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Abstract 

Bentonite is widely recognized as a key buffer material in spent nuclear fuel (SNF) 

repositories due to its high swelling capacity, low hydraulic conductivity, and high 

radionuclide adsorption properties. However, reactive gases such as CO₂ and H₂S, 

generated during the hydrogeological evolution process of the SNF repository, can alter 

chemical and physical properties of the buffer material (Bentonite), potentially 

impacting the long-term stability of the repository. In this study, the long-term 

geochemical reaction modeling was conducted to evaluate the effects of reactive gases 

(CO₂ and H₂S) on the properties of the bentonite (Bentonil-WRK), one of candidate 

buffer materials for the domestic SNF repository. Geochemical reaction modeling was 

performed to simulate the reactive gas-groundwater-bentonite reaction system using 

PHREEQC version 3.7.3, geochemical reaction code with the LLNL (Lawrence 

Livermore National Laboratory) database as the thermodynamic data source. 

Mineralogical properties of the Bentonil-WRK and water quality data of the KURT 

(KAERI Underground Research Tunnel) groundwater sample were used in this model 

study. Reaction of gases in the aqueous system, microbial respiration at redox condition, 

and mineral dissolution/precipitation in bentonite were mainly considered as 

geochemical reactions in this modeling process.  

Equilibrium modeling results showed that infiltrating groundwater from the host 
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rock transitioned to an acidic and aerobic environment in the buffer zone due to the 

dissolution of residual atmospheric gases in pore spaces of the bentonite block. 

Subsequently, microbial respiration consumed O₂ and SO₄²⁻ ions in pore water at redox 

conditions, generating CO₂ and H₂S gases. The aerobic environment in the buffer zone 

was transitioned to the anaerobic condition after approximately 5,190 years of aerobic 

microbial reaction. As primary minerals in the Bentonil-WRK, montmorillonite and 

calcite showed mass losses of 0.024% and 0.37%, respectively, during the dissolution 

process, which led to the precipitation of secondary minerals such as kaolinite, dolomite, 

chalcedony, and pyrite. Over the 100,000-year simulation period, mineral volume in 

the bentonite decreased by 0.0029%, and pore volume of the Bentonil-WRK increased 

by 0.0043%. These results indicate that dissolution reactions were dominant throughout 

the 100,000-year geochemical reaction period and suggest that the reactive gases 

potentially generated in the SNF repository environment can alter the properties of the 

buffer material at the SNF repository. 

 

 

 

Key words: Bentonil-WRK, Bentonite, Buffer, Geochemical reaction, Geochemical 

reaction modeling, Reactive gases, SNF repository 
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CHAPTER 1. INTRODUCTION 

 

 

 
Continuous use of fossil fuels has led to the generation of greenhouse gases like 

carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), which are major 

contributors to the global warming (Brook et al., 2014). To address these climate 

changes, action plans such as the United Nations Framework Convention on Climate 

Change (UNFCCC) has mandated the reduction of greenhouse gas emissions in 

2015(Mathew, 2022). In order to reduce greenhouse gas emissions, the use of 

renewable energy sources such as solar power, wind power, and nuclear power have 

been actively considered. Nuclear power plants produce extremely low CO2 emissions, 

only 10-15 g of CO2 per kilowatt-hour of electricity generated, making it a low-carbon 

energy source (Bruckner et al., 2014). Nuclear power generates electricity from the 

energy produced when an atom is split into two or more(Schunck and Regnier, 2022). 

The primary fuel used in nuclear power generation is U-235, and the heat energy 

released during nuclear fission is converted to the electrical energy. As of 2023, nuclear 

power generation constitutes a significant portion of electricity production in countries 

such as the United States (775.35 TWh), China (434.72 TWh), France (335.65 TWh), 

Russia (217.47 TWh), and South Korea (180.49 TWh) (Fig. 1) (Ritchie et al., 2024). 

South Korea produces the 5th largest amount of nuclear energy in the world (Ember 

2024). 
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However, nuclear power generation has the significant drawback of producing 

radioactive waste. Radioactive waste refers to any material contaminated with or 

containing detectable levels of radioactive substances above the established thresholds. 

Radioactive waste is broadly divided into two categories: the low and intermediate-

level radioactive waste (LLW and ILW) and the high-level radioactive waste (HLW) 

(Deng et al., 2020). Waste with a half-life longer than 20 years, emitting alpha radiation, 

a radioactivity concentration exceeding 4,000 Bq/g, and a heat generation rate above 2 

kW/m³ is classified as the HLW. All other radioactive waste is categorized as LLW or 

ILW (Kim et al., 2023a). Most HLW consists of spent nuclear fuel (SNF) and, due to 

its high heat generation and radioactivity levels, is considered a special type of 

radioactive wastes (IAEA, 1994). South Korea currently has no facilities for the 

permanent storage of the HLW generated by the operation of nuclear power plants. As 

a result, this waste is stored in temporary storage facilities on the ground. However, 

these temporary facilities have limited capacity, which is insufficient for the permanent 

storage of the continuously generated SNF. Plans are now underway to construct 

Fig. 1. Global nuclear power generation in 2023 (from Ember-Energy Institute, 2024). 
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permanent storage facilities for SNF, and the deep geological repositories (DGRs) are 

widely recognized as the permanent storage solution for SNF worldwide (IAEA, 2003). 

The DGRs consist of a multi-barrier system based on the KBS-3 concept developed by 

the Swedish SKB (SKB, 2010), which includes an engineered barrier system (EBS) 

consisting of metallic storage canisters, buffer materials, and backfill materials, and the 

natural barrier system (NBS) consisting of the surrounding host rock. These 

repositories are typically located at depths greater than 500 meters for the leakage 

safety. (Zheng et al., 2015) (Fig. 2).  

 

 

 

In South Korea, the Korean Reference Disposal System (KRS), based on the KBS-3 

concept was designed for a granite host rock at first (Lee et al., 2007). Subsequently, 

the enhanced Korean Reference Disposal System (KRS+), optimized for the Korean 

landfill concept, was proposed and has since been adopted as the standard for the 

domestic SNF disposal facility (Lee et al., 2020b). 

Fig. 2. Multi-barrier system of KBS-3 type for the SNF disposal (modified from 

POSIVA, 2020). 
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After the closure of the SNF repository, various geochemical reactions may occur 

during the hydrogeological evolution process of the repository, such as the generation 

of reactive gases, biochemical reactions and the corrosion of canisters. Reactive gases 

could be generated by microbial respiration and/or the corrosion of canisters. These 

gases can dissolve in groundwater, potentially altering water quality, dissolving buffer 

materials and forming secondary precipitated minerals, thereby influencing the 

behavior of leaked radionuclides in the multi-barrier of the SNF repository. In this study, 

the long-term geochemical reaction modeling at the reactive gas-groundwater-

bentonite system was performed to investigate the effects of reactive gases on the 

properties of buffer materials through various geochemical reactions in the buffer zone 

of the SNF repository.  
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CHAPTER 2. OBJECTIVE 

 

 

 
The objective of this study is to investigate the effects of reactive gases on the 

properties of bentonite (Bentonil-WRK) in the buffer zone through the long-term 

geochemical reaction modeling, evaluating the safety of the bentonite (Bentonil-WRK) 

as the buffer materials in the SNF repository. 

From the long-term modeling study, quantitative results for changes in properties of 

the buffer material by the geochemical reactions with reactive gases would be provided 

and the long-term interactions among gas, radioactive nuclide, bentonite, and 

groundwater could be understood in greater detail. 
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CHAPTER 3. BACKGROUND 

 

 

 
3.1. Bentonite as the buffer material in the SNF repository 

As one of the engineered barrier systems in the SNF repository, the buffer serves to 

protect the copper canister from physical impacts from the environment, to delay 

groundwater inflow from the surrounding bedrock, and to minimize radionuclide 

migration if the copper canister loses function and radionuclides are released (Sun et 

al., 2020). Bentonite is considered as a potential buffer material due to its large specific 

surface area, high cation exchange capacity, high swelling capacity, and low hydraulic 

conductivity (Fernández et al., 2014). Bentonite is composed mainly of 

montmorillonite belong to the smectite group, which is a silicate clay mineral formed 

with two tetrahedral silicon ion sheets and one octahedral aluminum ion sheet (2:1 

structure). The interlayer spaces in a montmorillonite contain exchangeable cations 

such as Ca2+, Na+, and K+ (Fig. 3). 
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The type of bentonite is determined by major exchangeable cations (Na+ and Ca2+) 

present between the inter layers of montmorillonite, and the most common types are 

the Ca-type and the Na-type bentonite. Depending on the geochemical conditions 

during its formation, bentonite may contain various accessory minerals, including 

quartz, feldspar, gypsum, calcite, and pyrite. Significant amounts of amorphous 

materials and organic compounds may also be present in the bentonite (Karnland, 2010). 

Various types of bentonite are being investigated worldwide as the buffer material in 

the SNF repository, such as MX-80 (Jalique et al., 2016), FEBEX (Wilson, 2017) and 

GMZ bentonite (Ye et al., 2009) being notable examples. In South Korea, “Bentonil-

WRK (purchased from Clariant Korea)” is being considered as a buffer material for the 

enhanced Korean Standard Disposal System (KRS+). The chemical and mineralogical 

composition of the Bentonil-WRK is presented in chapter 4. 

Fig. 3. The layer structure of montmorillonite (modified from Steinmetz, 2007). 
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3.2. Geochemical reactions occurred in the SNF repository under 

hydrogeological evolution process 

Geochemical reactions with various mechanisms can occur in the SNF repository, 

related to the evolution of the hydrogeological environment. A variety of geochemical 

reactions, deeply involved with heat generated by the canister, groundwater supported 

from the surrounding host rock, leached ions due to canister corrosion, and microbial 

respiration, can induce a variety of thermal, hydrological, mechanical, and chemical 

(THMC) changes in the multi-barrier. These changes have the potential to affect the 

long-term migration of the radioactive nuclide and the property of the bentonite buffer 

(Lee et al., 2019) (Fig. 4).  

 

 

Fig. 4. Schematic of the THM (thermo-hydro-mechanical) coupled processes in the 

multi-barrier system (modified from Lee et al., 2020a). 
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Research on various geochemical reactions in SNF repositories is being conducted 

using a variety of methods, including laboratory-scale experiments, numerical 

migration modeling and geochemical reaction modeling. Mineralogical studies related 

to chemical reactions with the bentonite as a buffer material have focused on 

interactions such as bentonite-concrete and bentonite-canister reactions (Fernandez et 

al., 2009; Marty et al., 2010). In addition, various studies have been conducted on 

biological reactions, including oxygen consumption and sulfate reduction due to 

respiration by microorganisms present in the repository (Hung et al., 2023; Kim et al., 

2023b). However, few studies have been conducted for the long-term stability of the 

bentonite buffer due to reactive gases that may generate in the SNF repository. 

 

3.2.1. Generation of reactive gases CO2 and H2S in the SNF repository 

The generation of reactive gases in the SNF repository is primarily caused by 

corrosion of the canister and decomposition of organic matter by microbial respiration 

(Bond et al, 1997; Wikramaratna et al, 1993). The CO2 gas and H2S gas are typical of 

the reactive gases that may be generated in SNF repository. The CO2 gas is a common 

reactive gas generated by the decomposition of organic carbon by microbial respiration 

in aerobic and anaerobic environments. The H2S gas can be generated by dormant 

sulfate-reducing bacteria that become active and reduce sulfate as the SNF repository 

environment evolves, consuming oxygen and transitioning to an anoxic environment. 

The H2S gas can also be generated by the anaerobic corrosion of canister. The microbial 

activity as the main mechanism of gas generation, has been investigated in several 

previous studies, and its roles in processes such as canister corrosion, clay mineral 

alteration, gas production, and the mobility of radioactive nuclides have been also 

studied (Bagnoud et al., 2016; Meleshyn, 2014; Ruiz-Fresneda et al., 2023). The 
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presence of microorganisms inhabiting in repository sites and groundwater has also 

been reported in several studies (West et al., 1985; Jain et al., 1997). Microorganisms 

present in the surrounding host rock and groundwater can be drawn into the bentonite 

buffer by the inflow of groundwater, and the high expansion property of bentonite 

leaves insufficient space for microbial activity, reducing the activity of viable 

microorganisms in pore spaces of the bentonite buffer (Pedersen, 2000). However, 

natural microorganisms may show greater resistance in high-temperature and high-

pressure environments (Mulligan et al., 2009). The HS- ion may exist naturally in 

groundwater or may be produced by sulfate-reducing bacteria (SRB). The produced 

HS- can be adsorbed on copper storage vessels and accelerate the corrosion of the 

storage vessel. This process can result in the formation of H2S gas (King et al., 2013; 

King et al., 2021). The mechanisms of CO2 gas and H2S gas generated by microbial 

respiration in the buffer and corrosion reactions in the copper canister are shown in 

Table 1. 
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Mechanism Reaction equation 

Microbial 

respiration 

Aerobic 

respiration 

CH2O + O2 = CO2 + H2O 

C6H12O6 + 6O2 = 6CO2 + 6H2O 

CH3COOH + 2O2 = 2CO2 + 2H2O 

Denitrification 

5C6H12O6 + 24NO3
- + 24H+ = 30CO2 + 12N2 + 42H2O 

5CH3COOH + 8NO3
- + 8H+ = 10CO2 + 4N2 + 14H2O 

CH3COOH + 4NO3
- = 2CO2 + 4NO2

- + 2H2O 

 

3CH3COOH + 8NO2
- + 8H+ = 6CO2 + 4N2 + 10H2O 

Sulfate 

reduction 

2CH2O + SO4
2- + H+ = 2CO2 + HS- + 2H2O 

CH3COOH + SO4
2- + 2H+ = H2S + 2CO2 + 2H2O 

Cu-canister 

corrosion 
Anodic reaction 

Cu + HS- = Cu(HS)ADS + e- 

Cu + Cu(HS)ADS + HS- =Cu2S + H2S + e- 

Table 1. Reaction equations of CO2 and H2S gas generation in SNF repositories. 

*ADS: Adsorption 
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3.2.2. Effects of reactive gases on bentonite as the buffer material 

Reactive gases such as CO₂ and H₂S that may be generated in the SNF repository 

and dissolve in groundwater, causing pH changes and triggering mineral dissolution 

and precipitation in buffer. The most significant effect of reactive gases is the lowering 

of the pH of infiltrating groundwater, which can change the buffer environment to 

acidic condition. Reaction by which the CO2 gas decreases the pH of groundwater is as 

follows: 

CO2(g)  ↔  CO2(aq)                                                   (1) 

CO2(aq) +  H2O ↔  H2CO3                                            (2) 

H2CO3  ↔  H+ + HCO3
−                                               (3) 

HCO3
−  ↔  H+ + CO3

2−                                               (4) 

The CO₂ gas dissolves in water (Eq. 1), forming the H₂CO₃ ions (Eq. 2). Subsequently, 

H⁺ ions are dissociated from the carbonic acid, forming HCO₃⁻ ions (Eq. 3), and further 

dissociation of H⁺ ions result in the formation of CO₃²⁻ ions (Eq. 4). Through this series 

of reactions, the CO₂ gas can alter groundwater quality to a more acidic environment 

(Mitchell., et al 2010). The reaction by which the H2S gas decreases the pH of 

groundwater is as follows: 

H2S(g)  ↔  H2S(aq)                                                   (5) 

H2S(aq)  ↔  H+ +  HS−                                             (6) 

HS−  ↔  H+ +  S2−                                                (7) 

The H₂S gas dissolves in water, forming the H₂S ions (Eq. 5). The H⁺ ions are 

dissociated, forming HS⁻ ions (Eq. 6), and further dissociation results in the formation 
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of S²⁻ ions (Eq. 7). Through this series of reactions, groundwater quality can be altered 

to an acidic environment. If the CO₂ gas is continuously produced and the partial 

pressure exceeds atmospheric conditions, the pH of groundwater will decrease and 

mineral like calcite in bentonite may start to dissolve (Itäla et al., 2013). The H2S gas 

is able to move relatively freely in the buffer medium, allowing it to pass through a 

variety of micropores and to actively participate in the buffer medium (Wersin et al., 

2014). Typical geochemical reactions related to reactive gases such as CO2 and H2S 

occurred around the buffer at the SNF repository environment are shown in Fig. 5. 

 

 

These various geochemical reactions can alter the properties of the buffer material, 

such as the dissolution of bentonite constituents and the formation of secondary 

precipitated minerals. Such changes in properties can also affect the behavior of leaked 

radionuclides and gases in the buffer, potentially affecting the long-term stability of the 

SNF repository (Fig. 6). 

 

Fig. 5. Geochemical reactions occurred in the engineering barrier of the SNF repository 

site. 
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Fig. 6. Schematic of the radionuclide migration changes in the buffer material due to 

geochemical reactions. 
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CHAPTER 4. MODEL STUDY 

 

 

 
4.1. Geochemical reaction modeling to simulate the reactive gas-ground 

water-bentonite system 

The geochemical reaction modeling was performed using by PHREEQC (version 

3.7.3), a software developed by the U.S Geological Survey (USGS) (Parkhurst and 

Appelo, 2013). The thermodynamic database was obtained from the Lawrence 

Livermore National Security (LLNL) database (Wolery and Sutton, 2013). 

 

4.1.1. Model domain and conditions 

The model domain for geochemical reaction modeling was restricted to the saturated 

buffer zone with the implementation of the concept of a vertical disposal in a SNF 

repository. The buffer zone was composed of the compacted bentonite blocks having 

technical gaps at block boundaries and at the wall surface between the block and the 

host rock. Geochemical reaction modeling was performed under the assumption that 

groundwater from the surrounding natural bedrock would completely saturate the 

technical gaps as well as pore spaces in the buffer zone (Fig. 7). Furthermore, the 

modeling was conducted under conditions which are a temperature of 60℃ and a pore 

pressure of 5 MPa, representing the state when the technical gap and buffer zone are 

completely saturated with groundwater at the subsurface SNF repository. 
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Fig. 7. Schematic representation of the copper canister, buffer material, technical gaps 

and host rock illustrating the model domain (modified from Hung et al., 2023). 
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4.1.2. Geochemical reaction scenario for the modeling 

The evolution of the hydrogeologic environment around the repository site after the 

closure of a spent nuclear fuel (SNF) storage may give rise to a variety of geochemical 

reactions in the buffer zone. In this modeling study, three geochemical reactions were 

mainly considered at the reactive gas-groundwater-bentonite system; ① reactive gas-

groundwater reaction in equilibrium condition, ② kinetic microbial respiration at 

aerobic and anaerobic condition, and ③ kinetic mineral dissolution and precipitation 

of the bentonite. The geochemical reaction modeling conducted in this study can be 

categorized into two scenarios to simulate the property change of the bentonite buffer 

over the reaction time. 

1. First stage of the SNF repository: Following the closure of the SNF 

storage at the repository, the groundwater inflow from the surrounding 

bedrock begins. During the construction of the SNF repository, the 

atmospheric constituent gases inflowed and were trapped in pores of the 

buffer zone subsequently. These gases later dissolve in the inflowing 

groundwater, leading to a state of equilibrium between reactive gas and 

groundwater. 

2. Second stage of the SNF repository: After the SNF repository is fully 

saturated with groundwater, the microbial activity may occur under 

aerobic environmental conditions, generating more gases and controlling 

dissolution-precipitation reactions. This is followed by anaerobic 

microbial respiration and dissolution-precipitation reactions of bentonite 

constituent minerals even after complete depletion of oxygen in the 

reservoir for a long time. 
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4.1.2.1 Initial stage of the buffer zone 

In the early stage of the SNF repository, the repository site is exposed to open 

atmospheric conditions, and this exposure maintains the SNF repository environment 

to aerobic conditions (Acero et al., 2010). As the SNF repository is closed, the void 

spaces of bentonite buffer contain trapped atmospheric constituent gases, including 

reactive gases such as O2 and CO2. Subsequently, as groundwater flows in from the 

surrounding bedrock, the atmospheric gases present in the voids are partially or 

completely dissolved in groundwater, and dissolved oxygen ions and carbonic acid and 

bicarbonate ions are formed in groundwater, changing the composition of  

groundwater. As a result, the initial phase of the buffer system becomes aerobic and 

acidic(Fig.8). 

 

  

The saturation of the interior of the buffer zone with infiltrating water was estimated to 

take approximately 250 years and the maximum pressure in the cavities is expected to 

reach 3 to 5 MPa at the time of infiltration. The temperature of the bentonite buffer 

material varies depending on the subsurface geological environment, storage hole 

arrangement method, etc., but it gradually decreases from a maximum of 87.3℃ at the 

beginning of repository closure and reaches a temperature of about 26.6℃ after 

Fig. 8. Modeling scenarios for the early stage of the SNF repository based on the 

hydrogeological evolution process after the SNF disposal. 
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100,000 years (Kim et al., 2021). Equilibrium between groundwater and atmospheric 

gas was assumed at an initial stage of the buffer zone, at a pore pressure and temperature 

conditions of 5 MPa and 60℃ respectively. 

 

4.1.2.2 Geochemical reaction at redox environmental condition reaction 

stage 

In the fully saturated with groundwater and in equilibrium with atmospheric 

constituent gases, respiration reactions of aerobic microorganisms using oxygen ions 

as electron donors occur in buffer zone as well as dissolution-precipitation reactions. 

The dissolution of organic carbon in bentonite into groundwater and the decomposition 

of organic carbon by the respiration of microorganisms at aerobic condition result in 

the additional production of CO2 gas. When the bentonite buffer becomes saturated and 

swells, the pore size becomes smaller than that of the microorganisms, so it is assumed 

that microbial reactions mainly occur in the technical gaps where microorganisms can 

still be relatively active. The modeling is performed by assuming that the dissolution-

precipitation reaction of minerals in bentonite also occurs simultaneously. Then, when 

the oxygen is completely consumed and the environment is changed from aerobic to 

anaerobic, H2S gas and CO2 gas are additionally produced in the process of 

decomposition of organic carbon by the respiration of microorganisms using sulfate as 

an electron donor. As a result, the kinetic geochemical reaction has been going on for 

100,000 years in this model (Fig. 9). 
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Fig. 9. Modeling scenarios for the kinetic geochemical reactions in the buffer zone 

due to the hydrogeological evolution process for modeling. 
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4.1.3. Properties of the bentonite used in the model study 

The bentonite considered in the model study was the Bentonil-WRK, which was very 

strong candidates for a buffer material in the South Korea repository site. Bentonil-

WRK, has been manufactured by the Clariant Korea Corporation and supplied by the 

KAERI (Korea Atomic Energy Research Institute). The X-ray diffractometer (XRD; 

PANalyticla, X’Pert3-powder) and X-ray fluorescence (XRF; Rigaku, ZSX-PrimusⅣ) 

analyses were performed to determine its chemical and mineralogical characteristics 

before the model study. From XRF and XRD analyses, the Bentonil-WRK was 

composed of SiO2 (64.47%), Al2O3 (18.05%), Fe2O3 (5.23%), and CaO (5.98%) (Table 

2). The high SiO2 and Al2O3 contents of the bentonite were attributed to the 2:1 layered 

structure of silica tetrahedra and aluminum octahedra in the montmorillonite, and the 

Bentonil-WRK was classified as a Ca-type bentonite, because of high CaO contents in 

the XRF result. The XRD analysis revealed distinct peaks of minerals like 

montmorillonite and albite, along with additional peaks of cristobalite, quartz, and 

calcite as accessory minerals (Fig. 10). 
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Composition Wt (%) 

Na2O 0.71 

MgO 2.85 

Al2O3 18.05 

SiO2 64.47 

P2O5 0.19 

SO3 0.18 

K2O 1.42 

CaO 5.98 

TiO2 0.77 

MnO 0.11 

Fe2O3 5.23 

SrO 0.02 

Etc. 0.04 

Total 100.00 

Table 2. Result of XRF analysis for the Bentonil-WRK 

Fig. 10. Result of the XRD analysis of the Bentonil-WRK 
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4.1.4. Water quality of the groundwater used in the modeling 

Data used in the modeling process for the groundwater quality was provided by the 

KAERI (Korea Atomic Energy Research Institute) for the DB-3 location sample at the 

KURT (KAERI Underground Research Tunnel). The data were employed as the initial 

conditions for groundwater in this modeling. Groundwater from DB-3 location was 

sampled at a depth of 500 meters and found to be reductive groundwater with an Eh 

value of -436 mV. Furthermore, the groundwater was classified as the Na-Cl type 

groundwater, indicating relatively high concentrations of Na+ and Cl- (Table 3). In order 

to perform the geochemical reaction modeling, the Eh value was converted to the pe 

value, and the ion concentration unit was converted to the molar concentration. The 

conversion from Eh value to pe value was converted using the Nernst equation (eq.8). 

𝐸ℎ = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln (

𝑅𝑒𝑑

𝑂𝑥𝑖
)               (8) 

where, 𝐸ℎ is the oxidation potential, 𝐸0 is the standard potential, 𝑅 is the ideal 

gas constant (8.314 J∙K-1∙mol-1), 𝑇 is the temperature in Kelvins, 𝑛 is the number of 

elctorns, 𝐹 is the faraday constant (96,485.332 C∙mol-1), 𝑅𝑒𝑑 is the activity of the 

reduced form and 𝑂𝑥𝑖 is the activity of the oxidized form. The activity of the electron 

(pe) is a function of the activity of the reduced and oxidized forms. Therefore, the Eh 

values were converted to pe values using the following equation (eq. 9) 

𝐸ℎ =
2.303𝑅𝑇

𝐹
𝑝𝑒                      (9) 
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KURT groundwater 

Chemical composition 

Temp (℃) 14.8 

pH 9.05 

Eh (mV) -438 

pe -7.67 

Component Concentration (Moles) 

Na
+

 1.65E-03 

Ca
2+

 1.43E-04 

K
+

 8.46E-06 

Mg
2+

 1.20E-05 

SiO
2
 1.25E-04 

HCO
3

-

 1.30E-03 

Cl
-

 1.47E-03 

SO
4

2-

 6.05E-05 

NO
3-

 1.10E-05 

F
-

 4.27E-04 

Al 2.73E-06 

Fe 1.24E-07 

Sr 2.66E-06 

U 6.34E-09 

Table 3. Characteristics of groundwater sample at DB-3 site in the KURT (KAERI). 
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4.1.5. Gas phase interaction in the model 

In the initial stage of SNF repository construction, atmospheric gases exist in pore 

spaces of the multi-barrier as well as in the cavity, and the atmospheric pressure is 

maintained at 1 atm. The partial pressure of the atmospheric gases remaining in the 

buffer zone is 0.79 atm of N2 gas, 0.2 atm of O2 gas and 0.0004 atm of CO2 gas in the 

model. The inflow of groundwater will gradually increase the pore pressure, resulting 

in the increased partial pressure of the atmospheric constituent gases in the pore. 

Although the Henry's law, with the assumption of an ideal gas, is commonly used to 

characterize the behavior of gases, it is more appropriate to consider the behavioral 

equations of a non-ideal gas, which address the interaction of gases and liquids in high-

pressure and high-temperature environments, where the pore pressure is increased to 5 

MPa by the inflow of groundwater. Accordingly, the equilibrium between gas and 

groundwater, representing the initial condition for this model was applied with 

assuming the behavior of a non-ideal gas under high pressure using the Peng-Robinson 

equation of state (eq. 10) (Peng & Robinson, 1976). This equation predicts the state of 

the gas under high pressure condition and considers the gas molecular interactions and 

the interaction between gas and liquid in high pressure and high temperature 

environments more accurately. Additionally, it can reflect the solubility and the 

reactivity of gas in groundwater. 

𝑃 =
𝑅𝑇

𝑉𝑚
−

𝑎𝛼

𝑉𝑚
2 +2𝑏𝑉𝑚+𝑏2              (10) 

where, 𝑃 is the pressure, 𝑅 is the ideal gas constant (8.314 J∙K-1∙mol-1), 𝑇 is the 

temperature in Kelvins, 𝑉𝑚  is the volume, 𝑎 is the attraction parameter, 𝑏 is the 

repulsion paramter and 𝛼 is the temperature-dependent function in the equation. 
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4.1.6 Microbial activity in the modeling 

The microbial activity can affect the geochemical reactions occurred in the buffer 

zone as well as dissolution and precipitation of minerals in bentonite. The microbial 

respiration reactions for organic matter degradation in the buffer zone were considered 

to result in the changes in redox transitions and the additional generation of reactive 

gases due to the evolution of the hydrogeological environment of the SNF repository. 

Model studies on the property changes of the buffer material due to microbial activity 

at the redox repository environment were performed and several assumptions for the 

microbial activity were applied for this model study. 

1. The electron acceptors affecting the microbial growth rate were limited to O2(aq) 

and SO4
2-

(aq), and the organic matter available for oxidation was assumed to be 

represented as CH2O. 

2. The depletion rate of electron acceptors in the system was assumed to reach a 

steady state, where microbial growth and mortality were balanced. 

3. It was considered that sufficient microorganisms to degrade organic matter exist 

and the microbial respiration was not limited by the concentration of organic 

matter. 

 The degradation of organic matter in the buffer zone by the microbial activity was 

designed by using the basic form of the Monod equation (eq. 11). 

𝑅 = 𝑘𝑚𝑎𝑥
[𝐶]

𝐾𝑅+[𝐶]
                     (11) 

where, 𝑅 is the growth rate (mol∙m-3∙sec-1), 𝑘𝑚𝑎𝑥  is the maximum growth rate 

(mol∙m-3∙sec-1), 𝐾𝑅  is the half-saturation constant (mol∙L-1) and [𝐶]  is the 

concentration of the limiting substrat S (mol∙L-1). Reaction equations used for the 
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degradation of organic matter considered in this modeling are shown in Table 4. 

Reactions were considered in both aerobic and anaerobic environments. The paramters 

used in the reaction equations are also shown in Table 5. 

 

Reaction 

matter 

Electron 

acceptor 
Reaction equation 

CH2O 

O2(aq) CH2O(aq) + O2(aq) = CO2(aq) + H2O(aq) Aerobic condition 

SO4
2-

(aq) 
2CH2O(aq) + SO4

2-
(aq) + H+

(aq)  

= 2CO2(aq) + HS-
(aq) + 2H2O(aq) 

Anaerobic condition 

 

Symbol Parameter description 
Value 

(mol∙m-3∙sec-1) 

𝑘𝑚𝑎𝑥1 
Specific Monod reaction rate of organotrophic 

oxygen reduction 
4.9 × 10−6* 

𝑘𝑚𝑎𝑥2 
Specific Monod reaction rate of organotrophic 

sulfate reduction 
9.5 × 10−11§§ 

𝐾𝑂2
 

Half-saturation concentration for O2 for 

organotrophic oxygen reduction 
2.5 × 10−4* 

𝐾𝑆𝑂4
2− 

Half-saturation concentration for SO4
2- for 

organotrophic sulfate reduction 
1.0 × 10−5§ 

 

 

 

 

Table 4. Reaction equations for microbial decomposition of organic matter used in the 

modeling. 

Table 5. Parameters for microbial oxidation and reduction kinetics in the modeling. 

*Puigdomènech et al., (2001). §Nethe-Jaenchaen and Thauer (1984). §§Kiczka et al., (2021). 
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4.1.7. Mineral dissolution and precipitation in the modeling 

The dissolution and precipitation reaction of Bentonil-WRK was simulated over a 

100,000-year period using the kinetic reaction modeling at high temperature and 

pressure conditions. This kinetic reaction process started at the presence of KURT 

groundwater in equilibrium with the atmosphere and the microbial respiration under 

both aerobic and anaerobic conditions was also included. For mineral dissolution and 

precipitation reaction modeling, minerals such as Ca-montmorillonite, albite, 

cristobalite-alpha, quartz, and calcite were selected as reactive minerals of Bentonil-

WRK in this study. Secondary precipitated minerals considered in the modeling were 

kaolinite, dolomite, chalcedony, and pyrite. Results of the quantitative XRD analysis 

for the Bentonil-WRK constituent minerals, which were required for the geochemical 

reaction modeling, are shown in Tabel 6. Even the quantitative XRD analysis of 

Bentonil-WRK did not support the presence of calcite, trace amounts of carbonate were 

determined to be present through the laboratory experiment and the geochemical 

modeling was conducted with 1 wt% calcite. Thermodynamic data for minerals at 60°C 

used in the modeling are shown in Table 7 and most of them were obtained from the 

LLNL database. It was expected that modeling results provide quantitative data on 

long-term changes in mineral composition of the bentonite and show the changes in 

mineral volume and in the porosity of the bentonite over the 100,000-years reaction 

period. 
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Mineral Structural formula 
Log K 

(60℃) 

Phases observed in Bentonil-WRK 

Montmorillonite-

Ca 

Ca0.165Mg0.33Al1.67Si4O10(OH)2 + 6H+ = 0.165Ca2+ 

+ 0.33Mg2+ + 1.67Al3+ + 4H2O + 4SiO2 
0.31 

Albite NaAlSi3O8 + 4H+ = Al3+ + Na+ + 2H2O + 3SiO2 1.57 

Cristobalite SiO2 = SiO2 -2.99 

Quartz SiO2 = SiO2 -3.47 

Calcite CaCO3 + H+ = Ca2+ + HCO3
- 1.32 

Phases tested in precipitation 

Kaolinite Al2Si2O5(OH)4 + 6H+ = 2Al3+ + 2SiO2 + 5H2O 3.84 

Dolomite CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
- 1.32 

Chalcedony SiO2 = SiO2 -3.75 

Pyrite FeS2 + H2O = 0.25H+ + 0.25SO4
2- + Fe2+ + 1.75HS- -22.77 

Mineral Content (wt%) 

Montmorillonite 69.8 

Albite 15.0 

Cristobalite 13.3 

Quartz 1.9 

Table 7. Thermodynamic constants of bentonite constituent mineral and secondary 

mineral used in the modeling at 60℃. 

Table 6. Results of quantitative XRD analysis (wt%) for mineral constituents in the 

Bentonil-WRK(Cha et al., 2023). 
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Dissolution and precipitation reaction equations for the Bentonil-WRK constituent 

minerals in the modeling could be formulated by using equations of the transition state 

theory of Lasaga (1981, 1984) and Aagaard & Helgeson (1982) (eq. 12). 

𝑟𝑚 = 𝐴𝑚𝑘(𝑇)(𝑎𝐻+)𝑛 [1 −
𝑄𝑚

𝐾𝑚
]      (12) 

Where, 𝑟𝑚 is the dissolution and precipitation reaction rate (mol∙m-3∙sec-1), 𝐴𝑚 is 

the specific surface area (m2∙m-3), 𝑘(𝑇) is the temperature dependent rate constant 

(mol∙m-2∙sec-1), (𝑎𝐻+)𝑛 is the proton activity raised to the power 𝑛, 𝑄𝑚 is the ion 

activity product for this reaction, and 𝐾𝑚  is the equilibrium constatnt. The 

temperature dependent rate constant 𝑘(𝑇) was represented by the Arrhenius equation 

(eq.13). Because the dissolution and precipitation reaction rate of mineral were 

dependent on the pH, the equation was modified by allying rate constants specific to 

acid, neutral and base environments (eq. 14). 

𝑘(𝑇) = 𝑘25𝑒𝑥𝑝 [
𝐸𝑎

𝑅
(

1

𝑇
−

1

298.15
)]      (13) 

Where, 𝑘25 is the rate constant at 25℃ (mol∙m-2∙sec-1), 𝐸𝑎 is the activation energy 

of reaction (KJ∙mol-1), 𝑅 is the ideal gas constant (8.314 J∙K-1∙mol-1), and  𝑇 is the 

absoute temperature (K). 

𝑟 = 𝐴𝑚 [𝑘𝑎𝑒𝑥𝑝 [
−𝐸𝑎

𝑅
 (

1

𝑇
 −  

1

298.15
)] (𝑎𝐻+)𝑛 [1 −

𝑄𝑚

𝐾𝑚
] + 𝑘𝑛𝑒𝑥𝑝 [

−𝐸𝑎

𝑅
(

1

𝑇
−

1

298.15
)] +

𝑘𝑏𝑒𝑥𝑝 [
−𝐸𝑎

𝑅
(

1

𝑇
−

1

298.15
)]]              (14) 

The secondary precipitation minerals were treated with simple reaction equations (eq. 

15) due to the lack of data on reaction rates and activation energy as a function of 

temperature. 
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𝑟𝑚 = 𝐴𝑚𝑘 [1 −
𝑄𝑚

𝐾𝑚
]              (15) 

The kinetic paramters of the Bentonil-WRK component minerals used in the 

geochemical moldeling are shown in Table 8, and the kinetic paramiters of the 

secondary precipitation minerals are shown in Table 9. In dissolution-precipitation 

reaction modeling of minerals, reaction rates can be significantly influenced by the 

specific surface area of the minerals. For this modeling, the specific surface area data 

were referred from the MX-80 Bentonite data from Bildstein et al., 2006. 

 

 

Acid Neutral Base 

Log k  

(mol∙m-2∙s-1) 

Ea 

(KJ∙mol-1) 
n 

Log k 

(mol/m2/s) 

Ea 

(KJ∙mol-1) 

Log k 

(mol∙m-2∙s-1) 

Ea 

(KJ∙mol-1) 
n 

Montmorillo

nite* 
-12.71 48.00 0.22 -14.41 48.00 -14.41 48.00 -0.13 

Albite* -10.16 65.00 0.46 -12.56 69.80 -15.60 71.00 -0.57 

Cristobalite* - - - -12.31 65.00 - - - 

Quartz* - - - 13.40 90.90 - - - 

Calcite* -0.30 14.40 1.00 -5.81 23.50 -3.48 35.40 1.00 

 

 

Table 8. Kinetic reaction modeling parameters of the bentonite minerals applied in 

this modeling. 

*USGS (2004). 
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Secondary 

mineral 
Structural formula 

Log k 

(mol∙m-2∙s-1) 

Kaolinite Al2Si2O5(OH)4 + 6H+ = 2Al3+ + 2SiO2 + 5H2O -14.00* 

Dolomite CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
- -10.00* 

Chalcedony SiO2 = SiO2 -14.50** 

Pyrite FeS2 + H2O = 0.25H+ + 0.25SO4
2- + Fe2+ + 1.75HS- -4.55** 

 

 

 

 

 

 

 

 

 

 

 

Table 9. Kinetic reaction modeling parameters of the secondary precipitation 

minerals applied in this modeling. 

*Sin et al., (2023). **USGS (2004) 
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CHAPTER 5. RESULTS AND DISCUSSION 

 

 

 
5.1. Equilibrium geochemical reaction modeling 

5.1.1. Change of KURT groundwater quality at the equilibrium reaction 

modeling with atmospheric gases 

Results for the reaction modeling between the KURT groundwater and the 

atmospheric gases at equilibrium condition are shown in Table 10 and Table 11. From 

water quality data, the initial KURT groundwater was originated from the reduced 

condition (shown in Table 3). As the KURT groundwater starts to react with O2 gas 

and CO2 gas, the groundwater quality was changed to be exposed to an aerobic 

environment. The pH and the pe of groundwater changed to 4.6 and 14.1, respectively, 

supporting that the initially reducing environment of the KURT groundwater has been 

changed to an aerobic environment (Table 10). It comes from the fact that CO2 and O2 

gases from the atmospheric constituents have dissolved into the groundwater. Under 

high pressure condition of 5 MPa, the solubility of gases in groundwater was increased 

and more gases existed as dissolved phases (or ions) in groundwater, promoting 

geochemical reactions. The gas volume also decreased from the initial 1 L to 6.13E-03 

L, and the partial pressures of the atmospheric constituent gases increased (N2 gas to 

44.9 atm, CO2 gas to 0.087 atm, and O2 gas to 5 atm) (Table 11). In reaction equilibrium 

at high temperature (60℃) and pressure (5 MPa) conditions, the concentration of 

HCO3
-, CO2(aq), and O2(aq) were 2.60E-05E mol/L, 1.27E-03E mol/L, 4.20E-03 mol/L, 

respectively in the modeling. 
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KURT groundwater 

Chemical composition 

Temp (℃) 60.0 

Pressure (atm) 50.0 

pH 4.6 

pe 14.1 

Component Concentration (Moles) 

Na
+

 1.65E-03 

Ca
2+

 1.41E-04 

K
+

  8.45E-06 

Mg
2+

  1.15E-05 

SiO
2(aq)

 1.25E-04 

HCO
3

-

  2.60E-05 

CO2(aq) 1.27E-03 

O2(aq) 4.20E-03 

Cl
-

  1.47E-03 

SO
4

2-

 5.82E-05 

NO
3-

 1.10E-05 

F
-

  4.27E-04 

Al 2.73E-06 

Fe  1.24E-07 

Sr 2.66E-06 

U 6.34E-09 

Table 10. Adjusted KURT groundwater quality after the geochemical reaction 

modeling. 
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Partial pressure (atm) 

Total gas volume (L) Total gas pressure (atm) 

pN2 pCO2 pO2 

Initial stage 0.79 0.0004 0.2 1 1 

Equilibrium 

stage 
44.9 0.087 5 0.00613 50 

 

5.2. Kinetic geochemical reaction modeling 

5.2.1. Change of the KURT groundwater composition over the reaction 

time 

Kinetic geochemical reaction modeling was conducted to investigate the temporal 

changes in KURT groundwater quality by the further geochemical reaction. As shown 

in Fig. 10, the pH of KURT groundwater initially decreased to 4.6 due to the dissolution 

of atmospheric gases and to the increase in temperature. However, it was buffered 

through interactions with bentonite and the dissolution of calcite, resulting in a gradual 

rise of the pH to 6.36 after 100,000 years (Fig. 11). Changes in the pe of groundwater 

supported that it initially increased to 14.1 due to the presence of atmospheric O₂, 

creating an aerobic environment. However, after approximately 5,190 years, the pe 

transitions to negative values occurred, indicating a shift to an anaerobic environment 

by the microbial activity and the O2 consumption (Fig. 11). These modeling results 

indicated that, after 5,190 years, oxygen in the KURT groundwater was completely 

consumed.  

Table 11. Changes in the partial pressure of atmospheric gases after initial KURT 

groundwater-Atmosphere equilibrium modeling. 
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Modeling results for changes in oxygen ion and sulfur ion concentrations in KURT 

groundwater showed that the oxygen ion concentration decreased very rapidly in the 

initial reaction stage, indicating that in the early oxygen-rich environment, the activity 

of aerobic microorganisms was vigorous, resulting in rapid oxygen consumption. After 

about 60 years, the oxygen concentration decreased to 1.00E-6 mol, and it is observed 

that the oxygen in groundwater was completely depleted after 5,190 years (Fig. 12 (a)). 

The geochemical reaction modeling performed in this study considered only aerobic 

microbial respiration among the various oxygen-consuming mechanisms occurred in 

the SNF repository. Corrosion of copper canisters and oxidation of sulfide minerals 

will be included as additional geochemical reactions as well as microbial activity as the 

further study. From the modeling results, the sulfur concentration in groundwater 

indicated that after the complete depletion of oxygen (after 5,190 years), the sulfate is 

reduced, leading to the formation of bisulfide (Fig. 12 (b)). 

 

 

 

 

 

 

 

 

Fig. 11. Modeling results of KURT groundwater pH and pe changes over 10,000 

years. 
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5.2.2. Change of the gas concentration over reaction time 

A kinetic geochemical reaction modeling results showed that the temporal changes 

of gas concentrations in groundwater over the reaction time (Fig. 13). By the 

equilibrium reaction process between the gas phase and the KURT groundwater, the 

initially present atmospheric O₂ gas was continuously dissolved into the KURT 

groundwater and dissolved O2 was consumed by the aerobic microbial respiration. It 

was also observed that CO₂ gas was continuously produced due to oxygen consumption 

during the microbial respiration. In addition, as shown in Fig. 14, H₂S gas was 

generated during the process where all oxygen was consumed, and sulfate was reduced 

to bisulfide (Fig. 14). As the gases were generated and dissolved, changes both in gas 

partial pressures occurred. Table 12 shows the partial pressures of the gases over time 

and shows that the H₂S gas was produced after the O2 gas was completely consumed 

(Table 12). 

 

Fig. 12. Results of changes in the initial groundwater oxygen concentration (a) and 

the sulfur concentration (b). 

(a) (b) 
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Fig. 13. Results of changes in the concentration of atmospheric gases. 

Fig. 14. Results of modeling for the concentration changes of the generated H2S gas.  
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Time 

(year) 

Partial pressure (atm) 

Total gas volume (L) 
pN2 pCO2 pO2 pH2S 

0 4.49E+1 8.70E-02 5.00E-00 0 1 

500 4.97E+01 2.63E-01 1.37E-06 0 4.30E-3 

1,000 4.97E+01 2.62E-01 9.19E-07 0 4.30E-3 

5,000 4.97E+01 2.61E-01 3.74E-08 0 4.30E-3 

10,000 4.97E+01 2.61E-01 0 4.42E-05 4.30E-3 

100,000 4.97E+01 2.64E-01 0 7.50E-04 4.30E-3 

Table 12. Results of changes in atmospheric partial pressure over 100,000 years. 
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5.2.3. Change of the mineral composition in bentonite over the reaction 

time 

A kinetic geochemical reaction modeling study for the temporal changes in the 

amount of the bentonite constituent minerals and the precipitated minerals was 

conducted and its results were presented over a total reaction period of 100,000 years. 

Fig. 15 and Fig. 16 showed the quantitative modeling results for montmorillonite and 

for calcite, respectively. Both montmorillonite and calcite showed rapid dissolution in 

the initial stages, followed by a decrease in dissolution rate as they reach chemical 

equilibrium. Most of bentonite minerals such as montmorillonite and calcite dissolved 

actively at low pH conditions. Equilibration with the initial atmospheric gases led to 

the formation of low pH groundwater, which accelerated the dissolution rates of 

montmorillonite and calcite. However, as the pH was buffered closer to the neutral, the 

dissolution rates of minerals became to decrease. Montmorillonite showed a mass loss 

of 0.0021% after 100,000 years (Fig. 15), and the mass of calcite also decreased by 

0.37% after 100,000 years (Fig. 16), suggesting that these quantitative changes are 

small but clear for the mineral dissolution process. Quartz is one of the very stable 

minerals, and tis dissolution hardly ever happened during the modeling period. Albite 

and cristobalite were dissolved in such small amounts that they had virtually no effect 

on the overall mass change of the bentonite, so modeling results produced no tangible 

mass change of them. 
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With the evolution process of the SNF repository environment, it was considered 

that the dissolution of montmorillonite and calcite, as well as the generation of CO₂ and 

HS- ions, could lead to the formation of secondary precipitated minerals such as 

kaolinite, dolomite, pyrite and chalcedony. In this model study, the precipitation of 

secondary minerals occurred and their quantitative changes over reaction time were 

supported as the modeling results. First, the formation of kaolinite was identified as a 

result of kaolinization caused by the alteration of montmorillonite in bentonite. 

Montmorillonite, a smectite group mineral, has a 2:1 layered structure of silicon and 

aluminum (Si-Al-Si). During the alteration process, the silicate layers at the edges of 

Fig. 15. Results of modeling for the mass changes of montmorillonite in bentonite 

over 100,000 reaction years (Right: 10,000 years). 

Fig. 16. Results of modeling for the mass change of calcite in bentonite over 100,000 

reaction years (Right: 1,000 years). 
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the structure peeled off, resulting in the formation of kaolinite with an Al-Si layered 

structure (Altschuler et al., 1963). In acidic environments, an aluminum formed a 

sixfold coordination structure having high reactivity, which promoted the formation of 

Si-O-Al bonds, thereby facilitating the formation of kaolinite (Ryu et al., 2008). 

Consequently, the influence of low pH also caused the exfoliation of montmorillonite 

surfaces, inducing the transformation and formation of kaolinite with a 1:1 layered 

structure. The transformation process from montmorillonite to kaolinite could be 

presented in Eq. 16, and the modeling results of the quantitative changes in kaolinite 

over the reaction time are shown in Fig. 17. 

Montmorillonite + H2O → Kalinite + SiO2 + (Fe2O3, MgO, K2O, etc.)         (16) 

As shown in Fig. 17, the kaolinite was precipitated rapidly initially and continued to 

be precipitated steadily over time. This result could be attributed to the rapid initial 

dissolution of montmorillonite followed by sustained dissolution reactions over time. 

In addition, the Si4+ ions were released into groundwater during the transformation of 

montmorillonite to kaolinite, existing in a supersaturated state and they could be 

precipitated in the form of chalcedony, a silicate mineral formed under relatively low 

temperature conditions (Sawaguchi et al., 2016). Modeling results of the quantitative 

changes in chalcedony over reaction time were shown in Fig. 18. Based on the 

modeling results, it was suggested that approximately 5.27E-04 moles of kaolinite and 

9.82E-07 moles of chalcedony were precipitated after 100,000 years of the reaction. 
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Subsequently, the formation of dolomite was identified as a result of dolomitization 

caused by alteration of calcite. Calcite is a rhombohedral carbonate mineral of the 

trigonal system consisting of alternating Ca²⁺ and CO₃²- ions (Chen et al., 2023). 

Dolomite can form when Ca²⁺ ions in calcite are replaced by Mg²⁺ ions. Furthermore, 

the presence of dissolved carbonate in the system, in addition to the supply of Mg²⁺ 

ions, is essential for dolomite formation (Machel and Mountjoy, 1986). The 

transformation from calcite to dolomite was shown in Eq. 17, and the modeling results 

of the quantitative changes in dolomite were shown in Fig. 19.  

Fig. 17. Results of modeling for the mass change of kaolinite over 100,000 reaction 

years (Right: 10,000 year. 

Fig. 18. Results of modeling for the mass change of chalcedony over 100,000 years. 
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CaCO3 + Mg2+ + CO3
2- → CaMg(CO3)2                                                       (17) 

As shown in Fig. 19, the dolomite was precipitated very rapidly in the early reaction 

stages. This result is interpreted as being due to the presence of Mg²⁺ ions in the KURT 

groundwater, and the rapid initial dissolution of calcite, and its subsequent reaction 

with the CO₂ gas generated. The dissolution of calcite, the generation of CO₂ gas, and 

the precipitation of dolomite in the SNF repository environment provided an significant 

explanation for the mass transition of carbon. Based on the modeling results, it was 

confirmed that approximately 6.02E-04 moles of dolomite were precipitated after 

100,000 years. 

 

 

Finally, the formation of pyrite was observed as a result of the HS- ions originated 

by the reduction of SO₄²- ions after complete consumption of oxygen. When the HS- 

ions were produced by the respiration of sulfate-reducing bacteria existing in a 

supersaturated state in the system, they combine with the Fe2+ ions and were 

precipitated as pyrite, the most stable sulfide mineral. The quantitative changes in pyrite 

over the reaction time were shown in Fig. 20. From modeling results, pyrite 

Fig. 19. Results of modeling for the mass change of dolomite over 100,000 years 

(Right: 1,000 year). 
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precipitation began approximately 6,420 years after HS- ions reached a supersaturated 

state following complete oxygen depletion. It was also observed that pyrite precipitated 

very rapidly during the initial stages, supporting that the transition from an aerobic to 

an anaerobic environment in the buffer zone of the SNF repository facilitated the 

precipitation of pyrite, a sulfide mineral. Based on the modeling results, 1.24E-07 

moles of pyrite were precipitated after 100,000 years. 

 

 

5.2.3.1. Property changes of the Bentonil-WRK over the reaction time 

Molar mass change of dissolved or precipitated minerals, and variations in mineral 

volumes and pore volumes due to geochemical reactions, are shown in Fig. 21. Because 

the porosity of saturated Bentonil-WRK, which is being considered as a buffer material 

for the Korean SNF repository, has not been clearly identified, a porosity value of 0.4, 

as used in previous modeling studies, was assumed to calculate the results for pore 

volume and mineral volume change (Marty et al., 2010; Fernandez et al., 2009; Watson 

et al., 2009). As shown in Fig. 21, after 100,000 years of geochemical reaction, the 

mineral volume decreased by 0.0029%, while the pore volume increased by 0.0043%. 

Fig. 20. Results of modeling for the mass change of pyrite over 100,000 years (Right: 

10,000 years). 
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Reduction in mineral volume due to the mass loss in Bentonil-WRK led to an increase 

in pore volume. Additionally, the generated reactive gases could affect to maintain a 

relatively acidic environment, resulting in dissolution reactions being dominant over 

precipitation reactions, although the volume change was confirmed to be minimal. This 

finding is attributed to the geochemical reaction modeling in this study, being limited 

to reactive gases such as CO2 and H2S, and considering only a portion of the microbial 

respiration processes. Therefore, if additional mechanisms for the generation of CO2 

and H2S gases in the SNF repository are considered in future modeling, it is expected 

that the pore volume change by the geochemical reaction may increase further. 
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Fig. 21. Results of modeling for the change in bentonite properties over 100,000 

years (Bottom: 100 years). 
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CHAPTER 6. CONCLUSIONS 

 

 

 

This study focused on investigating the effects of reactive gases on the property 

changes of bentonite (Bentonil-WRK), through the geochemical reaction modeling in 

the reactive gas-groundwater-bentonite system. The long-term effects of reactive gases, 

in particular CO2 and H2S, on the properties of Bentonil-WRK were simulated using 

the geochemical reaction modeling over a period of 100,00 years. For the model study, 

the geochemical reactions occurred in the buffer zone were divided into three reaction 

stages; ① equilibrium stage representing the atmospheric gas-groundwater reaction 

in the pore spaces of the buffer zone, ② the aerobic reaction stage considering the 

aerobic microbial respiration with O2 and CO2 gas and mineral dissolution/precipitation, 

and ③ the anaerobic reaction stage considering the sulfate reduction and mineral 

dissolution/precipitation. 

At first, the geochemical reaction between atmospheric gas and KURT groundwater 

in pore spaces of the buffer zone was simulated at equilibrium reaction condition. 

Reaction scenarios were designed to account for the dissolution/precipitation reactions 

of Bentonil-WRK in redox environments and for microbial respiration in the reactive 

gas-groundwater-bentonite system. Modeling results showed that the inflow of 

groundwater led to the dissolution of residual atmospheric gases such as CO2 and O2, 

causing the groundwater quality to transition into an aerobic and low-pH environment. 

The swelling of bentonite by water saturation increased the pore pressure (5 MPa) of 

the buffer zone, which increased the CO2 gas solubility, resulting in the pH decrease to 

4.6 at equilibrium between atmospheric gas and KURT groundwater. Aerobic 

microbial respiration began and constantly consumed O2 and SO4
2- ions, generating 
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additional CO2 and H2S gases. The complete O2 consumption occurred after 

approximately 5,190 years of reaction time. Mineral kinetic modeling results supported 

that montmorillonite and calcite, as primary minerals in Bentonil-WRK, underwent 

rapid dissolution in the early stages due to the low pH, showing mass losses of 0.024% 

and 0.37%, respectively. The precipitation of secondary minerals, including kaolinite, 

dolomite, chalcedony, and pyrite also occurred as well as the dissolution. The alteration 

of montmorillonite to kaolinite was investigated in the modeling as a transformation in 

which the Si layer at the edges of the Si-Al-Si 2:1 layered structure of montmorillonite 

delaminated, forming a kaolinite having a 1:1 layered structure. Dissolved Si2+ ions in 

groundwater became supersaturated and precipitated as chalcedony due to relatively 

low temperature condition. Dolomite was also found to precipitate as a result of calcite 

dissolution and the continuous generation of CO2 gas, reacting with Mg2+ ions that were 

present in KURT groundwater. Pyrite as a secondary mineral was also observed to be 

originated from HS- ions, which were generated under the anaerobic conditions by the 

geochemical reaction, as they precipitated with Fe2+ ions. These results suggest that the 

microbial respiration considered in this study could have an effect on the property 

changes of the buffer material.  

From the modeling results over 100,000 reaction time, volume changes of mineral 

and pore in Bentonil-WRK were observed. Total mineral volume decreased by 0.0029% 

and pore volume increased by 0.0043% by geochemical reactions in this model study. 

Even these property changes looked somewhat trivial, but it was quite clear that 

reactive gases (CO2, O2 and H2S) promote geochemical reactions, controlling the 

behavior of leaked radionuclide in the buffer zone. The geochemical reaction modeling 

conducted in this study considered only the microbial respiration as the sole mechanism 

for gas generation. If additional reactive gas generation processes are considered, 
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property changes of the buffer material could more significantly impact the long-term 

stability of the buffer in the SNF repository. 

Results in this study would support important and quantitative data for the future 

modeling study including many different reactive gas reaction processes and additional 

radioactive nuclide reaction mechanisms that may occur in SNF repository 

environments. They could also serve meaningful data for the long-term stability 

assessment of the SNF repository and can be extended to advanced modeling studies 

that comprehensively consider more complicated geochemical reactions occurred in 

the buffer zone. 
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사용 후 핵연료 지하 처분장 조건에서 반응성 가스-지하수-벤토나이트 시스템의 

지화학 반응 모델 연구 

신 대 현 

부경대학교 대학원 지구환경시스템과학부 

지구환경과학전공 

 

요약문 

벤토나이트는 높은 팽윤성, 낮은 수리전도도, 방사성핵종 흡착 특성으로 인해 

사용 후 핵연료(SNF) 지하 처분장에서 사용가능한 완충재 소재로 인정받고 있다. 

하지만 SNF 처분장의 수리지질학적 진화 과정에서 발생하는 CO2 와 H2S 같은 

반응성 가스는 완충재 소재인 벤토나이트의 화학적 및 물리적 특성을 변화시킬 

수 있으며, 이는 SNF 지하 처분장의 장기 안정성에 영향을 미칠 수 있다. 본 

연구에서는 반응성 가스(CO2 와 H2S)가 국내 SNF 처분장의 완충재 후보 물질인 

Bentonil-WRK 의 특성에 미치는 영향을 평가하기 위해, 반응성 가스-지하수-

벤토나이트 반응 시스템을 모사한 중-장기 지화학반응 모델링을 수행하였다. 

지화학 반응 수치모델을 위해 PHREEQC version 3.7.3 지화학반응 코드를 

사용하였으며, LLNL(Lawrence Livermore National Laboratory) 데이터베이스를 

모델링을 위한 주요 열역학 데이터로 활용하였고, 실내실험과 분석을 통해 얻은 

Bentonil-WRK 의 광물학적 특성자료와 KURT(KAERI Underground Research 

Tunnel) 지하수 샘플의 수질 데이터를 사용하였다. 본 모델 연구에서는 반응성 

가스의 지화학반응, 산화환원 조건에서의 미생물 호흡, 벤토나이트 내 광물의 

용해/침전 반응 등을 고려하였다. 

반응 평형 모델링 결과, 벤토나이트 블록의 공극에서 잔류 대기 가스의 용해로 

인해 주변 암반에서 유입된 지하수가 산성 및 호기성 환경으로 전환된 것으로 

나타났다. 이후 산화환원 조건에 따라 비평형(kinetic) 지화학반응 모델링이 

수행되었으며, 초기 반응단계에서는, 호기성 미생물 호흡 과정에 의해 O2 와 

SO4
2- 이온이 소비되며 CO2 와 H2S 가스를 생성하였고, 약 5,190 년 후 완충재 

영역의 호기성 환경이 혐기성 환경으로 전환되었다. 100,000 년의 지화학 
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반응기간 동안 Bentonil-WRK의 주요 광물인 montmorillonite와 calcite는 용해 

과정에 의해 각각 0.024%와 0.37%의 질량 손실을 보였으며, kaolinite, dolomite, 

chalcedony, pyrite 와 같은 2 차 광물의 침전도 발생하였다. 100,000 년의 반응 

시뮬레이션 기간 동안 Bentonil-WRK 의 부피는 총 0.0029%가 감소한 반면, 

공극 부피는 0.0043%가 증가하였다. 이러한 결과는 100,000 년에 걸친 반응 

동안 반응성가스-KURT 지하수-벤토나이트 반응계에서 벤토나이트의 침전반응 

보다는 용해 반응이 우세하였다는 것을 보여주며, 이는 SNF 지하 처분장 

환경에서 잠재적으로 생성될 수 있는 반응성 가스가 처분장의 완충재 특성에 

영향을 미칠 수 있음을 시사한다. 

 

 

 

주제어: Bentonil-WRK, 벤토나이트, 완충재, 지화학 반응, 지화학 반응 모델링, 

반응성 가스, 사용 후 핵연료 저장소 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



-61- 
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3 년 6 개월이라는 길지만 짧은 시간을 실험실에서 보내고 석사 학위를 받아 

졸업하게 되었습니다. 우선, 부족한 저를 앞으로 나아갈 수 있도록 이끌어 주시고 
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그리고 바쁜 일정 속에서도 저의 논문 심사를 위해 시간을 내어 새로운 방향성과 

피드백을 주신 왕수균 교수님, 김영재 교수님께도 감사의 인사를 드립니다. 

연구실 생활에서 힘들 때나 기쁠 때, 언제나 저에게 힘이 되어 주시고, 따뜻한 

말씀과 조언을 아끼지 않고 도와주신 한이경 박사님께 감사드립니다.  그리고 

가장 가까이에서 제 미래와 연구에 대한 고민을 함께 해주시고 언제나 웃으며 

환하게 반겨주신 김선옥 박사님께 감사드립니다. 그리고 힘들거나 고민이 있을 때 

도와준 단우형, 언제나 고민과 웃음을 마음 놓고 나눌 수 있는 친구가 되어준 

소영이, 힘든 실험실 생활에 가장 큰 힘이 되어주었던 정현이, 언제나 밝은 

모습으로 챙겨주고 실험실에 와줘서 고마운 소영누나, 보기만해도 듬직하고 

실험실을 위해 노력하는 원범이, 잘하고 있고 앞으로도 잘할 거라 생각되는 

동준이에게 너무나도 감사합니다. 학부시절 큰 도움을 주신 경태형, 선희누나, 

현지누나에게도 감사드립니다. 연구실에 들어올 수 있게 도와준 유나에게도 

감사합니다. 또한 많은 조언과 격려를 해주시는 환토방 선배님들께도 감사의 

인사를 전합니다. 다사다난했던 대학생활에 힘이 되어주고 함께 해준 태정누나, 

주희, 대웅이, 영언이, 민지, 수빈이 모두에게 감사의 인사를 전합니다. 그리고 

언제나 본일 일처럼 나서서 도와준 여지현 조교님 감사합니다. 

마지막으로 하나뿐인 아들을 그 누구보다 응원하고 믿어준 우리 가족들에게 

너무나 사랑하고 감사하다는 말씀을 드립니다. 지금까지 그래왔고 앞으로도 저의 

축복만을 바라는 세상에 하나뿐인 우리 엄마, 아빠, 쫑이가 있었기 때문에 석사 

과정을 무사히 마쳤습니다. 항상 너무나도 사랑하고 감사합니다. 끝으로 저를 

응원하고 도움을 주신 모든 분들께 감사하다는 말씀을 전하고 싶습니다. 
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