385 

cements (Figs. 4 B, C), with no net gain in CO2 storage via mineral trapping, because the original 386 

solution was DW without Ca2+. The sandstone samples in numerical simulation 1 contains a large 387 

amount of dolomite, whereas the sandstone samples in numerical simulation 2 contains no dolomite 388 

(Table 5). The mass of calcite from re-precipitation of previously dissolved dolomite cements is 389 

0.01kg (Table 15). The total geologic CO2 storage capability in numerical simulation 1 and 2 was 390 

similar (Table 16). Therefore, it was suggested that the dolomite content in sandstones had no effect 391 

on the geologic CO2 storage capability. It is expected that mineral trapping via carbonate precipitation 392 

would be more effective if sufficiently dissolved Ca2+ is available in formation water.  393 

Dissolution of K-feldspar and albite and precipitation of calcite were widespread and usually 394 

occurred together in the Laboratory experiments 2, 3, 5, 6 (Figs. 3 and 6) and all numerical simulation 395 



 

15 
 

(Fig. 8 A, C, F; Fig. 9 A, B, F). The dissolution of K-feldspar and albite was positively correlated 396 

with calcite precipitation in laboratory experiments. For example, K-feldspar and albite were 397 

dissolved more strongly in Laboratory experiments 4 and 6 (Fig. 3) than that in laboratory experiment 398 

3, and the calcite precipitation was also more common in Laboratory experiments 4 and 6 than in 399 

laboratory experiment 3 (Fig. 6). Both the dissolution mass of K-feldspar and albite and precipitation 400 

mass of calcite increased simultaneously with the numerical simulation time (Fig. 9 A, B and F). The 401 

above correlation between dissolution of K-feldspar and albite and calcite precipitation showed that 402 

dissolution of K-feldspar and albite promoted calcite precipitation (Fig. 8A, C, F; Fig. 9 A, B, F). The 403 

dissolution of K-feldspar and albite would reduce the acidity of solution by consuming H+ with the 404 

increase of numerical simulation time, resulting in promotion of the activity of HCO3
-. The increase 405 

of HCO3
- activity leaded to more calcite precipitation (Table 15) and the decrease in Ca2+ activity. In 406 

theory, if the H+ from the ionization of H2CO3 is not consumed, CaCl2 and HCO3
- cannot react to 407 

form calcite precipitation, because H+ will react with Cl- to form HCl. However, calcites could be 408 

precipitated by combination of the Ca2+ from formation water and the CO3
2- from the ionization of 409 

H2CO3 because the H+ from the ionization of H2CO3 was consumed by dissolution of K-feldspar and 410 

albite. Many similar observations in buried sandstones showed that dissolution of K-feldspar and 411 

albite and carbonate precipitation occurred together (Armitage et al., 2010; Baker et al., 2000; Ceriani 412 

et al., 2002; Dos Anjos et al., 2000; Tobin et al., 2010; Macquaker et al., 2014; Turchyn and DePaolo , 413 

2011; Yuan et al, 2015a, 2015b, 2015c; Zheng et al., 2015).  414 

In the real subsurface geological environment, the dissolution of K-feldspar and albite is a very 415 

slow and continuous process with a reaction rate of 1×10-14.5-1×10-22 mol/cm2/s (Gonnenthal and 416 

Spyoher, 2001; Harouiya and Oelkers, 2004; Palandri and Kharaka, 2004; Xu el al, 2005; Kampman 417 

et al., 2009), while calcite precipitation is a rapid reaction (Arvidson et al., 2003; Kampman et al., 418 

2009; Pokrovsky et al., 2009). K-feldspar and albite were dissolved at a slow dissolution rate (Table 419 

14; Fig. 8 A and C) and calcite was precipitated simultaneously at a rapid precipitation rate in the 420 

numerical simulation 3 within 300 years (Fig. 8 A; Fig. 9 F). If dissolution of K-feldspar and albite 421 

does not occur in closed systems, calcite precipitation will soon reach equilibrium in a short time due 422 

to the rapid precipitation rate of calcite. However, calcite continued to precipitate with the continuous 423 

dissolution of K-feldspar and albite at the slow dissolution rate within 300 years, resulting in an 424 

increasing amount of calcite precipitation with simulation time in numerical simulation 3 (Fig. 9 F). 425 

Therefore, continuous dissolution of K-feldspar and albite at a slow rate over a long time can prolong 426 

duration time of calcite precipitation and increase geologic CO2 storage by mineral trapping.  427 

The concentrations of K+, Na+, Mg2+, HCO3
- were the same in numerical simulation 1 and 4, 428 

whereas the concentration of CaCl2 in numerical simulation 1 was greater than that in numerical 429 

simulation 4 (Tables. 4 and 6; Fig. 7). The increase of Ca+ reduced the activity of CO3
2- and improved 430 
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the precipitation rate of calcite (Fig. 8 F) after 450 years, resulting in the increase of calcite 431 

precipitation mass (Table 15) and the mass of mineral trapping of CO2 (Table 16). The precipitation 432 

mass of calcite in numerical simulation 1 was much more than that in numerical simulation 4 (Table 433 

15). The mass of mineral trapping of CO2 in numerical simulation 1 is much greater than that in 434 

numerical simulation 4 (Table 16). Therefore, the higher concentration of CaCl2 in solution could 435 

provide source of Ca2+ for calcite precipitation and significantly enhance the geologic CO2 storage 436 

capacity by mineral trapping.  437 

The concentration of CaCl2 was the same in numerical simulation 1 and 3, whereas the ions of 438 

K+, Na+, Mg2+ were not added into the original solution in numerical simulation 3 (Tables 4 and 6). 439 

The precipitation mass of calcite in numerical simulation 1 was much more than that in numerical 440 

simulation 3 (Table 15). The mass of mineral trapping of CO2 in numerical simulation 1 was much 441 

more than that in numerical simulation 3 (Table 16). The increase of Na+, K+ and Mg2+ reduced the 442 

activity of CO3
2- and improved the precipitation rate of calcite from 300 to 800 years (Fig. 8 F), 443 

resulting in the increase of calcite precipitation mass (Table 15) and the mass of mineral trapping of 444 

CO2 (Table 16). Therefore, the increase of NaCl, KCl and MgCl2 would improve the geologic CO2 445 

storage capacity by mineral trapping.  446 

4.3 Processes of long-term geologic CO2 storage 447 

Based on the precipitation rate of calcite and the proportion of mineral trapping and solubility 448 

trapping, the long-term geologic CO2 storage processes in the sandstones rich in K-feldspar and albite 449 

with CaCl2-rich formation water can be divided into three stages (Fig. 12).  450 

Stage Ⅰ: Geologic CO2 storage dominated by solubility trapping 451 

This stage lasts appropriately 100 years (Fig. 12). In the initial stage, CO2 was dissolved in 452 

formation water. The initial formation water became acidic. The dissolution of K-feldspar and albite 453 

dominated the geochemical interactions, which caused an increase of the pH value of formation water. 454 

K-feldspar and albite were dissolved at slow dissolution rate by the acidic solution and calcite was 455 

precipitated at a rapid rate within 100 years (Table 14; Fig. 8 A, C, F). Meanwhile, the precipitation 456 

rate of calcite decreased rapidly from 0 year to 100 years (Fig. 8 F). A small amount of calcite was 457 

precipitated and the mass of geologic CO2 storage by mineral trapping is small within 100 years. The 458 

mass of calcite precipitation is 1.17kg in the numerical simulation 1 and 2.72kg in numerical 459 

simulation 3 within 100 years (Fig. 9 F). The mass of geologic CO2 storage by mineral trapping is 460 

0.51kg in the numerical simulation 1 and 1.2kg in numerical simulation 3 within 100 years (Fig. 12 461 

A). Ionic activity of CO2(aq), CO3
2− and HCO3

− increased sharply, leading to a significant increase 462 

of the concentrations of CO2(aq), CO3
2− and HCO3

− (Fig. 7 E). The mass of geologic CO2 storage 463 

capability by solubility trapping is large in the stage Ⅰ. The mass of geologic CO2 storage by solubility 464 

trapping is 2.64kg in the numerical simulation 1 and 2.61kg in numerical simulation 3 within 100 465 
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years (Fig. 12 A). The proportion of solubility trapping decreased and the proportion of mineral 466 

trapping increased in the stage Ⅰ. The proportion of solubility trapping was larger than that of mineral 467 

trapping within 100 years (Fig. 12 B). Therefore, CO2 in stage Ⅰ is dominantly stored as CO2(aq), 468 

CO3
2− and HCO3

− by solubility trapping with small amounts of carbonate precipitation. 469 

 470 

Fig. 12. Stage classification of the long-term geologic CO2 storage processes. (A) Changes of calcite precipitation 471 

rate; (B) Proportion of solubility trapping and mineral trapping; (C) Mass changes of geologic CO2 storage by 472 

solubility trapping and mineral trapping.  473 

Stage Ⅱ: Geologic CO2 storage dominated by mineral trapping 474 

In the solution without NaCl, KCl and MgCl2, this stage lasted approximately from 100 years to 475 

300 years. The pH of solution continued to increase to the maximum value of 6, because the 476 

dissolution of albite and K-feldspar consumed a large amount of H+. The precipitation rate of calcite 477 

decreased abruptly and reached the equilibrium within 300 years (Fig. 8F). The precipitation mass of 478 
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calcite and the mass of geologic CO2 storage by mineral trapping increased from 100 years to 300 479 

years (Fig. 12A). The mass of calcite precipitation is 5.27kg (Fig. 9 F) and the mass of geologic CO2 480 

storage by mineral trapping is 2.3kg within 300 years in numerical simulation 3 (Fig. 12 A). The 481 

proportion of mineral trapping increased from 100 years to 300 years and reached to 40% in 300 years 482 

(Fig. 12 B).  483 

In the solution with the addition of NaCl, KCl and MgCl2, the duration of stage Ⅱ prolonged to 484 

900 years. The precipitation rate of calcite decreased slowly from 100 years to 900 years (Fig 8 F). 485 

The duration time of K-feldspar and albite and calcite precipitation prolonged to 900 years, and the 486 

precipitation mass of calcite (Fig 9 F) and the mass of geologic CO2 storage by mineral trapping 487 

increased from 100 years to 900 years (Fig 12 A). The mass of calcite precipitation increased to 5.79 488 

kg in the numerical simulation 1 within 900 years (Fig. 9 F). The mass of geologic CO2 storage by 489 

mineral trapping is 2.48kg in the numerical simulation 1 (Fig. 12 A). The proportion of mineral 490 

trapping increased from 100 years to 900 years and reached 47% in numerical simulation 1.  491 

Stage Ⅲ (900 years-): Interaction in Equilibrium 492 

With the increase of CO2 charging time, the system of K-feldspar, albite, dolomite and calcite 493 

reacting with CO2-saturated solution reached equilibrium (Figs. 8 and 9). The geologic CO2 storage 494 

reached the maximum capacity (Fig. 12 B and C), but the final proportion of mineral trapping of CO2 495 

is still less than 50%. 496 

4.4 Long-term geologic CO2 storage capability 497 

The results of long-term numerical simulation lasting 10000 years showed that it is feasible to 498 

inject CO2 into the depleted oil and gas reservoirs at 150℃ and PCO2 of 4MPa in the Es4x to Es3z in 499 

the Dongying Sag. The Ca2+ in the formation water with the concentration of 0.38mol/L is a major 500 

calcium source. The geologic CO2 storage capacity calculated by numerical simulation 5 is about 7.18 501 

kg/m3 by solubility trapping and about 4.95 kg/m3 by mineral trapping (Table 16). The volume of the 502 

sandstones reservoirs of the Es4x to Es3z at depth interval from 2200m to 3300m calculated by Zhang 503 

et al (2007) is 7.305×1011m3. Based on the result of numerical simulation lasting 10000 years and the 504 

calculated volume of the sandstones reservoirs, the calculated total geologic CO2 storage capacity by 505 

solubility trapping and mineral trapping is about 5.24GT and 3.61GT, respectively.  506 

5. Conclusions 507 

CaCl2 in formation water can be an important calcium source for mineral trapping of CO2 in the 508 

sandstones rich in K-feldspar and albite without calcium-containing minerals, because dissolution of 509 

K-feldspar and albite reduce the acidity of solution by consuming H+ in long-term processes of 510 

geologic CO2 storage. The continuous dissolution of K-feldspar and albite at a slow rate within a long 511 

time can prolong duration time of calcite precipitation and increase the geologic CO2 storage 512 

capability by mineral trapping. Addition of NaCl, KCl and MgCl2 into the CO2-saturated solution 513 
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could increase mineral trapping of CO2 and total geologic CO2 storage capability. The depleted oil 514 

and gas fields with the sandstones rich in feldspar and albite and formation water rich in CaCl2 are 515 

favorable sites for long-term stable geologic CO2 storage. 516 

Long-term geologic CO2 storage processes in the sandstones rich in feldspar and albite and 517 

CaCl2-rich formation water can be divided into three stages. In stage Ⅰ, geologic CO2 storage is 518 

dominated by solubility trapping within 100 years. In stage Ⅱ, geologic CO2 storage is dominated by 519 

mineral trapping from 100 years to 300 years without NaCl, KCl and MgCl2, or to 900 years with 520 

addition of NaCl, KCl and MgCl2. In stage Ⅲ, the reactions between CO2-saturated solution and the 521 

sandstones rich in K-feldspar and albite reached equilibrium.  522 
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Appendix 1. Tables  752 

Table 1. Experimental conditions and processes for the laboratory experiments.  753 

Experiments Temperature, ℃ PCO2, MPa Reaction time, h Reaction solution Samples 

1 100 4 48 DW DLF-LE 

2 150 4 48 DW DLF-LE 

3 150 4 96 DW DLF-LE 

4 150 4 96 SHCa-LE FL-LE 

5 150 4 96 FW-LE  DLF-LE 

6 150 4 96 SHCa-LE DLF-LE 

Note：DW, deionized water. FW-LE, formation water in the laboratory experiment 5. SHCa-LE, solution with 754 
CaCl2 concentration of 0.38 mol/L in the laboratory experiments 4 and 6. DLF-LE, dolomitic lithic feldsarenite 755 
in the Laboratory experiments. FL-LE, feldspathic lithirenite in the laboratory experiments.  756 
 757 

Table 2. Ion concentration of the solution in the laboratory experiments.  758 

Ion types 

FW-LE(formation water in the 

laboratory experiment 5) 

SHCa-LE(solution with CaCl2 concentration 

of 0.38 mol/L in the laboratory 
experiments 4 and 6) 

Concentration, mol/L Mass, g Concentration, mol/L Mass, g 

K+ 0.012 0.0936 
 

Na+ 3.72 17.112 

Ca2+ 0.38 3.04 0.38 3.04 

Mg2+ 0.053 0.2544  

Cl− 4.58 32.518 0.76 5.396 

 759 
 760 
 761 

Table 3. Equilibrium constants (lg Keq) calculated by mineral dissolution reaction. 762 

 763 

Table 4. Conditions of the numerical simulations(NSS) on the reaction of CO2-saturated solution 764 
and sandstones rich in K-feldspar and albite 765 

NSS Temperature,℃ PCO2, MPa Reaction time, yr Reaction solution Samples 
1 150 4 1000 FW-NS DLF-NS 

2 150 4 1000 FW-NS FL-NS 

3 150 4 1000 SHCa-NS DLF-NS 
4 150 4 1000 SLCa-NS DLF-NS 
5 150 4 10000 FW-NS DLF-NS1 

Note: DLF-NS, dolomitic lithic feldsarenite in the numerical simulaitons which is rich in K-feldspar, albite and 766 
dolomite. FL-NS, feldsparthic lithirenite in the numerical simulaitons which is rich in K-feldspar and albite and 767 
lacks dolomite; FW-NS, formation water in the numerical simulaitons; SHCa-NS, solution with CaCl2 concentration 768 
of 0.38 mol/L in the numerical simulations. SLCa-NS, solution with CaCl2 concentration of 0.001 mol/L in the 769 
numerical simulaiton. See table 5 for mineral composition of DLF-NS, FL-NS and DLF-NS1. See Table 6 for the 770 
ion composition of reaction solution. 771 

 772 

Table 5. Simplified mineral composition in the numerical simulations .  773 

Content NM 
Minerals 

Quartz K-feldspar Albite Dolomite Kaolinite Porosity 

Volume 
fraction, % 

DLF-NS 36.8 9.6 20.8 15.9 4.1 12.8 
FL-NS 45.2 19.1 20.8  1.7 13.1 

Minerals Mineral dissolution reaction 100℃ 150℃ Reference 

K-
feldspar 

KAlSi3O8+8H2O=K++Al(OH)4−+3H4SiO4 −18.54 −16.49 
Gysi and Stefánsson, 
2012a; Fischer et al., 2011 

Albite NaAlSi3O8+8H2O=Na++Al(OH)4
−+3H4SiO4 −15.75 −14.3 

Gysi and Stefánsson, 
2012a; Fischer et al., 2011 

Quartz SiO2+2H2O=H4SiO4
0 −2.98 −2.61 Gysi and Stefansson, 2011 

Kaolinite Al2Si2O5(OH)4+7H2O=2Al(OH)4
−+2H++2H4SiO4 −33.72 −30.47 Gysi and Stefansson, 2011 

dolomite CaMg(CO3)2+2H+=Ca2++Mg2++2HCO3
− 0.76 −0.76 Gysi and Stefansson, 2011 

Calcite CaCO3=Ca2++CO3
2− −9.25 −10.05 

Gysi and Stefánsson, 
2012a; Fischer et al., 2011 

Gibbsite AlO2H +3H+ = Al+3 + 2H2O 4.849 2.354 Zhu and Lu, 2009 
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DLF-NS1 31.9 18 16.9 4.6 3 25.6 

Mass, kg 
DLF-NS 975.46 248.55 548.57 455.69 106.33 127.6 

FL-NS 1199.29 495.16 546.43  45.36 131 
DLF-NS1 988 546 520 156 91 299 

Note: Porosity of DLF-NS is the average porosity of the Es4x to Es3z sandstones in the Shengtuo area. Porosity of 774 
FL-NS was the porosity of the Es4x sandstone sample at 3671.8m in Well Tuo720. Densities of Quartz, K-feldspar, 775 
Albite, Dolomite, Kaolinite and pore water are 2.65×103 kg/m3, 2.59×103 kg/m3, 2.62×103 kg/m3, 2.87×103 kg/m3, 776 
2.61×103 kg/m3 and 1×103 kg/m3, respectively. 777 

 778 

Table 6. Ion composition of the solution in numerical simulations  779 

Ion types 
Concentration, mol/L 

FW-NS SHCa-NS SLCa-NS 
K+ 0.012 1×10−8 0.012 
Na+ 3.72 1×10−8 3.72 
Ca2+ 0.38 0.38 0.001 
Mg2+ 0.053 1×10−8 0.053 
Cl− 4.58 0.76 3.82 

HCO3
− 0.0043 1×10−8 0.0043 

SiO2 1×10−8 1×10−8 1×10−8 
Al3+ 1×10−8 1×10−8 1×10−8 

Note: The concentration of KCl, NaCl, CaCl2, MgCl2, HCO3
− in FW-NS was from the average ion concentration in 780 

formation water of the Es4x to Es3z in the Shengtuo area. The concentration of CaCl2 in SHCa-NS was from the 781 
average ion concentration of CaCl2 in the formation water of the Es4x to Es3z in the Shengtuo area. The 782 
concentration of KCl, NaCl, MgCl2, HCO3

− in SLCa-NS was from the average ion concentration in the formation 783 
water of the Es4x to Es3z in the Shengtuo area. The concentration of SiO2, Al3+ in FW-NS, SHCa-NS and SLCa-784 
NS, and concentration of NaCl and KCl in SHCa-NS were set to 1×10−8 mol/L to meet the low ion concentration 785 
and software requirements. 786 
 787 
 788 
 789 

Table 7. Kinetic data of various minerals used for the numerical simulations  790 
Minerals K25 Ea K100 K150 SSA NC References 

Calcite 1×10−9 48.2 4.98×10−8 3.12×10−7 375 - Arvidson et al., 2003; Pokrovsky et al., 2009 

K-feldspar 1×10−17 57.78 1.08×10−15 9.78×10−15 125 - 
Kampman et al., 2009; Xu el al, 2005;  

Harouiya and Oelkers, 2004 

Albite 1×10−18 65 1.95×10−16 2.31×10−15 125 - 
Palandri and Kharaka, 2004; Gonnenthal and 

Spyoher, 2001; Xu et al., 2005 

Quartz 1.26×10−18 87.5 1.52×10−15 4.26×10−14 125 110 Xu et al., 2005; Harouiya and Oelkers, 2004; 

Kaolinite 1.26×10−17 62.76 2.04×10−15 2.23×10−14 25000 620 Xu et al., 2005; Li et al., 2008 

Dolomite 1.26×10−9 62.76 2.04×10−7 2.23×10−6 125 - Arvidson et al., 2003; Pokrovsky et al., 2009 
Note: K25, rate constant at 25℃, mol/cm2/s. Ea, activation energy, Kj/mol. K100, rate constant at 100℃, mol/cm2/s. 791 
K150, rate constant at 150℃, mol/cm2/s. SSA, Specific surface area (cm2/g). NC, Nucleus (cm2/cm3). 792 

 793 

Table 8. XRD data of DLF-LE from the sandstone reservoirs of ES3z at 2938.13m in Well Tuo 794 

76 and FL-LE from the sandstone reservoirs of ES4 at 3671.8m in Well Tuo 720 used in the laboratory 795 

experiments.. 796 

Minerals XRD volume fraction (%) of DLF-LE XRD volume fraction (%) of FL-LE 

Quartz 40 52 

K-feldspar 8 22 

Albite 18 24 

Dolomite 33 0 

Kaolinite 1 2 

 797 
Table 9. EDS data in Figs.4-6. AP: Atomic percentage, %; A5-F5: EDS data in Figs.4; A6-F6: EDS 798 

data in Figs.5; A7-G7: EDS data in Figs.6; 799 
Element Fe(AP) Ca(AP) Mg(AP) C(AP) O(AP) Al(AP) Si(AP) 

A5 2.55 22.65 10.93 13.16 49.72 - - 

B5 8.36 25.22 10.6 7.52 41.41 - - 

C5 2.05 13.73 11.36 21.17 49.84 - - 
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D5 6.5 58.45 8.07 8.59 40.91 - - 

E5 - 39.27 17.56 9.2 33.97 - - 

F5 - 32.57 20.23 10.43 36.77 - - 

A6 - - - - 39.78 34.99 19.23 

B6 - - - - 31.63 30.28 26.5 

C(GB)6 - - - - 50.98 49.02 - 

C(Kao)6 - - - - 51.86 26.11 22.03 

D6 - - - - 59.8 20.38 19.82 

E6 - - - - 45.75 29.78 24.47 

F6 - - - - 42.41 57.59 - 

A7 3.04 44.83 0.8 15.48 35.75 - - 

B7 3.39 44.58 2.05 14.04 35.52 - - 

C7 - 25.5 - 41.22 33.28 - - 

D7 - 31.83 - 17.12 51.05 - - 

E7 - 23.19 - 44.81 32 - - 

F7 - 27.29 - 44.37 28.34 - - 

G7 - 22.32 - 43.71 33.97 - - 

H7 - 26.3 - 43.45 30.25 - - 
 800 
 801 
 802 
 803 
 804 

Table 10. Chemical composition of the post-experiment solution in laboratory experiments. EXP, 805 
Experiments. 806 

EXP 
Al3+ Ca2+ Fe2+ K+ Mg2+ Na+ SiO2(aq) HCO3

− CO3
2− Cl- pH 

(μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (μmol/L) (25℃) 

1 0.05 2322.5 0.4 22.18 1557.5 323 86.1 8490.3407 1.35×10−8 / 4.4 

2 0.11 1024 0.21 61.72 693.75 313 848 7228.0889 1.61×10−8 / 4.6 

3 1.29 1788.25 3.47 177.95 1034.17 1053 2135 15434.543 1.09×10−7 / 5.1 

4 1.17 425500 118.79 305.38 285.46 6308.7 1437.33 104676.6 1.17×10−8 760000 3.3 

5 0.77 382250 96.07 19351.28 22033.33 4395652.2 118.7 644365.25 2.87×10−7 4580000 3.9 

6 0.21 472000 114.16 435.38 2321.25 10673.91 656.5 202686.17 1.43×10−7 760000 4.1 

 807 
Table 11. Calculated saturation indices of the post-experiment solutions 808 

Experiments K-feldspars Albite Quartz Kaolinite Calcite Dolomite Gibbsite 

1 −5.59 −8.21 −1.08 1.56 −1.06 −5.8 4.25 

2 −3.90 −6.38 −0.46 0.53 −0.74 −5.19 5.17 

3 −1.16 −3.57 −0.06 2.49 0.5 −3.27 7.75 

4 −1.48 −2.36 −0.23 6.32 −0.29 −5.99 2.31 

5 −3.11 −2.95 −1.32 2.59 0.87 −2.35 3.93 

6 −3.1 −3.9 −0.57 2.55 1.36 −2.63 3.96 

 809 

Table 12. Concentration of CO2 dissolved into the solution in all the numerical simulations .  810 
numerical simulations  Time, years CO2(aq), mol/L CO3

2−, (mol/L) HCO3
−, mol/L TCC 

1 1000 0.37 5.34×10−6 0.079 0.449 

2 1000 0.37 1.43×10−5 0.086 0.456 

3 1000 0.41 9.38×10−5 0.31 0.72 
4 1000 0.38 8.65×10−6 0.092 0.472 

5 1000 0.38 8.85×10−6 0.093 0.473 
Note: TCC, Total concentration of CO2 dissolved into the solution, mol/L 811 
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 812 

Table 13. Mineral saturation indices (lg (Q/K)) at the initial time of the numerical simulations 813 
Simulations Albite Dolomite K-feldspars Kaolinite Quartz 

1 −34.52 0.86 −34.99 −29.79 −9.36 

2 −34.52 / −34.99 −29.79 −9.36 

3 −48.38 −11.11 −46.36 −36.51 −9.57 

4 −34.22 −0.88 −34.69 −29.54 −9.37 

 814 

Table 14. Mineral reaction rates at the initial time of the numerical simulations. NS, numerical 815 

simulations; Ca, Calcite; KF, K-feldspar; P, Albite; Q, Quartz; Kao, Kaolinite; Dol, Dolomite. 816 

NS Ca, mol/kg/s  KF, mol/kg/s P, mol/kg/s Q, mol/kg/s Kao, mol/kg/s Dol mol/kg/s 

1 −0.0034 2.6×10
−10

 1.04×10
−10

 0 0 −0.44 

2 −0.00034 5.18×10
−10

 1.03×10
−10

 0 0 / 

3 0.014 2.6×10
−10

 1.04×10
−10

 0 0 0.07 

4 0.014 2.6×10
−10

 1.04×10
−10

 0 0 0.061 

 817 

Table 15. Final dissolution and precipitation mass of minerals after 1000 years in numerical 818 
simulations. Negative value denotes precipitation mass and positive value denotes dissolution mass. 819 

Simulations Calcite, kg Dolomite, kg K-feldspar, kg Albite, kg Quartz, kg Kaolinite, kg 

1 −5.79 1.514 3.748 35.76 −16.98 −18.24 

2 −5.80  3.633 31.86 −15.17 −16.30 

3 −5.27 0.33 3.258 38.51 −17.81 −19.14 

4 −0.81 2.05 1.631 5.79 −3.10 −3.33 

5 −11.27 3.41 14.57 83.28 −39.66 −42.58 

 820 

Table 16. Quantity of geologic CO2 storage in the numerical simulations within 1000 years. NS,  821 

numerical simulations; ST, Solubility trapping; MT, Mineral trapping. TCSC, Total CO2 storage 822 

capacity 823 

NS CO2(aq), kg/m3 HCO3
−+CO3

2−, kg/m3 ST, kg/m3 MT, kg/m3 TCSC, kg/m3 

1 2.48  0.53  3.01  2.54 5.55  

2 2.49  0.58  3.07  2.55  5.62  

3 2.48  1.87  4.35  2.32  6.67  

4 2.53  0.61  3.14  0.35  3.49  

5 5.76  1.42  7.18  4.95  12.13  

 824 

Appendix 2. Boundary conditions of numerical simulations  825 

① NUMERICAL SIMULATION 1: 826 

Constraints on initial system: 827 

Temperature = 150℃ 828 

H2O=127.6 kg 829 

Cl− = 4.58 mol/L 830 

Ca2+ = 0.38 mol/L 831 

HCO−
3 = 0.0043 mol/L charge balance 832 

K+= 0.012 mol/L 833 

Al3+= 0.00000001 mol/L 834 

SiO2(aq) = 0.00000001 mol/L 835 

Swap CO2(g) for H+ 836 

Fix CO2(g) = 4 MPa 837 
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Reactants: 838 

Calcite = 0 kg, kinetic Calcite rate constant = 3.12×10−7 mol cm−2 s−1, surface area = 375 cm2 g−1 839 

K-feldspar = 248.55 kg, kinetic K-feldspar rate constant = 9.78×10−15 mol cm−2 s−1, surface area= 125 840 

cm2 g−1 841 

Kaolinite = 106.33 kg, kinetic Kaolinite rate constant = 2.23×10−14 mol cm2 s−1, surface area = 25000 842 

cm2 g−1, nucleus =620 cm2/cm3 843 

Quartz = 975.46 kg, kinetic Quartz rate constant= 4.26×10−14 mol cm2 s−1, surface area= 125 cm2 g−1, 844 

nucleus = 110 cm2/cm3 845 

Albite = 548.57 kg, kinetic Albite rate constant= 2.31×10−15 mol cm2 s−1, surface area= 125 cm2 g−1 846 

Dolomite = 455.69 kg, kinetic Dolomite rate constant= 2.23×10−6 mol cm2 s−1, surface area= 125 cm2 g−1 847 

Other constraints: 848 

Suppress Illite 849 

Suppress “Maximum Microcline” 850 

Time Start = 0 y, End = 1000 y  851 

 852 

② NUMERICAL SIMULATION 2: 853 

Constraints on initial system: 854 

Temperature = 150℃ 855 

H2O=131 kg 856 

Cl− = 4.58 mol/L 857 

Ca2+ = 0.38 mol/L 858 

HCO−
3 = 0.0043 mol/L charge balance 859 

K+= 0.012 mol/L 860 

Al3+= 0.00000001 mol/L 861 

SiO2(aq) = 0.00000001 mol/L 862 

Swap CO2(g) for H+ 863 

Fix CO2(g) = 4 MPa 864 

Reactants: 865 

Calcite = 0 kg, kinetic Calcite rate constant = 3.12×10−7 mol cm−2 s−1, surface area = 375 cm2 g−1 866 

K-feldspar =495.16 kg, kinetic K-feldspar rate constant = 9.78×10−15 mol cm−2 s−1, surface area= 125 867 

cm2 g−1 868 

Kaolinite = 45.36 kg, kinetic Kaolinite rate constant = 2.23×10−14 mol cm2 s−1, surface area = 25000 cm2 869 

g−1, nucleus =620 cm2/cm3 870 

Quartz = 1199.29 kg, kinetic Quartz rate constant= 4.26×10−14 mol cm2 s−1, surface area= 125 cm2 g−1, 871 

nucleus = 110 cm2/cm3 872 

Albite = 546.43 kg, kinetic Albite rate constant= 2.31×10−15 mol cm2 s−1, surface area= 125 cm2 g−1 873 

Dolomite = 0 kg, kinetic Dolomite rate constant= 2.23×10−6 mol cm2 s−1, surface area= 125 cm2 g−1 874 

Other constraints: 875 

Suppress Illite 876 

Suppress “Maximum Microcline” 877 

Time Start = 0 y, End = 1000 y 878 

 879 

③ NUMERICAL SIMULATION 3: 880 

Constraints on initial system: 881 
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Temperature = 150℃ 882 

H2O=127.6 kg 883 

Cl− = 0.76 mol/L 884 

Ca2+ = 0.38 mol/L 885 

HCO−
3 = 0.00000001 mol/L charge balance 886 

K+= 0.00000001 mol/L 887 

Al3+= 0.00000001 mol/L 888 

SiO2(aq) = 0.00000001 mol/L 889 

Swap CO2(g) for H+ 890 

Fix CO2(g) = 4 MPa 891 

Reactants: 892 

Calcite = 0 kg, kinetic Calcite rate constant = 3.12×10−7 mol cm−2 s−1, surface area = 375 cm2 g−1 893 

K-feldspar = 248.55 kg, kinetic K-feldspar rate constant = 9.78×10−15 mol cm−2 s−1, surface area= 125 894 

cm2 g−1 895 

Kaolinite = 106.33 kg, kinetic Kaolinite rate constant = 2.23×10−14 mol cm2 s−1, surface area = 25000 896 

cm2 g−1, nucleus =620 cm2/cm3 897 

Quartz = 975.46 kg, kinetic Quartz rate constant= 4.26×10−14 mol cm2 s−1, surface area= 125 cm2 g−1, 898 

nucleus = 110 cm2/cm3 899 

Albite = 548.57 kg, kinetic Albite rate constant= 2.31×10−15 mol cm2 s−1, surface area= 125 cm2 g−1 900 

Dolomite = 455.69 kg, kinetic Dolomite rate constant= 2.23×10−6 mol cm2 s−1, surface area= 125 cm2 g−1 901 

Other constraints: 902 

Suppress Illite 903 

Suppress “Maximum Microcline” 904 

Time Start = 0 y, End = 1000 y 905 

 906 

④ NUMERICAL SIMULATION 4: 907 

Constraints on initial system: 908 

Temperature = 150℃ 909 

H2O=127.6 kg 910 

Cl− = 3.82 mol/L 911 

Ca2+ = 0.001 mol/L 912 

HCO−
3 = 0.0043 mol/L charge balance 913 

K+= 0.012 mol/L 914 

Al3+= 0.00000001 mol/L 915 

SiO2(aq) = 0.00000001 mol/L 916 

Swap CO2(g) for H+ 917 

Fix CO2(g) = 4 MPa 918 

Reactants: 919 

Calcite = 0 kg, kinetic Calcite rate constant = 3.12×10−7 mol cm−2 s−1, surface area = 375 cm2 g−1 920 

K-feldspar = 248.55 kg, kinetic K-feldspar rate constant = 9.78×10−15 mol cm−2 s−1, surface area= 125 921 

cm2 g−1 922 

Kaolinite = 106.33 kg, kinetic Kaolinite rate constant = 2.23×10−14 mol cm2 s−1, surface area = 25000 923 

cm2 g−1, nucleus =620 cm2/cm3 924 
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Quartz = 975.46 kg, kinetic Quartz rate constant= 4.26×10−14 mol cm2 s−1, surface area= 125 cm2 g−1, 925 

nucleus = 110 cm2/cm3 926 

Albite = 548.57 kg, kinetic Albite rate constant= 2.31×10−15 mol cm2 s−1, surface area= 125 cm2 g−1 927 

Dolomite = 455.69 kg, kinetic Dolomite rate constant= 2.23×10−6 mol cm2 s−1, surface area= 125 cm2 g−1 928 

Other constraints: 929 

Suppress Illite 930 

Suppress “Maximum Microcline” 931 

Time Start = 0 y, End = 1000 y 932 

 933 

⑤ NUMERICAL SIMULATION 5: 934 

Constraints on initial system: 935 

Temperature = 150℃ 936 

H2O=299 kg 937 

Cl− = 4.58 mol/L 938 

Ca2+ = 0.38 mol/L 939 

HCO−
3 = 0.0043 mol/L charge balance 940 

K+= 0.012 mol/L 941 

Al3+= 0.00000001 mol/L 942 

SiO2(aq) = 0.00000001 mol/L 943 

Swap CO2(g) for H+ 944 

Fix CO2(g) = 4 MPa 945 

Reactants: 946 

Calcite = 0 kg, kinetic Calcite rate constant = 3.12×10−7 mol cm−2 s−1, surface area = 375 cm2 g−1 947 

K-feldspar =546 kg, kinetic K-feldspar rate constant = 9.78×10−15 mol cm−2 s−1, surface area= 125 cm2 948 

g−1 949 

Kaolinite =91 kg, kinetic Kaolinite rate constant = 2.23×10−14 mol cm2 s−1, surface area = 25000 cm2 950 

g−1, nucleus =620 cm2/cm3 951 

Quartz = 988 kg, kinetic Quartz rate constant= 4.26×10−14 mol cm2 s−1, surface area= 125 cm2 g−1, 952 

nucleus = 110 cm2/cm3 953 

Albite = 520 kg, kinetic Albite rate constant= 2.31×10−15 mol cm2 s−1, surface area= 125 cm2 g−1 954 

Dolomite =156 kg, kinetic Dolomite rate constant= 2.23×10−6 mol cm2 s−1, surface area= 125 cm2 g−1 955 

Other constraints: 956 

Suppress Illite 957 

Suppress “Maximum Microcline” 958 

Time Start = 0 y, End = 1000 y 959 

 960 

Appendix 3. Model parameters of numerical simulations 961 

The masses of water and rock in the reaction simulations defines the water: rock ratio. The 962 

default simulation mass is the sum of minerals mass and pore water mass. The mineral mass equaled 963 

the product of minerals density (Table 5) and relative weight percent of that mineral as determined 964 

from the XRD analysis. The pore water mass equaled the product of water density (Table 5) and 965 

measured porosity from the sandstone samples in the Shengtuo area (Table 5).  966 
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The CO2 solubility were determined with an online calculator using input values of reservoir 967 

temperature, pressure, and molar concentration of CaCl2, NaCl, MgCl2, KCl in the formation water. 968 

GWB simulations of CO2 solubility are based on activities calculated by both the Davies and Pitzer 969 

equations (Duan et al., 1992; Duan and Mao, 2006; Zerai et al., 2009). These models of CO2 solubility 970 

use a modified Henry’s law to describe the partitioning of CO2 between gas and aqueous phases. 971 

GWB simulations of activity models are based on activities calculated by both the Davies and 972 

Pitzer equations (Zerai et al., 2009). The GWB can be set to correct the activity coefficient of CO2 973 

for the temperature and the ionic strength of solution by using a polynomial fit to experimental data 974 

developed by Helgeson [1969]. By default, activity coefficients for neutral species such as CO2 are 975 

set to one. GWB can be set to use the Helgeson [1969] formulation for the activity coefficient by 976 

setting the ionic size to -0.5. The ion size parameter has a special meaning for neutrally charged 977 

aqueous species in the GWB thermodynamic data set and determines which formulation for the 978 

activity coefficient is used. The activity model was used in many simulation studies (Duan et al., 1992; 979 

Duan and Mao, 2006; Zerai et al., 2009; Saylor et al., 2009), indicating thermodynamic database used 980 

in the GWB simulations with an appropriate activity correction model. 981 

Table 17 Model parameters of numerical simulations 982 

Parameter Symbol Units 

reaction rate rm mol/s 
rate constant km mol/cm2/s 

surface area of minerals Am cm2 

activity product for the dissolution reaction Q / 

equilibrium constant for the dissolution reaction K / 
rate constant at 25℃ k25 mol/cm2/s 
rate constant at 100℃ k100 mol/cm2/s 
rate constant at 150℃ k150 mol/cm2/s 

activation energy Ea kj/mol 
gas constant  R / 

the absolute temperature T K 

Specific surface area SSA cm2/g 
Nucleus NC cm2/cm3 

Equilibrium constants Keq / 
partial pressure of carbon dioxide PCO2 MPa 

saturation indices SI / 

 983 


