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ABSTRACT 

 
This thesis is studying the re-injection of CO2 into the same reservoir it originates from. 

The reservoir is the S Field, Sarawak Basin, offshore Malaysia, and contains 

contaminated natural gas with ~30% methane and ~70% carbon dioxide. The re-

injection, following separation of the CO2 on the platform, is incorporated in the field 

development plan for adherence to the Paris Agreement and Malaysia’s vision of net 

zero-carbon emissions by 2050. The in-situ CO2 storage strategy in this offshore 

Miocene formation is associated with heterogeneous carbonates and extreme reservoir 

conditions (temperature ~150°C, pressure ~34 MPa), requiring an extensive assessment 

as well as advanced technology solutions. The main objectives of this study are to firstly 

reduce subsurface CO2 storage risks for the S Field through improved prediction and 

advanced understanding of fluid-rock interactions. Secondly, and strongly interlinked 

with the first point, is to provide a systematic evaluation of the geological, including 

geochemical and geomechanical, properties at different scales. This study characterises 

reservoir and caprock properties and investigates CO2-water-rock (CWR) interactions 

through experimental and modelling approaches. Findings from both laboratory and 

modelling studies are used for risk assessment for CO2 storage in the S Field. An 

integrated experimental program was developed to evaluate reservoir and caprock 

characteristics and their geochemical, geomechanical, mineralogical, and petrophysical 

analyses during CWR. For the CWR interaction study, carbonates and caprocks were 

reacted with CO2 saturated brines for up to 35 days and six months respectively, under 

reservoir pressure and temperature conditions. The samples used for all experiments 

were core samples from a recent appraisal well, and synthetic brine was formulated 

using the actual reservoir brine composition. Sensitivity analysis for CWR interaction to 

quantify mineralogical changes was performed by geochemical modelling using 

PhreeqC. The carbonate formation has heterogenous properties with the highest porosity 

(40%) and permeability (3000 mD) observed in the gas zone. The mineralogy in the gas 

zone is dominated by calcite (80-90 wt %), while mineralogy in the aquifer zone is co-

dominated by calcite (50%) and dolomite (40%). The differences in the petrophysical 

properties and mineralogical composition are due to diagenesis and differences in 

depositional environment. These differences also influence the geomechanical 

properties, resulting in stronger carbonates in the aquifer zone compared to the gas 

zone. The highest peak stress in the stress-strain curve for aquifer zone samples is 40 

MPa with static Young’s modulus is 9 GPa compare to 16 MPa of peak stress in gas 
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zone samples and Young’s modulus of 5 GPa. The primary caprock (Seal A), composed 

of Miocene mudrocks and siltstones has proven to be an effective seal with a thickness 

of ~500m. The measured porosity is in the range of 2-10% and permeability of 0.5 µD. 

The main mineral components of Seal A are illite and quartz; some minor amounts of 

swelling clays (smectite) have been observed. Minimal changes in both mineralogy and 

petrophysical properties were observed in both reservoir carbonates and caprock shale 

after exposure to scCO2. Geomechanical properties such as strength and stiffness were 

similar after exposure to scCO2. Based on the results, the risk assessment shows a low 

impact with negligible action required to conduct CO2 storage in the S Field. The data 

derived from the laboratory works were used to develop new and improved correlations 

on subsurface characterization, specifically in carbonate reservoirs with similar 

heterogeneity and depositional environments. For example, value creation from the 

integrated subsurface characterization is the new correlation between porosity-

permeability and the relationship of porosity and rock strength in carbonate formation. 

In addition, findings from the laboratory and sensitivity studies can be used as input for 

reservoir model calibration and 3D coupled modelling for future CO2 storage 

development plans in the S Field. Applications of the developed methodology 

combining various laboratory work in this study have proven satisfactory in studying 

the identified subsurface uncertainty for CO2 storage development. It had been used as a 

base methodology for other eight further potential CO2 sites in hydrocarbon fields 

offshore Malaysia. The unique findings from the extensive and long duration of CO2-

water-rock interaction experiments at the extreme pressure and temperature conditions 

in this study can be a reference or analogue data to other hydrocarbon fields with similar 

conditions. On top of that, the comprehensive geological risk assessment using bow tie, 

risk matrix, and heat map developed from this study can guide other high CO2 field 

development plans in carbonate reservoirs. 
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Chapter 1: Introduction 

1.1 Research Background 

 

Emissions of anthropogenic carbon dioxide (CO2) from human activities to the 

atmosphere have contributed to global warming with a predicted increase of 0.4°C over the 

next two decades (IPCC, 2018). The primary source of CO2 emission is coming from 

several large-scale industries, including power generation, fertilizer, and hydrocarbon 

production. Carbon Capture and Storage (CCS) is considered a viable option to lower CO2 

emissions to the atmosphere, thereby supporting the 1.5°C goal of the Paris Agreement 

(Shukla et al., 2019). Currently, 47% of all CCS projects relate to natural gas processing 

plants (Novak-Mavar et al., 2018).  The current operated CCS facilities with saline aquifer 

storage type  in natural gas processing industry are the Sleipner Project in the Norwegian 

North Sea, the Gorgon Project in Western Australia and the Snohvit Project in the Barents 

Sea with  capture capacities ranging from 0.4 to 4 Mt/y (Global CCS Institute, 2020). 

Dynamic initiatives and technologies are required to control these phenomena, as 

agreed in the Kyoto Protocol (UNFCCC, 1998) and the Paris Agreement (UNFCCC, 2015).  

These initiatives include carbon capture and storage (CCS), which is urgently required to be 

accelerated for real deployment (Stocker et al., 2013). CCS consists of CO2 separation, 

followed by transportation to a geological formation and permanent storage in saline 

aquifers, depleted hydrocarbon reservoirs or un-minable coal seams (Wang, et al., 2014) . 

CO2 storage in deep seated geological formations is in practice since the 1970s, such as at 

the Terrell Natural Gas Processing Plant in Texas, where the captured CO2 was piped to a 

nearby oil field and injected to enhance oil recovery (Novak-Mavar et al., 2018; Solomon, 

2006). The first large scale CCS project in a saline aquifer was conducted in the Sleipner 

reservoir, North Sea where the storage of CO2 is derived from natural gas processing 

starting in 1996 (Alnes et al., 2017; Ringrose, 2018). Small scale demonstration CCS 

projects in Otway, Australia (Hannis et al., 2017; Boreham et al., 2011) and Lacq in France 

(Prinet et al., 2013) are examples of storage in depleted reservoirs. Furthermore, utilization 

of natural CO2 is performed in multiple CO2 enhanced oil recovery sites (CO2-EOR); the 

first of which started in Texas in 1972 and currently, the Weyburn-Midale site in Canada is 

in operation with 3 Mt of CO2 injected per year (Novak-Mavar et al., 2018).  

As one of 195 countries participating in the Paris Agreement, Malaysia is 

progressively taking severe actions towards their commitment to reach net zero-carbon 
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emissions by 2050. The oil and gas industry plays a significant role in providing end-to-end 

solutions, particularly by implementing CCS (Salihuddin et al., 2018). Abundant natural 

gas reservoirs have been detected in Miocene carbonate build-ups, offshore Sarawak Basin 

(Rahman, 2006).  However, this cluster of gas fields contains high levels of CO2 (>40%) 

which are challenging for field development. Therefore, CCS has been identified as one of 

the solutions to manage the high CO2 levels to monetize and sustain the gas production 

while at the same time adhere to the agreed global protocols on greenhouse gas emissions. 

Integrated screening and site selection for potential CO2 storage sites for these high CO2 

fields have been conducted with references from other established guidelines (Ana et al., 

2017; Bing et al., 2015; Kaldi, 2010, 2012; EWG, 2009). Following extensive assessment, 

a feasibility study for CO2 injection into the aquifer zone below the high CO2 gas cap has 

been made, referred to in the following as the S Field. This feasibility study involves the 

implementation of cyclic gas production and CO2 re-injection with the start of the field 

operation. The CO2 re-injection in the same reservoir provides the advantage of no 

transportation costs, a concept that has already been applied successfully within the 

Norwegian Sleipner Field (IPCC, 2009). The proposed CO2 re-injection scenario may 

change the current pressure, temperature, mechanical and geochemical equilibria of the S 

Field. At initial condition, with datum at the gas-water contact (~2200 m), the initial 

formation pressure of the S Field is ~35 MPa and temperature is ~150°C. Referring to 

Boyle’s Law, the CO2 partial pressure in the S Field is calculated to be 24.5 MPa, reflecting 

a 70% CO2 composition in the total gas volume. The high concentration of CO2 in the gas 

zone indicates that exsolution happened as the formation brine is almost fully saturated 

with CO2 (Zaidin et al., 2019).  

The cycle of this CCS implementation was planned to start with the production of 

natural gas from the top of the reservoir section (~1900 m), followed by CO2 gas separation 

at surface facilities and further re-injection of compressed supercritical CO2 into the aquifer 

or water zone at depth around 2300 m (Figure 1). However, due to some limitations on the 

surface technologies, traces of impurities such as H2S and N2 are likely to present in the 

system. 

The reservoir pressure will decrease during gas production, which may also reduce 

the CO2 solubility into formation water, and triggering CO2 gas exsolution from the water 

into the gas zone (Kuo, 1997). However, following CO2-reinjection into the deep aquifer 

zone, the reservoir pressure will increase again, together with the CO2 partial pressure, and 
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therefore, more CO2 will dissolve in the water. Once the aquifer is saturated with the CO2, 

the remaining injected CO2 will migrate to the upper gas zone section as supercritical CO2. 

Ultimately, this will result in re-equilibration of pore fluids with CO2. Based on the 

literature, that CO2  that CO2 infill into the reservoir started >105 years ago, resulting in a 

(near) equilibrium state between rocks and CO2 charged fluids (Bickle et., 2013; Kaszuba 

et al., 2011). Consequently, the increase of the CO2 partial pressure will result in minimal 

changes in pH/alkalinity and therefore in small-scale mineral reactions with the injected 

CO2 only. The impact of CO2-water-rock interaction is different at different spatial and 

times from the start of the CO2 injection point, with more reaction expected to be near to 

wellbore/injection point during CO2 injection compared to the far distance from the 

wellbore after the CO2 injection. However, this scenario requires validation by an 

integrated analytical and numerical study to establish an appropriate subsurface risk 

assessment. However, this scenario requires validation by an integrated analytical and 

numerical study to establish an appropriate subsurface risk assessment.  

The methodology designed in this study simulates the steady-state condition after 

CO2 injection into the aquifer zone. The static ageing experiment represents the post CO2 

injection and far distance from the wellbore. Core samples from the aquifer zone were used 

to study the CO2-water-rock interaction in the aquifer zone under the static and fully 

saturated conditions as the core sample was fully submerged in water once the CO2 was 

injected into the ageing cell. Meanwhile, to study the CO2-water-rock interaction in the gas 

zone, the core samples from the gas zone were saturated as per initial water saturation 

before being placed into a CO2 ageing cell. This experiment simulates the condition once 

the CO2 migrate into the upper gas zone interval once the aquifer water is fully saturated 

with CO2.  
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Figure 1. Proposed CCS plan for the S Field with cyclic hydrocarbon production from the gas zone and CO2 

re-injection into the aquifer zone. 

1.2 Research Objectives 

 

From previous conceptual modelling for CO2 storage in the S Field, two main 

uncertainties were defined: (1) permeability in the aquifer zone might be insufficient to 

handle the required CO2 injection rates and (2) the minimum horizontal stress in the 

caprock is directly linked to the maximum overpressure zone, potentially leading to 

fracturing and CO2 leakage (Ameer Hamza et al., 2012). Previous geochemical modelling 

studies analysed the impact of CO2 reinjection into the reservoir and concluded that no 

significant changes are to be expected for pH, mineralogy, and porosity (Amin & Jaafar, 

2016). However, the reservoir model applied made use of limited field or analogue data 

from neighbouring fields. Thus, the subsurface uncertainties are still prevailing and may 

become a risk to develop safe and long-term CO2 storage.  

The main objectives of this study are to firstly reduce subsurface CO2 storage risks 

for the S Field through improved prediction and advanced understanding of fluid-rock 

interactions. Secondly, and strongly interlinked with the first point, this thesis provides a 

systematic evaluation of the geological, petrophysical, geochemical and geomechanical 

properties at different scales.  
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1.3 Thesis structure 

 

The findings from this study are systematically discussed in five chapters:  

• Chapter 1 (Introduction) briefly discusses the background of the case study, 

including the problem statement, objective, research question and introduction 

for each chapter. Chapter 1 also provides details of the geology of the S Field on 

a regional scale and incorporates tectonic events, burial history, petroleum 

system and depositional environment. 

• After comprehensive presentation of the S Field, Chapter 2 (Materials and 

Experimental Conditions) outlines the various well data, core, plug and cutting 

samples available for running laboratory experiments and tests used in this 

study. They consist of data acquired during field testing (e.g., wireline logs) and 

core sample material from various wells drilled into the S Field caprock and 

reservoir. 

• Chapter 3 (Methodology) provides details of integrated analytical studies via 

laboratory and modelling work. Laboratory work is divided into two main 

aspects which are the analyses of initial subsurface conditions of the S Field 

before operation and integrated CO2-water-rock interaction (CWR) experiments 

on caprocks and reservoir rocks. The methodology of geochemical modelling 

using PHREEQC is also discussed in this chapter.  

• The findings are presented and discussed in Chapter 4 (Results and Discussion). 

Results are compared based on each zonation and evaluated incorporating 

previous studies. Discussion on the significant finding is also included in this 

chapter with the aim to provide answers to the following research objectives:  

o (1) the characterization of the S Field prior to operation,  

o (2) the impact of CO2-WRI on mineralogical, petrophysical and 

geomechanical rock properties and 

o (3) geological risk assessment for leakage of injected fluids from the S 

Field.  

The outcome of this thesis will provide input and validation data for full-scale 

reservoir modelling (not covered in this thesis). The model validation through 

laboratory experiments using actual field samples and conditions is required in a 
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CCS project to predict the fate of stored CO2 and reservoir behaviour over long 

periods of time (Grgic, 2011; Wawersik et al., 2001). 

• Finally, Chapter 5 (Conclusions) summarizes the overall findings and suggests 

future research related to using high pressure/high temperature carbonate 

reservoirs for geological storage. 

 

1.4 The Sarawak Basin 

The S Field is located 200 km offshore Sarawak in the Tatau Province, Sarawak 

Basin, East Malaysia (Figure 2). This Cenozoic sedimentary basin formed by straddling 

collisional plate boundaries as part of the regional development of South East Asia which 

lies at the junction between the Eurasian Indo-Australian, Pacific and Philippines Sea plates 

(Metcalfe, 2009, 2011; Tjia, 2000). From a seismic stratigraphy study it was concluded that 

the Sarawak Basin formed by NW-SE trending right-lateral movement during the late 

Oligocene-Miocene (Zin, 1997). The continental margin of the Sarawak Basin forms part of 

the Late Eocene of the Sundaland landmass (Madon, 1999a). The Nam Con Basin bounds 

the Sarawak Basin in the North West, the Sabah Basin to the East and the Soi Kang Basin 

to the South West, as shown in Figure 2. It extends for about 400 km from North to South, 

280 km in the East and 460 km in the West (Tjia, 2012).  

Sedimentation in the Sarawak Basin was mainly in coastal to shallow marine 

environments during the Oligocene and Early Miocene. During the Middle Miocene, 

tectonic activity resulted in extensional faulting and the creation of depocentres and 

intervening basement highs. A relative rise in sea level during this event resulted in marine 

conditions in offshore Sarawak and the deposition of shallow carbonates on partly 

submerged basement highs (Madon, 1999b). Eight phases, called “Cycles”, have been used 

in the Sarawak Basin to describe the sedimentation from Late Eocene to Pleistocene (Lunt 

& Madon, 2017). These Cycles were defined by an initial transgression changing gradually 

to regression and tied with planktonic foraminifera (Ho, 1978). The contrast in lithology 

marked the boundary of each cycle. The establishment of this Cycle model/correlation 

benefits the hydrocarbon exploration in predicting the stratigraphy and sedimentary history 

of the Sarawak Basin (Lunt & Madon, 2017). From the latest review on the history of these 

Cycles by Lunt & Madon (2017), sea level transgressions spread over a wide area; thus the 

sediment characteristic and depositional environment can be different even within the same 
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cycle. For example, in the Baram Province, Cycles I and II formed deep marine sediments, 

which is in contrast with the coastal and fluviomarine sediments in Balingian Province. 

Cycle III generally charactarises deltaic environments and defines the base of carbonate 

build ups in Cycle IV. Both Cycle IV and V sediments are carbonate build-ups. The base of 

cycle VI is formed by a regional widespread trangression and the sediment age coincides 

with late Miocene depositions, while sediments in Cycles VI to VIII are Pliocene in age. 

The Sarawak Basin is subdivided into five provinces which represent an area characterized 

by a particular tectonic and structural style that influenced the stratigraphic and 

sedimentation histories. The provinces are Baram Delta, Balingian, Luconia (West, North 

and Central), Tinjar, and Tatau (Tjia, 2012), with the S Field being located in the latter 

province. Horst and grabens structures make up the Tatau region. Situated between the 

Balingian and SW Sarawak provinces, the Tatau Province is divided into the Half-Graben 

and SW Luconia sub-provinces, separated by the Penian High (Figure 3). 

 

 

 

 

Figure 2. Map showing the location of the S Field in the Tatau Province, South of Sarawak Basin and the 
surrounding hydrocarbon provinces. Figure modified after Tjia (2012). 

Middle Miocene extensional tectonics overprint the structure of the Tatau Province 

by creating NNW trending normal faults, dipping mostly to the SW (Madon, 1999b; Sim & 

Jaegar, 2006), as shown in Figure 3. Fault movement during Cycles III and IV resulted in 

the development of deep half grabens, filled with thick Cycles III to V sediments. At the 

end of Cycle III, the area underwent compressional deformation, followed by the 
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development of carbonate build-ups on the uplifted horsts (Madon, 1999b). Progradation of 

siliciclastic sediments towards the north occurred during Cycles IV and V. Thick 

siliciclastic and carbonate sediments of Cycles V and VI north of the Tatau province 

correspond to the regional tilting of the Sarawak continental margin.  

 

 

Figure 3. Map showing location of S field in the SW Luconia sub-province with primary structures of the 
Tatau Province and adjacent areas. The SW Luconia and Half-Graben sub-provinces are separated by the 

SW dipping faults. Modified after Madon (1999b). 

 

1.5 Burial history  

The depositional environments in the Tatau Province range from alluvial near the 

coastal plain to open marine shelf and continental slopes, reflecting an overall progressive 

deepening. Paleoenvironmental studies indicate that the Tatau Province formed in a non-

marine setting in Cycles I to IV (Oligocene to Middle Miocene) (Madon, 1999b). 

Carbonate buildups start to develop during the regional marine transgression in Cycle IV. 

Cycle V and younger are believed to be deposited in deltaic and shallow marine 

environments. Particularly for the S Field, the paleoenvironment evolves from lower 

coastal plains in Cycle I to coastal plains in Cycle II and III, and finally to a neritic 

environment with the start of the carbonate build-ups in Cycles IV and V (Madon, 1999b).  

The S Field structure is a N-S elongated four-way dip closure carbonate build-up 

with a vertical relief of more than 300 m (Figure 4). The build-up covers an area of ~102 

km2. The water depth for this area is approximately 80 m. The most recent well, S-4, was 
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drilled in 2015 after S-1 (1970), S-2 (1997), S.2 X (1997) and S-3 (2006). The first core 

from Cycles IV and V carbonate build-ups was obtained from the S3 well, providing 44 m 

of carbonate material. Well S-4 provides access to 200 m of carbonate core and 18 m of 

overlying caprock material. Core samples and drill cuttings from all wells were used to 

identify the overall distribution of mineralogy as well as interpretation of the depositional 

environment for the S Field.  

 

Figure 4. From the map view, the S Field carbonate build-up has a rhombic shape and is elongated in a N-S 
direction with a steep Eastern and a more gently dipping Western flank. This top of carbonate map shows the 

well locations for the gas producer and the CO2 injector and elevation of top carbonate across the S Field. 
The cross section from A to B is selected to discuss the zonation shown in Figure 5. 

 

Three connected reservoir zones (Zones A, B, and C) are determined based on 

stratigraphy, formation pressure and petrophysical log interpretation and analysis (Figure 

5). The top of the carbonate, referred to as Zone C, has a thickness of up to 150 m at the 

crest and thins out towards the flanks with a thickness of ~30 m. The second carbonate 

zone (Zone B) is further divided into two zones and based on reservoir quality. The upper 

part is the main production/hydrocarbon zone with good porosity and permeability. The 

deeper carbonate zone at depth below ~2000 m (Zone A) forms the gas and water/aquifer 

zone. Gas/water contact is estimated at 2193 m across the reservoir. The top of the 

carbonate reservoir is overlain by two sealing units, comprising the caprock. The effective 
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seal is Seal A with a thickness of ~300 m at the crest and up to 500 m towards the flanks of 

the top of the carbonate. The second layer (secondary seal) is Seal B with a thickness of 

~800 m. Wireline logs are available for all wells and allow stratigraphic correlation and 

interpretation of reservoir properties (Figure 6). The well tops for each zonation are listed 

in Table 1. 

 

Figure 5. Cross section from S-3 to S-4 wells showing the depth penetration of the wells drilled into the S 
Field and proposed well location for CO2 injection into the aquifer zone below the gas/water contact. 
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Table 1. Well tops for each zone in the S Field for both, caprock and reservoir 

 

Well top 

 (m, MD) 

Wells 

 S-1 S-2 S-2X S-3 S-4 

Seal B 765 773 799 854 792 

Seal A 1361 1386 1403 1541 1410 

Gas Zone C 1891 1907 1861 2059 1934 

Gas Zone B 1926 - 1906 2084 1947 

Gas Zone A 2116 - 2128 2322 2094 

Gas Water 

Contact (aquifer 

zone) 

2240 - 2220 2260 2248 

 

Figure 6. Well correlation showing the stratigraphic correlation and thickness of each zonation across the A-
B cross section shown in Figure 5. The logs displayed are gamma-ray (GR), Neutron Porosity (NPHI), 

Density (RHOB) and Sonic (DTC). 

 

1.6 Hydrocarbon and CO2 charging 

Madon & Hassan (1999) studied the hydrocarbon play types in the Tatau Province. 

The most common hydrocarbon accumulations occur in the north of the Tatau Province and 

formed during Cycle IV carbonate build-ups, which includes the carbonate reservoir of the 

S Field. Hydrocarbons in these carbonates are believed to be generated from mature lower 
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coastal plain shales in Cycle I-III, which relate to the shift of the coastal line due to fault 

movement. This type of source rock has poor to good hydrocarbon generating potential, 

characterized by terrestrial gas prone organic matter type III kerogen. A further potential 

source rock for the S Field and other carbonate reservoirs in the northern margin of the 

Tatau Province is assumed to be deposited in Cycle IV/V(Madon, 1999b).  

Samples from the S Field show poor to fair hydrocarbon generating potentials with 

gas prone kerogen Type III and subordinate mixed oil/gas prone Type II/III, mainly derived 

from terrestrial material (Madon, 1999b). In addition, a condensate discovery was made in 

Cycle IV of the S Field (Madon, 1999b). The condensate contains high molecular waxes, 

non-degraded, moderate pristane/phytane, a high hopane/sterane ratio (>6.0) and 

dominance of resin-derived bicardinance, indicating coal or coaly shale as source with high 

plant organic matter. These lower coastal plain sediments are the effective source rocks for 

hydrocarbons in the S Field carbonate (Madon, 1999b).  

The high CO2 contents are assumed to originate from organic matter following 

thermal breakdown or from inorganic sources such as mantle degassing (Cooper et al., 

1997). Stable isotope data from reservoir fluids in the S Field provide evidence for a 

thermogenic origin of the gases (Madon, 1999b). The δ13C isotopic composition in the S 

Field ranges from -38 to -33‰ suggesting a post mature generation stage; thus, the high 

CO2 content in the S Field can be related to migration of CO2 from deeply buried sources 

(at high temperature) along extensional normal faults (Madon, 1999b).   

 

1.7 Depositional age and environment of the S Field 

The first biostratigraphy studies on samples from well S-1 indicated deposition of 

the carbonate reservoir and Seal A in the Middle Miocene (11-16 Ma), whereas Seal B was 

deposited in Late Miocene (~10-5 Ma) (Figure 7). The foraminifera Globorotalia mayeri 

was discovered in the carbonate reservoir and marks a Middle Miocene age (12 Ma) while 

Globorotalia margaritae found in the overlying mudrock samples (Seal B) indicates a Late 

Miocene/Early Pliocene (5-7 Ma) deposition (Bolli & Saunders, 1982; Liska, 1991; Rehm, 

2003; Wade et al., 2018). Discovery of further foraminifera, Globigerinoides 

subquadratues, as well as the benthic species Uvigerina peregrina in well S-2 further 

supports the depositional age of the S Field reservoir sediments and places them in the 

Middle Miocene (Haq & Boersma, 1978; Lunt & Madon, 2017; Scheiner et al., 2018). The 
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occurrence of Orbulina spp. in the lower part of the Gas Zone B indicates the boundary of 

Middle to Early Miocene (Junaidi & Basir, 2015; Wilson et al, 2013). The Late Miocene 

age of Seal B has been confirmed by Globigerinoides seiglei found in samples from well S-

2 (Kennett & Srinivasan, 2014).  

 

Figure 7. Stratigraphic chart of the S Field with age indicated by benthonic foraminifera and 87Sr/86Sr 
strontium isotope ratios. Modified after Madon & Hassan (1999) 

 

We here performed strontium isotope studies on carbonate/reservoir samples from 

well S-4 with 87Sr/86Sr ratios ranging from 0.708865 to 0.708933. This corresponds to ages 

between 10.6 and 7 Ma (Middle to Late Miocene) using correlations from previous studies 
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(Martin et al., 1999 and McArthur et al., 2012). A similar age range using strontium isotope 

studies on carbonates, corals and carbonate skeletons (e.g. shells) was found in the Luconia 

Province, Sarawak, in close vicinity to the S-Field (Vahrenkamp, 1998), East Java (Sharaf 

et al., 2005), NW Borneo (Wilson et al., 2013), and East Kalimantan (Warter, et al., 2015). 

The depositional environment of the S Field is associated with lagoonal to back reef 

and off reef facies, with seven main lithofacies described from the sampled intervals. The 

lithofacies were characterised by combining the classifications of Dunham (1962) and 

Embry and Klovan (1971), described in Flugel (2004). This classification is based on 

depositional texture and origin, including grain composition, grain size, as well as biogenic 

content and sedimentary structures. Figure 8 shows the location of lithofacies in the 

carbonate buid-ups or platform. The widespread lithofacies depend on the nature of the 

rock framework or matrix, the paleobathymetry and energy level in the depositional 

environment.  

 

Figure 8. Model for the depositional environment of reef build ups with association facies based on the 
occurrence of foraminifera. The distribution and succession of these lithofacies is influenced by the water 

depth and wind direction. Modified by Asiah (2011) from (Pomar, 2001; Pomar et al.,  2004) 

Lithofacies with a framework supported by big bounded components such as 

framestones, bindstones and bafflestones are located at the reef front with high energy 
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levels at shallow sea levels. For lithofacies with small grain and framework support by 

limemud, the depositional environment is in a low energy lagoonal setting, characterised by 

a quiet and calm environment. The occurrence of foraminifera plays a role as a biomarker 

or indicator for the depositional environment, given that certain species are only found in 

certain environments, such as Miliolids as an indicator for a lagoonal setting. 

There are seven lithofacies identified in the carbonate core samples of the S Field, 

namely wackestone, packstone, grainstone, floatstone, rudstone, bindstone, and framestone. 

The S Field carbonate records repeated phases of shallowing and deeping as evidenced 

from paleobathymetric data and facies association (Figure 9). The carbonate core section, 

derived from the S-3 well, is dominated by large grain lithofacies which suggests the 

depositional environment as reef front. The core description is further validated by the well 

logs: high gamma ray values at ~2090 m depth reflects the thin interval of mud supported 

lithofacies observed in core section at similar depth as shown by core photographs. 

 

 

 

 

 



 

38 

 

 

 

Figure 9. Core description and facies association of core at a depth of 2088 m to 2100 m from the S-3 well. 
The depositional environment is interpreted to be a reef front setting with lithofacies association dominated 

by bafflestone, bindstone and framestone. These three lithofacies are composed of large grain/allochem 
components that are bound together during deposition, indicating a high energy environment. The short core 

section A shows lamination of shale in the mudstone-wackestone lithofacies. Core section B portrays 
branching corals with red and green algae in between the coral fragments. Platy corals shown in the core 

section C, together with sedimentary structure of stylolite may indicate lamination of shale in the mudstone-
wackestone lithofacies. Core section B portrays the branching coral with red and green algae in between the 

coral fragment. Platy corals are shown in core section C, together with sedimentary structures associated 
with stylolites. 

The heterogeneity of lithofacies influence the mineralogy and rock quality, shown 

in core samples from well S-4 (Figure 10). Representative samples for each dominant 

lithofacies in the S Field show variable porosity, permeability, pore type and mineralogy. 

Rudstone is the dominant lithofacies in S-4 well. Porosity and permeability determined on 

rudstone show the highest values compared with other samples, which is due to high 

porosity associated with mouldic and vuggy pores. The heterogeneity of pores in vuggy 

rudstone influences the permeability anistropy as shown by the rudstone plug sample taken 

from gas zone A, where the kv/kh ratio in this sample is more than 1. The irregular shapes 

and size of vugs (>30 mm) contribute to this high kv/kh ratio if compared to other 

cemented carbonate rock in Figure 10. Floatstone and bindstone show low porosity and 

permeability, reflecting highly cemented carbonate rocks as part of this lithofacies. Clay 
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minerals are also part of the main minerals in bindstone wherease small amounts of clay 

minerals are observed in other lithotypes. The differences of rock quality and mineralogy 

for these lithotypes plays an important role in the reservoir heterogeneity of the S Field. 

 

 
 

Figure 10. Core photographs from well S-4 show the differences in core porosity and permeability for 
different lithofacies. These three lithofacies are the main lithofacies in the gas zone formation. Rudstone 

represents the most dominant lithofacies with high porosity and permeability and this can be related to the 
mouldic and vuggy pore type. The pores in the floatstone are cemented, resulting in low porosity and 

permeability. Bindstone from the bottom Zone B have the lowest porosity and permeability and this can be 
related to the presence of clay minerals which fill pores in between the allochem during the carbonate 

exposure.  

Heterogeneity of these carbonate rocks is also attributed to mixtures and the 

abundance of allochems including algae, corals, echinoderms and foraminifera. Each 

biofossil type provides information to allow interpretation of the depositional environment. 

For example, the presence of Globigerina, a planktontic foraminifera together with large 

benthic foraminifera was found in many samples, indicating an open marine setting (Pomar, 

2001). Amphistegina and Operculina are usually associated with reef environments (Figure 

11). Miliolids, although considerably rare, suggest a back reef lagoon assemblage 

(Colombié et al.,  2011) that could also have been transferred to the reef front area. The 

presence of different types of corals reflects the water/paleobathymetic depth during 

deposition. In addition, the abundance of horse tails and stylolite structures were observed, 

indicating that pressure dissolution occurred after deposition.  
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Figure 11. Different types of foraminifera occurring at 1941.5 m depth (Zone C) in the S-4 well. 
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Chapter 2 : Materials and experimental conditions 

The integration of different methods was used to characterize the shale caprock 

and carbonate reservoir properties of the S Field. The characterization comprises a 

petrophysical, mineralogical, geochemical and geomechanical study, composition of 

formation fluids (gas and brine) as well as formation stress, temperature, and pressure of 

the S Field. We further used various laboratory studies, such as petrophysical well log 

analysis, well testing/field testing and geochemical modelling. Reservoir pressure, 

temperature and in-situ stress were used in laboratory studies to simulate the actual 

reservoir conditions. Data and information from these detailed characterizations were 

used as a basis for geochemical modelling of the long-term impact on mineralogical and 

petrophysical properties (porosity) associated with changes in reservoir pressure and 

temperature and CO2 partial pressure.  

2.1 Materials 

Wireline logs, well reports with field test results and field samples are provided 

in Table 2. The integration of this information contributes to a holistic characterization 

of this candidate CO2 storage site to further support de-risking of the subsurface 

uncertainties (Berrezueta et al., 2017; Kaldi, 2010; Riding & Rochelle, 2009).  

Table 2. List of core, cutting and fluid samples obtained from various wells drilled into S Field. 

Well Core samples Cutting samples Brine sample 

S-1 - 627– 2257 m, covering Seal 

A, Seal B, and reservoir 

Zones 1-3 

- 

S-2 - 830 – 1955 m, covering 

Seal A, Seal B and reservoir 

Zone 3 

- 

S2-X - 840 – 2240 m, covering 

Seal A, Seal B, reservoir 

Zones 1-3 and aquifer zone 

- 

S-3 44 m from gas Zone 3 & 

Zone 2 

630 – 2327 m, covering Seal 

A, Seal A and reservoir 

Zone 3 

surface fluid 

sample 

S-4 17.7 m from Seal A and 

B; 203 m from reservoir 

Zones 1-3; 18 m from 

aquifer zone 

1002 – 2375 m, covering 

Seal A, Seal B, reservoir 

Zone 1-3 and aquifer zone 

surface fluid 

sample 

 

The wireline data acquired from all four wells of the S Field consist of calliper, 

resistivity, gamma-ray, density, neutron and sonic logs. Formation micro-imager logs 
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were also included as additional wireline data obtained for well S-4. Furthermore, well 

S-4 is characterised by the largest suite of logs with acquisition reaching into the water-

bearing (aquifer) zone (Figure 12). Interpretation of these logs provides information on 

petrophysical properties, fluid types, reservoir structure/isopach maps, reservoir 

thickness and reservoir zone correlation across the field (Asquith and Gibson, 1982; 

Bjorlykke, 2010; Tiab & Donaldson, 2015). These wireline logs were analysed using 

Techlog (Schlumberger); outputs from this analysis were used to generate data charts 

and cross plots such as lithology, porosity, permeability, and fluid saturation.  

 

 

Figure 12. Composite logs of S-4 well showing zonation of gas and water zone based on log 
interpretation. Each zonation shows individual characteristics with different ranges of rock quality such 
as lithology, resistivity density, and porosity. Distinct resistivity in S1 water zone indicates different fluid 
types compared to shallower hydrocarbon-bearing zones while neutron porosity log shows tight zone in 

the S1 water zone. Wireline logs shown here include gamma ray (GR), resistivity (RLA5), density 
(RHOB), and neutron porosity (NPHI). Sonic logs are represented by the shear slowness (DTSM) and 

compressional slowness log (DTCO). 

 

Results from field tests were also incorporated into this assessment. These 

involve the recording of wireline reservoir pressure by repeat formation tester (RFT), 

modular formation dynamics tester (MDT), drill stem test (DST), bottom hole 

temperature (BHT), brine/reservoir water analysis and leak-off tests (LOT). Wireline 

formation tester RFT and MDT determine formation pressure vs depth for the overall 

section of the open hole, providing information on initial reservoir pressure, fluid 

gradient and vertical homogeneity or heterogeneity. Further information can be obtained 

from DST as it determines the reservoir pressure and temperature in real time. Other 

benefits from DST are the recording of average reservoir pressure at certain datum, 

average reservoir permeability and the determination of skin factors. Other than DST, 
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reservoir temperature was also measured while drilling LOT and minifrac tests were 

conducted to measure the fracture pressure at different depths of the reservoir/caprock. 

In addition to well logging, core and fluids (water, gas) samples were obtained 

during the formation testing such as MDT and DST in the reservoir section. Core was 

only recovered from two wells in the S Field: 44 m from S-3 well from the top of the 

carbonate reservoir and 200 m from the S-4 well, covering the complete reservoir gas 

and water zones (Keith et al., 2016). Two intervals of the caprock were acquired with 9 

m each in Seal A and Seal B from the S-4 well (Table 2). Core was cut into 1 m sections 

for storage purposes. In addition, cuttings from other wells were used to evaluate the 

lithology across the S Field. This study mainly incorporates core samples from S-4 due 

to its excellent preservation state and suitability for coring. Moreover, the S-4 well is in 

the vicinity proposed for the CO2 injection well, therefore providing spatially consistent 

information regarding the storage layers.  

2.2 Core sample preparation 

About 700 carbonate and shale core plugs were obtained from well S-4 for 

characterising the S Field. The core plugs were distributed to service labs to determine 

the petrophysical and mechanical properties as well as the acquisition of high-resolution 

imaging by medical CT scans. A selection of the core chips and drill cuttings available 

were also collected for compositional analysis including mineralogy, geochemistry and 

Sr, C, O isotopic analysis. The sample selection started with core viewing and core 

screening by CT scanning of all cores to inspect the overall external and internal 

quality. Full diameter core medical CT scanning was performed at 0°- and 90°-degree 

longitudinal angle along the core. Figure 13 exemplifies one of the CT scans on a 

carbonate sample from about 2000 m depth (gas zone). CT scan images were used to 

evaluate the internal core condition and quality before deciding on exact sampling and 

plugging locations. This is an important workflow, especially for selecting samples for 

geomechanical testing which requires intact and identical samples for triaxial testing 

under different stress conditions.  
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Figure 13. CT scan of one of the carbonate cores in the gas zone at a depth of ~2000m. Low attenuation 
(dark colours) indicates vugs or lower density minerals and high attenuation spots and patches (lighter 

colours) indicates intrusion of drilling mud or higher density minerals, such as pyrite. 

Carbonate samples were plugged on the 2/3 longitudinal section by air drilling 

with size dimensions according to experimental requirements (see below). The 

carbonate core was cleaned using two solvents, toluene and methanol by cold Soxhlet 

extraction. Toluene was used to dissolve lighter hydrocarbons in the samples while 

methanol was used to dissolve heavier hydrocarbons and to leach any precipitated salts 

from the plugs. After extraction, plugs were dried using two methods: (1) humidity oven 

at 60 °C and 45% relative humidity for rock mechanical experiments and (2) 60°C for 

routine core analysis. 

Shale sample preservation is more critical as shale rocks tend to dry out which 

may change initial properties like hydration state of swelling clay minerals, ultimately 

leading to dehydration cracking or fracturing due to general stress-unloading (Ewy, 

2015). Therefore, shale core sections were kept in non-polar mineral oil before plugging 

using a wire band saw diamond cutter. The cleaning and drying procedures used for 

carbonates were not applied to the shale plugs. Both carbonate and shale plug samples 

were trimmed to the right cylindrical shape with flat end surfaces.  

2.3 Reservoir Condition and Reservoir Fluid Properties 

Reservoir conditions and fluid properties were obtained by using data from field 

testing in the S Field as well as nearby carbonate fields in the province. These properties 

have been used to inform in-situ reservoir condition in lab tests or geochemical 

modelling.  
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2.3.1 Reservoir Pressure and Temperature 

Formation pressure and temperature were captured during in-situ field testing. 

Data recorded from the five wells show formation pore pressures of 33.8 MPa to 35.2 

MPa for the gas zone (1925 m to 2195 m) and up to 36.5 MPa in the aquifer zone at a 

depth of 2300 m (Figure 14), indicating significant over-pressurisation of the formations 

of ~15 MPa. The temperature gradient is based on formation test data and each well 

provides different temperature gradients, depending on the well location in the reservoir 

structure. For example, the temperature gradient for the S-2x well from depth 1960 m to 

datum 2193 m, TVDss is 3.5°C/100m, which is similar to the geothermal data collected 

in the Sarawak Basin (Abdul Halim, 1994; Hasbollah & Junin, 2017). For S-4 well, 

within the carbonate reservoir, the temperature ranges from 108°C at depth 1925 m for 

S-2x well, TVDss to 130°C at datum 2193 m, TVDss, indicating a high temperature 

anomaly in the CO2 storage target formation.  

Leak-off tests (LOT) were conducted to determine the limit of the fracture 

pressure and gradient in the caprock (White et al., 2002). A total of four data points 

were measured in Seal A and five data points in Seal B from all wells. Data from S-4 

well show that higher leak-off pressures were recorded in Seal A (32.5 MPa) compared 

to Seal B (17.9 MPa), caused by the different depths of the two seals (Figure 14). A 

mini frac test was conducted in the most recent well, S-4, with the aim to measure the 

in-situ minimum horizontal stress, Shmin. During the mini frac test, a volume of fluid 

was injected at a depth of 1664 m in the upper Seal A. Formation breakdown was 

monitored at this depth as the injection pressure reached 35 MPa. A similar test was 

conducted in the bottom Seal A at 1852 m depth, but no formation breakdown was 

monitored even though the injection pressure was increased to 55 MPa. In Figure 14, 

the pore pressure line was predicted using well logs and validated by field test data. The 

gas pressure gradient is 0.0042 MPa/m (or 0.18 psi/ft) and water pressure gradient is 

0.0095 MPa/m (or 0.419 psi/ft). The Shmin trend is based on the calibrated 1D 

geomechanical model, which again is based on LOT and minifrac well test data. The 

stress anisotropy between Shmin and SHmax (maximum horizontal stress) is low, ranging 

between 1.01% and 1.03% based on wireline sonic scanner data (internal PETRONAS 

well report for S-4 well). 
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Figure 14. Formation pressure of the S Field reservoir and temperature trend from formation testing in 
S-4 well show distinct segregation of water and gas zones. 

2.3.2 Reservoir Brine 

Only two wells in the S Field provide information on brine composition, namely 

S-3 and S-4 wells, however, data from both wells differ. The brine salinity in well S-3 is 

40,000 ppm but considered to be contaminated and not representative as it is a surface 

sample. The impact of evaporation that may cause the increase in component 

concentration which leads to high salinity also being considered in the initial evaluation. 

However, the latest brine data could not conclude the actual salinity as the measured 

salinity from well S-4 is considered too low. The brine salinity in well S-4 is 9000 ppm, 

in comparison to other salinities recorded in the Sarawak Basin, such as in the Jintan 
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Field which yields a salinity of about 20,000 ppm. The Jintan Field is located 160 km to 

Northeast of the S Field, with reservoir conditions around 110°C in temperature and 18 

MPa in pressure. The mineralogy of the carbonate reservoir in the Jintan Field is mainly 

calcite (80%), dolomite (5%) and small amounts of other minerals such as clay, K-

Feldspar and pyrite. Most reservoir conditions and mineralogy in carbonate fields 

offshore Sarawak have similar properties.  Thus, the synthetic brine is based on the 

relative brine composition obtained from S-4 well but with a salinity of ~20,000 ppm to 

be comparable to regional salinities recorded in the Sarawak Basin/average salinity in 

neighbouring fields (Petronas, unpublished data). This salinity has been used in all 

laboratory experiments (Table 3). The uncertainty of brine composition for the S Field 

and its impact on the CO2-water-rock interactions have been evaluated in detail by 

sensitivity analysis in geochemical modelling by PhreeqC. 

 

Table 3. Brine composition used for laboratory analysis. 

Cation/ 

Anion 

Quantity [ppm] 

Ca2+ 247 

Mg2+ 46 

K+ 311 

Na+ 7653 

Sr2+ 73 

HCO3- 400 

Cl- 12348 

SO4
2- 182 

TDS 21260 

 

2.3.3 Reservoir Gas 

The reservoir gas composition in the S Field is determined by analysis of the 

mud gas as well as from formation testing and gas sampling. The composition of 

methane (C1) to n-heptane (nC5) is increasing with depth. Formation tests in all wells 

provide CO2 contents ranging between 57% and 80% and 15 - 80 ppm for H2S in the 

gas zones (Table 4). All tests were conducted in the gas zones, except Test 1 in S-4 well 

which was conducted in the aquifer zone. The tests further indicate significantly higher 

CO2 concentrations in the aquifer zone reaching values of close to 100%, with 500 ppm 

of H2S. The higher concentration of CO2 in the water zone is similar to the measured 



 

48 

CO2 composition obtained from PVT analysis, showing an average of 70 mol % CO2 in 

the gas zone and 100 mol % of CO2 in the aquifer zone. 

Table 4. CO2 and H2S composition from formation test in the S Field. 

 

Well 

 

Test 

Composition 

CO2 

(%) 

H2S 

(ppm) 

S-1 1 69 45  
2 57 15 

S-2 1 72 60  
2 72 45 

S-2X 1 72 57  
2 72 53 

S-4 1 100 500  
2 80 80 
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Chapter 3 : Methodology  

The methodology in this research can be grouped into three distinct elements: 

laboratory analysis, geochemical modelling, and risk assessment (Error! Reference 

source not found.). Findings from the laboratory analysis were validated via 

geochemical modelling and vice versa. The results from both laboratory studies and 

modelling were further used for risk assessment that relate to rock property changes. 

 

Figure 15. Project workflow describing the research methodology and experiment design which is 
comprised of laboratory testing, geochemical modelling, and risk assessment 

 

The experimental design in this research was divided into two areas to achieve the 

research deliverables, relating to the subsurface reservoir characterization and CO2-

water-rock interactions impacting rock properties. Reservoir characterization involves 

fluid geochemistry, rock mineralogy as well as routine and advanced core analysis. 

CO2-water-rock interactions involve batch experiments, together with pre and post 

geomechanical, mineralogical and petrophysical analysis, for which both, core samples 

from reservoir and caprocks have been used. Several parts of the laboratory work were 

conducted by external parties due to limited facilities in PRSB and HWU. Details of 

work scope, samples and laboratories used are listed in Table 5.  
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Table 5. List of works scopes with detail of testing conditions and location. 

Work scope Samples and Testing 

Conditions 

Laboratories/ 

Outsource Services 

Core review, description, 

and sample selection 

200 m of carbonate 

reservoir & 18 m of shale 

caprock core from S-4 

well 

I conducted the core 

review and sample 

selection in 

PETRONAS 

GeoSample Center, 

MYS. 

Lab data/result analysis 

and interpretation 

All laboratory results I analyzed and 

interpreted the data in 

PRSB, MYS and 

HWU, UK. 

X- Ray diffraction 

(XRD)  

40 samples including 

carbonate and caprock 

samples 

Analysis conducted 

by PRSB and CSIRO, 

AUS. 

Scanning electron 

microscopy (SEM) 

10 carbonate rock samples I conducted the 

analysis with expert 

in HWU. 

Petrographic analysis  13 carbonate rock samples I conducted the 

analysis in PRSB. 

Part of the samples 

were also prepared 

and analyzed by 

Onyx, MYS. 

Isotope analysis (Sr, C, 

O) 

62 carbonate rock samples The measurement by 

Cambridge 

University, UK. 

Specific surface area 

(SSA)  

11 caprock and carbonate 

samples 

I conducted the SSA 

measurement in 

HWU, and CSIRO. 

 

Cation exchange 

capacity (CEC) analysis, 

X-ray fluorescence 

(XRF) 

5 carbonate and caprock 

samples 

The CEC and XRF 

conducted by CSIRO. 

Caprock permeability  1 caprock Seal A sample Samples analyzed by 

HWU. 

Mercury injection 

capillary pressure 

(MICP) 

5 caprock Seal A samples The analysis 

conducted by Uzma, 

MYS and MCA 

Services, UK. 

Routine core analysis  The analysis 

conducted by Uzma. 

 

Batch experiment on 

reservoir and caprock for 

CO2-WR interactions 

30 core plugs: 10 

samples700 carbonate core 

samples 

15 rock chips;1 sample 

from each reservoir zones 

(A, B, C) and seal (A, B)  

I participated in the 

experiment with the 

CSIRO team in AUS. 
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Work scope Samples and Testing 

Conditions 

Laboratories/ 

Outsource Services 

Porosity and 

permeability 

measurement post CO2 

ageing & Rock 

mechanical testing (Pre 

and post CO2 ageing) 

60 samples. 3 samples 

each from water zone, gas 

zone A and gas zone B for 

pre & post CO2-WR 

interactions using triaxial 

and Brazilian testing. 30 

samples for porosity and 

permeability measurement 

after aging  

I participated in part 

of the testing with the 

CSIRO team in AUS 

Batch experiment to 

study rock strength 

following CO2-WR 

reactions 

14 core plugs from Seal A.  The experiment 

conducted by CSIRO, 

AUS 

Rock mechanical tests 

for pre & post CO2-WR 

reactions 

12 samples from Seal A 

for pre & post testing 

triaxial and Brazilian 

Testing conducted by 

CSIRO, AUS 

Research presentation and publication in conferences and workshop  

 

• Goldschmidt 2017, Paris, France. Impact of CO2-Rock-Fluid Interaction in a 

carbonate reservoir in a high CO2 gas Field 

• OTCA 2018, Kuala Lumpur, Malaysia. OTC-28286-MS: Reliability of 

formation cuttings as an aid in defining mineralogy to reduce subsurface 

uncertainties OTCA 

• PhD workshop on Safe CO2 Storage with subsurface team and VA in 2018.  

• GHGT 2018, Melbourne, Australia. An integrated reservoir characterization 

approach for de-risking CO2 sequestration in a high CO2 carbonate field, 

Sarawak Basin, offshore East Malaysia. Published in SSRN Journal. 

• SPE Technical Discussion Leader Workshop 2019, Kuala Lumpur, 

Malaysia. A Study on Factors Affecting the Rock Mechanic Properties in 

Porous Carbonate for CO2 Sequestration 

• Carbonate Forum 2021. Relationships between Tensile Strength and 

Porosity for Highly Porous Carbonate Rocks Based on Laboratory and 

Model Data 

• Geoscience Technical Forum 2021 (internal PETRONAS)  

• Full manuscript for ARMA 2022 is submitted:  Relationships between 

Tensile Strength, UCS and Porosity for Heterogeneous Carbonate Rocks 

Based on Laboratory and Geomechanical Model Data 

• Full manuscript for IJGGC is in progress: Relationships between Tensile 

Strength, UCS and Porosity for Heterogenous Carbonate Rocks Based on 

Laboratory and Geomechanical Model Data 

• Extended abstract submitted to EAGE Asia Pacific Workshop on CO2 

Geological Storage 2022: Chemo-mechanical effects on porous carbonates 

due to CO2 exposure under high pressure and high-temperature conditions - 

as part of an integrity risk assessment for a CO2 storage site offshore 

Malaysia 

 

 

Numerical analysis on geochemical reactions has been conducted using 

PHREEQC (Parkhurst & Apello, 1999). Findings from laboratory studies have been 
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used as input for model calibration as well as for coupled reservoir model studies, 

resulting in a more accurate prediction of storage capacity and containment integrity in 

the S Field. Laboratory and field data as well as coupled modelling together with expert 

knowledge from published literature has been integrated into qualitative risk assessment 

for this storage scenario. As a result, the outcome can be used for other potentially high 

CO2 field development projects in the future; an example could be the Natuna gas field 

in Indonesia (Batubara & Purwanto, 2014; Dunn & Kozar, 2006) 

3.1 Integrated Experimental Studies 

3.1.1 Reservoir and caprock characterization 

3.1.1.1 Porosity and permeability measurement for carbonate reservoir 

samples 

Using an automated and standard porosimeter and permeameter setup, porosity 

and permeability of the core plugs were measured using helium at 3.5 MPa pore 

pressure and at net confining stress between 5 and 17 MPa. Cylindrical plug samples 

were used with dimensions of 38 mm in diameter and ~76 mm in length (1.5 x 3’’). 

Plugs were cored in vertical and horizontal directions at each depth to obtain 

information on permeability anisotropy. After cleaning and drying, the plug samples 

were placed in a Hassler core holder. The pore volumes were measured by Boyle’s Law 

(API RP 40, 1998; Tiab & Donaldson, 2015). Following pressure equilibration, helium 

porosity and grain density at ambient and net overburden pressures were calculated. 

Applying a pressure gradient across the samples at a given flow rate, upstream and 

downstream pressures were monitored until constant, indicating steady-state conditions. 

This data is used to determine the equivalent liquid permeability, slip and turbulence 

factors. 

 

Porosity Φ can be determined by volume balance of the pore volume (Vp), grain volume 

(Vg) and bulk volume (Vb) (API RP 40, 1998): 

Equation 1 
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Core plug permeability is based on Darcy’s Law (Darcy, 1856): 

Equation 2 

 

Q= flow rate, m3/s 

K= permeability, m2 

µ= viscosity of the fluid, Pa.s 

A= plug cross-section area, m2 

L= sample length, m 

ΔP = P1-P2 = pressure differential in the direction of flow, Pa 

 

Klinkenberg correction was applied to the measured air permeability to 

accommodate for the gas slippage effect (API RP 40, 1998; Honarpour et al., 2003; 

Salahshoor & Fahes, 2017). Gas slippage results in a difference between gas and water 

permeability; gas permeability is usually higher compared to the corresponding water 

permeability, hence it needs to be corrected (Klinkenberg, 1941). The error bars for 

porosity and permeability measurements are 3-5%. Permeability and porosity from core 

analysis were further used to calibrate the calculated value by wireline logs (Figure 16). 

An example for the aquifer zone shows that the measured core porosity matches the 

calculated porosity from wireline logs well. Horizontal and vertical permeability was 

used to quantify flow anisotropy (kv/kh) (Ayan et al., 1994; Shedid, 2019). Figure 16 

shows that kv/kh is close to 1, which, however, needs to be used carefully in reservoir 

simulation as the scale is different (Fitch et al., 2014; Shedid, 2019). 
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Figure 16. Depth plot showing petrophysical properties of the aquifer zone of the S-4 well, such as 
horizontal and vertical permeability, porosity, and grain density. The core porosity and permeability fit 

well with calculated values obtained from well logs. 

 

 

3.1.1.2 Porosity and permeability measurement for shale caprock samples 

For the shale sample tested from Seal A, the unsteady-state pulse decay method 

was used to measure permeability. This method was first developed in the 1960s (Brace 

et al., 1968) to measure permeability on core sample plugs and has been improved in the 

1990s to approximate permeability of smaller and even crushed samples (Luffel et al., 

1993). Analytical and numerical methods have been established to determine the 

intrinsic permeability and porosity from one single experiment (Cui et al., 2009; Profice 

et al., 2012).  

By using small samples, the medium exchange area is increased, and the 

penetration depth is decreased. Results are obtained in short measurement times and 

have the added benefit to obtain permeability values on samples where plug drilling is 

not possible, like drill cuttings or disintegrated shale core. A core plug sample from well 

S-4 was found to contain fractures and fine lineaments throughout the core which can 

influence the permeability measurement. For this study, a small disk with dimensions of 

25.4 mm diameter and 19.6 mm length from this core plug was used to determine the 

intrinsic permeability and avoid measuring the fracture permeability. This measurement 

is highly sensitive to porosity, size and shape of the samples (Fisher et al., 2017; Profice 
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et al., 2012). For this study, the sample was cut into a thin cylinder at equal length, 

allowing for the determination of an absolute and therefore bulk volume. 

Helium was used as measuring gas and initial pulse/pressure decay was recorded 

at the sample cell. Measurements were conducted on oven dried samples (105°C under 

vacuum) at low pressures (<10 bar), and constant temperature of 36.5°C with no 

confining pressure applied. The measurement was repeated three times. The parameters 

used are listed in Table 6. The schematic diagram of the experimental setup is displayed 

in Figure 17. An analytical method based on the one-dimensional diffusion equation 

developed by Cui et al. (2009) was used to calculate the permeability. A detailed 

explanation and derivation of equations for this method is discussed in Fisher et al., 

(2017) with the final equation used to calculate the permeability: 

Equation 3 

 

where, 

R= sample radius (m) 

∅= porosity (%) 

µ= gas viscosity (Pa.s) 

cg= gas compressibility (Pa-1) 

s1= slope of the late time behaviour of plots ln (Fr), the mass fraction 

α1
2= the first root of equation 

Table 6. Parameter used in permeability measurement of shale sample from the Seal A 

Parameter Unit Value 

Temperature, T °C 36.5 

Sample diameter, d m 0.0254 

Sample length, l m 0.0196 

Reference cell volume, 

Vrc 

cm3 5.984 

Measuring cell volume  

(empty), Vmc 

cm3 18.748 

Total void volume, Vvoid cm3 9.153 

Gas compressibility, cg Pa-1 1.60E-06 

Sample mass, m g 24.48 

Sample grain density, rg g/cm3 2.54 

Sample bulk density, rb g/cm3 2.49 

Porosity, Φ % 2.42 

Viscosity, µ Pa.s 2.09E-05 
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Figure 17. Schematic of the experiment set up for permeability measurement using the pulse decay 
method on crushed samples 

The pressure obtained from the measurement was plotted against time to 

determine the equilibrium pressure. An analytical method using a one-dimensional 

diffusion equation (Cui et al., 2009; Fisher et al., 2017) was applied to calculate the 

permeability.  

 

3.1.1.3  Mercury injection capillary pressure analysis 

High pressure mercury injection (MICP) analysis is a standard method for rapid 

measurement of petrophysical properties in rock formations (Al-Menhali et al., 2016; 

Olson & Grigg, 2008; Reitsma & Kueper, 1994; Shafer & Neasham, 2000; Sneider & 

Bolger, 2008; Vavra et al., 1992). This method is based on the equilibrium between the 

mercury as a non-wetting fluid and air inside the rock as the wetting fluid. It allows the 

determination of porosity, distribution of pore throat sizes and capillary pressures. In 

this study, we used capillary pressure curves from mercury/air to re-calculate to 

CO2/water curves using contact angles and interfacial tension of both, mercury and 

CO2. This allows determination of the maximum CO2 column height in caprock Seal A.  

Two core chips samples from Seal A were used in MICP analysis. In addition, 

this study also utilizes data from previous studies using samples from Seal A. All 

samples were dried before analysis (105°C, under vacuum). Analysis was conducted at 

room temperature. Mercury was injected in progressive pressure increments with 

maximum pressure of ~410 MPa, corresponding to pore throat diameters as small as 3.6 

nm. From the measurement, pore volume occupied by mercury was plotted against the 

mercury intrusion pressure and pore throat radius.  
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Capillary pressure can be calculated by the Young-Laplace equation (Ruehr & 

Young, 2005; Young & Young, 2009):                                                                                                                                   

Equation 4 

 

where 

Pc= capillary pressure, Pa 

γ= interfacial tension, N/m 

θ= contact angle, ° 

r= pore throat radius, m 

 

3.1.1.4 Mineralogy  

Qualitative and quantitative mineralogy of reservoir and caprock samples was 

determined using X-ray diffraction (XRD), X-ray fluorescence (XRF), and scanning 

electron microscopy (SEM), as well as quantitative evaluation of minerals by thin 

section analysis.  

In total, 38 core chip samples from the carbonate reservoir and ten core chips 

from the caprock were used for XRD analysis. This was done on bulk samples as well 

as the clay mineral fraction (Bunaci et al., 2015). XRD analysis for S Field samples was 

conducted in two laboratories. We used Petronas’ internal facilities, employing a 

conventional method using an XRD-7000 Shimadzu machine (Shimadzu, 2015). The 

selected core chips were ground to powders with ~10 g used for bulk mineral and clay 

analysis. Powder samples were directly placed in the XRD holder for bulk analysis. For 

clay analysis, three sets of samples were prepared under different conditions, namely 

air-dry, ethylene glycol saturated and heated. Initially, sample aggregates were broken 

into smaller pieces and soaked in distilled water for 1-2 days. Then, the samples were 

stirred periodically (every 1-2 h) to allow trapped clay in pore spaces to go into 

suspension. Visible clay was collected and pipetted onto three ceramic slides for the 

three specific conditions mentioned above. The clay slides for air-dry conditions 

required cooling at room temperature. The clay slides for ethylene glycol saturated 

conditions were desiccated with a glycol mixture and subsequently placed in an oven at 

50-70°C. The slides for the heated condition were subjected to drying at 400°C in the 

furnace. Samples were scanned from 10-80° 2θ in steps of 0.02° with a 0.6 second 

counting time per step. The scanning speed was degree 2θ per minute.  
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Further samples were analysed at CSIRO, preparing samples with ethanol in 

different preparation cycles (Raven & Gomez-camacho, 2013; Raven & Self, 2013). 

The slurries were then Ca-saturated by dispersing the powder in de-ionized water and 

washed twice with 10 ml of a 1 M CaCl2 solution (centrifuging between each step). The 

samples were again washed with deionised water followed by ethanol (centrifuging 

between steps) to remove excess chloride before oven drying at 60°C. The Ca-saturated 

samples were again thoroughly mixed in an agate mortar and pestle before lightly back 

pressing into stainless steel sample holders for XRD analysis. XRD patterns were 

recorded with a PANalytical X'Pert Pro Multi-Purpose Diffractometer using Fe filtered 

Co Kα radiation, automatic divergence slit, 2° anti-scatter slit, and fast X'Celerator Si 

strip detector. The diffraction patterns were recorded from 3 to 80° in steps of 0.017° 2θ 

with a 0.5 second counting time per step for an overall counting time of approximately 

35 minutes. Qualitative analysis was performed on the XRD data using in-house 

XPLOT and HighScore Plus (from PANalytical) search/match software as shown in 

Figure 18. Quantitative analysis was performed on the XRD data using the commercial 

package SIROQUANT from Sietronics Pty Ltd.  

 

 

Figure 18. Interpretation of diffractogram peaks for water bearing zone (S1 water) indicating that 
dominant minerals are calcite and dolomite with minor intensity of quartz, halite and svanbergite. 

Scanning electron microscope (SEM) has been widely used to examine the 

microfabric, grain orientation and mineral identification for rock characterization 

(Kuzmin & Skibitskaya, 2017). A total of 8 thin sections have been used in this study 

for SEM analysis to determine the morphology of pores and their spatial distribution in 
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carbonate samples (Bankole, et al, 2019). FEI Quanta and 650 FEG instruments were 

used with operation settings comprised of a back scattered electron (BSE) detector 

under low vacuum of 0.82 Torr, an acceleration voltage of 20 kV and spot size of 4.5. 

The SEM images were acquired using the FEI Maps Software with a horizontal field 

width (HFW) of 28 mm. Image processor software, ImageJ, was used to estimate the 

porosity quantitatively (Buckman et al., 2017; Hu et al., 2019). The overall workflow 

has been described in detail in Bankole et al (2019).  

 

3.1.1.5 Geochemistry and Surface Area 

Sample geochemistry and surface area has been analysed using X-ray 

fluorescence (XRF), cation exchange capacity, specific surface area analysis and stable 

isotope composition. Information from these analyses was used to characterize the 

relationship between mineralogy, surface area and conductivity especially in the clay-

rich material of the caprock.  

XRF analysis was conducted on powdered S-4 well samples from similar depths 

as the XRD analysis. This analysis was conducted at CSIRO Division of Soils, 

Adelaide, Australia using standard procedures (Raven & Gomez-Camacho, 2013). This 

analysis was conducted to determine the main elemental composition in reservoir and 

caprock samples, providing supporting data to the mineralogical composition. The 

major elements detected in these samples were SiO2, TiO2, Fe2O3, MnO, MgO, K2O and 

Na2O. The measurement uncertainty is 0.02%. 

Another set of powdered samples were used to determine specific surface area 

(SSA) and cation exchange capacity (CEC). Two methods were used for SSA, namely 

low pressure gas sorption using liquid nitrogen, employing the Brunauer–Emmett–

Teller (BET) method for data interpretation (Dogan et al., 2006). In addition, we used a 

liquid adsorption method using ethylene glycol monomethyl ether (EGME) (Cerato & 

Lutenegger, 2002). Six samples from seal A were analysed using the BET method on a 

Micromeritics Gemini VII 2390t at the Lyell Centre, Heriot-Watt University. Standard 

procedures and protocols were used in this study (Bertier et al., 2016). Samples were 

ground to powders, vacuum dried at 200°C and ~0.5 g of sample was used for each 

analysis. Five powdered Seal A samples were analysed in CSIRO laboratories using the 

EGME method following the procedure described in Josh (2014). These methods 

provide different results, based on experimental limitations and clay types present 

(Cerato & Lutenegger, 2002; Jong, 2011; Macht et al., 2011).  
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The Methylene Blue Method (MB) by Wang et al (1996) was used to determine 

cation exchange capacities (CEC). Five samples from the S-4 well were examined in 

CSIRO in Perth whereby 0.5 g of oven dried (at 105°C) powder samples were mixed 

with 50 ml of 2% sodium pyrophosphate dispersant solution. After 10 minutes in a 

shaker mill, the samples were transferred into deionized water and gently heated for 10 

minutes. The MB solution was added into the clay suspension with continuous stirring 

for a minute before a drop of the liquid was placed on a filter paper, resulting in a dark 

blue spot surrounded by a clear liquid halo. This spot test was repeated until the blue 

halo remained after stirring. The uncertainty in this measurement is 0.6 cmol/kg.  

We performed isotopic analysis of carbonate reservoir rocks to identify the 

record of age, facies, depositional environment and diagenetic processes as these local 

paleoenvironmental parameters influence isotopic compositions and ratios (Bickle et al., 

2002; Colombié et al., 2011; McCrea, 1950; Wilson et al., 2013). In total, 45 samples 

were analyzed for δ13C and δ18O stable isotopes and 15 samples for 87Sr/86Sr at 

Cambridge University, UK. Samples were ground with an agate mortar and pestle to 

form a fine and homogenous powder. Each analysis used ~1-2 gram of samples. The 

δ13C and δ18O isotope ratios were measured by cavity ring down spectroscopy, CRDS 

(Bickle et al., 2018; Gázquez et al., 2015; Hodell et al., 2012). Results were calibrated 

against the international reference materials V-PDB (Vienna Pee Dee Belemnite) for 

δ13C and VSMOW (Vienna Standard Mean Ocean Water), GISP (Greenland Ice Sheet 

Precipitation) and SLAP (Standard Light Antarctic Precipitation) for δ18O, respectively 

(Bickle et al., 2018; Coplen, 2011; Kampman et al., 2012).  

87Sr/86Sr ratios were measured using two analytical methods: (i) thermal 

ionization mass spectrometry (TIMS) and (ii) multi-collector induced coupled plasma 

mass spectrometry (NEPTUNE). For TIMS, strontium was separated using Dowex 

50Wx8 cation exchange resin with 200–400 mesh particle size under clean lab 

conditions and 87Sr/86Sr ratios were measured on a VG Sector 54 solid source mass-

spectrometer using a triple-collector dynamic algorithm (Bickle et al., 2018). Here, the 

reference material used for TIMS was the standard NBS987 with a value of 0.710251± 

7 (1σ). The procedure for the NEPTUNE equipment relates to the description provided 

in Hindshaw et al., (2018) and the strontium was extracted from the matrix using Biorad 

Micro Bio-Spin columns with Eichrom SrSpec resin (Hindshaw, 2011). The 

measurement of the NBS987 standard using the NEPTUNE method resulted in a 

87Sr/86Sr ratio of 0.710254± 11 (1σ). 
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3.1.1.6 Geomechanical analysis 

The evaluation of mechanical properties of the reservoir and caprock section is 

part of the critical characterization for a CO2 storage site. In total, 30 core plug samples 

from the carbonate reservoir and 12 samples from Seal A caprock were used for triaxial 

and Brazilian tensile testing.  

Cylindrical samples were plugged normal to bedding for triaxial tests, with a 

dimension of 38 mm in diameter and 76 mm in length for carbonate samples and 25 mm 

in diameter and 50 mm in length for shale caprock samples. Single-stage triaxial testing 

was conducted on sets of three samples for each depth using a Terratek triaxial testing 

machine and autonomous triaxial cell (ATC) developed by CSIRO (Dewhurst & 

Siggins, 2006; Dewhurst et., 2011; Kuila et al., 2011).  

The equipment is comprised of a high stiffness loading frame, a pressure vessel 

and independent stepping motor pumps for cell and pore pressure control, as well as for 

axial loading. The operational limits of the rig are 70 MPa confining pressure (oil used 

as a confining medium), 70 MPa pore pressure, and 400 kN axial load. All experiments 

were conducted at room temperature of 22 ± 0.5°C, and no diurnal pore pressure 

fluctuations were noted. Each sample was tested with different confining stresses within 

the range of the in-situ minimum horizontal stress. Confining pressures range between 

36 and 66 MPa for the shale samples, 40.5 and 60.5 MPa for samples from gas zone A, 

39 and 50 MPa for gas zone B, and 40 and 55 MPa for the aquifer zone samples. 

Another set of samples from each zone were tested using different confining pressures 

following CO2 aging . Shale samples from Seal A were dry after CO2 ageing. Thus, no 

pore pressure was applied. The range of confining pressure used during testing of the 

aged samples from Seal A was 6-25 MPa. Durimg testing for aged reservoir samples, 

the confining pressures were similar to those without ageing for gas zone A samples. 

The ranges were 40.5 to 50.4 MPa, 39-55 MPa for aged samples from gas zone B and 

40-55 MPa for aquifer zone samples. The pore pressure applied to the samples was 

determined from the in-situ pore pressure, using 30 MPa for shale samples, ~34.7 MPa 

for samples from gas zone B, 35.2 MPa for gas zone A and 36.7 MPa for aquifer zone 

samples. Carbonate samples were isotropically consolidated in a drained state before 

axial loading at a strain rate of 1.0 x 10-6 s-1. A different setup was used for shale as the 

axial load was applied under undrained conditions (pore pressure lines closed) at a 

lower strain rate of 1.0x 10-7 s-1 until failure occurred. Shale samples were left for 

consolidation for 2-3 weeks before undrained axial loading was applied to the sample 

tested. Stress, strain, and pore pressure were monitored during loading/deformation. A 
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~4 mm limit of strain deformation was set up to avoid core sleeve (Viton membrane) 

burst. Stress, strain and pore pressure were monitored during loading/deformation. 

Stress-strain curves from this triaxial testing provided information on elastic-plastic 

behaviour and derivation of elastic moduli such as Young’s modulus and Poisson’s ratio 

as well as yield strength. Principal stresses from each sample for individual depths were 

plotted on Mohr circles to determine the failure envelope and compressive strength.  

Brazilian testing was performed on 6 carbonate and 2 preserved shale samples to 

evaluate the indirect tensile strength (Perras & Diederichs, 2014; Riding & Rochelle, 

2009). Shale samples were wrapped in cling film to prevent drying during testing. Core 

samples with nominal dimensions of 38 mm diameter and 20 mm length were loaded 

into a standard jaw Brazilian platen with transducers connected to measure the axial 

deformation (mm) and axial load (kN). The samples were loaded at 0.01 mm/min until 

failure. The tensile stress along the diameter was calculated according to (ASTM, 2008; 

ISRM, 1978):  

Equation 5 

 

where 

S1 = Indirect tensile strength, MPa 

P = Load at failure, N 

D = Sample diameter, mm 

t = Sample length, mm 

 

Uniaxial pore volume compressibility (UPVC) was conducted on reservoir 

carbonate samples to investigate the changes in in-situ conditions once the rock 

experiences changes in pore pressure. For this study, two scenarios were simulated in 

lab testing, which is reservoir injection and depletion. Tests involved injection and 

withdrawal of fluids from the core plugs under constant total axial stress, no lateral 

strain and in-situ minimum horizontal stress as the confining pressure. For the injection 

scenario, the pore pressure was increased by 4 MPa at 0.5 MPa/hour. After injection, 

the samples were left overnight for equilibration followed by a depletion scenario with a 

decrease of 10 MPa at 0.5 MPa/hour. Parameters calculated from this testing are grain 

compressibility, bulk compressibility, uniaxial compaction coefficient, injection 

constant and depletion constant.  
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3.1.2 CO2-water-rock interaction experiments  

CO2-water-rock (CWR) interactions involved static ageing experiments, 

together with pre and post geomechanical testing as well as mineralogical and 

petrophysical analysis. Core samples from both reservoir and caprocks have been used 

for ageing experiments. Static ageing experiments were selected as the method of 

choice because this study aims at evaluating the impact of CO2 exposure to reservoir 

and caprocks over long time scales and far away from the CO2 injection point. 

Representative core samples for each zone were selected and divided into two batches. 

The first batch underwent analysis to characterize the initial properties and the second 

batch of samples was aged with supercritical CO2 in a batch reactor at a pressure of 30 

MPa and temperature of 150°C, representing near reservoir conditions. Samples 

subsequently used for mineralogical and geochemical analysis (XRD, XRF, CEC, SSA) 

were crushed into core chips. Mineralogical changes due to CWR interaction were 

evaluated based on 4 conditions: initial condition and aging for 1, 3 and 6-months. The 

first batch of core chip samples were sent to analyse the initial characteristic at initial 

conditions. A similar amount of core chip samples was prepared for the other three 

conditions. These samples were put into three different small glass containers. Only 

carbonate samples were soaked in one pore volume of brine before being placed into the 

ageing vessel, to simulate the water saturation. No additional fluids were used for the 

shale samples, although they were preserved with initial pore fluid intact, so held one 

pore volume of original brine.  

In a static ageing experiment, the second batch of core plugs used for 

geomechanical analysis was soaked with brine and supercritical CO2 for 35 days for the 

carbonates and 6 months for the shales. There were four individual vessels in the high 

temperature ageing oven and each vessel was utilized as sample holder for each 

zonation (Figure 19). Following CO2 ageing of carbonate samples, we conducted 

porosity and permeability measurements to evaluate changes of these two parameters 

before conducting geomechanical testing. The shale plugs were stored in clingfilm after 

ageing and only underwent geomechanical testing. 
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Figure 19. Procedure of scCO2 ageing experiment of core plugs used for geomechanical testing. 
(a)Different teflon core holders were used for each reservoir zone. (b) Core plugs were stacked in the 

teflon core holder. (c) teflon core holder lowered into a pressure vessel located within the oven. (d) The 
oven with lid in place before applying pressure and temperature.  

3.2 Geochemical modelling 

For the geochemical modelling using PHREEQC (Parkhurst & Appelo, 2013), 

two types of simulation have been conducted for the reservoir (carbonate) and caprock 

layer (Seal A), corresponding to batch (equilibrium) and kinetic modelling. PHREEQC 

(Version 3) has been widely used to simulate dissolution and precipitation reactions for 

mineral and water compositions that are relevant for geological CO2 storage systems 

(Gaus et al., 2008; Klajmon et al., 2017; Pham et al.,  2014).  
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There are numerous input parameters required for this modelling exercise such 

as the pressure, temperature, mineral, gas and formation water compositions, pH, 

specific surface area for respective mineral phases and kinetic reaction rates. 

Mineralogical composition and amount (in weight fraction) for both carbonate and 

caprock were obtained from XRD analysis from the same samples used in CO2-water-

rock interaction experiments. The mineral weight fraction was used to calculate the 

molar amounts of each mineral and scaled to the average rock sample porosity assuming 

1 litre of water in the pore space at full water saturation (Table 7). Detailed model 

results have been summarised in Appendix 3.  

Table 7. Input for mineral composition in the PHREEQC modelling for carbonate and caprock zone. 

Mineral  Chemical Formula  Molar Mass  

(g.mol–1)  

Molality  

(mol.kg-1 water) 

Input for modelling in carbonate zone 

Calcite CaCO3 100.09 27.20 

Dolomite CaMg(CO3)2 184.40 18.10 

Quartz SiO2 60.08 0.20 

Illite KAl3Si3O10(OH)2 398.30 1.00 

Input for modelling in caprock zone 

Quartz SiO2 60.08 220.02 

Dolomite CaMg(CO3)2 

184.40 

9.56 

 

Siderite FeCO3 

115.85 

34.23 

 

Pyrite FeS2 

119.97 

3.67 

 

Kaolinite Al2Si2O5(OH)4 

258.16 

31.54 

 

Illite KAl3Si3O10(OH)2 398.30 41.43 

 

The input for formation water composition is listed in Table 8. We used a pH of 

6.67 and temperature of 135°C for the caprock model and 150°C for the carbonate 

model, as indicated from subsurface data. Pressures used are 340 atm (34.5 MPa) and 

350 atm (35.5 MPa) for the caprock and the reservoir respectively.  
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Table 8. Composition of water/brine used in PHREEQC modelling. 

Element Concentration (ppm) 

CO3 

(alkalinity) 

400 

Ca2+ 247 

Cl- 12348 

Fe2+ 50 

K+ 311 

Mg2+ 46 

Na+ 7653 

SO4
2- 182 

Sr2- 73 

 

In order to obtain information on mineral-specific specific surface area (SSA), 

we used input from literature and calculated SSA by using mineral shape and size 

information (Table 9) obtained from thin section and/or SEM analysis. BET and EGME 

analysis were also conducted for caprock samples. However, the measured SSA 

represent overall SSA of the samples, thus, the value is not appropriate to be used for 

individual minerals.  

Table 9. SSA and grain size input for modelling of reservoir and caprocks. Grain sizes for mineral phases 
have been determined from thin section/SEM analysis, while values for kaolinite and illite were taken 

from the literature. 

Mineral Caprock A 

(m2/g) 

Grain size 

Caprock 

(length, µm) 

Reservoir A 

(m²/g) 

Grain size 

Reservoir 

(length, µm) 

Quartz 0.76 3 0.11 20 

Calcite - - 0.02 400 

Dolomite 0.71 3 0.05 40 

Siderite 0.51 3  - 

Pyrite 0.40 3  - 

Kaolinite 10 <2  - 

Illite 30 <2 20 <2 

 

For kinetic modelling, Lasaga’s formulation was used to describe the rate of 

dissolution and precipitation of the minerals (Lasaga, 1984):  

Equation 6 

ri=ki Ai Mi Ni [1-(Qi/Ki)] 
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where 

r = the reaction rate (units mol.s−1) 

k = rate constant (mol.m−2.s−1) 

A = specific surface area (m2.g−1)  

M =molecular weight (g.mol−1), N is molar amount (mol) 

Q = activity product  

K = equilibrium constant (solubility product)  

 

The rate constant k includes various reaction mechanisms, e.g., acid, neutral and 

carbonate, and its temperature dependence is described by the Arrhenius equation. The 

rate and equilibrium constants used in this modelling exercise were obtained from 

Palandri & Kharaka, (2004) and Parkhurst & Appelo, (1999) while the thermodynamic 

database llnl.dat (thermo.com.V8.R6.230) distributed along with PHREEQC was 

utilized.  

3.3 Risk assessment and analysis 

Detailed characterisation with a full understanding of the potential risks 

associated with natural gas extraction and CO2 re-injection into the S Field is critical to 

developing a safe CO2 storage site. CO2 storage risk assessment is a key element in any 

field development study and involves the integration of all geoscience and engineering 

disciplines relevant for subsurface characterisation and also extends into the non-

technical risks, such as public perception (Tucker et al., 2013; Zero Emissions Platform, 

2019). Here, we focus on the technical subsurface risks only, with priorities given to the 

implications of reservoir property changes on leakage risks. Therefore, information, 

results and findings from the laboratory studies and geochemical simulations have been 

incorporated to develop a systematic risk assessment for storing CO2 in the high CO2 S 

Field.  

In general, the main subsurface risks in developing safe CO2 storage are 

reservoir and caprock integrity in addition to well integrity which may provide leakage 

pathways for the injected CO2. Therefore, a detailed site-specific risk assessment is 

required to determine the feasibility and design monitoring technologies (Bourne et al., 

2014). The latest report published by IEAGHG in February 2020 emphasises the 

importance of monitoring technologies that address the site-specific risks. When the 

risks are well understood, which is certainly easier in a brown field rather than a green 
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field development, a targeted approach to delivering monitoring technologies can be 

applied. This is further minimising risks and will lower costs; costs related to 

monitoring take a large share of the overall subsurface development, especially given 

that many of them are long-term and permanent.  

Risk assessment is generally divided into quantitative and qualitative methods 

(Tucker et al., 2013). For this study, the qualitative method is used because there is no 

available performance data to provide empirical evidence for a top event's frequency 

occurrence. Three fundamental steps are applied in a risk assessment and analysis: (1) 

identify risks related to the potential hazard; (2) evaluate the probability and impact of 

the potential risk; (3) determine the action items including the mitigation plan and 

assigning party (He et al., 2011; Tucker et al., 2013). This assessment will improve the 

understanding of the risks and further assist the decision making.  

A bowtie analysis, risk matrix and heat map were used as risk assessment tools 

in this study. The bowtie analysis has been widely used in risk management since the 

mid-1990’s (Tucker et al., 2013) and application in CCS was used as part of the 

monitoring, measurement and verification (MMV) program with objectives to ensure 

the conformance and containment of a long-term and safe CO2 storage (Bourne et al., 

2014; Busch et al., 2016; Dean & Tucker, 2017). This tool maps the elements of risk 

assessment and the relationship between the unwanted events, the potential causes and 

their prevention, the possible impact as well as mitigation measures (Figure 20). The 

straightforward demonstration of risk management using bowtie diagrams provides 

comprehensive information to all parties, allowing everyone to review and identify 

potential improvements (Tucker et al., 2013). This study uses the BowTieXP software 

from CGE Risk for qualitatively visualising risks associated with CO2 storage in the S 

Field. 
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Figure 20. Example of a bowtie diagram using BowTieXP risk assessment software (CGERisk, 2015). 
The top event (e.g. caprock leakage of CO2) is place in the centre of this bowtie chart. The bowtie evolves 
to the left with the list of potential threats and to the right for the consequences. There are barriers 
arranged horizontally for each threat and consequence. To consider all potential scenarios, bowties 
provide the escalation factors as failing aspects to identified barriers. The second layer of barrier besides 
the escalation factor is determined to optimize the efficiency of the main barrier.  

Each element in the bowtie is defined based on the case study investigated (Table 10). 

For the S Field, the elements in the bowtie diagram are related to the CO2 leakage due 

to geological risks and uncertainties. 

Table 10. Definition of each element in the bowtie analysis. The definition is given specifically for the S 
Field case study.  

Element Definition 

Hazard General definition: Hazard is a potential source of harm to a concern 

subject. 

Definition for S Field case study: CO2 injection and storage in the S 

Field (high CO2 gas field).  

Top Event General definition: Top event is the initial consequence when control 

over the hazard is lost and is shown at the centre of the bowtie diagram. 

Definition for S Field case study: Migration of CO2 from injection zone 

across the caprock. 

Threat General definition: Threat is a potential source or cause to the top event. 

Definition for S Field case study: Possible CO2 leakage pathways leads 

to CO2 migration along e.g. fractures in the primary caprock. 

Threat 

Barrier 

(Prevention) 

General definition: Prevention controls to prevent threats from releasing 

a hazard. Threat barrier can be a natural barrier, engineered tools, 

workflow, methodology, or operation procedure that should be 

effective, independent, and auditable. 

Definition for S Field case study: Geological properties and reservoir 

conditions decrease the likelihood of threats leading to the CO2 

migration from the injection zone. 

Consequence General definition: An impactful event or scenario that results from the 

top event. 

Definition for S Field case study: Release of CO2 to the seabed with 

potential impact on the storage site integrity, loss of operation, and 

environment. 
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Element Definition 

Consequence 

Barrier 

(Mitigation) 

General definition: Technical, operational, and organisational 

actions to limit and decrease the likelihood of significant 

consequences resulted from the top event. The barrier should be 

practical, independent, and auditable.  

Definition for S Field case study: Controlled CO2 release to 

prevent the CO2 leakage to the seabed.  

Escalation Factor General definition: Specific condition or action that makes it more 

likely a barrier will fail. There are barriers or corrective actions 

for the escalation factor that can protect the main barriers. 

Definition for S Field case study: For the consequence barrier of 

an operational strategy, the escalation factor is the CO2 leaking 

after operation while the reservoir is moving towards a new 

equilibrium. The corrective action can be a swift remedial strategy 

such as extraction or withdrawal of the stored CO2 from the 

storage interval.  

For the threat barrier of migration via natural fractures of instance, 

the escalation factor can be the occurrence of small faults or 

microfractures with offsets below seismic resolution. The barrier 

for this failing factor is small faults and/or microfractures that 

provide narrow leakage pathways which allow low capacity and 

slow migration of CO2 from the storage interval. 

 

In addition, a risk matrix is used to provide a score to each of the risks. The 

score (1 to 5) is based on the likelihood of the risk to happen and the potential impacts. 

The range of scores from 1 to 5 represents the possibility of the likelihood and impact 

from low to high (Figure 21). The effectiveness of each risk was translated/mapped into 

the heat map. A heat map for risk assessment is used to display the effectiveness of each 

threat, whereby the colour in the risk matrix is the same scheme colour used in the heat 

map.  

 

 

Figure 21. General risk matrix used in the assessment to correlate the likelihood and impact of the event. 
Likelihood and impact ranges are rated as 1 to 5 and numbers in the table are the final multiplication 

score of both factors. The colour code refers to the effectiveness of each threat with green for low, yellow 
for minor, orange for moderate and red for high effectiveness.  
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Chapter 4 : Results and Discussion 

The purpose of this study is to identify the impact of potential changes in rock 

properties towards the overall integrity of CO2 storage in the S Field. This chapter 

provides the results and discussion of significant findings related to the detailed 

characterization of the S Field reservoir and caprock, the potential changes due to rock 

property changes caused by exposure to the injected/stored CO2 and finally implications 

on site specific risk assessment for safe and long-term CO2 storage in the S Field. A 

systematic risk evaluation incorporating all possible leakage mechanism/pathways is 

included as well as brief mitigation options.  

This chapter contains discussions that answer the following research questions: 

1. What are the initial reservoir and caprock characteristics in the S Field?  

2. What are the significant properties that are essential to determine the 

feasibility of CO2 storage in the S Field? 

3. What is the impact of rock property changes due to CO2-water-rock 

interactions? 

4. What are potential CO2 leakage pathways that could pose a risk to CO2 

storage in the S Field? 

The characteristic and rock properties for the shale caprock and the carbonate 

reservoir were studied in detail and findings show that there are heterogeneities and 

differences in each layer. Mineralogy is different between caprock A and caprock B in 

terms of clay content (average of ~40% in Seal A and 30% in Seal B) which relates to 

the source of sediment or depositional environment. The carbonate reservoir rocks in 

the gas column (Zones A, B and C) are dominated by up to 95% calcite, differing 

significantly from the aquifer zone, where dolomite (50%) shows similar contents 

compared to calcite. Porosity and permeability in the gas zone are higher compared to 

the water zone. These variations further influence the rock strength in each carbonate 

zone. The intensity of the diagenetic process as well as the depositional environment of 

the rock sequences is believed to be the main reason for the difference between these 

rock properties.  

Injection of CO2 into the carbonate reservoir may alter the initial properties due 

to geochemical reactions between the CO2, rock, and reservoir fluid. The carbonate 

minerals can be considered the most reactive, and, with the presence of water, can react 

with injected CO2 resulting in dissolution or precipitation. These processes may also 



 

72 

alter pore sizes, shape, and distribution, which further impacts fluid flow properties as 

well as rock strength. Laboratory experiments and simulations conducted in this study 

indicate that CO2-water-rock interactions in the S Field, either in the gas or water zones, 

show minimal or insignificant impact on rock property changes. These findings are 

likely due to the existing equilibrium of in-situ CO2, reservoir rock and fluid; therefore, 

extraction and re-injection of CO2 does not significantly change the equilibrium further.  

Based on a detailed review of these findings, six potential CO2 leakage pathways 

are further evaluated: CO2 may migrate from the injection zone via (1) faults and pre-

existing fractures, (2) local permeability enhancement by thermal chemical-mechanical 

effects in the reservoir, (3) diffusion via caprock (4) capillary leakage, (5) formation of 

a gas chimney, and (6) enhancement of fracture permeability by geochemical reaction in 

the caprock. 

4.1 Initial characterization of reservoir and caprock in S Field 

The analysis and interpretation of the various experiments on the reservoir and 

rock samples as well as fluids conducted in this study result in a detailed 

characterisation of the S Field, including petrophysical, geomechanical, mineralogical 

and geochemical properties. This new information will support the overall evaluation of 

the CO2 storage feasibility in the carbonate reservoir of the S Field. An advanced 

understanding of the reservoir properties is critical to de-risk this operation by reducing 

the geological uncertainty for storage capacity and caprock integrity (Gilmore et al., 

2016; Intergovernmental Panel on Climate Change (IPCC), 2005). The laboratory 

results are used as reservoir model inputs and model calibrations in others studies; 

calibrated models informed by laboratory data are vital in predicting CO2 fluid and 

reservoir behaviour over periods of thousands of years (Dinnebier & Billinge, 2008; 

Grgic, 2011; Wawersik et al., 2001).  

4.1.1 Carbonate reservoir properties and significance for CO2 storage 

There are limited case studies of CO2 storage in carbonate reservoirs compared 

to clastic reservoirs, and most of these CCS projects are related to enhanced oil recovery 

(EOR) operations, such as in the Weyburn Field in Canada or the Lula Field in Brazil 

(Brown et al., 2017; Siqueira et al., 2017). In contrast, for the S Field, the injected CO2 

will remain in the injection zone following production from the gas zone and re-

injection into the aquifer zone. Thus, a detailed characterization is required to ensure the 

CO2 remains safely stored in the reservoir. Previous studies have suggested that the 

heterogeneity of the carbonate reservoir, which is due to its unique depositional 
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processes and reactive minerals components, may affect the feasibility of CO2 injection, 

capacity of storage and integrity of the overall storage system (Soares et al., 2021; 

Siqueira et al., 2017; Sohal et al.,  2021).  

 

4.1.1.1 Porosity and permeability of carbonate reservoir rock 

Porosity and permeability are among the important properties to evaluate the 

reservoir quality either for hydrocarbon production or CO2 injection and storage. These 

two properties are required to estimate the storage capacity, injection feasibility and 

storage integrity (Ito et al., 2017; Raza et al., 2016; Riding & Rochelle, 2009; Zhang & 

Wu, 2018).  

The carbonate porosity and permeability distribution at the initial condition were 

analysed based on 682 core plug samples from well S-4. The wide range of porosity and 

permeability indicates the heterogeneity of the reservoir, which results in a low linear 

correlation coefficient of R2 = 0.24 (Figure 22). The variability of porosity and 

permeability of carbonate core samples measured in this study is similar to other 

carbonate reservoirs in the Sarawak Basin and this trend is due to the various 

lithofacies, depositional environment and diagenesis sequence (Ali et al., 2021; 

Janjuhah & Alansari, 2019; Masoudi et al., 2011; Warrlich et al., 2019; Wilson et al., 

2013). From the laboratory data, around 30% of the core samples from S Field are 

highly porous carbonates with porosity values > 30% and permeability >100 mD. 
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Figure 22. Plot showing the distribution of porosity and permeability in core sample plugs from the S-4 
well. The range of porosity and permeability is wide, thus average porosity of 22% and average 

permeability of 180 mD need to be used with care. For this study, average porosity and permeability for 
each zone were used as part of the criteria to select representative samples. 

Four dominant pore types are observed during core plug description. Mouldic 

and vuggy (PT1) is the main pore type averaging 48% of the total core plugs, followed 

by intergranular pore types (PT2) with 28%; 18% of the core plugs relate to cemented 

pore types (PT3), and the porosity of only 6% of the core plugs is characterised by 

fractures (PT4). All pore type groups are found in the gas zone intervals. Only two pore 

types are observed in the aquifer zone which are intergranular and cemented pore types 

(Figure 23A). The differences reflect that porosity along well S-4 varies, particularly 

comparing rock quality in the gas and the aquifer zones. Porosity in the gas zone ranges 

from 2-40% while the aquifer zone has a lower range of porosities, ranging between 7% 

and 28%. Consequently, the 3 different layers of the gas zone have higher 

permeabilities of up to 5000 mD compared to the aquifer zone with maximum 

permeability values of 33 mD. However, samples from the top of the carbonate (at the 

interface with the caprock) have low porosities, mainly characterised by cemented and 

intergranular pore types. 

Mouldic and vuggy pore types dominate the high range of porosity and 

permeability, and cemented pore types dominate the low range of porosity and 

permeability (Figure 23). Samples identified with fractured and intergranular pore types 

are found to be scattered across the plot from low to high ranges of porosity and 

permeability. 



 

75 

 

Figure 23. Plot showing the distribution of core porosity in the S-4 well. (A) Wider range of porosity seen 
in the gas zone above the gas-water contact compared to the water zone. (B) Plot showing overall 
porosity and permeability of carbonate reservoir in the S Field from the S-4 well. The pore type 1 
(mouldic and vuggy pores) dominates the high range of porosity and permeability, and pore type 4 

(cemented pore type) dominates the lower range.  

 

The pore distribution, size and types were also analysed using SEM analysis. 

The pore distribution in the water zone is rather homogenous compared to the gas zone, 

as shown in photomicrographs based on SEM images in Figure 24. From the images, 

the pore size in the gas zone is variable and shows larger pores that might indicate 

diagenesis, possibly related to the dissolution of allochems. This type of diagenesis 

contributes to mouldic and vuggy pore types with higher porosity values in the gas 

zone. For example, in sample 14-013 the porosity estimated from SEM images is 24%. 

In comparison, the SEM images in a sample from the aquifer zone reveal homogenous 

grain sizes with small and isolated pores as shown in Figure 24 for sample 17-022. The 

estimated porosity from SEM images for this sample is ~4%. which is lower than in the 

gas zone sample. This observation agrees with the macroscopic core sample description 

indicating that gas zone samples are dominated by high mouldic and vuggy porosity 

while samples from the aquifer zone are dominated by intergranular pore types with 

generally lower porosity. 



 

76 

 

Figure 24. SEM images for samples from gas and aquifer zones. A, B, and C represent sample 14-013 
from 2101.86m depth and D, E and F represent sample 17-022 from 2331.32 m depth. Image A and 

image D are the initial SEM images acquired from the polished thin sections. Images B and E are the 
processed SEM images where the red colour represents pores. Images C and F are binarized images. The 

differences in grain and pore size, shape and distribution can clearly be seen between both samples. 
Intergranular pore type is dominant in aquifer samples while mouldic and vuggy pore types dominate gas 

zone samples. 

The trend of estimated porosity from the image processing software ImageJ 

confirms that the gas zone samples have higher porosity values compared to the aquifer 

zone (Table 11). The distribution and connectivity of pores can also be seen in these 

high-resolution images which qualitatively reflects permeability. All SEM images as 

well as processed images are compiled in Appendix 1. 

Table 11. The estimated porosity on processed SEM images and its comparison to the measured porosity 
from adjacent core. 

Sample 

ID 

Depth 

(m) 

Estimated 

Porosity using 

ImageJ (%) 

Zone 

 

4-027 1952.85 12.44 Gas 

Zone B 5-009 S2 1960.29 6.73 

5-025 S2 1965.001 6.86 

5-060 1975.58 20.64 

14-008 2100.21 23.05 Gas 

Zone A 14-013 2101.86 24.14 

17-006 2326.49 4.49 Aquifer 

Zone 17-022 2331.32 3.87 
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The porosity types observed in the S Field carbonates are classified as secondary 

porosity based on the pore types and diagenetic features observed in the core samples. 

The evolution of secondary porosity from primary porosity is interpreted to be due to 

dolomitization and dissolution or leaching of skeletal allochems (Moore, 1989; Wayne, 

2008; Zampetti et al,, 2003). The dominant pore types identified in the S Field 

carbonates are similar to adjacent carbonate gas fields in the Central Luconia Province 

of the central Sarawak Basin (Ali et al., 2021; Janjuhah & Alansari, 2019; Janjuhah et 

al., 2017; Pierson et al.,  2012). In addition to evaluating the reservoir quality based on 

porosity and permeability, pore types are also a significant factor influencing the rock 

strength and acoustic properties (Eberli et al., 2003; Rosid et al., 2017). The information 

on rock strength and mechanical properties is important in evaluating the potential 

reservoir deformation due to CO2 injection and storage while the acoustic properties 

may contribute to seismic monitoring post CO2 injection (Rashidi et al., 2021). 

Carbonate rocks with vuggy and mouldic pore types show low P-wave velocities and 

low uniaxial compressive strengths (UCS) compared to samples with low porosity and 

cemented pore type (Ajalloeian et al., 2017; Eberli et al., 2003; Vanorio et al., 2008). 

We can therefore assume that the carbonates of the aquifer zone are stronger and have 

higher P-wave velocities compared to high porosity carbonates of the gas zone.  

In relation with the lithofacies, the measured porosity and permeability values 

match the textural classification scheme by Dunham (1962), modified by Embry & 

Klovan (1971) quite well. Core plugs with lithofacies made up of large grains/allochems 

sizes (>30 mm) such as framestone, bindstone and bafflestone are found to have high 

values of porosity and permeability (Figure 25). Generally, small grain size lithofacies 

have lower porosity and permeability values. The rudstone lithofacies has a rather 

scattered distribution across the plot from low to high values which is an expected trend 

as the grain/allochem size in this rock type is variable.  
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Figure 25. Lithofacies distribution plotted with porosity and permeability. Lithofacies with large size of 
grain/allochems such as framestone, bafflestone, bindstone and grainstone dominate the high ranges of 

porosity and permeability. Small grain lithofacies have lower porosity and permeability. 

Detailed analysis reveals that the core plug samples dominated by mouldic and 

vuggy (PT1) pore types are grain supported carbonates such as framestone and 

bindstone. Samples that are dominated by intergranular (PT2) and (PT3) pore types are 

mostly identified as mud supported carbonates such as packstone and wackestone. The 

lower porosity fraction of PT1 samples have relatively high permeabilities compared to 

the higher porosity PT2 samples which have relatively lower permeability. This 

comparison reflects the influence of diagenesis and matrix composition on carbonate 

rock quality and pore connectivity. 

Similar observations were made in the petrographic study, which was conducted 

on 10 carbonate core samples from the S-4 well. The objective was to obtain a detailed 

description of the texture, composition, and diagenesis of the samples. From a 

microscopic scale, three main pore types were identified which are intergranular, 

intragranular, as well as vuggy/mouldic. As primary porosity, the intergranular and 

intragranular pores are associated with the original depositional texture (Flugel, 2004; 

Wayne, 2008).  

From microscopic analysis, the allochems appear to be poorly preserved with 

most of them experiencing neomorphism. This diagenetic process leads to the formation 

of micritic and sparry calcite in between the remaining allochems and as a result, the 

grains/allochems are poorly to moderately sorted (Figure 26). From thin section 

analysis, a few types of bioclasts can still be identified, including remnants of corals, 
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algae, benthic foraminifera, echinoderms, bryozoans and bivalves. From the grain 

sorting and texture, three lithotypes were identified using Dunham’s classification: (1) 

wackestone-packstone; (2) packstone, and (3) grainstone. The syn-depositional 

diagenetic process, such as micritization, caused the formation of mouldic and vuggy 

pores by dissolution of the allochems. Some of the vugs and moulds were further 

cemented by sparry calcite and/or microspar. Dolomitization was also observed with 

some of the micrite and sparite being altered to dolomite. The main diagenetic events 

observed in the S Field are comparable to other Miocene carbonate reservoirs in the 

Central Luconia Province (Epting, 1980; Janjuhah et al., 2017) and the East Natuna- 

Sarawak Basin (Dunn & Kozar, 2006). 

 

 

Figure 26. Thin section of carbonate sample from gas zone of well A-4, taken at a depth of 1972.97 m. 

The CO2 injection zone (aquifer zone) of the S Field has similar porosity to the 

CO2 storage complex of the Weyburn IEA CO2-EOR site. The Midale Marly and Vuggy 

carbonate zone in the Weyburn reservoir is characterized by porosities ranging from 

10% to 26% and permeability from 3 mD to 50 mD (Burrowes, 2001; Hutcheon et al., 

2008; Whittaker, 2005). The feasibility of CO2 injection in Weyburn indicates that the 

range of porosity and permeability of the S Field carbonate is an appropriate 

characteristic for a good CO2 storage site. A recent study by Ali et al. (2021) also 

suggests that carbonates with secondary porosity could be an appropriate reservoir for 

the long-term storage of CO2 which is based on an evaluation at the reservoir-scale.  
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4.1.1.2 Mineralogical composition of carbonate reservoir rocks 

The mineralogical composition of the reservoir is an important property to 

evaluate the rock reactivity with reservoir fluids and the injected CO2 (Solomon, 2006). 

XRD analysis has been performed on a total of 38 carbonate powder samples from 

various depths in well S-4 (Figure 27). Results from gas zone samples show that calcite 

is the dominant mineral type, averaging 80 wt% (Figure 28). Small amounts of 

dolomite, plagioclase, K-feldspar, pyrite, quartz and clay were also identified (Figure 

29). In contrast, dolomite and calcite co-dominate the aquifer zone, with ~40% and ~50 

wt % respectively. Both, gas and aquifer zones contain illite and illite/smectite mixed 

layers as the main clay minerals (Figure 29). XRD results are summarised in Appendix 

2. 

 

Figure 27. Distribution of mineral composition in carbonate reservoir. Gas water contact (GWC) 
separates the gas zone from the aquifer zone. 
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Figure 28. Calcite dominates the carbonate mineralogy (accessory minerals excluded) in the gas zone 
while calcite and dolomite co-dominate the mineralogy in the water zone. GWC; gas water contact. 

 

 

Figure 29. (A) Clay mineral composition of the < 2 micron fraction in the aquifer zone samples of the 
carbonate reservoir (at depth 2331.17 m); (B) clay mineral composition in gas zone sample (at depth 

1941.5 m). Illite is the main clay mineral in both samples. Smectite mainly appears in larger amounts in 
gas zone samples rather than in aquifer samples. Total clay is generally 0-10% of bulk rock mineralogy, 

with a couple of exceptions in the gas zone at >20% (Figure 27).  

 

The mineralogical composition of carbonates is determined by the depositional 

environment which includes the living organisms and the surrounding fluids (Chave, 

1961). Diagenesis after deposition influences the mineralogy, resulting in an alteration 

of the initial composition (Chave, 1961; Wilson et al., 2013). Carbonates in the gas zone 

of the S Field were deposited in a reef environment with presence of algae and 

planktonic foraminifera along with corals. This likely resulted in the formation of high 

calcite carbonates. For the aquifer zone however, the carbonate rock is interpreted to be 
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deposited in lagoonal environment, where green algae Halimeda was abundant. This 

reflects the co-occurrence of calcite and dolomite. Dolomite formation could be related 

to the sea level rise during the deposition of carbonate in the aquifer zone. Exposure of 

carbonates to meteoric waters during sea level drop may have caused the unstable 

minerals to dissolve (Moore, 1989). Charging of the reservoir with natural gas 

(CH4/CO2) into the formation may have also contributed to the dolomitization as 

leaching of algae and benthic foraminifera might have enriched formation fluids with 

Mg2+ ions (Strohmenger et al., 2020). However, this is not the case for the S Field as the 

formation fluid has low Mg contents. Higher dolomite contents with smaller grain sizes 

in the aquifer zone may be due to the breakup of small planktonic foraminifera such as 

Globigerina (Chave, 1961). It should further be noted that the difference in mineralogy 

between the aquifer and the gas zones might partly relate to differences in 

hydrodynamics whereby the gas zone is disconnected from basinal flow systems with 

limited or no exchange of reservoir fluids, resulting in limited reservoir diagenesis. 

High temperature of solution may also influence the precipitation of dolomite in the 

aquifer whereas the lower temperature in the gas zone may have resulted in calcite 

replacement (Morad et al., 2018). We have not explored this any further because it is 

not part of the objectives of this study. Future research however should do a more 

detailed reservoir diagenesis study. 

The mineralogical information will be used in the geochemical modelling as 

input to study the interaction of CO2 with the minerals and fluids in the storage and 

sealing formations. This new information on the aquifer zone mineralogy provides new 

insights on the carbonate zone properties as previous modelling assumed that the overall 

carbonate reservoir is dominated by calcite (Amin & Jaafar, 2016). This will increase 

the accuracy of prediction for the fate of injected CO2 over long-time scales and its 

impact on the formation properties.  

 

4.1.1.3 Geochemical composition 

For the geochemical composition, samples from both, gas and aquifer zone were 

selected. Samples were pulverized and analysed using XRF, CEC and SSA (EGME). 

The findings from these geochemical measurements will support and provide more 

evidence for the main reservoir characteristics, such as the mineralogy. 

Ca2+ is the main element (~50%), as can be expected from the mineralogy which is 

dominated by calcite and dolomite. Other elements are abundant with <1% for the gas 

zone B sample while SiO2 and Al2O3 contents are a bit higher in the gas zone C sample 
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due to a higher abundance of clay minerals (Table 12; Figure 27). High composition of 

MgO in the aquifer zone compared to the gas zone is consistent with high dolomite 

contents in the aquifer zone as analysed by XRD (Figures 27 and 28). 

Table 12. Average major elemental composition (in %) of the reservoir zone in well S-4 by XRF analysis. 
The numbers do not sum up to 100% due to loss on ignition. 

 

 

Cation exchange capacity (CEC) and specific surface area (SSA) were also 

measured to obtain secondary information on clay mineral content and type in the rock 

samples of the S Field. The clay mineral type (e.g. kaolinite, illite, smectite) give 

impacts on these two properties (CEC) and (SSA). The result is as expected with low 

values of SSA, ranging from 4 to 5.5 m2.g-1 and 0.5 to 1 ccmol.kg-1 for CEC. This low 

value is due to the low clay mineral contents in these carbonate samples.  

The specific surface area for these carbonate samples is not considered as input 

in the geochemical model because the value is representing the bulk sample and 

geochemical modelling requires information on bulk SSA for individual mineral phases.  

4.1.1.4 Isotopic composition 

Radioactive (86Sr and  87Sr) and stable (δ13C and δ18O) isotope analyses have 

been conducted on samples from the carbonate reservoir. Radioactive isotopes have 

specific decay rates and short half-lives which can be used for age dating of the rocks. 

On the contrary, stable isotopes do not decay. The abundance of stable isotopes 

throughout geological times varies, and stable isotopes are therefore not considered for 

direct dating of rocks. The variation of the ratio and compositions’ pattern is more 

related to the physiochemical processes, which is useful to determine the origin, 

sources, interaction of waters, as well as biogeochemical processes during and after rock 

deposition (McArthur et al., 2012b; Oslick et al., 1994) .  

Fifteen samples from the carbonate reservoir (gas zones B and C) were analysed 

for strontium isotopes (Table 13). The 87Sr/86Sr ratios range from 0.708865 to 0.708933, 

corresponding to ages between 10.6 and 7.0 Ma (Middle to Late Miocene) using 

calibrated 87Sr/86Sr ratios of Miocene seawater (Hodell et al., 1991; Martin et al., 1999; 

Oslick et al., 1994). Similar age ranges were obtained by using Version 6 of the LOESS 

Reservoir 

Zone  

Depth 

(m) 

SiO2 

(%) 

TiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

MnO 

(%) 

MgO 

(%) 

CaO 

(%) 

Na2O 

(%) 

K2O 

(%) 

P2O5 

(%) 

SO3 

(%) 

Gas zone 

C 

1939.3 6.61 0.09 2.57 0.85 0.01 0.64 47.8 0.12 0.33 0.04 0.83 

Gas zone 

B 

1973.4 0.26 0.00 0.06 0.01 0.01 0.62 54.4 0.10 0.01 0.03 0.12 

Aquifer 

zone 

2330.28 1.00 0.01 0.25 0.10 0.00 10.81 41.13 0.43 0.05 0.07 0.16 
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6 look-up table by McArthur & Howarth (2020) as shown in Figure 30. The variation of 

strontium isotopes is controlled by two primary sources: (1) radiogenic strontium 

eroded from the continent through weathering and (2) radiogenic strontium by 

hydrothermal alteration of the ocean crust (Martin et al., 1999). The strontium isotopic 

composition of seawater will further influence the strontium isotopic composition of 

marine sediments which is related to mineral dissolution/precipitation reactions as well 

as the presence of living organisms that turn into bio-fossils. 

Table 13. Results of radioactive isotope analysis on 15 carbonate samples from three wells of the S Field. 

Sample 

ID 

Well Zone Sample 

depth (m) 

87Sr/86Sr Analytical 

method 

Age (Ma) 

(Martin, 

1999) 

S-04-01 S-4 Gas Zone C 1936.83 0.708898 Neptune 8.0 

S-04-03 S-4 Gas Zone C 1938.55 0.708933 Neptune 7.0 

S-04-04 S-4 Gas Zone C 1939.04 0.708926 Neptune 7.0 

S-04-02 S-4 Gas Zone C 1944.18 0.708918 Neptune 7.0 

S-04-05 S-4 Gas Zone B 1951.65 0.708891 Neptune 9.5 

S-04-06 S-4 Gas Zone B 1953.75 0.708893 Neptune 9.5 

S-04-07 S-4 Gas Zone B 1971.05 0.708900 Neptune 9.0 

S-04-08 S-4 Gas Zone B 2005.18 0.708866 Neptune 10.5 

S-03-01 S-3 Gas Zone C 2079.65 0.708876 TIMS 9.5 

S-03-02 S-3 Gas Zone C 2081.45 0.708912 TIMS 9.0 

S-03-03 S-3 Gas Zone C 2082.05 0.708889 TIMS 9.5 

S-03-04 S-3 Gas Zone C 2083.85 0.708931 Neptune 7.0 

S-03-05 S-3 Gas Zone B 2095.88 0.708865 Neptune 10.6 

S-02-01 S-2 Gas Zone B 2115 0.708867 TIMS 10.5 

S-02-02 S-2 Gas Zone B 2120 0.708867 TIMS 10.5 
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Figure 30. Strontium isotope ratio curve in seawater for the past 20 million years (from McArthur et 
al.,2020). The shaded field shows the age range of carbonate samples from the S Field interpreted by the 

87Sr/86Sr ratios obtained in this study. 

A similar age range using strontium isotope studies on carbonates, corals and 

carbonate skeletons (e.g. shells) has been reported from the Luconia Province, Sarawak, 

in close vicinity to the S Field (Vahrenkamp, 1998), East Java (Sharaf et al., 2005), NW 

Borneo (Wilson et al., 2013), and East Kalimantan (Warter et al., 2015). Vahrenkamp 

analysed 137 samples from eleven carbonate reservoirs in the Luconia Province with 

87Sr/86Sr ratios ranging between 0.780849 and 0.70903. It was concluded that the 

carbonate was deposited in the Early to Middle Miocene. This study also correlated 

decreasing 87Sr/86Sr ratios in the seawater with the lowstand of eustatic sea level in the 

late Miocene as reported by Haq et. al (1988). 87Sr/86Sr ratios of carbonates from the 

Prantakan area, East Java range between 0.708744 and 0.708818 (Sharaf et al., 2005). 

The index foraminifera found in this area refers to Middle to Late Miocene and 

corresponds to the same foraminifera found in S Field carbonates, namely Lepidocyline, 

Miogypsina, and Cycloclypeus.  

The same Sr ages were reported on samples from modern patch reefs in offshore 

Sarawak and outcrop limestone in onshore Sarawak by Wilson et al. (2013). Ages 

obtained are 7 to 13.4 Ma and were confirmed by the occurrence of Middle to Late 

Miocene index foraminifera. Warter et al. (2015) studied 12 samples from East 

Kalimantan and obtained 87Sr/86Sr ratios of 0.708939 to 0.708897, which translates to 

8.24 to 9.92 Ma (Late Miocene).   

Based on the results, the range of 87Sr/86Sr ratios can be used to determine the 

stratigraphic age gap based on the zonation and vertical depth in each well (McArthur et 

al., 2002). The uppermost gas zone C carbonate is the youngest reservoir zone with ages 
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ranging between 9.5 and 7.0 Ma, and the underlying gas zone B carbonate is estimated 

to be deposited in an age range between 10.5 and 9.0 Ma (Figure 31). This finding 

concludes that the carbonate rocks in gas zone B and gas zone C were deposited during 

Late Miocene (Martin et al., 1999) or the sedimentary Cycle V in the Sarawak 

chronostratigraphic chart, respectively (Madon, 1999b).  

 

 

Figure 31. Plot showing ages of gas zone B and C based on strontium isotope ratios. The age range is 
based on the studies by Martin et al., (1999) 

The 87Sr/86Sr ratios of samples from the same well show increasing values with 

depth, indicating a younger age (Figure 32). Comparison of overall data with depth 

needs to relate to the depth interval of each reservoir zone since each well was drilled at 

a different location of the S Field carbonate build-up. The first three samples from the 

S-4 well were close to the top of the carbonate. The high 87Sr/86Sr ratios in these 

samples suggest a high degree of weathering with potential exposure to meteoric waters 

at the end of the S Field carbonate build-up during a sea-level drop-in early Miocene.  

Another forty-five carbonate samples from the S-4 well were analysed to 

determine stable C and O isotope compositions (Table 14). Results are compared with 

previous in-house data on six caprock and one carbonate samples from S-1 well (Table 

15).  
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Figure 32. Sr isotope ratios with depth for each well showing increasing values with a decrease in depth. 

 

 

 

Table 14. Stable C and O isotope compositions for carbonate samples from the S-2, S-3 and S-4 well. 

Sample 

ID 

Well Zone Depth 

(m) 

δ13C 

(0/00) 

δ18O  

(0/00) 

S-4-01 S-4 Gas Zone C 1936.83 0.12 -7.55 

S-4-03 S-4 Gas Zone C 1938.55 0.20 -6.03 

S-4-04 S-4 Gas Zone C 1939.04 -0.30 -7.58 

S-4-02 S-4 Gas Zone C 1944.18 -2.44 -6.21 

S-4-05 S-4 Gas Zone B 1951.65 0.23 -5.91 

S-4-06 S-4 Gas Zone B 1952.85 0.18 -4.74 

S-4-07 S-4 Gas Zone B 1953.75 -0.20 -4.46 

S-4-08 S-4 Gas Zone B 1955.55 0.26 -4.94 

S-4-09 S-4 Gas Zone B 1960.29 0.19 -4.65 

S-4-10 S-4 Gas Zone B 1965.001 0.27 -5.00 

S-4-11 S-4 Gas Zone B 1969.55 0.18 -5.32 

S-4-12 S-4 Gas Zone B 1971.05 0.45 -5.25 

S-4-13 S-4 Gas Zone B 1980.13 0.00 -6.65 

S-4-14 S-4 Gas Zone B 1995.06 0.15 -6.50 

S-4-15 S-4 Gas Zone B 2005.18 -0.04 -6.90 

S-4-16 S-4 Gas Zone B 2021.17 -0.21 -6.19 

S-4-17 S-4 Gas Zone B 2030.22 -0.09 -4.79 

S-4-18 S-4 Gas Zone B 2035.21 -0.82 -6.60 

S-4-19 S-4 Gas Zone B 2055.15 -0.21 -5.57 

S-3-01 S-3 Gas Zone C 2079.65 -0.56 -5.11 

S-4-20 S-4 Gas Zone B 2080.23 -0.07 -4.84 

S-3-02 S-3 Gas Zone C 2081.45 -0.01 -5.41 
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Sample 

ID 

Well Zone Depth 

(m) 

δ13C 

(0/00) 

δ18O  

S-3-03 S-3 Gas Zone C 2082.05 -0.04 -5.29 

S-3-04 S-3 Gas Zone B 2083.25 -0.45 -5.22 

S-3-05 S-3 Gas Zone B 2083.85 -1.26 -6.40 

S-3-06 S-3 Gas Zone B 2088.35 -0.20 -5.00 

S-4-21 S-4 Gas Zone B 2090.32 -0.05 -4.16 

S-3-07 S-3 Gas Zone B 2090.75 0.36 -5.07 

S-3-08 S-3 Gas Zone B 2095.88 -0.33 -4.77 

S-4-22 S-4 Gas Zone A 2100.21 -0.42 -6.47 

S-4-23 S-4 Gas Zone A 2107.39 -0.40 -6.48 

S-4-24 S-4 Gas Zone A 2110.07 -0.49 -6.56 

S-3-09 S-3 Gas Zone B 2111.45 -0.30 -5.67 

S-2-01 S-2 Gas Zone B 2115 0.00 -4.99 

S-3-10 S-4 Gas Zone B 2118.81 -0.26 -5.27 

S-2-02 S-2 Gas Zone B 2120 -0.12 -5.45 

S-2-03 S-2 Gas Zone B 2125 -0.15 -4.62 

S-2-04 S-2 Gas Zone A 2130 0.01 -5.18 

S-2-05 S-2 Gas Zone A 2135 -0.21 -5.01 

S-2-06 S-2 Gas Zone A 2140 -0.30 -5.90 

S-4-25 S-4 Water zone 2327.81 0.50 -6.63 

S-4-26 S-4 Water zone 2329.5 -0.25 -6.67 

S-4-27 S-4 Water zone 2330.45 0.23 -6.58 

S-4-28 S-4 Water zone 2333.63 -0.30 -6.65 

S-4-29 S-4 Water zone 2339.91 0.58 -6.11 
 

 

Table 15. Stable isotope composition for caprock and carbonate samples from the S-1 well from previous 
study 

Sample ID Well Zone Depth 

(m) 

δ13C 

(0/00) 

δ18O 

(0/00) 

617 S-1 Seal B 886.4 -6.8 -4.5 

618 S-1 Seal B 1088.7 -5.1 -2.75 

619 S-1 Seal A 1376.172 3 -0.15 

622 S-1 Seal A 1686.458 -5 -3.85 

626 S-1 Seal A 1980.59 -0.65 -6.2 

628 S-1 Seal A 2054.352 -2 -5.2 

631 S-1 Gas Zone 

C 

2208.276 0.1 -5.5 

 

δ13C and δ18O stable isotope analyses are used as a tool to investigate 

biogeochemical processes including the paleoclimate, continental weathering, source of 

mineral precipitation, shell dissolution and diagenesis (Ando et al., 2011; Garzione et 

al., 2004; Graf, 1960; Land, 1983; Nelson & Smith, 1996; Oehlert & Swart, 2014; 

Saltzman & Thomas, 2012; Wilson et al., 2013; Zheng et al., 2013). Overall, studies 
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suggest that more negative δ13C and δ18O value reflect an increased impact of 

weathering, warmer paleoclimate, shallower depth, aerial exposure, reef lithotype or 

low dolomite content. 

Values obtained in this study show variations between carbonate samples 

ranging from -2.44 to 0.58 ‰ for δ13C and -7.58 to -4.16 ‰ for δ18O (Figure 33). 

Comparison to previous in-house data from the S-1 well show slightly different ranges 

for the caprock samples (sample 619 excluded) for δ13C and similar values for δ18O, 

with values of -6.8 to -0.65 ‰ and -6.2 to -4.5 ‰, respectively. The differences in δ13C 

suggest that the caprock experienced some continental weathering compared to the 

carbonate samples.  

 

Figure 33. Stable isotope composition in the S Field show values of -2.44 to 0.58 for δ13C and -7.58 to -
4.16 for δ18O. 

More negative values of δ13C and δ18O for the top of the carbonate reservoir (gas 

zone C) were found in comparison to other carbonate samples. This trend agrees with 

the general interpretation that the samples are close to the top of carbonate with the 

potential of meteoric water intrusion during sub-aerial exposure. Higher strontium ratios 

in gas zone C generally supports this observation. Low dolomite contents in gas zone 

samples compared to the aquifer zone do not seem to result in a difference in δ13C and 

δ18O values. 

4.1.2 Caprock properties and significance for CO2 storage 

A caprock is a main component of a petroleum system. This low permeability 

layer can provide an effective barrier for gas migration or leakage from the reservoir 

formation over geological times (Busch et al., 2010). For a CO2 storage site, an 



 

90 

enhanced understanding of the caprock is required to ensure the injected CO2 remains 

safely stored in the reservoir for a long period of time. The caprock thickness, mineral 

composition and petrophysical properties need to be determined to access the sealing 

capacity, and any potential leakage pathways towards the surface (Bruno et al., 2014; 

Busch et al., 2010; Busch et al., 2016b; Chen et al., 2014; Chiaramonte et al., 2008). 

The effectiveness of a caprock is also determined by the time required for CO2 

migration across the primary caprock and into the overburden after the pressure exerted 

by the CO2 column exceeds the capillary sealing capacity of the caprock (Chen et al., 

2015).  

With limited sample material available we here determined petrophysical rock 

properties on shale caprock material overlying the S Field carbonate reservoir. These 

include mineralogy, cation exchange capacity, specific surface area, pore size 

distribution, mercury intrusion porosimetry and unconfined porosity/permeability. 

 

4.1.2.1 Capillary entry pressure and column height of caprock Seal A 

The capillary entry pressure is an important parameter to evaluate the sealing 

capacity of caprocks (Busch et al., 2013; Divko et al., 2010; Fatah, et al., 2020; Krushin, 

1997). Six samples from Seal A have been tested by mercury injection capillary 

pressure (MICP) and results revealed that the most abundant pore size radius for Seal A 

ranges between 9 and 11 nm. Detailed results and experimental parameters are provided 

in Table 16.  

Table 16. Results of MICP measurements for five samples from Seal A. 

Sample ID S-4 A2 S-4 A3 S-4 A4 S-4 A5 S-4 A6 

Laboratory MCA MCA PSA PSA PSA 

Sample depth (m) 1853.30 1853.20 1850.50 1851.80 1858.40 

Max pressure (MPa) 412 412 413 413 413 

MICP porosity (%) 6.16 2.19 10 10 10 

 Pore radius (nm) 11 9 10 10 10 

Interfacial tension (N/m) 0.02 0.02 0.02 0.02 0.02 

Contact angle (°) 0 0 0 0 0 

Capillary entry pressure 

for CO2 (MPa) 

3.48 4.49 4.00 4.00 4.00 

Calculated potential 

height of CO2 column (m)  

583 753 670 670 670 
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By using the Young-Laplace equation (Equation 4), the estimated maximum gas 

column height with before the capillary pressure is exceeded for Seal A ranges between 

583 and 753 m. This calculation is based on gas density taken at initial reservoir 

conditions with PCO2 of 70%, CO2 interfacial tension (IFT) of 0.02 N/m and water-

wetting conditions with a contact angle of 0°. IFT data has been taken from Ren et al. 

(2000) at 30 MPa and 100°C due to the lack of relevant data at higher pressures and 

temperatures. Therefore, data from Ren et al. (2000) had to be extrapolated to the 

pressure and temperature conditions of the S Field, which might result in some 

uncertainty that would, however, not result in an error >100m in gas column height. The 

pore throat size is the main control on capillary entry pressure calculation and column 

height estimation. A difference of 4 nm on average pore radius between sample S-4 A2 

and S-4 A3 results in 170 m of additional column height. The calculated CO2 seal 

capacity for Seal A from this study is higher by about 300 to 450 m, compared to the 

current gas column height in the reservoir which is 300 m. The calculated CO2 column 

height is higher than the existing gas column due to the differences in the interfacial 

tension, wettability and density of CO2 under reservoir conditions. At the same pressure 

and temperature of reservoir conditions, the density of CO2 is higher than natural gas, 

thus, the buoyancy force on the seal is much lower, which increases the CO2 column 

height. 

Measurement of capillary entry pressure for CO2 and CO2 column heights are 

important to assess the seal integrity of a CO2 storage site (Dewhurst, et al., 2002). The 

calculation uses 0° for the contact angle, however, there is a possibility of a non-zero 

contact angle (Iglauer et al., 2015). A sensitivity analysis on the contact angle has been 

conducted with the angle ranging from 0 to 35° and results show a decreasing gas 

column height with an increase in contact angle for samples S-4 A2 and S-4 A3 (Figure 

34). This result is similar to the sensitivity analysis conducted for the Muderong Shale 

with a reduction in column height from 789 m to 558 m (Dewhurst et al., 2002). The 

capillary entry pressures from this study suggests that the Seal A is an effective seal as 

the corresponding CO2 column heights are up to 750 m, whereas the structural height of 

the carbonate reservoir does not exceed 300 m. Therefore, the risk of having CO2 

leakage into the caprock by capillary transport is low.  
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Figure 34. Sensitivity analysis performed using data from sample S-4 A2 and S-4 A3 to investigate the 
influence of contact angle to the maximum CO2 column height. Calculation for both samples show 

decreasing CO2 column heights with increasing contact angle.  

 

4.1.2.2 Permeability of Seal A (primary caprock) 

Measurement of pulse decay permeabilities on core disks of Seal A revealed a 

permeability of 0.5 µD and a porosity of 2.4%. The porosity value is consistent with the 

measured porosity obtained from MICP on sample S-4 A3 which is from the same 

depth. The pulse decay measurement was repeated three times using different initial 

pressures. A summary is provided in Table 17.  

Table 17. Permeability calculated from each pressure uptake curve.  

 

Permeability is an important rock property to evaluate an effective caprock. It 

determines fluid migration or leakage through the caprock after the capillary threshold 

pressure is exceeded (Busch et al., 2010). The determination of single phase (gas or 

water) permeability is already challenging due to low flow rates and long measurement 

times; relevant for caprock leakage though is the effective permeability to gas at a given 

water saturation. Water (or gas) saturation depends on capillary pressure and only few 

effective permeability measurements have been documented in the literature, where the 

water (or gas) saturations are not quantified. A range of effective permeabilities and 

their relationship to the leakage rate have been reported by Hildenbrand et al (2004), 

Parameter Test 1 Test 2 Test 3 

k=permeability (m2) 4.8 x 10-19 4.47 x 10-19 4.94 x 10-19 

k=permeability (nD) 494 453 500 
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among others; the data has been used to construct a relationship between effective 

permeability and time required to bypass a caprock of certain thickness. (Busch et al., 

2010). Applying the finding of this study to the S Field, using the trendline for 

permeability of 10-19 m2 for Seal A, the time required to initiate CO2 leakage at the top 

of the caprock is estimated to be ~30 years for a caprock thickness of 500 m (Figure 

35).  
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Figure 35. Estimation of leakage time after capillary failure for Seal A with thickness of 500 m and 
permeability of 1E-19 m2. Diagram adapted from (Busch et al., 2010). 

The permeability of Seal A is slightly lower than for the caprock in the adjacent 

M4 Field, which a measured value of 1.2 µD (Masoudi et al., 2011). A reduction of 

17% from the initial permeability was obtained after exposure of the sample to CO2. It 

was concluded that this slight degradation would not impact the seal integrity. When 

comparing to other CO2 storage fields, the permeability of Seal A is an order of 

magnitude lower than the primary caprock layer of the Frio and Sleipner CCS sites 

(Zhou et al., 2008) with values of 1E-18 m2 and 0.75 to 1.5E-18 m2 respectively (Zhou 

et al., 2008). This comparison provides confidence in the effectiveness and integrity of 

Seal A in the S Field. A numerical simulation study by Chen et al. (2015) suggests the 

relationship between caprock thickness and permeability in relation to the relative 

amount of CO2 leakage. However, the scenarios tested in the simulation use lower 

ranges of permeability and thickness compared to Seal A; thus, we are not able to 

estimate the percentage of leaking CO2 in case of a leakage event.  

 

4.1.2.3 Mineralogical composition of Seal A and B 

The formation of clay minerals is highly dependent on temperature, fluid pH and 

solute activities (Bickle et al., 2013). Seal A (primary caprock) has higher clay contents 
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compared to seal B (secondary seal), as shown in Figure 36. The clay mineralogy of the 

caprock layers is characterised mainly by illite, followed by illite-smectite mixed-layers, 

kaolinite, smectite and chlorite. Detailed mineralogy for Seals A and B is provided in 

Table 18. The average composition of each mineral phase was used as input for 

geochemical modelling. All caprock samples analysed show low smectite contents 

which suggests a low risk of formation dehydration following dehydration cracking in 

the case where the base of the caprock comes into contact with dry CO2 (Busch et al., 

2016).  

 

 

Figure 36. Distribution of mineralogy in shale samples of Seal A and Seal B from the S-4 well 

Table 18. Mineralogical composition of caprock samples from the S-4 well. 

 Depth 

(m) 

Bulk Mineralogy (wt-%) 

Qtz Plag KFS Ca Dol Sid Pyt Ana Clay 

 

Seal 

B 

1349.2 40.0 6.0 1.0   3  1.0 47.0 

1354.0 39.0 16.1 10.5 1.5 1.1 3.0 2.4  26.4 

1354.2 39.9 14.7 9.0 1.5 0.9 3.7 2.5  27.9 

1354.7 39.8 15.1 9.0 1.5 0.5 5.3 2.7  26.0 

 

 

Seal 

A 

1851.0 28.3 6.7 9.6 1.3 1.5 10.1 2.9  39.4 

1851.5 29.7 6.7 8.9 1.2 2.3 10.7 3.0  37.4 

1852.0 31.6 6.7 7.4 1.3 2.6 9.8 3.8  36.9 

1853.2 30.0    4.0 9.0  1.0 56.0 

1854.0 33.9 7.0 7.3 1.4 3.4 8.9 2.8  35.4 

1854.3 30.8 6.5 8.2 1.3 2.7 9.7 3.0  37.8 

1854.6 33.3 6.3 8.5 1.2 2.9 8.6 2.6  36.6 
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4.1.2.4 Geochemistry, surface area and cation exchange capacity of 

caprock samples 

Powdered samples from Seal A and Seal B were properly prepared and 

distributed for XRF, CEC and BET measurements. The findings from these analyses 

will support and provide more evidence to the mineralogical distribution and other 

caprock properties. 

Major elements of the caprock samples are shown in Table 19. SiO2 dominates 

the geochemical composition as silicates are the main minerals in both caprock zones. 

Occurrence of TiO2 element support the presences of anatase mineral which was 

identified by XRD analysis. Al2O3 in both shale samples is higher compared to 

carbonate samples and this reflects the higher clay mineral content such as illite, 

kaolinite and smectite. Concentration of Fe2O3 in both carbonate reservoir and shale 

caprock samples are contributed by siderite and pyrite. 

Table 19. Average major elemental composition from geochemical analysis (in %) for Seal A and Seal B 
from well S-4. The numbers do not add up to 100% due to some loss on ignition during analysis. 

Zone Seal B Seal A 
Depth (m) 1349.19 1853.15 

SiO2 66.55 54.19 
TiO2 0.82 0.74 
Al2O3 15.47 18.10 
Fe2O3 4.35 6.43 
MnO 0.04 0.06 
MgO 1.68 2.87 
CaO 0.41 1.96 
Na2O 1.32 0.34 
K2O 2.44 2.65 
P2O5 0.07 0.10 
SO3 0.30 0.28 

 

4.1.2.5 Cation exchange capacity and specific surface area 

 As expected, CEC and SSA in caprock samples are higher compared to 

reservoir samples (Table 20). The differences in CEC and SSA (from EGME) between 

Seal A and Seal B is due to the differences in both, clay mineral content and 

composition in the respective zones. Smectite contributes to higher amounts of CEC and 

SSA in Seal B compared to Seal A. In expandable clays, such as smectite, substitution 

of cations can range between 40 and 130 meq.100g-1 and 50 to 200 m2.g-1 for specific 

surface area (Murray, 2007). Low amounts of CEC and SSA in Seal B suggests the 

smectite is mainly composed of calcium montmorillonite. Like for carbonate samples, 
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SSA values measured for Seal A cannot be used for geochemical modelling since the 

value represents the overall SSA of the sample, while the SSA of individual mineral 

phases are required to solve the respective rate equations.  

Table 20. Cation exchange capacity (CEC) and specific surface area (SSA) in gas zone and caprock zone 
samples from the S-4 well. 

 

The geochemical composition, CEC and SSA provides supporting information on the 

mineral distribution in Seal A and Seal B. This information such as SSA can also be 

used as a reference to the input in modelling the geochemical reaction of caprock 

formation with CO2 and formation water.  

4.2 CO2-water-rock interaction 

CO2 injected into a storage reservoir will be trapped by four different 

mechanisms including (i) structural trapping, (ii) capillary trapping, (iii) solubility 

trapping and (iv) mineral trapping (Solomon, 2006). Structural trapping by impermeable 

layers (caprock, primary seal) is the main physical trapping mechanism as demonstrated 

in most CO2 storage sites including the Weyburn Field in Canada and Sleipner 

Reservoir in Norway (Amin et al., 2014). Another physical trapping mechanism is 

capillary trapping where a fraction of CO2 remains in the pore spaces as residual CO2 

gas saturation (Pentland et al., 2010). Following dissolution of CO2 in formation water, 

mineral trapping can occur by geochemical CO2-water-rock interactions resulting in 

carbonate precipitation (Solomon, 2006). 

Even though the chemical reaction may offer secondary CO2 trapping by 

solubility and mineralization, the impact of this reaction to the degradation of the 

formation properties is more concerning. Previous studies revealed that CO2 injection 

into a subsurface formation may trigger changes in rock and fluid properties such as 

chemistry, mineralogy, porosity (permeability) and rock strength (Busch et al., 2020; El 

Hajj, Odi, & Gupta, 2013; Falcon-Suarez et al., 2017; Fatah et al., 2020; Grgic, 2011; 

Hangx et al., 2015; Hangx et al., 2010; Luquot & Gouze, 2009; Sterpenich et al., 2009; 

Vialle & Vanorio, 2011). Therefore, it is important to evaluate the impact of CO2-water-

Zone Depth 

 (m) 

CEC  

(meq.100g-1 ) 

SSA (EGME) 

(m2.g-1) 

SSA (BET) 

 (m2.g-1) 

Seal B 1349.19 16.5 95 NA 

Seal A 1853.15 8.7 45 4.0 

Gas Zone 3 1939.3 1.0 5.5 NA 

Gas Zone 2 1973.4 0.5 3.5 NA 

Aquifer zone  2330.28 0.6 4.0 NA 
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rock interactions in the S Field for appropriate assessment of the feasibility and 

potential subsurface risk for a safe and long-term storage site. 

Geochemical interaction between injected CO2, formation water and carbonate 

rock formation in the S Field was predicted to be minimal, based on a simulation study 

by Amin & Azuddin (2016). They concluded that only slight geochemical reactions 

occur in the water zone due to the highly CO2 saturated formation waters. In this study, 

mineral dissolution is said to potentially occur near the injection well and precipitation 

to occur far from the injection well. However, the input from their geochemical 

modelling is not accurately represented by the fluid and rock properties such as salinity, 

water composition and mineralogy. This constraint is due to limited information of the 

S Field properties during their period of study.  

The new appraisal well S-4 well was drilled in 2017 and part of the objective of 

the operator was to acquire detailed information of the S Field reservoir and caprock 

properties which includes an extensive coring program of the caprock section as well as 

the gas and water zone intervals.  

4.2.1 Static batch experiments and impact on petrophysical and mechanical rock 

properties 

We investigated in detail the CO2-water-rock interactions in the carbonate 

reservoir (water zone) and caprock Seal A of the S Field via an integrated experimental 

approach. All samples used in the experiments are actual field samples from the S-4 

well. A representative composition of the formation water in the S Field was formulated 

to prepare a synthetic brine. Pressures and temperatures used in the experiment are 

similar to the original reservoir conditions and have been applied to mimic the actual S 

Field conditions.  

The impact of the injected CO2 is variable throughout operations, either during 

the CO2 injection, phase with time scales on the order of tens of years, or after CO2 

injection with timescales of hundreds to thousands of years. This reflects interactions 

between the injected CO2 and reservoir fluids/rocks which depends on the distance from 

the injector where reservoir fluid-water-rock equilibria are significantly disturbed over 

distances of several hundreds of meters (depending on reservoir porosity, permeability 

and injection rates). Here, dehydration reactions of clay minerals or precipitation of salts 

caused by water evaporation into dry CO2 can occur (e.g. Azaroual et al., (2012)). This 

study uses static batch experiments to simulate the scenario beyond this near injector 

zone. There, dissolution of CO2 into formation fluids results in the formation of a 
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carbonic acid at lower pH than the original fluids (Pokrovsky et al., 2005). This process 

might lead to mineral dissolution and precipitation reactions until the system reaches 

equilibrium conditions over very long timescales. The extent of such reactions needs to 

be determined under static conditions as the reaction depends on the spatial distribution, 

mineralogy and original composition of the formation waters (Dawson et al., 2013; 

Kaszuba et al., 2011). Findings from this static batch experiment provides significant 

input to predict the integrity and safety of CO2 storage in the S Field over a long period 

of time. Part of the results from the experimental study on the caprock sample has been 

published in the International Journal of Greenhouse Gas Control (Dewhurst et al., 

2020). 

 

4.2.1.1 Static batch experiments for the carbonate reservoir samples 

Mineralogy is the main control in CO2-water-rock interactions (Bickle et al., 

2013; Gaus, 2010; Johnson et al., 2011; Riding, 2005; Siqueira et al., 2017). Such 

reactions may occur faster in a carbonate compared to a sandstone formation because 

carbonate minerals such as calcite (CaCO3) or dolomite (CaMg(CO3)2) are more 

reactive, (Bacci, 2011; M. Bickle et al., 2013; Siqueira et al., 2017). CO2 injected will 

dissolve in formation waters which will decrease pH, increase bicarbonate contents and 

will potentially start triggering carbonate mineral dissolution following (Marini, 2006):  

CO2 (gas) ⇌ CO2 (aq)                                                     Equation 7 

CO2 (aq)+ H2O ⇌ H2CO3(aq)                                                 Equation 8 

H2CO3 + CaCO3 ⇌ 2HCO3
- + Ca2+                                          Equation 9 

H2CO3 + MgCO3 ⇌ 2HCO3
- + Mg2+                                        Equation 10 

 

Core chips from the water zone, gas zones B and C as well as Seals A and B 

from well S-4 were used for these analyses (Table 21).). The core chips were subdivided 

into four batches for XRD, XRF, SSA and CEC respectively. In comparison with 

reactive (dynamic) transport experiments, the residence time of the reacting fluids with 

the rock samples in batch experiments is determined by the time period a given 

temperature and pressure can be maintained for an individual experiment (Dawson et 

al., 2013; Kaszuba et al., 2011; Luquot & Gouze, 2009). Thus, experiments were 

conducted, and analysis performed for four different time periods: un-reacted (pre) 

sample and reacted samples after exposure to carbonated fluids (post) for 1, 4, and 6 
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months. These CO2 aging experiments were conducted in high pressure vessels and a 

high temperature oven with ageing conditions of 150˚C and a pressure of ~29 MPa with 

one pore fluid volume of synthetic brine present. Pressurisation of the pressure vessels 

was performed using supercritical CO2. 

Table 21. Depths of sample used for XRD, XRF, SSA and CEC analyses 

Depth (m) Zone 

1349.19 Seal B 

1853.15 Seal A 

1939.45 Gas Zone C 

1973.45 Gas Zone B 

2330.28 Aquifer Zone 

 

The results of the XRD analysis on samples from the water zone are shown in 

Table 22. The rock in its initial state (0 months) is dominated by dolomite and calcite, 

with trace amounts of quartz, clay minerals, halite and svanbergite (SrAl3(OH)6). Clay 

minerals are mainly composed of illite-smectite mixed layers and smectite (data not 

shown here). From the results, aging for 1, 4 and 6 months has no impact on the 

mineralogy of the rock. The minor variations are close to the level of accuracy for the 

technique and may be due to the heterogeneity of the rock samples. 

Table 22. Mineralogy of water zone samples after aging with carbonated fluids. 

Time 

(months) 

Mineralogy (wt-%) 

Quartz Calcite Dolomite Halite Svanbergite 

0 1.0 44.0 54.0 1.0 1.0 

1 1.0 43.5 55.0 0.5 1.0 

4 1.0 44.0 54.0 0.5 1.0 

6 1.0 47.0 51.5 0.5 0.5 

 

The geochemistry of the major elements for water zone samples is shown in Table 23. 

The change in major elements (especially CaO and Mg)) is small and mostly within the 

experimental uncertainty of the analysis. These insignificant changes support the 

previous results from XRD analysis. A decrease in SiO2, Al2O3, Fe2O3 and SO3 can be 

observed over time, possibly indicating some dissolution of clay minerals. This is 

however not observable from XRD measurements, probably due to the overall small 

amounts and relatively large error bars for trace mineral phases. 
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Table 23. Major elements of the water zone sample after ageing with carbonated fluids. The numbers do 
not add up to 100% as there is significant loss on ignition in the analysis. 

Time 

(months) 

Major element geochemical analysis (%) 

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 SO3 

0 1.00 0.01 0.25 0.10 10.81 41.13 0.43 0.05 0.07 0.16 

1 0.88 0.01 0.28 0.10 10.88 40.89 0.28 0.05 0.06 0.10 

4 0.81 0.01 0.23 0.08 10.88 41.07 0.24 0.04 0.06 0.09 

6 0.79 0.01 0.22 0.08 10.76 41.22 0.26 0.04 0.06 0.09 
 

The mineralogical composition of gas zone samples B and C from the S Field is 

different from the aquifer zone with significantly higher calcite contents (~90 wt%) and 

minor amounts of other minerals such as dolomite, pyrite, dickite and gypsum. With the 

presence of higher amounts of reactive calcite, more reaction could potentially be 

expected from these samples. However, similar to the aquifer zone, the static aging for 

1, 4 and 6 months shows no impact on the mineralogy. Only minor variations are 

observed which is potentially due to the heterogeneity of the rock samples and within 

the analytical error bar (Table 24 and Table 25). Similar to results for the aquifer zone, 

some compositional variations are observed for the clay mineral fraction. However, 

given the small abundance of ~0.5 wt-% for gas zone B samples and <4 wt-% for gas 

zone C samples, it is suggested that these changes are not representative of CO2-water-

rock interaction. 

Table 24. Mineralogy of gas zone B from initial state (0 month) to 6 months of ageing with CO2.  

Time (months) Mineralogy (wt-%) 

Quartz Calcite Dolomite 

0 1.0 97.0 2.0 

1 0.5 97.0 2.0 

4 0.5 98.0 2.0 

6 0.5 97.0 2.0 
 

Table 25. Mineralogy of gas zone C from initial state (0 month) to 6 months of ageing with CO2. Gyp = 
gypsum; Anh = anhydrite, I/M = illite/mica, Dic = Dickite, Py = Pyrite. 

Time 

(months) 

Mineralogy (wt %) 

Qtz Ca Dol I/M Dic Py Gyp Anh 

0 4.0 88.5 2.0 2.0 2.0 1.0 1.0 0.0 

1 4.0 88.0 2.0 2.0 2.0 0.5 0.0 1.0 

4 4.0 88.0 2.0 2.5 2.5 0.5 0.0 1.0 

6 4.0 89.0 2.0 2.0 2.0 0.5 0.0 1.0 
 

For the geochemical composition of gas zone samples, CaO obviously is the 

main element (~54 %) as calcite is the main mineral phase (Table 26). Other elements 

are < 1% for gas zone B samples while SiO2 and Al2O3 are slightly higher in gas zone C 
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samples (Table 27) which is likely due to higher clay contents. Similar observations can 

be made for experiments in aquifer zone samples where no significant changes in major 

elemental composition following ageing with CO2 for up to six months can be observed.  

Table 26. Major elements for gas zone B samples after 0, 1, 4 and 6 months of CO2 ageing. 

 

Table 27. Major elements of gas zone C samples after 0, 1, 4 and 6 months of CO2 ageing. 

 

XRD and XRF analysis following CO2 ageing shows insignificant changes in 

mineralogy and major elements in the samples from both aquifer and gas zones 

although CO2 ageing experiments have been conducted under high pressure and 

temperature conditions on a single pore volume of water. This signifies minimal CO2-

water-rock reactions which suggests that the carbonate formation in the S Field is 

already in equilibrium with dissolved CO2 in formation waters. Thus, exposure to 

additional CO2 will not trigger further mineralogical changes. Similar results have been 

reported from high resolution analysis by subsequent experiments using samples from 

the same zones under similar experimental conditions (Sazali et al., 2019). Several 

studies report on CO2-fluid-rock reactions with carbonate samples under batch 

conditions which are similar to the S Field investigated here (Dawson et al., 2013; 

Gunter et al., 2000; Kaszuba et al., 2011; Siqueira et al., 2017), however none of them 

have been conducted under such high pressure and temperature conditions. Findings 

from previous studies indicated ionic species concentration changes non-linearly over 

time, a small increase in porosity, and no significant change in mineralogy and 

mechanical properties (Dawson et al., 2013). Carbonate minerals are reactive minerals 

that tend to dissolve rapidly at low pH as the kinetic rates are fast (with magnitudes of 

Time 

(months) 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 

0 0.26 0.00 0.06 0.01 0.01 0.62 54.40 0.10 0.01 0.03 0.12 

1 0.06 0.00 0.05 0.00 0.01 0.65 54.44 0.15 0.01 0.03 0.50 

4 0.24 0.00 0.04 0.00 0.01 0.62 54.25 0.15 0.01 0.03 0.50 

6 0.18 0.00 0.05 0.00 0.01 0.70 54.09 0.15 0.01 0.03 0.70 

Time 

(months) 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 

0 6.61 0.09 2.57 0.85 0.01 0.64 47.80 0.12 0.33 0.04 0.83 

1 6.61 0.09 2.59 0.84 0.01 0.63 47.80 0.12 0.33 0.04 1.01 

4 6.77 0.09 2.69 0.83 0.01 0.62 47.80 0.13 0.34 0.04 0.93 

6 6.41 0.09 2.49 0.80 0.01 0.62 47.80 0.13 0.32 0.04 1.01 
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10-7 mol.m-2.s-1) compared to other minerals such as illite (10-13 mol.m-2.s-1) or quartz 

(10-14 mol.m-2.s-1) (Zhang & Wu, 2018). Thus, mineral dissolution is more likely in 

carbonate samples. Previous findings suggest that the rapid dissolution of calcite will 

result in a short time for the reaction to achieve an equilibrium phase. However, pH 

buffering effects will influence the reaction of carbonate minerals (Grgic, 2011). This 

has been suggested by static batch experiments on different limestone samples 

dominated by calcite which show slight changes in mineral and fluid geochemical 

composition (Berrezueta et al., 2017; Rimmelé & Renard, 2010; Sterpenich et al., 

2009). Batch experiments were also conducted on the carbonate samples from the IEA 

Weyburn CO2 storage site and it was concluded that geochemical reactions did not 

reduce the porosity and permeability of the carbonate formation (Riding & Rochelle, 

2009). Therefore, static batch experiments show minimal impact of CO2-water-rock 

interactions on carbonate rock composition at stable hydrodynamic conditions which 

relates to the zone far from the CO2 injection well. For the S Field, the already present 

exposure of carbonate rocks with CO2 saturated fluids will be an extra factor that limits 

mineralogical changes as shown in batch experiments performed in this study. This is in 

agreement with field analogue studies that show that CO2 exposure did not change the 

mineral composition (Bickle et al., 2013; Busch et al., 2014; Hangx et al., 2015; 

Heinemann et al., 2013; Xiao et al., 2011) and high CO2 saturation conditions prevent 

precipitation from happening. Thus, additional CO2 injection into the water zone is 

unlikely to cause major impacts on reservoir properties, like porosity and permeability.  

4.2.1.2 Mineralogical and geochemical changes of caprock samples 

following CO2-water-rock reactions 

 

Static batch experiments were also conducted on caprock samples to evaluate 

the potential enhancement of matrix permeability if the injected CO2 migrates into the 

caprock. XRD analysis on caprock shale samples revealed that major mineral phases are 

quartz and clay minerals. Clay mineral contents of Seal A are higher than in Seal B 

(Figure 36, Table 18); quartz contents follow an opposite trend. Comparison of mineral 

assemblages between initial (unreacted) with reacted samples indicates no significant 

differences for Seal A or Seal B respectively (Table 28 and Table 29). 

Multiple samples from Seal A and B were tested in the initial state to evaluate 

rock heterogeneity and the results showed that samples were generally homogenous, 

with some slight variability only. The results were averaged to give an initial 

composition. The initial whole rock composition for Seal A is dominated by quartz 
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(~30%) and clay minerals, with up to three different clay phases present, namely 

kaolinite, illite-smectite mixed layers and illite (Table 28). The most abundant clay 

phase is mixed layer illite‐smectite (with 85-90% illite, determined from clay phase 

analysis which is not shown here), followed by kaolinite (19%) and illite (14‐15%). In 

this shale, Fe-bearing siderite is a significant component (~10%) as well as minor 

amounts of other carbonates (dolomite/ankerite).  

Table 28. Mineralogy of Seal A, from original state (0 month) to 6 months of ageing with CO2. Kao = 
kaolinite; Qtz = quartz; I-S = illite/smectite mixed layers; Ill = illite; Sid = siderite; Ank= ankerite; Dol 

= dolomite. 

Time 

(months) 

Bulk mineralogy (wt-%) 

Qtz Kao I-S Ill Sid Dol/Ank 

0 30.0 18.9 21.9 14.6 9.3 4.1 

1 29.0 20.0 24.0 15.0 9.0 4.0 

4 28.0 18.5 26.0 14.0 9.0 4.0 

6 28.3 19.5 24.3 14.5 8.8 4.0 
 

The mineralogy of Seal B is dominated by quartz (~40%) and clay minerals, 

with up to five different clay phases present (Table 29). As for Seal A, the most 

abundant clay phase is mixed layer illite‐smectite (with 70‐80% illite, as shown from 

clay mineral phase analysis, not shown here), with similar amounts (5‐8%) of smectite, 

illite and kaolinite. Finally, chlorite is present with minor amounts of ~2%. Feldspars 

(albite and orthoclase) and siderite are minor components. Similar to Seal A, no 

mineralogical changes are observed in Seal B samples following exposure to CO2 for up 

to six months. 

Table 29. Mineralogy of Seal B, from original state (0 month) to 6 months of ageing with CO2. Kao = 
kaolinite; Qtz = quartz; I-S = illite/smectite mixed layers; Ill = illite; Sid = siderite; Sm= smectite; Chl = 

chlorite; Ab = albite; Or = orthoclase. 

Time 

(months) 

Mineralogy (wt %) 

Qtz Kao Chl Sm I-S Ill Sid Ab Or 

0 40.3 7.0 2.0 7.0 26.5 5.5 3.0 6.0 1.0 

1 40.5 7.0 2.0 7.3 25.8 5.8 5.0 6.3 1.0 

4 42.0 7.0 2.0 8.0 22.0 7.0 4.0 6.0 1.0 

6 40.5 7.3 2.3 8.0 24.3 6.8 3.0 6.0 1.0 
 

The geochemistry of major elements for Seals A and B are tabulated in Table 30 and 

Table 31, respectively. SiO2 and Al2O3 dominate both samples with smaller amounts of 

Fe, K and Mg. Observation throughout the ageing period shows no significant changes 

in composition of the geochemistry for both samples. 
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Table 30. Major elements from XRF analysis (in %) of Seal A in the initial state and following ageing 
with CO2. The numbers do not add up to 100% due to some loss on ignition in the analysis. 

Time 

(months) 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 

0 54.19 0.74 18.10 6.43 0.06 2.87 1.96 0.34 2.65 0.10 0.28 

1 54.78 0.75 18.31 6.46 0.06 2.88 1.97 0.35 2.67 0.10 0.24 

4 54.42 0.75 18.32 6.45 0.06 2.88 1.98 0.35 2.67 0.10 0.36 

6 54.06 0.74 18.24 6.454 0.06 2.85 1.95 0.35 2.66 0.10 0.38 
 

Table 31. Major elements from XRF analysis (in %) of Seal B in the initial state and following ageing 
with CO2. The numbers do not add up to 100% due to some loss on ignition in the analysis. 

 

Mineralogy is an important caprock property that influences the impact of CO2-

water-rock interactions on caprock sealing capacity (Busch et al., 2010). From previous 

studies, the occurrence of smectite with chlorite may be converted to illite in the 

presence of CO2 (Alemu et al., 2011). A study on the impact of CO2 exposure to Eau 

Claire shale by Liu et al. (2013) revealed dissolution of feldspar and anhydrite 

associated with precipitation of pore bridging illite and smectite, as well as minor 

precipitation of siderite adjacent to pyrite. A flow-through experimental study 

conducted on a caprock sample from a CO2 storage site at In Salah, Algeria found that 

the CO2-water-rock interaction resulted in increased permeability and porosity and loss 

of the mineral cements siderite and chlorite due to dissolution. (Armitage et al., 2013).  

However, this is not observed in this study. Results from this study show 

minimal CO2-water-rock interactions in caprock samples as no significant mineralogical 

changes after 6 months under static CO2 ageing conditions have been observed. This is 

expected as reactive minerals such as carbonate minerals only occur in minor amounts 

and reaction rates for other (mainly silicates) are significantly lower and likely outside 

the time scales that can be reproduced under laboratory conditions and using a single 

pore volume of formation fluid for reaction with CO2 and the rock.  

4.2.1.3 Changes in surface area and cation exchange capacity of reservoir 

and caprock samples following CO2-water-rock interaction 

The aged core chips were further analysed using cation exchange capacity 

(CEC) and specific surface area (SSA) analysis using the EGME method. CEC and SSA 

Time 

(months) 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 

0 66.55 0.82 15.47 4.35 0.04 1.68 0.41 1.32 2.44 0.07 0.30 

1 66.29 0.84 15.77 4.60 0.05 1.75 0.42 1.35 2.45 0.07 0.24 

4 66.25 0.84 15.89 4.66 0.05 1.77 0.42 1.37 2.47 0.07 0.27 

6 66.78 0.84 15.95 4.44 0.04 1.73 0.41 1.37 2.47 0.07 0.22 
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are mainly controlled by the amounts of clay present in the samples, with increasing 

amounts of clays leading to larger values of both parameters (Dewhurst et al., 2014; 

Josh et al., 2012a; 2014). Here, clay type has a significant impact, with smectite having 

much larger CEC and SSA values than illite, which again have higher values than 

kaolinite (Macht et al., 2011b).  

In the S Field, the carbonate reservoirs have high calcite contents in the gas zone 

and are dominated by both, calcite and dolomite, in the aquifer zone, with some 

subsidiary minerals. The gas zone C has measurable amounts of clay in the bulk rock 

compared to gas zones A and B, with ~2% illite and 2% dickite. This accounts for 

higher CEC and SSA values compared to aquifer zone A and gas zone B samples 

(Figure 37). Findings suggest exposure to CO2 for up to six months has not caused any 

significant changes in clay properties in any of the reservoir samples outside the 

uncertainty of the measurements. 

A

B

 

Figure 37. Cation exchange capacity and specific surface area values for the three carbonate samples 
changes only slightly with ageing in CO2 for up to six months and values are within experimental 

uncertainty of SSA ± 1 m2.g-1 and ± 1 cmol2.kg-1 for CEC. 

Seal A has lower CEC and SSA in its initial state compared to Seal B, even 

though it shows higher clay contents (56% vs 48%). The difference is due to the 

smectite content in these samples. Seal B has 7% pure smectite and 26% mixed layer 
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illite‐smectite, as opposed to 22% mixed layer illite-smectite in Seal A. Pure smectite 

has a nominal SSA of ~700‐750 m2.g-1 which is much higher than illite (~100‐120 m2.g-

1) or kaolinite (~40 m2.g-1); thus, smectite content is the main control of SSA and CEC 

(Mitchell and Soga, 2005). As for the carbonate samples, the exposure of samples to 

CO2 for up to six months following ageing experiments has little impact on the CEC 

and SSA of Seal A and Seal B (Figure 38). The differences may not directly be related 

to CO2-water-rock interactions but also be influenced by slight differences in mineral 

variation/content (Busch et al., 2014). Overall, the insignificant changes in CEC and 

SSA provides additional evidence for none to minimal CO2-water-rock interactions as 

shown previously from the mineralogical and geochemical data.  

 

Figure 38. Specific surface area and cation exchange capacity for the two shale samples changes slightly 
with ageing in CO2 for up to six months, which is within the expected error of ~10%. 

4.2.1.4 Geomechanical properties (pre and post-CO2 ageing)  

Geomechanical properties determine the stress state and deformation behaviour 

of a rock formation which is critical information that is of high relevance for evaluating 

safe CO2 storage. Any changes to poro-elastic behaviour, either in the caprock or in the 

reservoir rock, may trigger damage such as wellbore breakouts, fault (re)activation, 

formation fracturing, or reservoir compaction. Geomechanical factors affecting 
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geological storage mainly relate to the near CO2 injection zone either before CO2 

injection or during CO2 injection, but, effects of chemical reactions should also be 

evaluated (Hawkes et al., 2005). Previous studies revealed that the impact of CO2-

water-rock interaction on the geomechanical properties may be influenced by the 

mineralogy of either rock matrix or wellbore cement, pH, permeability and porosity 

(Hangx et al., 2015; Hangx et al., 2013; Zheng et al., 2015). Porosity reflects the 

amount of water that is in contact with the rock (note, we modelled the reaction of CO2 

in the aquifer zone, assuming 100% water saturation initially). The water-rock ratio will 

influence the geochemical interaction between reactive fluids and the mineralogy of the 

rocks (Hangx et al., 2015).  

Three types of rock mechanical laboratory tests have been conducted to study 

the effect of chemical-mechanical impact on caprock and reservoir samples from the S 

Field. The tests include single stage triaxial, Brazilian tensile, and thermal cracking. The 

principal stresses (s1, s2, s3), tensile stress, elastic properties (Young’s Modulus, 

Poisson’s ratio) and failure criteria obtained have been used to validate the 

geomechanical properties generated by well logs in a 1-D geomechanical model and as 

input in the geomechanical 3-D compaction model as well. A validated geomechanical 

model is important as rock mechanical input obtained from laboratory tests are different 

to input from correlations (Olden et al., 2012). For this study, the differences between 

the initial (pre-CO2) and post-CO2 exposure geomechanical properties have been 

evaluated to determine the impact of CO2-water-rock interactions. The comparison will 

further be used to validate the 3-D coupled chemical-mechanical reservoir model.  

Representative core twin-samples for each zone from the S-4 well were selected 

from the same depth with the aim to obtain similar rock properties in terms of 

mineralogy and porosity and therefore to minimise heterogeneity effects on testing 

results. All samples were photographed and CT scanned before testing to ensure there 

are no internal or existing (micro)-fractures (see Figure 39 and Figure 40 for examples 

from aquifer and gas zones, respectively). Sample weight and dimensions were taken 

prior to testing; in addition, porosity and permeability were obtained for the carbonate 

samples only.  



 

108 

 

Figure 39. Photograph and CT scan of four aquifer zone samples for geomechanical testing. The internal 
structure looks homogenous, and pores are distributed uniformly throughout the samples. 

 
Figure 40. Photograph and CT scan of four samples from gas zone A. Mouldic and vuggy pores can be 

observed. The pore distribution appears heterogeneous, which again is similar to samples from gas zone 

B. 

 

For the carbonate samples the consolidated drained (CD) triaxial method has 

been used to avoid an excess pore pressure during the shearing phase (Addis et al., 

2012; Rees, 2013). The consolidated drained (CD) test is used to describe long-term 

loading responses, providing strength parameters determined under effective stress 

control. A different method is used for the shaley caprock samples which is a 

consolidated undrained (CU) experiment, where pore fluids are not allowed to drain 

from the sample (Dewhurst et al., 2015; Ewy, 2018; Giger et al., 2018; Josh et al., 
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2012). The consolidated undrained experiments allow strength parameters to be 

determined based on the effective stresses. 

Samples are treated as isotropic rocks with in-situ pressure and confining stress 

chosen based on the data obtained from the 1D geomechanical model. 1D 

geomechanical modelling is conducted to describe rock strength, elastic properties, pore 

pressures and stress magnitude along a well path  (Guerra et al., 2019; Persaud et al., 

2014). This geomechanical modelling is making use of wireline logs to derive 

preliminary rock mechanical properties and stress data (Guerra et al., 2019). For 

example, sonic logs (shear and compressional slowness) and density logs have been 

used to calculate the dynamic elastic properties, the Young’s modulus and Poisson’s 

ratio. Pore pressures were calculated using the Eaton equation based on sonic data 

(Eaton, 1975). Poro-elastic formulations were used to calculate the confining stress with 

parameters for the minimum and maximum horizontal stresses and strains, vertical 

stress, Young’s modulus, Poisson’s ratio as well as Biot coefficient (Najibi et al., 2017).  

From the 1D model of the S-4 well, pore pressures for Seal A range from 26 

MPa to 29 MPa and from 29 MPa to 40 MPa for the carbonate reservoir. The minimum 

horizontal stresses calculated for Seal A from well logs and calibrated with field tests 

range between 28 and 41 MPa from depth 1410 to 1934 m, MD, whereas for the 

carbonates it ranges from 40 MPa to 55 MPa from 1934 to 2094 m, MD. The 1D 

geomechanical model was calibrated using information and data from drilling, calliper, 

bit size and well testing such as leak of tests (LOT) and formation pressure which were 

obtained from PETRONAS internal reports.  

Different confining stresses were used during trixial testing for each sample, 

ranging from higher to lower in-situ stresses to evaluate the strength behaviour and the 

failure envelope. During the shearing stage, the confining stress (used as cell pressure) 

and pore pressure were monitored and kept constant throughout the carbonate sample 

testing. For the shale samples, only the confining stress was maintained but not the pore 

pressure since excess pore pressure is dynamic during undrained experiments. The 

differential stress between the axial load applied and confining stress was recorded. The 

effective stresses were obtained by subtracting the pore pressure: 

Equation 11 

 

 

where = effective normal stress,  = normal stress, and Pp= pore pressure 
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Strength or rock failure can be interpreted by stress and strain criteria. The 

principal stress, σ1 or maximum stress is represented by the total axial stress (axial load 

plus confining pressure) and σ3, or the minimum stress, is given by the confining stress. 

The stress-strain curve is plotted to determine the peak strength of the samples. Young’s 

Modulus (YM) was calculated by taking the slope of the differential stress-axial strain 

curve at 40-60% of the peak strength. Poisson’s ratio (PR) was estimated by plotting the 

axial strain against radial strain with the same range of axial strain used for YM. The 

shales had non-linear stress-strain curves in the 40-60% peak strength range, so elastic 

properties were calculated in the linear range between ~2 and 10 MPa differential stress. 

The failure criterion used was the classical Mohr-Coulomb criterion with Mohr circles 

utilized as a graphical representation of the state of stress and failure envelope.  

The Mohr-Coulomb diagram is built using the maximum (σ’1) and minimum 

(σ’3) effective stresses to determine the cohesion C and friction angle φ, given as: 

Equation 12 

 

where  = shear stress, C = cohesion (shear stress at zero normal stress), φ = friction 

angle (in radian), and  = effective normal stress. 

4.2.1.4.1 Geomechanical properties of caprock samples (Seal A) 

A total of twelve samples from Seal A, recovered from a depth of 1853 m, were 

used to determine the geomechanical properties of the effective caprock. We used eight 

core sample plugs for triaxial and four plugs for Brazilian tests. Samples were divided 

into two batches; the first batch (without-CO2 exposure) was tested to characterize the 

initial conditions while the second batch (post-CO2 exposure) was aged with CO2 for six 

months at 29 MPa and 150°C, respectively. For triaxial testing on caprock samples, the 

initial pore pressure used for the first batch of core plugs was 30 MPa with varying 

initial confining stresses applied for each core plug of 36, 46, 55 and 66 MPa (Table 32) 

giving initial effective confining pressures of 6, 16, 25 and 36 MPa. The same effective 

confining stresses were used for post-CO2 batch samples, but the pore pressure was set 

to 0 MPa since the samples were dry (with minor amounts of clay bound water) due to 

high-temperature conditions in the ageing experiment. These confining stresses were 

chosen to include the in-situ stress conditions and a spread of pressures above in-situ (as 

effective stress was low).  
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Table 32. Sample depths, orientation, and pressure setting for triaxial testing for Seal A. 

Test & 

Condition 

Test 

ID 

Sample 

Orientation 

Confining 

Stress 

Initial Pore 

Pressure 

Effective 

Confining stress 

(MPa) (MPa)  

Single Stage 

Triaxial 

Undrained 

(without-

CO2 ageing) 

2385 vertical 36 30 6 

2451 vertical 46 30 16 

2463 vertical 55 30 25 

2493 vertical 66 30 36 

Single Stage 

Triaxial 

Undrained 

(post-CO2 

ageing) 

2468 vertical 6 0 6 

2470 vertical 16 0 16 

2469 vertical 25 0 25 

 

The lowest effective confining stress (6 MPa) represents the in-situ effective 

confining stress. The effective confining stress for each test was monitored to be 

constant throughout the testing time. Three types of strains (axial, radial and 

volumetric) were calculated from sample displacements to evaluate deformation (Figure 

41).  
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Figure 41. Sample 2385 from Seal A. Left - Pressure recording during triaxial testing. Right: Stress-
strain curves. The peak axial strain is ~5 mstr at ~22 MPa differential pressure. YM interval was selected 

from 2 to 10 MPa. 

Figure 42 shows stress‐strain curves from triaxial testing on samples without 

CO2 exposure, tested under low confining pressure. Results indicate a brittle behaviour 

with post-peak strain weakening whereas the sample tested with the highest confining 

pressure shows transitional ductile‐brittle failure with strain hardening towards the end 

of testing. This triaxial deformation suggests strong stress dependence. Samples 

deformed under confining stress of less than 66 MPa show localized shear failure, but 

under higher stress conditions sample 2493 did not show any distinct shear bands.  
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Figure 42. Stress-strain curves with different initial confining pressure (CP) for samples without CO2 

exposure from Seal A (taken from depth 1853m). Samples with higher effective stress show strain 

hardening in comparison to the other samples that show brittle behaviour and exhibit shear localization. 

 

Stress-strain curves from triaxial testing on post-CO2 ageing samples are shown 

in Figure 43. The samples tested with the lowest effective confining stress (~6 MPa) 

show the highest peak strength compared to other samples. This observation is not 

according to the general expectation where strength is expected to increase with 

increasing confining pressure. The potential factors can be due to a drying effect during 

a high-temperature ageing experiment that causes the heterogeneity by developing 

potential microcracks in the samples. Growth, interaction and coalescence of 

microcracks may influence shear localization (Fossum & Fredrich, 2000). The 

mineralogy may not be a heterogeneity factor that can influence results as the mineral 

composition is similar for all samples. Potential microcracks may increase the porosity, 

possibly resulting in further differences in rock strength (Hangx et al., 2015).  
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Figure 43. Stress-strain curve with different initial confining pressure (CP) for post-CO2 samples from 
Seal A. Unusual behaviour is shown because the sample tested under effective stress of 26 MPa shows 
lowest peak stress compared to the sample tested under lowest effective confining pressure of 6 MPa.  

 

Samples tested without CO2 exposure under initial effective stress of ~16 MPa, 

26 MPa and 36 MPa form a good linear failure envelope (Figure 44). Sample 2385, 

tested at the lowest effective stress of ~6 MPa, shows a rather unusual behaviour, likely 

due to heterogeneity between samples. The cohesion is 5.07 MPa with internal friction 

angle or 14.9° (friction coefficient of 0.26).  
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Figure 44. Mohr-Coulomb failure envelopes for samples without CO2 exposure from Seal A (samples 
2385, 2451, 2463, 2493). The resulting failure envelope is based on samples tested with initial effective 
confining pressures (CP) of 16 MPa 25 MPa and 36 MPa, as the 6 MPa sample appeared anomalously 

strong. The cohesion is 5.07 MPa with internal friction angle of 14.9°. 
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The Mohr circles derived from post CO2-ageing data are shown in Figure 45. 

The plot illustrates the anomalous nature of sample 2468 tested under the lowest 

effective stress of ~6 MPa. This sample has been omitted from the derivation of the 

failure envelope. Hence, it should be noted that the failure envelope is based on two 

points only which is not an ideal solution. Accordingly, the cohesion strength is 6.05 

MPa with an internal friction angle of 18.9° (friction coefficient of 0.33).  

Previous studies revealed that porosity, pressure, mineralogy and temperature 

are strong controlling factors of the mechanical properties and deformation behaviour of 

shale samples (Akono & Kabir, 2016; Dewhurst et al., 2015; Josh et al., 2012b; Rybacki 

et al., 2015). The mineralogy and porosity for all samples tested for Seal A are similar, 

given that the core plugs were taken from adjacent depths of 1853m. The initial 

mineralogy of these samples is dominated by clay (illite-smectite interlayer, illite, 

kaolinite) as well as quartz, K-feldspar, and pyrite. The initial porosity ranges between 

2% and 6%, determined by mercury porosimetry. No mineralogical changes have been 

observed in post CO2 ageing experiments, strongly suggesting no or negligible porosity 

changes. 

Stress-strain curves of samples before and after CO2 exposure with confining 

pressure below ~66 MPa reveal distinct peak stresses and localized failure which is 

typical for brittle deformation and in accordance with previous studies on clay rich and 

low porosity shales (Dewhurst & Hennig, 2003; Petley, 1999). Cohesion strength for 

samples without CO2 exposure and post CO2 exposure are 6 and 5 MPa and friction 

angles are 14.9° to 18.9°, respectively. This result is based on limited samples as there 

are only three samples for the initial condition/without CO2 exposure and two samples 

for the post CO2 exposure case. Therefore, more samples are required in future studies 

that increase confidence in the experimental results. Rock strength differs for shale 

samples with different clay compositions and different burial depths. As an example, a 

preserved kaolinite rich North Sea shale shows strength with cohesion of 1.54 MPa and 

21.7° for internal friction angle (Dewhurst et al., 2011).  
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Figure 45. Mohr-Coulomb failure envelope for post-CO2 samples from Seal A (sample 2468, 2469 and 
2470). The cohesion strength is estimated to be 6.05 MPa and internal friction angle 0.33 rad or 18.9°. 

The tensile strength is estimated to be 18 MPa. 

 

 

The only data available on shale caprock from an adjacent area to the S Field in 

the offshore Sarawak Basin is from the M4 Field, which shows lower elastic moduli 

(YM and PR) compared to the shale from Seal A but the failure criteria (C and φ) and 

UCS are slightly higher (Masoudi et al., 2011). The initial rock mechanic properties 

(without CO2 exposure) are 1.7 GPa for YM, 0.15 for PR, 23.5° for friction angle and 

7.8 MPa for cohesion strength. Meanwhile, for the caprock Seal A sample studied, the 

initial rock mechanical properties are 3 GPa for YM, 0.3 for PR, 14.9° for friction angle 

5 MPa for cohesion strength. However, sample preservation and testing procedures used 

for M4 Field study were different. The M4 samples were not preserved and were also 

tested at high strain rates (~10-5/sec). For this study, samples at initial state were 

preserved and strain rates were much slower (~10-7/sec). Strain rate significantly 

impacts strength and elastic properties.  

Results from triaxial mechanical testing of samples before and after CO2 

reaction show different stress-strain curves. Unreacted samples show a non-linear stress 

dependence as strain increases with increasing confining stress (Figure 42). However, 

reacted samples show a more linear stress-strain relation prior to yield and failure 

(Figure 43). Given that it is unlikely that these differences are caused by mineral 

reactions as geochemistry and XRD are unchanged after reaction, it seems more likely 

that the differences between reacted and unreacted samples are due to the loss of pore 
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water during high temperature ageing. Previous studies show that dehydration and 

changes of shale water saturation impact rock strength and deformation behaviour 

(Dewhurst et al., 2014; Ferrari et al., 2018; Josh et al., 2012; Rybacki et al., 2016; 

Rybacki et al., 2015). For example, findings from the study by Dewhurst et al., (2014) 

provide evidence of peak strength reduction with an increase in water saturation. Here, a 

sample with 30% humidity reaches peak strength at 75 MPa while a twin sample with 

100% humidity shows peak strength at 15 MPa. Rybacki et al (2015) obtained similar 

results where Young’s moduli decreased with an increase in water saturation. It was 

found that Young’s modulus for shale samples with 0.26% water saturation was 34.9 

GPa which was higher compared to shale samples with 98% water saturation (25.6 

GPa). 

Comparison of elastic moduli shows an increase in YM and a decrease in PR 

after ageing with CO2 at 150°C (Table 33). The increase in YM is considered to be due 

to water loss which is in agreement with reported experiments on a low porosity Alum 

shale sample following drying in an oven for several days (Rybacki et al., 2015). 

Similar observations of increasing stiffness and peak strength on shale with moderate 

clay content (30-50% wt) and low porosity (<5%) of shale from the Officer Basin, 

Western Australia, have been reported after drying in an oven at 70°C for 1-2 weeks 

(Dewhurst et al., 2013; Dewhurst et al., 2014).  

Table 33. Elastic and strength properties of CO2 reacted (scCO2 at 29 MPa and 150°C) and unreacted 
Seal A samples. The reacted sample is stronger than the unreacted sample, showing higher elastic moduli 

and peak stresses. 

 

 

Based on the Mohr-Coulomb failure criterion, cohesion and internal friction 

angle for the reacted samples are 6.05 MPa and 0.33° respectively and therefore higher 

Testing 

Condition 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

(-) 

Eff 

Max 

Stress, 

 

(MPa) 

Eff 

Min 

Stress, 

 

(MPa) 

Failure 

Stress/ 

 -  

(MPa) 

Normal 

stress,  
 

(MPa) 

Shear 

stress, 

τf 
(MPa) 

Sample 

without-

CO2 

ageing 

6.1 0.3 26.9 4.3 22.6 10.0 9.8 

3.7 0.2 35.7 13.0 22.7 18.7 9.9 

6.6 0.4 55.7 24.0 31.7 32.0 13.8 

3.4 0.3 74.9 35.7 39.2 45.5 17.0 

Samples 

post-CO2 

ageing 

8.8 0.2 49.4 6.0 43.4 16.9 18.8 

7.6 0.2 47.9 16.0 31.9 24.0 13.8 

7.9 0.1 65.1 25.0 40.1 35.0 17.4 
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compared to samples without CO2 ageing showing values of 5.07 MPa for cohesion and 

0.26° for the friction angle (Figure 46). However, the results need to consider the 

limitation of samples and there are only three and two points on which to base the 

failure envelopes which may lead to some uncertainty. 
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Figure 46. Mohr-Coulomb plot showing an increase in cohesion and friction angle after CO2 ageing. The 
estimated tensile strength is obtained from extrapolation of the linear failure curve and shows similar 

values for both samples. 

 

UCS was estimated using the linear correlation of the principal stress, σ1 and σ3 

(Figure 47). The reacted sample shows a 27% increase in UCS (from 13.6 to 17.3 MPa) 

compared to the unreacted sample; this evaluation is similar to the calculated UCS 

based on the classical Mohr-Coulomb equation above.  
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Figure 47. UCS determined by a linear plot of the principal stresses. Seal A samples post CO2 ageing 
show slightly higher UCS values compared to samples without CO2 ageing. 

Comparing porosity and unconfined compressive strength (UCS) from global 

datasets reveals that porosity in shale samples is negatively correlated with UCS (Figure 

48). A similar attempt has been made by Dewhurst et al. (2015). Different UCS values 

for shales with similar porosity may be the result from shale heterogeneity such as 

differences in mineral composition and cation exchange capacity (Dewhurst et al., 2015; 

Horsrud, 2001). 
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Figure 48. Plot of estimated UCS of Seal A from Mohr-Coulomb criterion. The global dataset from 
multiple formations shows an increase in UCS with a decrease in porosity (Chang et al., 2006; Dewhurst 

et al., 2015; Farrokhrouz & Asef, 2013; Horsrud, 2001; Horsrud et al., 1998). 

Four additional samples from Seal A were prepared for Brazilian testing, 

two samples each to represent the initial and post CO2 ageing conditions. Brazilian 

testing was conducted at ambient temperature conditions, with the preserved samples 
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wrapped in clingfilm to prevent water loss. The methodology of CO2 ageing used for 

these samples was identical to the samples used for triaxial testing. Brazilian testing on 

the two unreacted samples shows a low indirect tensile strength normal to bedding of 

1.5 to 2.7 MPa. Samples post CO2-ageing show higher tensile strengths of 3.3 to 4 MPa. 

The differences in tensile strength between samples with and without CO2 ageing may 

again be due to the loss of water during the ageing experiment. The results are similar to 

the findings from studies on the impact of water content on the mechanical properties of 

clay-bearing rocks (Erguler & Ulusay, 2009). Here, it was suggested that the decrease in 

water content of clay-bearing rocks may increase the tensile strength by up to 90%. 

CO2-water-rock interactions do not provide direct evidence for tensile strength changes 

because no mineralogical changes have been observed. In future lab tests, a 

significantly improved control over sample water contents is suggested. Unfortunately, 

given how long the ageing experiments took, we were unable to repeat the experiments 

to avoid this experimental artefact. Results are therefore valid only for the case where 

dry CO2 is reducing water contents of caprock material. This would, as we can see from 

our lab tests, rather strengthen than weaken the samples and would rather not negatively 

impact caprock sealing efficiency. On another aspect, the slight porosity reduction may 

contribute to the increase of strength.  

The initial rock strength and elastic properties obtained from laboratory tests 

were also used to validate the 1-D geomechanical model at the same sample depth 

(1853 m). Previous UCS values calculated from logs at the same depth were found to be 

7.8 MPa which is lower than the UCS from Mohr-Coulomb criterion (13.6 MPa). 

Average tensile strength in the 1D model is 2 MPa and shows to be similar to the 

indirect tensile strength values for unreacted samples from Brazilian testing (1.5 to 2.7 

MPa). The friction angle calculated in the 1D model is twice as high (28°) compared to 

friction angle obtained from triaxial tests under in-situ effective stresses which is 14°. 

Dynamic PR in the 1D model is slightly higher with an average value of 0.34 compared 

to PR from laboratory tests. In contrast, the dynamic YM is very low with 1.4 GPa and 

underestimates static YM values from laboratory tests that show values of 6 GPa at 

effective in-situ stresses of ~6 MPa. Therefore, laboratory results are required as input 

and calibration data in the 1D geomechanical model, increasing the simulation's 

confidence and accuracy.  

 

4.2.1.4.2 Geomechanical properties of reservoir carbonate rocks 
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In general, mineralogy and porosity influence rock strength. However 

heterogeneities caused by diagenetic processes such as grain to grain contacts and pore 

types can also have a major contribution (Hangx et al., 2015). Thus, detailed 

characterization on the composition, texture and porosity need to be determined for any 

potential CO2 storage reservoir (Busch et al., 2014; Hangx et al., 2015). Previous studies 

on the effect of CO2-water-rock interactions on the mechanical properties mainly 

focused on sandstone reservoirs (Hangx et al., 2015). Therefore, limited published 

studies are available as reference to compare the findings from this study.  

Twelve carbonate samples from the gas zone and six carbonate samples from the 

water zone have been used for triaxial testing. Samples were divided into two batches 

using a similar approach compared to the shale samples to evaluate the rock mechanical 

property changes due to CO2 exposure. The sample selection for each zone was 

challenging because of heterogeneities that may occur even within a 10 cm interval. A 

detailed inspection and enhanced sample preparation (see methods section) has been 

conducted to obtain representative samples for each zone.  

Initial porosity and permeability as well as stress/pressure data for this single 

stage triaxial testing is provided in Table 34. The porosity and permeability of carbonate 

samples from each zone are different. Average porosity for samples from gas zone B is 

30% and average permeability is 180 mD. Slightly higher average porosities and 

permeabilities from gas zone A have been determined (~36% and ~350 mD 

respectively). Samples from the water zone show the lowest average porosity of ~ 28% 

and ~30 mD for average permeability. In terms of rock composition and fabric, both gas 

zone samples mainly consist of calcite (>90 wt-%) with heterogenous vuggy and 

mouldic pore structures. The mineralogical composition of samples from the water zone 

is different compared to the gas zones. These samples are composed of ~40% dolomite 

and ~55% calcite. The rock fabric is homogenous with intergranular pore types, 

resulting in good sorting of the grain/allochems. Obviously, these differences in initial 

carbonate rock properties influence elastic properties.  

Table 34. Sample properties and set up for triaxial testing of samples from the gas and water zones. Core 
plugs with similar properties have been selected to represent each zonation. Initial confining stress and 

pore pressure have been selected based on the in-situ pressure at respective sample depth.  

Zone & 

Test 

condition 

Depth 

(m) 

Sample 

ID 

Porosity 

(%) 

Permeability 

(mD) 

Initial 

Confining 

Stress 

(MPa) 

Initial 

Pore 

Pressure 

(MPa) 

Gas Zone 

B (without 

1973.10 2527 32.0 165.4 39.0 34.6 

1973.60 2529 29.0 195.3 45.0 34.6 
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CO2 

ageing) 

1973.63 2530 30.0 212.4 50.0 34.6 

Gas Zone 

B (with 

CO2 

ageing) 

1973.10 2683 32.4 183.4 39.0 34.8 

1973.58 2688 30.9 251.8 45.0 34.7 

1973.69 2689 29.9 167.2 50.0 34.7 

1973.58 2687 33.0 83.6 55.0 34.7 

Gas Zone 

A (without 

CO2 

ageing) 

2110.47 2635 34.0 248.6 40.5 35.2 

2110.64 2637 37.0 353.3 50.5 35.2 

2110.64 2642 
37.0 325.9 

60.5 35.2 

Gas Zone 

A (with 

CO2 

ageing) 

2110.93 2637 34.5 237.4 40.5 35.2 

2110.93 2642 37.8 574.1 

50.5 

35.2 

Water 

Zone 

(without 

CO2 

ageing) 

2328.20 2507 28.5 33.9 40.0 36.5 

2328.20 2506 28.3 30.0 43.7 36.7 

2328.10 2505 27.2 26.7 55.0 36.6 

Water 

Zone 

(without 

CO2 

ageing) 

2330.70 2705 29.1 33.1 40.0 36.7 

2330.55 2703 28.6 30.1 43.7 36.7 

2330.55 2701 28.6 
33.4 55.0 36.7 

 

The unreacted set of carbonate samples used for triaxial testing originates from 

the production gas zone B, at a depth between 1973.10 and 1973.63 m. The lowest in-

situ pore pressure used is 34.6 MPa, relating to the shallowest sample depth for 

carbonate reservoir zones. Stress-strain curves show different behaviour for each sample 

without any correlation to confining pressure (Figure 49). Sample 2527 was tested with 

the lowest effective confining pressure at ~5 MPa and shows ductile behaviour and a 

yield stress constant at 14 MPa. Sample 2529 is the strongest sample with a yield stress 

of 16 MPa and shows strain hardening after the yield point at 19 MPa. The last sample 

of this set (2530) was tested at the highest effective confining pressure of ~15 MPa. No 

peak stress was recorded in this sample, with strain hardening being the dominant effect 

after yield stress at 11 MPa. YM and PR for these samples were calculated from the 

linear stress interval before yield. The range of initial YM for gas zone B is 2.5 to 5.3 

GPa and PR ranges between 0.09 and 0.24. These differences suggest the influence of 

heterogeneity of carbonate rock on the rock strength properties. The heterogeneity can 

be caused by the pore types, cement types, biological components and microcracks 

(Ajalloeian et al., 2017; Eberli et al., 2003). 
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Figure 49. Unreacted gas zone B samples. Stress-strain curves show different deformation behaviour of 
each sample at different effective confining pressure (CP) with no obvious stress dependence. 

 

The second set of carbonate samples from gas zone B includes samples 

following ageing with supercritical CO2 for 35 days under in-situ reservoir pressure and 

temperature conditions. The initial confining stress and pore pressure used is the same 

as for the first set of samples at initial conditions. Stress-strain curves show different 

strain hardening behaviour for almost all samples without any correlation to the 

confining pressure (Figure 50). Sample 2683, tested with the lowest effective confining 

pressure at ~5 MPa, shows a peak stress at ~11 MPa with stable post-peak strain at ~10 

MPa towards the end of test. The other three samples show strain hardening behaviour 

and without any peak stress. The same approach was used to calculate YM and PM 

compared to samples at initial conditions (without ageing). The range in YM is 2.2 to 

4.7 GPa and 0.25 to 0.41 for PR. 
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Figure 50. CO2 reacted samples from gas zone B. Stress-strain curves show different deformation 
behaviour for each sample. Most samples show strain hardening and no shear failure, apart from the 

lowest effective confining pressure (CP) sample. 

In total, six core sample plugs from gas zone A were prepared for triaxial 

testing. Three unreacted samples were used for initial characterization of rock strength 

properties. Effective stress conditions for this set of samples were chosen using higher 

initial confining stress and pore pressure conditions compared to the gas zone B, 

considering a greater sample depth of ~2100 m. The initial confining stress applied was 

~40, ~50 and ~60 MPa with an initial pore pressure of ~35 MPa. Each sample shows an 

individual trend of stress-strain curve (Figure 51). Sample 2635 was tested at lowest 

confining stress (~5 MPa) and was the only sample showing shear failure with a peak 

strength at 10.4 MPa. In contrast, the second and third sample tested with higher 

confining stresses show a strain hardening with yield strengths at 4.4 and 7.7 MPa 

respectively. YM for this set of samples is 1.8 to 4 GPa and PR 0.13 to 0.4.  
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Figure 51. Stress-strain curves for unreacted samples from gas zone A showing strain hardening at the 
two higher effective confining pressures (CP), with brittle failure at the lowest. 

 

One sample, dedicated to post CO2 ageing, was damaged before testing. Thus, 

only two samples were available for testing under low and medium confining stresses. 

Peak stress at 8.7 MPa was observed from the stress-strain curves of sample 2637, while 

a small peak stress of 2.2 MPa was recorded from the stress-strain curve of sample 

2642, followed by strain hardening in the residual strength phase (Figure 52). Elastic 

properties for these post CO2 ageing samples are similar to unreacted samples with YM 

ranging between 2.3 and 3.8 GPa and PR between 0.26 and 0.4.  
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Figure 52. Stress-strain curves for CO2 reacted samples from gas zone A. The deformation behaviour is 
not dependent on the effective CP applied which is similar to other samples from gas zones A and B. 
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Three carbonate samples from the aquifer zone originating from at depth of 

2328.2m were used for triaxial testing to determine the unreacted rock strength 

properties. The lowest effective confining pressure of 3.5 MPa was applied to sample 

2507 with constant confining pressure and pore pressure (Figure 53, left). From the 

stress-strain curve in Figure 53, (right), the sample shows brittle behaviour with an 

increase in peak strength up to ~27 MPa and decrease to residual strength of ~16 MPa. 

The volumetric strain curve to the left shows dilation typical of brittle failure. Sample 

2506 and sample 2505 show higher peak stresses with increasing effective confining 

pressure of 7 MPa and 19 MPa. The residual strength of sample 2506 is also higher 

compared to the sample with lower confining pressure (2507). A different scenario is 

observed for sample 2505, where the peak strength remains constant until the end of the 

test, suggesting ductile behaviour on the macroscopic scale with slight strain hardening 

(Figure 54). 

 

 

Figure 53. Pressure and stress (left) and stress-strain (right) data on unreacted sample 2507 from the 
aquifer zone. Confining stress and pore pressure were kept constant throughout the testing. The peak 

differential stress is at 27 MPa,with ~5 mstr axial strain . YM and PR were calculated from the 10 to 15 
MPa stress interval.  
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Figure 54. Stress-strain curve for unreacted aquifer zone sample with different effective CPs. 
Deformation behaviour shows strong dependence on effective stress. Samples tested under the highest 

effective stress of ~19 MPa show ductile behaviour with slight strain hardening. 

Unreacted YM is 8.5 to 9.9 GPa. Using the same axial strain interval (linear 

elastic zone) as for the YM calculation, Poisson’s ratio (PR) was calculated to be 0.2 to 

0.3. In summary, the stiffness of samples from the S1 aquifer zone increases with 

effective stress which agrees with the increase of YM and decrease of PR.  Compared to 

the gas zone, the high YM in the aquifer zone suggests the potential of rock strength and 

elastic properties controlling factors by pore type and mineralogy.  

The same procedure was used to evaluate rock strength changes due to CO2-

water-rock interactions in aquifer zone carbonates. Three additional samples from a 

depth of 2330 m were aged with supercritical CO2 under reservoir conditions. After 35 

days of ageing, these samples were used for triaxial testing under the same stresses and 

pressures used for the unreacted sample. Stress-strain curves are plotted from the 

triaxial tests and show the same deformation behaviour compared to the unreacted 

samples. However, the peak stress and YM is slightly lower compared to the unreacted 

samples. Peak stresses range from 14.5 MPa to 21.6 MPa (Figure 55) compared to 27 to 

40 for unreacted samples and YM ranges from ~5 to ~6 GPa compared to values of ~8.5 

to ~9  GPa for unreacted samples (Table 35).  Peak stress was selected at the point 

where the stress-strain curve deviates from linearity. 
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Figure 55. Stress-strain curves for CO2 reacted samples from the aquifer zone show brittle shear failure 
for samples tested with low and medium effective stresses. Samples tested at higher effective stress of ~19 
MPa show strain hardening. 

 

Table 35: Compilation of peak stress/yield stress and elastic properties (Young’s modulus and Poisson’s 
ratio) for all triaxial tests conducted on carbonate samples. 

Zone & Test 

condition 

Depth 

(m) 

Porosity 

post CO2 

ageing 

(%) 

Permeability 

post CO2 

ageing 

(mD) 

Peak or 

*Yield 

Stress 

(MPa) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

(-) 

Gas Zone B 

(without 

CO2 ageing) 

1973.1 - - *14 4.19 0.24 

1973.6 - - *16 5.34 0.17 

1973.63 - - *11 2.49 0.09 

Gas Zone B 

(with CO2 

ageing) 

1973.1 31.5 183.4 7.5 2.22 0.25 

1973.58 31 251.8 7.6 3.17 0.25 

1973.69 30.1 167.2 5.8 4.68 0.41 

1973.58 - - 3.1 2.99 0.28 

Gas Zone A 

(without 

CO2 ageing) 

2110.47 - - 10.4 3.95 0.28 

2110.64 - - *4.4 3.98 0.19 

2110.64 - - *7.7 1.79 0.13 

Gas Zone A 

(with CO2 

ageing) 

2110.93 35.2 218.1 8.7 3.83 0.4 

2110.93 
38.19 466.9 *2.2 2.34 0.26 

Aquifer 

Zone 

(without 

CO2 ageing) 

2328.2 - - 27 8.56 - 

2328.2 - - 31 8.41 0.24 

2328.1 - - 40 9.19 0.19 

Aquifer 

Zone (with 

CO2 ageing) 

2330.7 29.2 23 14.5 5.44 0.21 

2330.55 23.9 18.3 21.6 6.11 0.33 

2330.55 28.2 26.1 19.3 5.77 0.25 

 



 

128 

Results on unreacted samples are first compared to evaluate the influence of 

carbonate heterogeneity on the initial rock mechanical properties for both, gas and 

aquifer zones. Samples from the aquifer zone are strongest, followed by samples from 

gas zone B and gas zone A. Uniaxial compressive strength (UCS) was also determined 

by plotting the effective normal stress  and  for all unreacted carbonate samples 

(Figure 56). Samples from the aquifer zone show high UCS with 25 MPa compared to 

lower UCS in gas zone A and B with 9.5 MPa and 14.6 MPa respectively.  
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Figure 56. Plot of  and  for unreacted carbonate samples from the aquifer zone showing higher 
values compared to samples from the gas zone. 

Estimated UCS from single stage triaxial tests were compared qualitatively to 

UCS obtained from previous core scratch tests conducted at similar depth and UCS was 

calculated from well logs from the 1D geomechanical model (Table 36). Aquifer zone 

samples are strongest based on three sets of data, followed by carbonates from the gas 

zone B and gas zone A.  

Table 36. Comparison of UCS on unreacted carbonates, obtained from triaxial tests, core scratch tests 
and interpreted log data consistently show higher values for carbonates from the aquifer compared to the 

gas zones. 

Carbonate 

Zone 

UCS from 

Triaxial test 

(MPa) 

UCS from Core 

scratch test 

(MPa) 

UCS from 1-D 

geomechanical model 

(MPa) 

Gas Zone 

B 

14.6 18.4 16.2 

Gas Zone 

A 

9.5 14.6 15.4 

Aquifer 

Zone 

25.0 25.3 22.9 
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The differences in rock strength properties and elastic moduli between the gas 

and the aquifer zones suggest that mineralogical composition, pore type and porosity are 

key controls. Carbonate rock samples in the aquifer zone are lower in porosity 

compared to samples in the gas zones. In terms of composition, the mineralogy in the 

aquifer zone is dominated by calcite and dolomite, whereas calcite dominates samples 

from the gas zones. The differences in pore type may also play a role in the rock 

strength as the main pore types in aquifer samples is intergranular, but most samples in 

gas zones have mouldic and vuggy pore type. Overall, results are consistent with 

previous studies conducted for carbonate rocks (Ajalloeian et al., 2016, 2017; Baud et 

al., 2004; Chang et al., 2006; Cilona et al., 2012; Ghafoori et al., 2015; Palchik, 2011; 

Palchik & Hatzor, 2000; Zambrano et al., 2017). Carbonate rocks with high dolomite 

content, low porosity and less mouldic or vuggy pore type are stronger compared to 

carbonates dominated by calcite, high porosity and main pore type are mouldic and 

vuggy. The high porosity of the S Field carbonates results in low rock strength which 

agrees with previous work (Chang et al. 2006, Figure 57). Equally high dolomite and 

calcite contents in the aquifer zone show a mineralogical influence as dolomite is 

generally stronger (Palchik & Hatzor, 2000). 
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Figure 57: Plot of UCS of carbonate samples from S Field, compared to published data on carbonate 
samples summarised by Chang et al. (2006). Please note that in the study by Chang et al. (2006) 

porosities are lower than 20%.  

 

Most of the carbonate samples tested in this study show strain hardening and no 

direct peak/yield stress correlation with effective stress. Thus, the shear failure criterion, 
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such as Mohr-Coulomb, is not appropriate for these highly porous and heterogenous 

carbonates. Typical rocks where the Mohr-Coulomb failure criterion can be used show 

an increase in yield/peak strength with increasing confining pressure. However, for 

these porous carbonates, the yield strength decreases with increasing confining pressure, 

which may be due to grain crushing or pore collapse. The end cap model might be a 

more suitable failure criterion to use in order to describe the rock behaviour as it 

involves the transition from compactive to dilatant deformation (Baud et al., 2009; 

Cilona et al., 2012, 2014; Fossum & Fredrich, 2000). The end cap model was 

constructed using the mean effective stress and differential stress shown in Figure 58. 

The plot shows the end cap failure envelopes for a set of porous carbonates samples 

with different porosity. There are however limited samples for each carbonate set in this 

study. Thus, the full end cap envelope cannot be described. However, the end cap 

failure envelope from Cilona et al. (2014) in Figure 58 can be a reference for aquifer 

samples in the initial state (without CO2 ageing) as the porosity for the samples is 

similar, which is 28% (except the last point with a porosity of 32%). Porosity for 

Majella grainstone samples from Baud et al. (2009) is 30% and similar to the porosity 

of gas zone B samples; thus, the end cap envelope can be used for comparison.  

 

 

Figure 58. End cap failure envelopes in the stress space (q-p' space) for initial state (IS) and aged 
samples from aquifer zone and gas zone B superimposed on porous carbonate failure data from Cilona et 

al. (2014) and (Baud et al. (2009). The locations of the end caps in the q-p’ space are governed by 
sample porosity. 
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Comparison of triaxial results for carbonate samples from the gas and aquifer 

zones show that CO2 reacted samples are weaker than unreacted samples. This 

difference may be due to sample heterogeneity as CO2-water-rock interactions did not 

provide significant mineralogical hence porosity changes (Table 22, Table 24, and 

Table 25). Moreover, rock strength does not only depend on porosity changes but also 

on fluids inside the pore space (dry/wet, CO2 saturation etc) (Rimmelé & Renard, 2010; 

Sterpenich et al., 2009; Zhou et al., 2009). However, this study confirms that massive 

calcite dissolution is unlikely due to pH buffering, and equilibrium of carbonates with 

CO2 saturated formation fluids. However, from this study, the porosity measurements 

on samples before and after CO2 reaction shows minimal porosity changes that are all 

within the experimental uncertainty (Figure 59). This agrees with previous results of no 

significant changes in the mineral composition.  
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Figure 59. Reacted versus unreacted carbonate samples (from triaxial, Brazilian and UPVC testing) 
show insignificant porosity changes. The black solid line is the 1:1 line.  

The heterogeneity of carbonate rocks due to variations in porosity, pore size/ 

shape and mineralogy makes it difficult to determine reliable rock mechanical 

properties including tensile strength. Determination of tensile strength can indirectly be 

obtained from or estimated from other rock properties such as uniaxial compressive 

strength (UCS) (Cai, 2009; Kallu & Roghanchi, 2015; Li & Wong, 2013; Mellor & 

Hawkes, 1971; Nazir et al., 2013). 

Correlations between BTS and UCS are well established from previous studies 

but mostly established for clastic rocks. However, there is limited data for heterogenous 

carbonate rocks such as the carbonate formation in the Sarawak Basin. In this study, the 
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tensile strength of the porous carbonates was determined using BTS and UCS together 

with their correlations with porosity. UCS values were determined from laboratory 

testing (triaxial and core scratch tests) and derived from validated 1D geomechanical 

models.  

Porosity, as the main index parameter studied, shows a strong relationship with 

UCS and tensile strength from laboratory tests. Meanwhile, BTS samples with 

porosities >30% show tensile strengths with values <1.5 MPa. However, higher tensile 

strengths were obtained from the calculation of 1/10 of the UCS in 1D model at the 

same sample depth and same porosity compared to the tensile strength measured by 

BTS. Both correlations between BTS and 1D tensile strength with porosity show a 

reasonable correlation with an R2 of 0.7 and are also consistent with empirical equations 

from the literature (Figure 60). We therefore conclude that an estimation of tensile 

strength from BTS and UCS from porosity can be used for high porosity carbonate 

samples. This finding is important to ensure the accurate tensile data is used in 

geomechanical modelling.  

 

 

Figure 60. Tensile strength from Brazilian testing and the 1D geomechanical model shows a decrease in 
strength with an increase in porosity. The predicted tensile strength from UCS using empirical equations 

from literature also shows clear correlations with porosity.  

For Brazilian testing, a total of sixteen carbonate plug samples have been 

selected close to the depth interval used for triaxial testing to characterize indirect 

tensile strength for each carbonate zone and to further compare the effect of CO2-water-

rock interactions between CO2 unreacted and reacted samples. Results reveal that 

carbonates from the aquifer zone have higher average tensile strengths of ~1.8 MPa 
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compared to carbonates in the gas zones <~1 MPa which does not change significantly 

with CO2 ageing (Table 37).  

 

This shows that overall, there is no or minimal impact of CO2-water-rock 

interaction on rock strength and elastic properties in the S Field carbonate reservoir 

under simulated static CO2 storage conditions. We conducted this series of 

measurements to obtain information on possible long-term changes in mechanical 

properties away from the injection well, where rocks are not affected by temperature 

changes and are fully or near-fully water saturated. 

Table 37. Tensile strength data from Brazilian tests conducted on CO2 reacted and unreacted carbonates 
from the gas zones and the aquifer zone.  

Zone Depth 

(m) 

Porosity 

(%) 

Indirect 

Tensile 

Strength 

(MPa) 

Average 

Indirect 

Tensile 

Strength 

(MPa) 

Gas Zone 

B (without 

CO2 

ageing) 

1973.04 33.6 0.7  

0.9 1973.63 30.8 1.1 

Gas Zone 

B (with 

CO2 

ageing) 

1973.04 33.7 0.4  

0.6 1973.63 

 

30.4 

 

0.7 

 

Gas Zone 

A 

(without 

CO2 

ageing) 

2111.55 36.6 0.7  

0.9 
2111.55 36.4 0.8 

2111.73 33.6 1.2 

Gas Zone 

A (with 

CO2 

ageing) 

2111.73 35.8 0.5  

0.6 2111.87 35.4 0.7 

2111.87 34.6 0.5 

Aquifer 

Zone 

(without 

CO2 

ageing) 

2330.28 29.2 1.8  

1.8 2330.49 28.6 1.8 

2330.62 29.0 1.9 

Aquifer 

Zone (with 

CO2 

ageing) 

2330.28 30.3 2.1  

1.8 2330.49 29.0 1.6 
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4.2.2 Geochemical modelling of long-term CO2-water-rock reactions of carbonate 

and caprock 

Geochemical modelling was conducted to investigate porosity and mineralogy 

changes following CO2-water-rock interactions in the S Field. We focused on the 

injection (aquifer) zone and the primary Seal A by performing equilibrium and kinetic 

simulations for both reservoir units using PHREEQC. Details on software, 

thermodynamic database, mineralogical and water composition have been explained in 

the methodology Chapter 3. The base case model input for batch simulations together 

with tabulated output for all sensitivity models has been summarised in Appendix 3.  

 

4.2.2.1 Equilibrium modelling for carbonate reservoir 

Equilibrium modelling is 0-dimension modelling and provides an estimate of the 

geochemical reactions occurring within the rock formation once the brine is saturated 

with CO2. Results provide a first order indication of the main mineral reactions, 

occurring over infinite time scales in a closed system. For batch modelling, the mineral 

assemblages have been equilibrated with the formation water and the gas composition at 

the initial temperature of 150°C and total pressure of 350 atm (35.5 MPa) to simulate 

the reservoir condition. The gas partial pressure is based on the gas composition in the 

reservoir. CO2 is the dominant gas phase in the initial gas composition with 70%, thus 

the partial pressure is 245 atm (24.8 MPa) which is followed by CH4 (28% or 98 

atm/9.9 MPa), N2 (2% or 7 atm/0.7 MPa) and H2S (0.0073 atm/0.00073 MPa).  

Mineral molalities were calculated for each rock sample from the individual 

mineral weight fractions and scaled to the rock sample porosity assuming 1 litre of 

formation water in the pore space (at 100% water saturation). In this simulation, the 

carbonate porosity is 25% which represents the average porosity in the aquifer zone. 

The base case uses the composition of the formation water, the gas composition, 

mineralogy as well as pressure and temperature conditions determined from field and 

laboratory tests on aquifer zone carbonates. The initial composition of formation water 

is the input for solution in the base case as tabulated in Chapter 4 (Table 8). The 

alkalinity used is 400 ppm water density 1g/cm3 and therefore the mass of water 1 kg. A 

pH of 6.67 and a redox potential pe was determined for the reservoir fluids and used as 

a starting point in the base case. The input for the mineralogical composition or 

equilibrium phases for the base case scenario is the initial composition in the aquifer 

zone which is dominated by calcite (27 moles), followed by dolomite (18.1 moles), 
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quartz (1 moles) and illite (0.2 moles). Details of the input parameters for the base case 

model are summarised in Appendix 3.  

CO2 dissolution into the aqueous solution leads to the formation of carbonic acid 

which releases H+ ions. The increase in H+ corresponds to a decrease in pH from 6.67 

(initial value) to 4.45. This pH drop is buffered by the dissolution of calcite and 

precipitation of dolomite. This is best shown by changes in elemental composition of 

the solution where an increase in Ca2+ and a decrease in Mg2+ concentration compared 

to the initial formation water composition is observed (Table 38). The resulting 

calculated change in absolute porosity is 1.02% which is consistent with the measured 

porosity change in the CO2 reaction experiments (Figure 59). 

Table 38. Results of equilibrium base case geochemical modelling, showing mineralogical changes as 
well as changes in the fluid composition. 

 
Initial Final Delta 

Minerals wt-% amount 

of 

substance 

(moles) 

wt-% amount 

of 

substance 

(moles) 

wt-% amount 

of 

substance 

(moles) 

Quartz 1.00 1.03 0.88 1.03 -0.12 -0.00197 

Dolomite 54.00 18.14 54.25 18.14 0.25 0.00134 

Calcite 44.00 27.23 42.51 27.21 -1.49 -0.01490 

Illite 1.00 0.16 1.00 0.16 0.00 0.00000 

Elements 

in 

solution 

Initial Solution 1, 

Molality 

(moles.kg-1) 

Final Solution, 

Molality 

(moles.kg-1) 

Delta Molality 

(moles.kg-1) 

Al 0.00000 0.000001 -0.000001 

C 0.00000 5.90100 -5.901 

Ca2+ 0.00629 0.01954 -0.01325 

Cl- 0.35590 0.35090 0.005 

K+ 0.00813 0.00801 0.00012 

Mg2+ 0.00193 0.00058 0.00135 

N 0.00000 0.01955 -0.01955 

Na+ 0.34010 0.33530 0.11972 

S(6) 0.00193 0.00000 0.00193 

S 0.00000 0.00166 0.00166 

Si4+ 0.00000 0.00198 0.00198 

Sr2+ 0.000851 0.00084 -0.00001 

 

Even though the experimental findings have confirmed a minor impact of CO2-water-

rock interactions on S Field carbonate properties, such as mineralogy, porosity and rock 

strength, there are several factors that need to be considered before applying these 

findings to the reservoir scale. Sensitivity analysis from PHREEQC batch modelling 

was conducted on critical parameters such as temperature, CO2 partial pressure, gas 
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composition, initial pH, fluid/solution composition and mineralogy to evaluate their 

individual impacts (Table 39). Detailed simulation results for each parameter are 

discussed below. 

 

Table 39. Range of parameters tested in the sensitivity analysis in equilibrium modelling. 

Parameter Input for base case Range for sensitivity analysis 

Temperature 150°C 50°C, 100°C, 130°C, 150°C, 

170°C, 180°C and 200°C 

CO2 partial 

pressure 

245 atm 215, 245, 275 and 350 atm 

pH 6.67 4, 6, 6.67 and 7 

H2S occurrence  with H2S gas (PH2S is 0.0073 

atm) 

with H2S gas and without H2S 

gas 

Parameter Input for base case Range for sensitivity analysis 

Fluid composition Alkalinity: 400 ppm 

K+ element: 311 ppm 

Mg+: 46 ppm 

Fe2+: 0 ppm 

Alkalinity: 388, 400, 488 and 

588 ppm 

K+ element: 211, 311 and 411 

ppm 

Mg+: 0, 46 and 92 ppm 

Fe2+: 0 and 5 ppm 

Mineral composition Calcite (27 moles), Dolomite 

(18.1 moles), Quartz (1 

moles) and Illite (0.2 moles) 

Calcite and dolomite only 

Double amount of Illite and 

Quartz 

 

Temperature effect 

The solubility of mineral phases and CO2 depends on pressure and temperature 

(Dawson et al., 2013; Hemme & van Berk, 2017). CO2 solubility in water decreases 

with an increase in temperature (Bachu, 2010; Duan & Sun, 2003; Luquot & Gouze, 

2009; Rochelle & Moore, 2002). Thus, mineral dissolution and precipitation during the 

interaction with acidic solution are strongly dependent on temperature (Bacci, 2011; 

Arshad Raza et al., 2015).  

The range of simulated temperatures is between 50°C and 200°C. The low 

temperature scenario starts from 50°C and represents the temperature at the near 

wellbore area during injection of supercritical CO2. The temperatures used increase up 

to 200°C to determine the trend of reaction at high temperature. Based on the mineral 
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molar changes, dissolution of calcite is highest at low temperature (Figure 61). 

Dolomite is in the dissolution regime at low temperature but precipitates at high 

temperature (Figure 61). Overall changes are rather small. Equally insignificant are the 

changes in quartz molar contents where we see an insignificant increase in dissolution 

with an increase in temperature. Illite molar changes are insignificant and not relevant in 

this study, also owing to the small contents in the original mineralogy of about 1% 

(Figure 61).  

The porosity calculated shows a significant increase in simulations at 50°C. and 

100°C but an increase of less than 1.5% at temperatures larger than 130°C (Table 40). 

Overall, the results are in accordance with previous studies on the relationship of 

temperature and CO2 solubility resulting in increasing reaction at low compared to high 

temperature (Dawson et al., 2013). Higher aqueous CO2 contents in the simulation at 

50°C supports this conclusion (Appendix 3). The equilibrium modelling shows that all 

mineral phases undergo minor dissolution/precipitation at a temperature of 100°C or 

above and that temperature has a minimal effect on reservoir property changes. 

 

 

Figure 61. Mineral molar changes predicted by equilibrium modelling for calcite, dolomite, illite and 
quartz. 
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Table 40. Results of equilibrium modelling and calculation of resulting porosity changes at different 
temperatures. 

Temperature 

(°C) 

Initial 50 100 130 150 170 180 200 

M
in

er
a
lo

g
y

 

 (
w

t-
%

) Quartz 1.00 0.99 0.95 0.91 0.88 0.85 0.83 0.78 

Dolomite 54.00 54.35 54.10 54.20 54.25 54.28 54.29 54.30 

Calcite 44.00 36.45 40.54 41.87 42.51 42.97 43.15 43.44 

Illite 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Porosity (%) 25.00 30.40 27.56 26.52 26.02 25.68 25.55 25.36 

Absolute 

difference in 

porosity (%) 

 
5.40 2.56 1.52 1.02 0.68 0.55 0.36 

Relative 

difference in 

porosity (%) 

 1.21 1.10 1.06 1.04 1.02 1.02 1.01 

 

CO2 partial pressure  

CO2 partial pressure PCO2 influences water-rock interactions as solubility and 

therefore bicarbonate in solution (Dawson et al., 2013; Sterpenich et al., 2009) increases 

with an increase in CO2 partial pressure, leading to an overall decrease in pH (Guen et 

al., 2007; Pokrovsky et al., 2005). This is shown here in equilibrium modelling of the 

carbonate sample at different PCO2 where calcite dissolution increases when PCO2 

approaches the reservoir pressure at 350 atm (Table 41). The overall observation is that 

PCO2 between 215 and 350 atm (PCO2/Ptotal=0.61 to 1) has a negligible effect on mineral 

reactions and therefore on changes in porosity (± 1 %, slightly increasing with an 

increase in PCO2).  

Table 41: Mineralogical changes with changes in CO2 partial pressure PCO2. 

Scenario PCO2 (atm)  
Initial 215 245 275 350 

M
in

er
a
lo

g
y
 

(w
t-

%
) Quartz 1.00 0.88 0.88 0.88 0.88 

Dolomite 54.00 54.25 54.25 54.25 54.22 

Calcite 44.00 42.52 42.51 42.51 42.37 

Illite 1.00 1.00 1.00 1.00 1.00 

Porosity (%) 25.00 26.01 26.02 26.02 26.14 

Difference in porosity 

(%) 

 
1.01 1.02 1.02 1.14 

 

Initial pH  

Carbonates are well known to be sensitive to acidic conditions that may cause 

mineral dissolution. Therefore, changes in reservoir properties due to mineral 

dissolution and precipitation could potentially happen in a carbonate storage site, as the 

injected CO2 will react with the reservoir fluids and activate the formation of carbonic 

acid liberating H+, HCO3
- and CO3

2- ions. The concentration of carbonic acid depends 
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on the initial fluid/solution pH (Zaidin et al., 2019). Simulation results show an 

immediate decrease in pH from 6.67 to 4.45 in the base case. Other simulations show a 

similar trend of final solution pH at 4.4, where either the initial pH started with acidic 

pH 4 or neutral conditions of pH 7. Even though the initial acidic condition is expected 

to cause increased carbonate mineral reactions, modelling results show that CO2 

solubility is low in solution with initial pH 4 compared to pH 7. With the same final pH 

of 4.44, all simulations show insignificant mineralogical changes in this sensitivity 

analysis. Thus, equilibrium was achieved when pH plateaus near 4.4. This result is 

consistent with the understanding that a realistic chemical reaction in a closed system is 

not achievable with an acidic solution (pH 4 and below) regardless of the CO2 partial 

pressure applied (Grgic, 2011; Sterpenich et al., 2009). However, a different scenario is 

likely to occur in an open system with significant mineral dissolution, strongly affecting 

the mechanical behaviour (Zhang et al., 2016). 

 

Initial H2S  

Apart from CO2, H2S is also a common contaminant in produced gas that has a 

strong corrosive behaviour which, after reaction with water, may cause damage to the 

well material (Kermani et al., 2006). In addition, there are cases where H2S has been 

injected together with CO2 into a geological storage site, such as in Alberta and 

Borzecin projects (Bachu & Gunter, 2005; Warnecki & Wojnicki, 2021). However, 

even if H2S in the produced gas has undergone a separation process, there will still be a 

possibility that H2S will be in the injected CO2. Therefore, it is critical to study the 

impact of H2S presence on the mineralogical changes.  

H2S in the reservoir can result from thermochemical sulphate reduction (TSR) 

when aqueous sulphate reacts with hydrocarbon gas at a temperature higher than 120°C 

(Li et al., 2017). Moreover, TSR results in calcite precipitation in the carbonate 

reservoir replacing anhydrite at temperatures of >140°C (Fu et al., 2016; Worden & 

Smalley, 1996). In the scenario of co-injection of H2S into the storage, the acidic 

condition due to H2S dissolved in the carbonate aquifer could trigger calcite breakdown. 

Ca in the solution combines with the dissolved sulphate to form anhydrite or gypsum 

(Gunter et al., 2000). For the S Field, the PH2S is small with 0.0073 atm or 0.01 mol%. 

Therefore, the H2S sensitivity analysis was conducted as with and without its presence. 

Output from equilibrium modelling shows a small impact of H2S on water-rock 

reactions. Reactions are identical, no matter if H2S is included or excluded. Both 

simulations result in an increase in porosity from 25% to 26%. This change indicates 
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low CO2 dissolution in water that results in negligible reactions. However, the CO2 

solubility will reduce if the concentration of H2S is high (5 mol%), which was 

discovered by a fluid-fluid reaction study by Zaidin et al. (2018) for the S Field.   

Minimal impact of H2S presence on CO2 injection and CO2 storage was also 

concluded in previous studies even with a relatively high amount of H2S of up to 100 

ppm (Knauss et al., 2005; Xu et al., 2010). Similar observations from the field have 

been shown by co-injection of H2S and CO2 into deep hydrocarbon reservoirs and saline 

aquifers in Western Canada for decades with no operation problem caused by the H2S 

gas (Bachu & Gunter, 2005). 

 

Fluid composition 

Sensitivity analysis for fluid composition and its impact on CO2-water-rock 

interactions have been conducted by allowing specific dissolved solids to vary. The 

dissolved solids tested are alkalinity (HCO3-), K+, Mg2+ and Fe2+ (Table 39). Changes in 

porosity cluster around ±1% from almost all modelling outputs. One exception is a 

model that considers the absence of Mg2+ in the solution, which shows negligible 

changes compared to initial porosity of 25% (Figure 62). Thus, results reveal that the 

elemental composition does affect CO2-water-rock interaction in the S Field carbonates. 

 

Figure 62: Porosity changes with regards to different solution composition. 

Mineralogical composition 

The mineralogical composition is the main component of CO2-water-rock interactions. 

Minerals start to dissolve in a CO2 saturated brine to reach equilibrium with the brine. 

Dissolution of the mineral into CO2-saturated brine may increase rock porosity and 

drive precipitation of secondary minerals. Two sensitivity analyses have been conducted 
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for this parameter by changing the initial composition of (1) calcite and dolomite and 

(2) calcite and dolomite with twice the amount of illite and quartz. Calcite and dolomite 

are the dominating mineral species in the carbonate analysed here; proper evaluation of 

their changes have been simulated. Overall, changes in calcite contents are higher 

compared to dolomite with the amount of calcite decreasing from 0.00014 to 0.075 

moles. All changes are correlated to the sensitivity analysis on the tested parameters as 

shown in the tornado plot in Figure 63. 
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Figure 63. Tornado plot showing a ranking of the most influential parameters on calcite and dolomite 
dissolution/precipitation. 

 

In summary, if changes happen, there is a similar trend from all simulations with 

a slight increase in porosity because of calcite dissolution. However, the precipitation of 

dolomite is observed, which is lower by one order of magnitude compared to calcite. 

The discrepancy is due to the faster reaction rate of calcite in all conditions, either in 

acidic or neutral conditions (Palandri & Kharaka, 2004). Simulations at lower 

temperature results in relatively high absolute porosity changes of 5% (up from 25%), 

whereas other simulations show porosity changes of ~1% only. The high porosity 

changes can be related to the near-wellbore effect and during the CO2 injection period, 

as the reservoir temperature decreases due to the injection of cold supercritical CO2. 

However, it should be noted that the near-wellbore area does not represent a batch 

reaction system but rather a high fluid throughput area. Further modelling, making use 

of reactive transport codes, are required to study this in more detail. For the condition 

far from the injection well and during storage (or after the CO2 injection period) in the S 
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Field, the reservoir temperature will be the same as the initial temperature (>100°C). 

Thus, a lower temperature scenario was not considered. Furthermore, when comparing 

the molar changes for each mineral phase, we find minimal changes only, ranging on 

the order of parts per million for illite to less than parts per million for calcite. 

Combining results from all simulations still provide an insignificant impact on the 

mineral changes in the S Field. Therefore, we can conclude from equilibrium modelling 

that the impact of CO2-water-rock interactions in the S Field is insignificant within the 

range of the tested parameter as predicted by the sensitivity analysis.  

 

4.2.2.2 Equilibrium modelling for caprock Seal A 

Interaction between caprock Seal A with carbonic acid is expected to happen 

over longer time scales when, following production of the S Field gas cap, water 

saturation at the reservoir/caprock interface is increasing along with an increase in CO2 

partial pressure in the gas phase. Further reaction with the caprock can happen in the 

unlikely event of advective flow of CO2 saturated fluids through the matrix or along 

fractures in the caprock. The latter requires a reservoir pressure increase which is not to 

be expected following the operational strategy for the S Field. Even though the 

mineralogical composition of the caprock is mainly siliciclastic with slow reactions 

taking place, potential mineralogical changes may lead to leakage pathways or may 

enhance fracture permeability and therefore impact the sealing efficiency (Amann et al., 

2011; Busch et al., 2010; Pearce, 2018; Varre, et al., 2017). From laboratory tests, it was 

previously shown in clay-rich caprocks that an increase in permeability by a factor of 8 

due to CO2-water-rock interactions can occur after as little as 72 hours (Rohmer et al., 

2016). The relatively low porosity and permeability of Seal A may have limited 

reactions within the time scale of the static batch experiments described in chapter 3.1.2. 

Therefore, batch modelling was conducted to validate the laboratory results to improve 

our understanding of the longer term effects of caprock reactions with CO2-charged 

fluids (Gaus et al., 2008; Hemme & van Berk, 2017).  

We conducted simulations with a measured sample porosity of 2.42% (see 

chapter 4.1.2.1), as well as 3%, 6% and 10% to account for higher water/rock ratios. 

The mineralogical composition used as input for equilibrium modelling is taken from 

samples used for CO2-water-rock interaction experiments described in chapter 4.2.1.2. 

The only difference is that illite/mica and illite/smectite were combined to illite which is 

the main clay phase, and it allows us to simplify the system. We used the temperature 
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and pressure at the reservoir/caprock interface obtained from field data of 135°C and 

340 bar.  

Based on the sensitivity analysis conducted for the carbonate, we acknowledge 

that low temperature and high Mg contents might influence the reaction, even though 

the mineralogical composition of Seal A is very different to the carbonate. We looked at 

the impact of PCO2 ranging between 70% and 100% of the total pressure to evaluate the 

initial condition as well as a worst-case scenario. The 70% CO2 partial pressure scenario 

(238 bar) represents the current scenario where we believe that small amounts of gas 

can slowly leak by diffusion. This can be related to the observation of a gas chimney in 

Seal A (Figure 71). The additional gases with their initial relative composition are H2S, 

CH4, and N2. 

From the simulations, the total dissolved CO2 was observed to be higher in 

simulations with higher PCO2. For example, simulation results (for rock with 3% 

porosity) showed that the total CO2 in solution with 100% PCO2 is 2.9 mol/kg compared 

to simulation with 70% PCO2 with 2.7 mol/kg. This results in a lower pH at a higher 

PCO2.  

Simulation results indicate that porosity changes are <1%, consistent with 

laboratory findings over several months and findings from other case studies, such as an 

0.7% porosity increase for the first 10 m in the Hardegsen clay caprock in Germany 

(Rohmer et al., 2016). Porosity changes obtained from simulations with PCO2=100% are 

higher than for the 70% PCO2 scenario. An increase in quartz and kaolinite indicates 

precipitation in all modelled scenarios; a decrease in illite and siderite indicates 

dissolution, similar to experiments conducted at lower temperature of 70 to 80°C 

(Sendula et al., 2017).  

The initial amount of minerals in the assemblage are different for simulation 

with different porosity (Table 42). The amount of each mineral phase is decreasing with 

an increase in porosity due to the resulting increase in water/rock ratio.  
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Table 42. Initial amount of each mineral phase used in the equilibrium modelling for caprock with 
different porosity. 

 Initial moles of minerals for rock with different porosity (%) 

Porosity 3% 6% 10% 

Dolomite 23.02 11.15 6.69 

Illite 99.77 48.34 29.00 

Kaolinite 75.96 36.80 22.08 

Pyrite 8.84 4.28 2.57 

Quartz 529.80 256.70 154.00 

Siderite 82.43 39.94 23.96 

 

This minimal change in mineral amounts in all simulations is validated by 

experimental results which shows insignificant mineralogical changes of less than 1% 

obtained from batch experiment (Table 43).  

 

Table 43. Dissolution and precipitation for different initial porosity and PCO2 scenarios. Positive values 
indicate precipitation, negative values indicate dissolution. 

PCO2 70% 100% 70% 100% 70% 100% 

Initial Porosity 3% 3% 6% 6% 10% 10% 

D
el

ta
 M

in
er

a
l 

(m
o
le

s)
 

Dolomite  0.00629  0.00629  0.00629  0.00629  0.00629  0.00629  

Illite -0.17800 -0.19900 0.17800 0.19900 -0.17800 -

0.19900 

Kaolinite 0.20500  0.22900 0.20500 0.22900 0.20500 0.22900 

Pyrite 0.00086 -0.00372 0.00086 0.00372 0.00086 -

0.00372 

Quartz 0.21300 0.23700 0.21300 0.23700 0.21300 0.23700 

Siderite -0.00002 0.00456 0.00002 0.00456 -0.00002 0.00456 

Absolute 

porosity 

change (%) 

0.43800 0.59300 0.80600 1.11000  0.77200 1.0700 

 

From the mineralogical changes, dolomite seems to be independent of starting 

values of porosity or quartz. At the same time kaolinite contents increase reflecting 

precipitation; a decrease in illite and siderite indicates dissolution. Occurrence of low 

amounts of Fe in solution may support the hypothesis of siderite dissolution. These 

minimal mineralogical changes are similar compared to the experimental result 

described in chapter 4.2.1.2.  There are no significant changes in mineralogy between 
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unreacted samples and reacted samples from Seal A, and the differences may be due to 

sample heterogeneity and the general experimental uncertainty. 

 

4.2.2.3 Kinetic modelling of aquifer zone and Seal A 

The porosity changes of the carbonates in the aquifer zone are shown over 20 

years in Figure 64. The change in porosity is rather insignificant with a decrease of 

0.005% absolute porosity towards the end of the simulation time. We ran the model for 

two scenarios, a PCO2 of 70% (280 bar) considering initial conditions before reservoir 

operations and PCO2 of 100% (350 bar) which considers an unrealistic “worst-case 

scenario” whereby all methane is produced from the reservoir, all CO2 reinjected, and 

the reservoir pressure remains the same as before operations.  

Furthermore, the simulations show an increase in both, quartz and dolomite up 

to 13 years (Figure 65). This is different to the equilibrium conditions where, over 

infinite times, we see a slight decrease in quartz and a slight increase in calcite contents 

(Figure 65). Dissolution of calcite is shown with a gradual increase over time.  

 

 

 

Figure 64. Porosity changes over 20 years of reaction from kinetic modelling of aquifer zone. Only minor 
changes can be observed for two scenarios of PCO2 = 70 and 100%. 
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Figure 65. Mineralogical changes from initial composition over 20 years for aquifer zone. Precipitation 
of dolomite and quartz is shown as well as dissolution of small amounts of calcite.  

For kinetic modelling of caprock Seal A, the base case simulates the rock 

formation with 6% porosity and 100% CO2 partial pressure. The total mass of caprock 

material considered is 51.41 kg which relates to 1 litre of water in the pore space. pH 

drops from 6.67 to 4.95 over 6 month and remains nearly constant over 10 years with a 

value of 4.96. The porosity slightly increases 0.01% by relative from the initial porosity 

in the 1st year and gradually increase up to 36.3% which results in final absolute 

porosity of 8.17% (Figure 66). The porosity changes may be explained by the 

observation at the end of the simulation (10 years), as the main geochemical changes 

suggest dissolution of dolomite and siderite as well as illite. A slight increase in quartz, 

pyrite, and kaolinite can be observed (Figure 67, top). However, no significant changes 

in amount of minerals occurred during the first 6 month of simulation (Figure 67, 

bottom). This observation agrees with the results of batch experiments in samples Seal 

A as explained in section 4.2.1.2. A minor decrease in total mineral content was 

observed for the aged sample (6 months ageing time) compared to the unreacted 

samples with a reduction in dolomite content by 0.1 wt%, 0.5 wt% in siderite content 

and 0.1 wt % in illite conent (Table 28).  
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Figure 66. Kinetic modelling shows porosity changes in caprock Seal A for simulations over 10 years. 
The decrease in dolomite, siderite and illite at the end of simulation suggests dissolution of these mineral 

phases, resulting in the overall porosity increase.  

 

Figure 67. Top: Kinetic modelling of caprock Seal A shows changes in mineralogy based on 

simulation for 10 years. Bottom: No mineralogical changes were observed in the simulation for 6 months, 

which agrees with the batch experiment results conducted over the same period of time. 
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In comparison, the static experiments show no significant changes in the 

mineralogy and porosity for both caprock and carbonate samples in the aquifer zone as 

discussed in chapter 4.2. This is because an equilibrium between CO2, rock and water 

has been reached in the system. Equilibrium and kinetic modelling confirm these 

experimental findings, given that the simulations predict the same qualitative trend with 

only minor mineral alterations. Kinetic modelling in both carbonate aquifer zone and 

caprock zone shows rapid dissolution of CO2 into the solution as shown by the abrupt 

changes in pH. This acidic condition will drive the dissolution of reactive minerals such 

as calcite (Kampman et al., 2014). The pH buffering effect in the solution may 

potentially result in precipitation of carbonate minerals as predicted from the kinetic 

model. The evolution of porosity is small in carbonate sample; thus the dissolution and 

precipitations of calcite and dolomite does not affect porosity and therefore also not 

permeability.  

In contrast, kinetic modelling of Seal A shows a decrease in porosity which 

reflects the consistent dissolution of dolomite, siderite and illite with decreasing 

precipitation of pyrite and kaolinite towards the end of simulation. This results in a 

significant, change of the caprock porosity. The significant finding from the kinetic 

model is that the impact of CO2-water-rock interactions on rock properties such as 

mineralogy and porosity is small throughout the 20 years of simulation. This conclusion 

is consistent with the findings from previous work (Sterpenich et al., 2009). 

Precipitation of minerals is shown by kinetic modelling which suggests the possibility 

of having mineral trapping once the storage system has reached equilibrium over longer 

time scales. The reservoir modelling study by Raza et al. (2017) suggested that the 

precipitation affects the injectivity and the efficiency of the trapping mechanism in the 

short and long terms. Thus, the dynamic modelling should consider the precipitation 

effect to mimic all potential scenarios during CO2 injection and post CO2 injection in 

the S Field. 

 

4.3 Risk assessment 

CO2 storage in depleted oil and gas fields and saline aquifers has proven to be a 

safe and effective technology to reduce emissions to the atmosphere. This has been 

shown in numerous operations for years such as in the Otway International Test Centre, 

onshore Australia, Quest, onshore Canada or Sleipner, offshore Norway (Hannis et al., 

2017; Raza et al., 2019; Solomon, 2006). Observations from currently operated CO2 
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storage sites show that the likelihood of leakage is very low over operational time scales 

of years to decades (Holloway, et al., 2000; Solomon, 2006). However, a site-specific 

and structured risk assessment is essential in evaluating a CO2 storage site to ensure the 

advanced understanding of the storage system, the security over long time scales and to 

develop an adequate monitoring program that is fit-for-purpose (Hannis et al., 2017; 

Tucker et al., 2013).  

4.3.1 Bow tie analysis for the S Field. 

For this study, the hazard is the CO2 injection and storage in the high CO2 S 

Field. It can cause harm by creating environmental damage to the marine ecosystem 

through release of CO2 to the sea bottom. Hazards do not cause harm if they are well 

understood, well managed and kept under control. However, if the control over a certain 

hazard is lost, an initial incident, referred to as the Top Event, might occur. For this 

study, the Top Event is the migration of stored CO2 from the injection zone (the 

carbonate reservoir in the S Field) through the upper caprock zone, as shown in the 

centre of the bowtie diagram in Figure 68. Details of each component of the bowtie 

diagram are summarised in Chapter 3.3 and Appendix 4. 

 

Figure 68. Bowtie risk analysis for the S Field case study showing the hazard and the top event identified 
in the centre, the threats on the left-hand side and the consequences on the right-hand side of the 

diagram. 
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Threats are the cause by which a hazard can lead to the top event in case of loss 

of control (Dean & Tucker, 2017). For this study, six threats have been studied in detail. 

These include: 

1. the migration of stored CO2 via faults and pre-existing fractures across the 

primary and secondary caprock, 

2. creation of leakage pathways by local enhancement of permeability due to 

thermal-chemical-mechanical effects in the reservoir,  

3. migration of CO2 by diffusion,  

4. capillary leakage, 

5. enhanced leakage through the presence of a gas chimney which has been 

observed from seismic survey, and 

6. leakage through induced fractures due to rock property alteration in the 

caprock. 

Well leakage should also be added here, however the focus of this study is on 

the geological and not the engineered risks. As such, wellbore leakage is not part of this 

study but mentioned here for completeness. Once the top event occurs, consequences 

will occur with a specific degree of harm and complexity (Vishal & Singh, 2016). The 

potential consequence relevant for the S Field is the release of CO2 to the seabed. In 

addition to an impact on the marine ecosystem, economic and reputational damage are 

the consequence in case leakage occurs (Roberts & Stalker, 2017; Tanaka et al., 2011; 

Tucker et al., 2013).  

There are barriers to threats and consequence. The barriers on the left side of the 

bowtie diagram can prevent a threat leading to the top event (Dean & Tucker, 2017). 

The barriers are grouped into five main categories which are geological properties, 

laboratory studies, reservoir modelling, operational strategy, and a monitoring program 

(measuring, monitoring and verification, MMV) plan. Barriers that are part of the MMV 

plan relate to geochemical and/or geophysical monitoring such as gas composition 

analysis, pressure tests, and seismic imaging (He et al., 2011).  

We first analysed CO2 migration via faults and pre-existing fractures. From 

seismic imaging there is no observation of faults from the reservoir into the caprock. 

The constraint of this barrier is the resolution of the seismic imaging, which is limited to 

30 m. The escalation factor that might cause this barrier to fail is the presence of 

unrevealed small faults or fractures with offsets smaller than the seismic resolution. 

However, the small scale of these two sedimentary features (small faults and factures) 

results in a potentially narrow leakage pathway, thus the likelihood for rapid and mass 
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volume migration of CO2 is considered low (Roberts et al., 2017). Findings from natural 

analogue studies revealed that once CO2 leakage occur through permeable conduits like 

a fault, a large fraction of the escaping CO2 is likely to be dissolved in the formation 

water of shallower aquifers (Bickle et al., 2013). A detailed fault seal analysis is another 

barrier for this threat as part of a detailed reservoir modelling study which will help to 

evaluate the containment integrity such as reservoir juxtaposition along the fault 

(Miocic et al., 2014). Laboratory and operational strategy barriers are also included in 

threats related to faults and pre-existing fractures (Figure 69).  

 

Figure 69. Branch of the bowtie showing the barriers for the fault/fracture migration threat. There are 
five main barriers to this threat with one escalation factors in the yellow box identified for geological 

properties barrier. 

A hydromechanical analysis is required to evaluate the potential of 

faults/fracture activation near the wellbore due to the injection of CO2 at high pressure 

and low temperature. From the batch experiments conducted here, the effect of CO2-

water-rock interaction on rock properties such as mineralogy and porosity are 

insignificant even though the experiments were conducted under reservoir temperature 

and pressure of 150°C and 34 MPa. Therefore, no changes are expected to the 

mechanical properties. The differences between the pre and post CO2 geomechanics 

testing is more due to the sample heterogeneity. From the operational strategy, the 

production of hydrocarbon and CO2 before CO2 injection will be the driving force to 

reduce the reservoir pressure, hence, become an effective barrier for fault reactivation.  

Insignificant changes in rock properties due to interaction with the injected CO2 

is part of the barrier for the second and sixth threat, which are the migration of stored 

CO2 via local enhancement of permeability by thermal-chemical-mechanical effects in 

the reservoir and migration along induced fractures in the caprock. CO2-water-rock 

interaction can potentially alter the mineralogy and petrophysical properties as well as 

rock strength (Raza et al., 2019). Laboratory and numerical simulation in this study 
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provide evidence that the mineralogical changes in both reservoir and caprock are small, 

leading to insignificant changes in porosity, hence no geomechanical properties 

affected. Only where temperature is decreased (near the wellbore, during injection of 

cold CO2), higher porosity changes due to carbonate dissolution can occur. 

The effective barrier for diffusive leakage is the slow transport rate which is on 

the order of mm/year and further reduced through mineral reactions (Busch & 

Kampman, 2018). This risk is a leakage mechanism over geological time scales and a 

thickness of 500 m for Seal A provides an effective geological barrier over time scales 

of ten thousands of years. Detailed reservoir modelling studies, such as reactive-

diffusive transport modelling can be conducted to evaluate the risk of diffusion through 

the caprock (Gaus et al., 2008).  

Another threat identified for the top event of the S Field is CO2 migration from 

the injection zone by capillary leakage. There are three barriers under geological 

properties for this threat (Figure 70). MICP data of Seal A samples indicates that the 

capillary entry pressures allow larger to present day gas column heights in the reservoir. 

This suggests that Seal A will be able to hold the CO2 even if the gas composition in the 

reservoir will approach 100% CO2.  

 

Figure 70. Five barriers identified for capillary leakage. There is an escalation factor in the yellow box 
for one of the barriers. Even though the geological properties of Seal A are very effective with a large 
thickness, high CO2 column heights and low permeability, the presence of a gas chimney might create 
another leakage pathway for CO2 to migrate over geological times scales (e.g. > tens of thousand’s of 

years).  
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For the gas chimney threat and barrier, leakage can be prevented by an 

operational strategy such as well planning on placement of CO2 injection well by 

avoiding the gas chimney location which is mostly at the crest of the anticline (Figure 

71). The presence of a gas chimney had been listed as part of the threats in the bow tie 

analysis. Apart from the operational strategy, a detail reservoir modelling study on 

initial characterization and considering the pressure and gas compositional changes 

from the reservoir to overburden will be an effort to identify the potential of CO2 

leakage from the injection zone. The extent of the gas chimney in the caprock also 

needs to be considered in detail.  

 

Figure 71. Occurrence of gas chimney (dashed semi-circle) in seismic cross section in the S Field. 
Presence of gas chimney had been incorporated as one of the threats in the bow tie risk analysis. 

 

Further mitigation measurements such as MMV plans and operational strategy 

need to be considered if the preventive barrier fails to control the threats (Pawar et al., 

2015; Tucker et al., 2013). The mitigative barrier on the right-hand side of the bowtie 

will prevent or limit the consequence (Figure 72). The main consequence is leakage to 

the sea bottom. A very good effective barrier for this threat is the extent to which 

seawater will safely adsorb leaking CO2 by dissolution and sea bottom currents that help 

dissipation the CO2 (Wallmann et al., 2008). From an operational strategy, CO2 

injection needs to be stopped or modified once leakage is detected from the storage 

interval. An effective remediation plan such as withdrawal of stored CO2 will be the 
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corrective measurement for this barrier. However, the effectiveness of this barrier will 

reduce if leakage occurs after operation or during the relaxation period. Therefore, a 

good MMV plan such as geophysical and geochemical monitoring needs to be in place 

with appropriate monitoring frequencies.  

 

Figure 72. The consequence for the Top Event shown on the right-hand side of the bowtie. There is one 
escalation factor under operational barrier which is CO2 release that can potentially be implemented 
after the injection phase. The corrective measure that may act as immediate mitigation is remediation 

strategy such as withdrawal of stored CO2 from the storage interval.  

4.3.2 Test Matrix and Risk Score for S Field case study 

The risk analysis for the S Field does not stop with the bowtie analysis. The 

likelihood and impact of each threat were evaluated. A risk matrix is used to provide a 

score to each of the risks. An example of a risk matrix is shown in Chapter 3. The range 

of scores from 1 to 5 represents the degree of likelihood and impact from low to high 

(Table 44). The effectiveness of each risk was further translated into a heat map (Figure 

73).  

The risk of leakage along faults and pre-existing fractures is known to be one of 

the potential causes of CO2 movement from the injection zone and has been observed 

during monitoring activities in several CCS projects (Bourne et al., 2014; Dean & 

Tucker, 2017; Vishal & Singh, 2016). One example is CO2 migration from the injection 

zone to the lower portion of the caprock reported for the In-Salah CO2 Storage Project 

(Ringrose et al., 2013;White et al., 2014). This CO2 storage project was in operation 

from 2004 to 2011 and almost 4 million tonnes of CO2 had been stored in the depleted 

gas reservoir near the gas processing plant. Monitoring observations suggest the upward 
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migration of CO2 from the injection zone with a few hypotheses, which included 

migration via faults, pre-existing fractures and induced hydraulic fractures (Bourne et 

al., 2014; Dean & Tucker, 2017; Vishal & Singh, 2016). Even though this observation 

did not compromise the overall storage integrity, there are two main lessons learnt from 

the In-Salah project that can be a guideline for other CCS projects: (1) the need to have 

detailed geological and geomechanical characterisation of the reservoir and the 

overburden, (2) the importance of regular risk assessment based on the integration of 

multiple disciplines (Ringrose et al., 2013). The risk likelihood score for the fault 

leakage risk is low for the S Field (score 1) as no faults across the reservoir to the 

caprock have been observed within the resolution of the seismic images (see Figure 71). 

The impact of this threat is considered high (score 4) because it would potentially 

provide a direct pathway for CO2 migration (Kaldi and Gibson-Poole, 2008). Thus, the 

effectiveness of this threat, in case it would occur, is considered to be high.  

Table 44. Score for each risk identified for the S Field case study. The likelihood for all risks is very low 
from the score but has a different impact, resulting in different degrees of effectiveness.  

Identified Risk/Threat Risk 

Likelihood 

Risk Impact Effectiveness 

1. Migration along a fault 

pathway and pre-

existing fractures 

1 4 4 

2. Local enhancement of 

permeability by 

thermo-mechanical 

effects in the reservoir 

1 3 3 

3. CO2 leakage through 

diffusion  

1 1 1 

4. CO2 leakage by 

capillary action 

1 2 2 

5. Presence of a gas 

chimney 

1 1 1 

6. Enhancement of 

fracture permeability 

by geochemical 

reactions 

1 1 1 
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Figure 73. Heat risk map showing the likelihood and impact of each risk analysed for the S Field. 

The risk of CO2 migration via induced fractures due to CO2-water-rock 

interactions in the S Field is identified with a very low likelihood and moderate impact 

if it happens. Mineral reactions can alter the reservoir or caprock and potentially re-

activate faults and fractures (Busch et al., 2016). However, geochemical experimental 

and modelling studies on both caprock and reservoir rock conduced here suggest 

insignificant changes to rock properties. This allows us to conclude low priority actions 

required for this threat. This conclusion of this threat is consistent with the risk 

assessment conducted by Shell for the Peterhead CCS project with CO2 injection in the 

Goldeneye reservoir. They conclude that this threat has a low likelihood (Tucker et al., 

2013). 

A recent study by Busch et al., (2020) for the Peterhead CCS project quantified 

the interaction of CO2 with swelling clays in the caprock which may cause fault 

reactivation. However, as the maximum fault offset was lower than the seal thickness, 

the risk was considered low. If compared to the S Field, smectite (expandable clay) in 

the effective Seal A is low (7.8 wt %) and no existing faults or fractures have been 

observed, therefore this risk can be considered negligible. However, a different scenario 

with an unexpected immediate CO2 movement from the injection zone to the top of the 

formation was observed in the Sleipner CO2 storage project in Norway which may 

Migration along a 
fault pathway and 

pre-existing 
fractures

CO2 leakage by 
capillary 

CO2 leakage through diffusion in caprock

Local enhancement 
of permeability by 

thermo-mechanical 
effects in the 

reservoir

Presence of gas chimeny
Enhancement of fracture permeability by 
geochemical reaction

Risk of CO2 migration from injection zone in S Field

Insignificant Moderate Catastrophic

Lo
w

M
o

d
e

ra
te

H
ig

h

RISK LIKELIHOOD

R
IS

K
 IM

PA
C

T



 

157 

relate to this threat. The observation of this CO2 movement is based on seismic 

monitoring (Bickle et al., 2007; Greenpeace, 2008). The scenario indicated that the 

mudstones above the injection zone were not effective barriers, and there is a possibility 

of rock property alterations due to the injected CO2. Even if the leaking amount and rate 

are believed to be minimal, some uncertainty remains. There is a possibility that less 

CO2 is being stored.  

CO2 migration by diffusion is evaluated for the S Field and identified with a 

very low likelihood and very low impact. Even though diffusion will be a permanent 

and ubiquitous flow process, the rate is low and it will take millions of years for 

diffusion to take place over few meters (Busch et al., 2016; Tucker et al., 2013). For the 

S Field, the effective Seal A thickness is 500 m in which diffusive leakage will take 

about 5 million years using the worst-case scenario calculation; 105 years for 10 m of 

shale thickness (Busch & Kampman, 2018).  

Capillary leakage is another mechanism of CO2 migration through the matrix of 

the effective caprock. The capillary entry pressure must always be greater than the 

buoyancy force of the CO2 column height to avoid capillary leakage from happening. 

The estimation of the column height of CO2 is a function of the rock's pore throat size, 

wettability, and the interfacial tension between CO2 and water (Busch & Hildenbrand, 

2013). Based on MICP data for Seal A, the capillary entry pressure for CO2 is on the 

order of 3.5 to 4.5 MPa, resulting in a CO2 column height of 583 to 753m, which 

exceeds the structural closure of the field (300m).  

From other studies and also field observations, the common highlighted risk 

with a higher amount and fast CO2 migration would be if well control was lost either by 

a leaking well, injection well failure or inadequate plugging and abandonment (P&A) 

works (Hannis et al., 2017; Matteo et al., 2017; Solomon, 2006; Tucker et al., 2013). 

This risk is considered a local risk only. CO2 will be released very fast and impact 

people, environment, assets, operation, and company reputation. However, the overall 

amount of CO2 releases is smaller than the total amount injected, and leakage by this 

threat can easily be detected and managed using engineering controls (Hannis et al., 

2017). A study by Matteo et al. (2017) suggests that the geological barrier plays a role 

in achieving good well integrity.   

 

All risks studied for CO2 migration from the injection zone through the caprock 

of the S Field show a low likelihood and low to moderate impact. Further evaluation is 

required for each threat to consider any risk reduction. The potential risk reduction 
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measures should include assessing other non-technical factors such as cost and 

practicality to ensure the effective implementation of a systematic MMV program 

(Dean & Tucker, 2017).  
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Chapter 5 : Conclusions 

5.1 Summary and conclusions 

This study investigates the impact of CO2-water-rock interactions on 

containment integrity in a potential CO2 storage site, the S Field, located offshore East 

Malaysia. The uniqueness of the S Field with an initial CO2 content of 70% in the gas 

phase and extreme pressure and temperature conditions of 35 MPa and 150°C 

respectively, provides limited references and guidelines from analogue CCS projects. 

Thus, the detailed study comprises laboratory and modelling work that has been 

conducted to provide an advanced understanding on the containment issues for the S 

Field.  

The total thickness of the S Field carbonate reservoir zone is around 300 m and 

CO2 re-injection is targeted to be in the aquifer zone at 2200 m below sea level. The 

Miocene carbonate reservoir is overlain by a low permeability silty shale formation 

(Seal A) with an effective thickness of 500 m, providing lateral and vertical sealing of 

the S Field reservoir.  

For the S Field, the main trapping mechanism for the injected CO2 is structural 

trapping, where CO2 plume migration is limited by a caprock with low permeability and 

high capillary entry pressure. The CO2 trapping mechanism also depends on the 

subsurface condition and rocks and fluids properties (Bickle et al., 2013; Raza et al., 

2017). Therefore, an integrated laboratory and numerical simulation program were 

conducted in this study to thoroughly characterize the properties of rocks and fluids in 

the S Field carbonate reservoir and caprock. 

The reservoir has heterogenous properties which are influenced by diagenesis 

and the depositional environment. The 300 m of the gas zone interval is a porous 

carbonate formation with an average porosity of 30%. The main pore types are mouldic 

and vuggy which reflect the reef front and fore reef facies in a high energy depositional 

environment. This may have influenced the dominance of calcite. The carbonate in the 

deeper aquifer zone is of lower porosity and permeability, ranging between 7% and 28% 

and 0.1 and 50 mD respectively. The dominant pore type is intergranular which is 

distributed homogeneously in the core samples. This can be related to the interpreted 

lagoonal depositional environment. Cemented pore types with moderate dolomitization 

in aquifer water samples indicate extensive diagenesis at greater depths. This reflects 

the co-dominance of calcite and dolomite in the aquifer zone. 
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The overlying primary Seal A consists of a silty shale interval with quartz and 

clay as the main mineral phases. The estimated porosity from laboratory measurements 

is 2.4% to 10% and the permeability is ~0.5 µm. Illite is the dominant clay mineral 

while smectite, kaolinite and chlorite are minor constituents. The capillary entry 

pressure for CO2 is estimated to be 3.5 to 4 MPa which corresponds to 583 to 753 m of 

CO2 column height, suggesting that Seal A is an effective caprock with low risk of 

capillary leakage.  

CO2-water-rock interaction experiments show minimal impact on reservoir and 

caprock properties such as mineralogy and porosity due to the equilibrium between the 

rock formation and the fluid since the S Field reservoir already contains significant 

amounts of CO2. Further impact on rock strength and elastic properties is negligible 

since no rock alteration occurred which is shown from CO2 reaction experiments as well 

as geochemical modelling studies. The minor differences in the data obtained after CO2 

ageing experiments in the carbonate samples are rather attributed to the initial formation 

heterogeneity than to real coupled hydro-chemical-mechanical effects. Consistent 

findings were achieved by geochemical modelling either in equilibrium or kinetic 

models. The geomechanical properties of caprock samples with CO2 exposure are 

significantly higher than the samples that are tested at initial conditions (without CO2 

exposure). The CO2 exposed obtained the cohesion of 6 MPa and a friction angle of 

18.9° compared to the samples at the initial state, with the cohesion of 5 MPa and 

friction angle of 14.8°. The mineralogical and geochemical changes are minimal in the 

CO2-water-rock interaction experiment. Therefore, the CO2-water-rock interaction did 

not influence the difference in rock mechanic properties. This observation suggests that 

the loss of pore water during CO2 ageing at higher pressure and temperature (150°C) 

resulted in the strengthening and stiffening of these caprock samples. 

A detailed risk assessment was developed which is based on detailed 

information of the carbonate reservoir, the caprock, and reservoir fluids. The top event 

in the bowtie analysis is unwanted CO2 migration from the reservoir through the 

caprock. Six major threats of potential leakage pathways have been identified; leakage 

via existing faults or fractures have been classified as the main concern with a 

likelihood score of 4. Barriers and mitigation actions for each threat and consequence 

have been developed in the bow tie analysis.  

The application of methodology and findings developed from this study can be 

used by others to evaluate the feasibility of a potential CO2 storage site. The integrated 

laboratory analyses and its workflow are proven adequate to study the subsurface 
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uncertainties for a CO2 storage site. The workflows were incorporated into the company 

guidelines, which registered as Integrated CO2 Storage Novel methodology and had 

achieved TRL7 level with application into feasibility studies in 8 other potential CO2 

storage sites in hydrocarbon fields offshore Malaysia.  

The integrated subsurface characterization in this study generated new 

information on the heterogenous Miocene carbonate reservoirs, which can be utilized as 

references to other adjacent fields. For example, the isotopes data of the carbonate 

samples provided detailed input on the depositional history to support the 

biostratigraphy and sedimentology information. In addition, the non-linear correlation 

of porosity and permeability developed from 700 core plugs samples suggested that a 

new poro-perm classification is required for this heterogeneous reservoir as the 

diagenesis process significantly influences the properties. This study also reveals the 

strong relationship between porosity, mineralogy and pore types and the rock strengths 

in carbonate rocks. Therefore, detailed sample characterization, including mineralogy 

analysis, porosity measurement and pore type identification, is strongly recommended 

for a rock mechanic testing program.  

The laboratory and sensitivity studies on the coupled hydrological, geochemical 

and geomechanical study via CO2-water-rock interaction experiment can be used as 

input for reservoir model calibration and 3D coupled modelling for future CO2 storage 

development plans in the S Field. Furthermore, this study's unique findings from the 

extensive and long duration of CO2-water-rock interaction experiments at the extreme 

pressure and temperature conditions can be a reference or analogue data to other 

hydrocarbon fields with similar conditions. On top of that, the comprehensive 

geological risk assessment using bow tie, risk matrix, and heat map developed from this 

study can guide other high CO2 field development plans in carbonate reservoirs. 

5.2 Recommendation and Further work  

This integrated laboratory and numerical study was developed to reduce the 

geological uncertainty in developing safe CO2 storage for the S Field reservoir. The 

methodology was adopted from the best practice CCS guidelines/research and has been 

improved based on site-specific risks. This integrated methodology can be used as a 

reference for high CO2 gas and depleted gas fields.  

There are still some gaps in this study that can be filled in future research. One 

of them is the actual composition of formation brine. The composition of preserved 

formation brine samples can increase the accuracy of the geochemical modelling as well 
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as validate the sensitivity analysis conducted. Determination of CO2 origin via Helium 

isotope analysis also need to be considered to understand the distribution of the CO2 

gas. A detailed study on the structural setting of the S field may also be required to 

investigate the mechanisms behind the gas chimney development. Additional reservoir 

scale simulation can add extra value to a CO2 storage study such as geochemical 

transport model and fault seal analysis. The heterogeneity of various geological systems 

demonstrates the need for rigorous case by case studies related to a CO2 storage site.  
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Appendix 1: SEM results 

 

Scanning electron microscopy (SEM) analysis was conducted to characterize the pore 

and grain spatial distribution, shape, and size in carbonate samples. A FEI Quanta and 

650 FEG instrument were used with operational settings comprised of a back scattered 

electron (BSE) detector under low vacuum of 0.82 Torr, an acceleration voltage of 20 

kV and spot size of 4.5. Seven polished thin sections of carbonate samples were 

prepared for this analysis. The SEM images show differences in rock fabric, grain and 

porosity distribution between samples from the gas and aquifer zones. Abundance of 

large pores in gas zones indicate dissolution of allochems which resulted in mouldic and 

vuggy pore types. Samples from the aquifer zone show moderate pore sizes with 

homogenous distribution. The images were further processed using ImageJ software to 

estimate the porosity for each sample. 

Table 45. Table providing information on the depth for each sample with estimated porosity from image 
processing using ImageJ software.  

No Sample 

ID 

Depth 

(m) 

Estimated 

Porosity 

(%) 

Zone 
 

1 4-027 1952.85 12.44 Gas Zone B 
 

2 5-009 S2 1960.29 6.73 
 

3 5-025 S2 1965.0 6.86 
 

4 5-060 1975.58 20.64 
 

5 14-008 2100.21 23.05 Gas Zone A 
 

6 14-013 2101.86 24.14 
 

7 17-006 2326.49 4.49 Aquifer Zone 
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Figure 1. Micrograph or images by SEM analysis for four samples from reservoir Zone B with image A is the 

SEM image, B is threshold image for porosity estimation and C is the binary image 
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Figure 2. Micrograph or images by SEM analysis for twor samples from reservoir gas Zone A with image 
A is the SEM image, B is threshold image for porosity estimation and C is the binary image 

 

 

 

 Figure 3.  Micrograph or images by SEM analysis for twor samples from water zone with image 
A is the SEM image, B is threshold image for porosity estimation and C is the binary image 
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Appendix 2: XRD results 

 

 

Depth 

(m) 

 

Bulk Mineralogy (% wt)  

 

 

Core Lithotype Qtz Plag Kfs Ca Dol Sid Pyt Gyp Clay 

1936.2 0.8 2.4 3.5 80.2 3.0 0.9 1.9 
 

7.3 Packestone 

1938.6 3.2 2.6 2.6 75.9 1.1 1 2.2 
 

11.4 Packestone 

1939.0 5.5 2.6 3.2 62.9 3.0 1.4 2.3 
 

19.1 Packestone 

1939.3 4.0 
  

88.5 2.0 
 

1.0 1.0 3.5 Packestone 

1941.5 3.0 2.2 2.4 80.2 1.0 1.0 2.1 
 

8.1 Packestone 

1945.4 25.1 
  

35.4 
  

7.4 1.9 30.2 Packestone 

1953.8 0.4 2.0 2.2 83.3 2.5 0.7 1.50 
 

7.4 Floastone to 

Rudstone 

1971.1 0.3 2.5 2.4 81.1 4.7 0.9 1.8 
 

6.3 Rudstone 

1973.4 1.0 
  

97.0 2.0 
    

Bafflestone to 

Bindstone 

1979.5 0.7 
  

63.2 32.6 
 

  3.5 Packestone 

1991.8 1.0 
  

85.2 9.9 
 

  3.9 Rudstone 

2007.8 1.2 
  

95.0 3.6 
 

  0.1 Bindstone 

2008.5 1.8 
  

67.6 25.5 
 

  5.2 Bindstone 

2036.6 4.5 
  

90.5 2.4 
 

1.16 
 

1.5 Floatstone 

2037.9 1.9 
  

92.6 5.1 
 

  0.4 Floastone to 

Rudstone 

2050.5 4.0 
  

94.7 
  

  1.3 Floatstone 

2056.5 1.4 
  

96.7 1.8 
 

  0.2 Floatstone 

2060.0 0.7 
  

96.8 2.6 
 

  0.0 Rudstone 

2073.2 4.1 
  

90.9  
 

1.2 TR 3.9 Rudstone 

2079.7 2.5 
  

93.6  
 

0.2 
 

3.6 Rudstone 

2084.9 15.4 
  

57.2  
 

4.5 1.9 20.9 Rudstone 

2085.9 0.9 
  

96.9 2.1 
  

 
 

Rudstone 

2089.7 4.9 
  

89.5 0.9 
 

1.1  3.6 Rudstone 

2114.5 0.4 
  

98.6 0.9 
 

   Rudstone 

2115.4 
   

98.9 1.1 
 

   Rudstone 

2119.3 1.5 
  

97.0 1.1 
 

  0.4 Rudstone 

2138.1 3.4 
  

85.5 9.2 
 

  1.9 Rudstone 

2139.6 3.0 
  

91.1 3.1 
 

0.9  1.8 Rudstone 

2140.9 4.2 
  

87.9 2.4 
 

0.9  4.5 Rudstone 

2325.8 0.5 
  

62.2 37.3 
    

Wackestone 

2328.8 0.5 0.4 
 

55.2 36.6 0.5 0.7 
 

6.1 Wackestone 

2330.2 1.0 
  

44.0 54.0 
   

1.0 Wackestone 

2330.7 1.0 
  

62.0 37.0 
    

Wackestone 

2331.1 0.6 1.4 0.3 59.8 29.1 0.7 1.1 
 

7.0 Wackestone 

2331.7 0.9 1.2 
 

51.8 37.6 0.7 1.0 
 

6.8 Wackestone 

2338.93 1.70 
  

55.83 42.46 
 

0 0 0.0 Packestone 

2340.9 1.01 
  

11.14 87.85 
 

0 0 0.0 Packestone 

2342.7 1.39 
  

9.29 88.51 
 

0.81 0 0.0 Packestone 
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Appendix 3: Geochemical Modelling 

Geochemical modelling via PHREEQC software was conducted on caprock and 

reservoir zone. 

This appendix consists of:  

 

• Input for the base model of batch modelling for carbonate zone (water zone) 

• Results for sensitivity analysis by batch model for carbonate zone 

• Input and output for batch modelling for caprock (Seal A) 

• Input of kinetic model for carbonate zone 

• Input of kinetic model for caprock zone 

 

Input and output for the base model of batch modelling for carbonate zone 

(water zone) 

 

INPUT: 

SOLUTION 1 

    temp      150 

    pH        6.67 

    pe        4 

    redox     pe 

    units     ppm 

    density   1 

    Alkalinity 400 

    Mg        46 

    K         311 

    Na        7653 

    Cl        12348 

    S(6)      182 

    Sr        73 

    Ca        247 

    -water    1 # kg 

 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 350 

    -volume 1 

    -temperature 150 

    CO2(g)    245 

    CH4(g)    98 

    H2S(g)    0.0073 

    N2(g)     7 

 

EQUILIBRIUM_PHASES 1 

    Calcite   0 27.2 

    Dolomite  0 18.1 

    Illite    0 0.2 

    Quartz    0 1 

 

OUTPUT: 

   Input file: C:\Users\SSMS\Desktop\PhreeqC modelling\In 

Pendrive\PhreeqC modeling\01 Batch model\Phrqc1_temperature150_Base 

model Batch Carbonate.pqi 
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  Output file: C:\Users\SSMS\Desktop\PhreeqC modelling\In 

Pendrive\PhreeqC modeling\01 Batch model\Phrqc1_temperature150_Base 

model Batch Carbonate.pqo 

Database file: C:\Program Files (x86)\USGS\Phreeqc Interactive 3.3.8-

11728\database\llnl.dat 

 

------------------ 

Reading data base. 

------------------ 

 

 LLNL_AQUEOUS_MODEL_PARAMETERS 

 NAMED_EXPRESSIONS 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PHASES 

 EXCHANGE_MASTER_SPECIES 

 EXCHANGE_SPECIES 

 SURFACE_MASTER_SPECIES 

 SURFACE_SPECIES 

 RATES 

 END 

------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.3.8-

11728\database\llnl.dat 

 SOLUTION 1 

     temp      150 

     pH        6.67 

     pe        4 

     redox     pe 

     units     ppm 

     density   1 

     Alkalinity 400 

     Mg        46 

     K         311 

     Na        7653 

     Cl        12348 

     S(6)      182 

     Sr        73 

     Ca        247 

     water    1 # kg 

 GAS_PHASE 1 

     fixed_pressure 

     pressure 350 

     volume 1 

     temperature 150 

     CO2(g)    245 

     CH4(g)    98 

     H2S(g)    0.0073 

     N2(g)     7 

 EQUILIBRIUM_PHASES 1 

     Calcite   0 27.2 

     Dolomite  0 18.1 

     Illite    0 0.2 

     Quartz    0 1 

------------------------------------------- 

Beginning of initial solution calculations. 

------------------------------------------- 

 

Initial solution 1.  
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-----------------------------Solution composition---------------------

--------- 

 

 Elements           Molality       Moles 

 

 Alkalinity        8.168e-03   8.168e-03 

 Ca                6.297e-03   6.297e-03 

 Cl                3.559e-01   3.559e-01 

 K                 8.127e-03   8.127e-03 

 Mg                1.934e-03   1.934e-03 

 Na                3.401e-01   3.401e-01 

 S(6)              1.936e-03   1.936e-03 

 Sr                8.512e-04   8.512e-04 

 

----------------------------Description of solution-------------------

--------- 

 

                                       pH  =   6.670     

                                       pe  =   4.000     

                        Activity of water  =   0.988 

                 Ionic strength (mol/kgw)  =   3.490e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   1.252e-02 

                       Total CO2 (mol/kg)  =   1.252e-02 

                         Temperature (°C)  = 150.00 

                  Electrical balance (eq)  =  -1.493e-03 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.22 

                               Iterations  =   8 

                                  Total H  = 1.110586e+02 

                                  Total O  = 5.556619e+01 

 

----------------------------Distribution of species-------------------

--------- 

 

                                               Log       Log       Log    

mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   

cm³/mol 

 

   OH-             1.859e-05   1.126e-05    -4.731    -4.949    -0.218     

(0)   

   H+              2.848e-07   2.138e-07    -6.546    -6.670    -0.124      

0.00 

   H2O             5.553e+01   9.881e-01     1.744    -0.005     0.000     

19.65 

C(4)          1.252e-02 

   HCO3-           7.189e-03   4.489e-03    -2.143    -2.348    -0.205     

(0)   

   CO2             4.454e-03   4.928e-03    -2.351    -2.307     0.044     

(0)   

   CaHCO3+         5.101e-04   3.185e-04    -3.292    -3.497    -0.205     

(0)   

   NaHCO3          1.426e-04   1.426e-04    -3.846    -3.846     0.000     

(0)   

   MgHCO3+         1.365e-04   8.524e-05    -3.865    -4.069    -0.205     

(0)   

   CaCO3           6.963e-05   6.963e-05    -4.157    -4.157     0.000     

(0)   

   CO3-2           9.124e-06   1.381e-06    -5.040    -5.860    -0.820     

(0)   

   SrCO3           3.417e-06   3.417e-06    -5.466    -5.466     0.000     

(0)   

   MgCO3           3.288e-06   3.288e-06    -5.483    -5.483     0.000     

(0)   
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   NaCO3-          1.770e-08   1.105e-08    -7.752    -7.957    -0.205     

(0)   

Ca            6.297e-03 

   Ca+2            5.219e-03   1.032e-03    -2.282    -2.986    -0.704     

(0)   

   CaHCO3+         5.101e-04   3.185e-04    -3.292    -3.497    -0.205     

(0)   

   CaCl+           3.357e-04   2.096e-04    -3.474    -3.679    -0.205     

(0)   

   CaSO4           1.115e-04   1.115e-04    -3.953    -3.953     0.000     

(0)   

   CaCO3           6.963e-05   6.963e-05    -4.157    -4.157     0.000     

(0)   

   CaCl2           5.076e-05   5.076e-05    -4.294    -4.294     0.000     

(0)   

   CaOH+           1.079e-09   6.740e-10    -8.967    -9.171    -0.205     

(0)   

Cl(-1)        3.559e-01 

   Cl-             3.321e-01   1.943e-01    -0.479    -0.712    -0.233     

(0)   

   NaCl            2.256e-02   2.256e-02    -1.647    -1.647     0.000     

(0)   

   CaCl+           3.357e-04   2.096e-04    -3.474    -3.679    -0.205     

(0)   

   MgCl+           3.145e-04   1.964e-04    -3.502    -3.707    -0.205     

(0)   

   KCl             2.312e-04   2.312e-04    -3.636    -3.636     0.000     

(0)   

   SrCl+           1.689e-04   1.054e-04    -3.772    -3.977    -0.205     

(0)   

   CaCl2           5.076e-05   5.076e-05    -4.294    -4.294     0.000     

(0)   

   HCl             1.367e-08   1.367e-08    -7.864    -7.864     0.000     

(0)   

Cl(1)         9.899e-22 

   HClO            8.235e-22   8.235e-22   -21.084   -21.084     0.000     

(0)   

   ClO-            1.663e-22   1.039e-22   -21.779   -21.984    -0.205     

(0)   

Cl(3)         2.613e-37 

   ClO2-           2.613e-37   1.631e-37   -36.583   -36.787    -0.205     

(0)   

   HClO2           0.000e+00   0.000e+00   -40.288   -40.288     0.000     

(0)   

Cl(5)         0.000e+00 

   ClO3-           0.000e+00   0.000e+00   -41.589   -41.806    -0.218     

(0)   

Cl(7)         0.000e+00 

   ClO4-           0.000e+00   0.000e+00   -50.318   -50.536    -0.218     

(0)   

H(0)          1.088e-22 

   H2              5.442e-23   6.020e-23   -22.264   -22.220     0.044     

(0)   

K             8.127e-03 

   K+              7.863e-03   4.600e-03    -2.104    -2.337    -0.233     

(0)   

   KCl             2.312e-04   2.312e-04    -3.636    -3.636     0.000     

(0)   

   KSO4-           3.271e-05   2.042e-05    -4.485    -4.690    -0.205     

(0)   

   KHSO4           2.757e-10   2.757e-10    -9.560    -9.560     0.000     

(0)   

   KOH             7.371e-11   7.371e-11   -10.132   -10.132     0.000     

(0)   
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Mg            1.934e-03 

   Mg+2            1.027e-03   2.633e-04    -2.988    -3.580    -0.591     

(0)   

   MgSO4           4.523e-04   4.523e-04    -3.345    -3.345     0.000     

(0)   

   MgCl+           3.145e-04   1.964e-04    -3.502    -3.707    -0.205     

(0)   

   MgHCO3+         1.365e-04   8.524e-05    -3.865    -4.069    -0.205     

(0)   

   MgCO3           3.288e-06   3.288e-06    -5.483    -5.483     0.000     

(0)   

   Mg4(OH)4+4      3.932e-25   3.898e-28   -24.405   -27.409    -3.004     

(0)   

Na            3.401e-01 

   Na+             3.171e-01   1.980e-01    -0.499    -0.703    -0.205     

(0)   

   NaCl            2.256e-02   2.256e-02    -1.647    -1.647     0.000     

(0)   

   NaSO4-          2.958e-04   1.847e-04    -3.529    -3.733    -0.205     

(0)   

   NaHCO3          1.426e-04   1.426e-04    -3.846    -3.846     0.000     

(0)   

   NaOH            9.470e-07   9.470e-07    -6.024    -6.024     0.000     

(0)   

   NaCO3-          1.770e-08   1.105e-08    -7.752    -7.957    -0.205     

(0)   

O(0)          9.848e-19 

   O2              4.924e-19   5.448e-19   -18.308   -18.264     0.044     

(0)   

S(6)          1.936e-03 

   SO4-2           1.040e-03   1.412e-04    -2.983    -3.850    -0.867     

(0)   

   MgSO4           4.523e-04   4.523e-04    -3.345    -3.345     0.000     

(0)   

   NaSO4-          2.958e-04   1.847e-04    -3.529    -3.733    -0.205     

(0)   

   CaSO4           1.115e-04   1.115e-04    -3.953    -3.953     0.000     

(0)   

   KSO4-           3.271e-05   2.042e-05    -4.485    -4.690    -0.205     

(0)   

   SrSO4           3.180e-06   3.180e-06    -5.498    -5.498     0.000     

(0)   

   HSO4-           2.431e-07   1.518e-07    -6.614    -6.819    -0.205     

(0)   

   KHSO4           2.757e-10   2.757e-10    -9.560    -9.560     0.000     

(0)   

   H2SO4           6.151e-19   6.151e-19   -18.211   -18.211     0.000     

(0)   

Sr            8.512e-04 

   Sr+2            6.758e-04   1.129e-04    -3.170    -3.947    -0.777     

(0)   

   SrCl+           1.689e-04   1.054e-04    -3.772    -3.977    -0.205     

(0)   

   SrCO3           3.417e-06   3.417e-06    -5.466    -5.466     0.000     

(0)   

   SrSO4           3.180e-06   3.180e-06    -5.498    -5.498     0.000     

(0)   

   SrOH+           4.285e-11   2.676e-11   -10.368   -10.573    -0.205     

(0)   

 

------------------------------Saturation indices----------------------

--------- 

 

  Phase               SI** log IAP   log K(423 K,   1 atm) 
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  Anhydrite        -0.61     -6.84   -6.23  CaSO4 

  Antarcticite     -8.53     -4.44    4.09  CaCl2:6H2O 

  Aphthitalite    -11.53    -15.42   -3.89  NaK3(SO4)2 

  Aragonite         1.07      1.34    0.27  CaCO3 

  Arcanite         -7.05     -8.52   -1.47  K2SO4 

  Artinite         -2.53     10.48   13.00  Mg2CO3(OH)2:3H2O 

  Bassanite        -1.28     -6.84   -5.56  CaSO4:0.5H2O 

  Bischofite       -9.43     -5.03    4.39  MgCl2:6H2O 

  Bloedite        -10.23    -12.71   -2.48  Na2Mg(SO4)2:4H2O 

  Brucite          -0.95      9.75   10.70  Mg(OH)2 

  Burkeite        -17.08     -7.60    9.49  Na6CO3(SO4)2 

  C               -33.76      9.25   43.01  C 

  C(g)           -114.27      9.25  123.52  C 

  Ca              -77.55     19.48   97.03  Ca 

  Ca(g)           -93.64     19.48  113.12  Ca 

  Ca2Cl2(OH)2:H2O -20.36      5.93   26.29  Ca2Cl2(OH)2:H2O 

  Ca4Cl2(OH)6:13H2O -41.77     26.55   68.33  Ca4Cl2(OH)6:13H2O 

  Calcite           1.22      1.34    0.12  CaCO3 

  Carnallite      -12.35     -8.08    4.27  KMgCl3:6H2O 

  CaSO4:0.5H2O(beta)  -1.34     -6.84   -5.50  CaSO4:0.5H2O 

  Celestite        -0.81     -7.80   -6.99  SrSO4 

  Chloromagnesite -17.80     -5.00   12.80  MgCl2 

  Cl2(g)          -23.50    -23.89   -0.39  Cl2 

  CO2(g)           -0.26     -9.01   -8.75  CO2 

  Dolomite          3.38      2.08   -1.30  CaMg(CO3)2 

  Dolomite-dis      2.47      2.08   -0.40  CaMg(CO3)2 

  Dolomite-ord      3.39      2.08   -1.31  CaMg(CO3)2 

  Epsomite         -5.50     -7.47   -1.96  MgSO4:7H2O 

  Gaylussite       -6.94      4.23   11.16  CaNa2(CO3)2:5H2O 

  Glauberite       -6.62    -12.09   -5.47  Na2Ca(SO4)2 

  Gypsum           -1.45     -6.85   -5.39  CaSO4:2H2O 

  H2(g)           -19.24    -22.22   -2.98  H2 

  H2O(g)            0.58     -0.01   -0.59  H2O 

  Halite           -2.88     -1.41    1.47  NaCl 

  HCl(g)           -9.49     -7.38    2.11  HCl 

  Hexahydrite      -5.73     -7.46   -1.73  MgSO4:6H2O 

  Huntite           3.46      3.56    0.10  CaMg3(CO3)4 

  Hydromagnesite   -1.78     12.70   14.48  Mg5(CO3)4(OH)2:4H2O 

  Hydrophilite    -11.07     -4.41    6.66  CaCl2 

  Ice              -0.71     -0.01    0.70  H2O 

  K               -41.74      8.90   50.64  K 

  K(g)            -47.79      8.90   56.69  K 

  K2CO3:1.5H2O    -13.74     -0.36   13.38  K2CO3:1.5H2O 

  K2O             -53.35      8.66   62.01  K2O 

  K3H(SO4)2       -17.76    -21.38   -3.62  K3H(SO4)2 

  K8H4(CO3)6:3H2O -47.17    -19.46   27.71  K8H4(CO3)6:3H2O 

  Kainite         -10.18    -10.49   -0.31  KMgClSO4:3H2O 

  Kalicinite       -4.97     -4.69    0.28  KHCO3 

  Kieserite        -7.17     -7.43   -0.27  MgSO4:H2O 

  KMgCl3          -21.47     -8.05   13.42  KMgCl3 

  KMgCl3:2H2O     -17.52     -8.06    9.46  KMgCl3:2H2O 

  KNaCO3:6H2O      -9.01      1.25   10.26  KNaCO3:6H2O 

  Lansfordite      -4.12      0.72    4.84  MgCO3:5H2O 

  Leonite         -11.86    -15.98   -4.11  K2Mg(SO4)2:4H2O 

  Lime            -12.20     10.35   22.55  CaO 

  Magnesite         1.07      0.74   -0.33  MgCO3 

  Mercallite      -11.42    -12.86   -1.44  KHSO4 

  Mg              -64.89     18.89   83.78  Mg 

  Mg(g)           -77.05     18.89   95.93  Mg 

  Mg1.25SO4(OH)0.5:0.5H2O  -4.41     -4.99   -0.59  

Mg1.25SO4(OH)0.5:0.5H2O 

  Mg1.5SO4(OH)     -4.49     -2.55    1.93  Mg1.5SO4(OH) 

  MgCl2:2H2O      -12.36     -5.01    7.35  MgCl2:2H2O 
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  MgCl2:4H2O       -9.60     -5.02    4.57  MgCl2:4H2O 

  MgCl2:H2O       -14.20     -5.01    9.19  MgCl2:H2O 

  MgOHCl           -7.06      2.37    9.43  MgOHCl 

  MgSO4            -6.70     -7.43   -0.73  MgSO4 

  Mirabilite      -10.05     -5.31    4.74  Na2SO4:10H2O 

  Misenite        -74.59    -85.67  -11.08  K8H6(SO4)7 

  Monohydrocalcite  -0.32      1.33    1.66  CaCO3:H2O 

  Na              -37.21     10.53   47.74  Na 

  Na(g)           -45.19     10.53   55.72  Na 

  Na2CO3           -6.07      2.92    8.98  Na2CO3 

  Na2CO3:7H2O     -10.19      2.88   13.07  Na2CO3:7H2O 

  Na2O            -37.59     11.93   49.52  Na2O 

  Na3H(SO4)2      -15.59    -16.48   -0.89  Na3H(SO4)2 

  Na4Ca(SO4)3:2H2O -11.47    -17.36   -5.89  Na4Ca(SO4)3:2H2O 

  Nahcolite        -3.66     -3.05    0.60  NaHCO3 

  Natron          -10.14      2.86   13.00  Na2CO3:10H2O 

  Nesquehonite     -3.83      0.73    4.56  MgCO3:3H2O 

  O2(g)           -15.22    -18.26   -3.04  O2 

  Oxychloride-Mg  -13.73     12.10   25.83  Mg2Cl(OH)3:4H2O 

  Pentahydrite     -6.07     -7.46   -1.39  MgSO4:5H2O 

  Periclase        -3.89      9.76   13.64  MgO 

  Picromerite     -11.55    -15.99   -4.44  K2Mg(SO4)2:6H2O 

  Pirssonite       -7.08      4.24   11.32  Na2Ca(CO3)2:2H2O 

  Polyhalite      -15.32    -29.64  -14.31  K2MgCa2(SO4)4:2H2O 

  Portlandite      -5.63     10.34   15.97  Ca(OH)2 

  Sr              -80.05     18.52   98.56  Sr 

  Sr(OH)2         -10.53      9.38   19.91  Sr(OH)2 

  SrCl2            -9.55     -5.37    4.18  SrCl2 

  SrCl2:2H2O       -7.07     -5.38    1.69  SrCl2:2H2O 

  SrCl2:6H2O       -8.73     -5.40    3.33  SrCl2:6H2O 

  SrCl2:H2O        -7.61     -5.38    2.24  SrCl2:H2O 

  SrO             -19.88      9.39   29.27  SrO 

  Starkeyite       -6.45     -7.45   -1.00  MgSO4:4H2O 

  Strontianite      1.46      0.37   -1.08  SrCO3 

  Sylvite          -4.40     -3.05    1.35  KCl 

  Syngenite        -7.77    -15.37   -7.60  K2Ca(SO4)2:H2O 

  Tachyhydrite    -31.62    -14.48   17.14  Mg2CaCl6:12H2O 

  Thenardite       -4.15     -5.26   -1.10  Na2SO4 

  Thermonatrite    -6.63      2.91    9.54  Na2CO3:H2O 

  Trona-K         -15.00     -3.41   11.59  K2NaH(CO3)2:2H2O 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

 

Using solution 1.  

Using pure phase assemblage 1.  

Using gas phase 1.  

 

-----------------------------------Gas phase--------------------------

--------- 

 

Total pressure: 350.00      atmospheres  

    Gas volume:   4.08e-01 liters 

  Molar volume:   9.92e-02 liters/mole 

 

                                                        Moles in gas 

                                            --------------------------

-------- 
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Component                log P           P     Initial       Final       

Delta 

 

CH4(g)                   -5.37   4.227e-06   2.822e+00   4.964e-08  -

2.822e+00 

CO2(g)                    2.52   3.336e+02   7.056e+00   3.917e+00  -

3.138e+00 

H2S(g)                   -1.40   3.983e-02   2.102e-04   4.677e-04   

2.574e-04 

N2(g)                     1.21   1.632e+01   2.016e-01   1.917e-01  -

9.914e-03 

 

-------------------------------Phase assemblage-----------------------

--------- 

 

                                                      Moles in 

assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       

Delta 

 

Calcite           0.00     0.12      0.12    2.720e+01   2.719e+01  -

1.486e-02 

Dolomite          0.00    -1.30     -1.30    1.810e+01   1.810e+01   

1.341e-03 

Illite            0.00    -1.97     -1.97    2.000e-01   2.000e-01  -

4.533e-07 

Quartz            0.00    -2.71     -2.71    1.000e+00   9.980e-01  -

1.974e-03 

 

-----------------------------Solution composition---------------------

--------- 

 

 Elements           Molality       Moles 

 

 Al                1.028e-06   1.043e-06 

 C                 5.901e+00   5.985e+00 

 Ca                1.954e-02   1.982e-02 

 Cl                3.509e-01   3.559e-01 

 K                 8.013e-03   8.127e-03 

 Mg                5.841e-04   5.924e-04 

 N                 1.955e-02   1.983e-02 

 Na                3.353e-01   3.401e-01 

 S                 1.655e-03   1.679e-03 

 Si                1.948e-03   1.976e-03 

 Sr                8.393e-04   8.512e-04 

 

----------------------------Description of solution-------------------

--------- 

 

                                       pH  =   4.446      Charge 

balance 

                                       pe  =  -1.184      Adjusted to 

redox equilibrium 

                        Activity of water  =   0.915 

                 Ionic strength (mol/kgw)  =   3.718e-01 

                       Mass of water (kg)  =   1.014e+00 

                 Total alkalinity (eq/kg)  =   3.537e-02 

                       Total CO2 (mol/kg)  =   2.723e+00 

                         Temperature (°C)  = 150.00 

                           Pressure (atm)  = 350.00 

                  Electrical balance (eq)  =  -1.493e-03 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.21 

                               Iterations  =  55 

                                  Total H  = 1.223473e+02 
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                                  Total O  = 6.188319e+01 

 

----------------------------Distribution of species-------------------

--------- 

 

                                               Log       Log       Log    

mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   

cm³/mol 

 

   H+              4.772e-05   3.579e-05    -4.321    -4.446    -0.125      

0.00 

   OH-             1.257e-07   7.557e-08    -6.901    -7.122    -0.221     

(0)   

   H2O             5.553e+01   9.148e-01     1.744    -0.039     0.000     

19.25 

Al            1.028e-06 

   HAlO2           6.490e-07   6.490e-07    -6.188    -6.188     0.000     

(0)   

   AlO2-           2.298e-07   1.426e-07    -6.639    -6.846    -0.207     

(0)   

   Al(OH)2+        9.645e-08   5.985e-08    -7.016    -7.223    -0.207     

(0)   

   NaAlO2          3.612e-08   3.612e-08    -7.442    -7.442     0.000     

(0)   

   AlOH+2          1.641e-08   2.414e-09    -7.785    -8.617    -0.832     

(0)   

   Al+3            1.622e-10   8.824e-12    -9.790   -11.054    -1.265     

(0)   

   AlSO4+          6.581e-13   4.083e-13   -12.182   -12.389    -0.207     

(0)   

   Al(SO4)2-       2.310e-15   1.433e-15   -14.636   -14.844    -0.207     

(0)   

   Al2(OH)2+4      1.705e-18   1.529e-21   -17.768   -20.816    -3.047     

(0)   

   Al3(OH)4+5      2.950e-25   8.381e-30   -24.530   -29.077    -4.546     

(0)   

   Al13O4(OH)24+7   0.000e+00   0.000e+00   -89.957   -98.885    -

8.928     (0)   

C(-2)         0.000e+00 

   C2H4            0.000e+00   0.000e+00   -42.037   -42.037     0.000     

(0)   

C(-3)         3.178e+00 

   C2H6            1.589e+00   1.589e+00     0.201     0.201     0.000     

(0)   

C(-4)         4.544e-09 

   CH4             4.544e-09   4.544e-09    -8.343    -8.343     0.000     

(0)   

C(2)          2.968e-09 

   CO              2.968e-09   2.968e-09    -8.528    -8.528     0.000     

(0)   

C(4)          2.723e+00 

   CO2             2.687e+00   2.990e+00     0.429     0.476     0.046     

(0)   

   HCO3-           2.946e-02   1.828e-02    -1.531    -1.738    -0.207     

(0)   

   CaHCO3+         5.212e-03   3.234e-03    -2.283    -2.490    -0.207     

(0)   

   NaHCO3          5.697e-04   5.697e-04    -3.244    -3.244     0.000     

(0)   

   MgHCO3+         1.590e-04   9.863e-05    -3.799    -4.006    -0.207     

(0)   

   CaCO3           4.224e-06   4.224e-06    -5.374    -5.374     0.000     

(0)   
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   CO3-2           2.285e-07   3.361e-08    -6.641    -7.474    -0.832     

(0)   

   SrCO3           8.105e-08   8.105e-08    -7.091    -7.091     0.000     

(0)   

   MgCO3           2.273e-08   2.273e-08    -7.643    -7.643     0.000     

(0)   

   NaCO3-          4.250e-10   2.637e-10    -9.372    -9.579    -0.207     

(0)   

Ca            1.954e-02 

   Ca+2            1.329e-02   2.575e-03    -1.877    -2.589    -0.713     

(0)   

   CaHCO3+         5.212e-03   3.234e-03    -2.283    -2.490    -0.207     

(0)   

   CaCl+           8.239e-04   5.112e-04    -3.084    -3.291    -0.207     

(0)   

   CaCl2           1.211e-04   1.211e-04    -3.917    -3.917     0.000     

(0)   

   CaSO4           8.907e-05   8.907e-05    -4.050    -4.050     0.000     

(0)   

   CaCO3           4.224e-06   4.224e-06    -5.374    -5.374     0.000     

(0)   

   CaOH+           1.818e-11   1.128e-11   -10.740   -10.948    -0.207     

(0)   

   CaNO3+          0.000e+00   0.000e+00   -57.585   -57.792    -0.207     

(0)   

Cl(-1)        3.509e-01 

   Cl-             3.277e-01   1.900e-01    -0.485    -0.721    -0.237     

(0)   

   NaCl            2.164e-02   2.164e-02    -1.665    -1.665     0.000     

(0)   

   CaCl+           8.239e-04   5.112e-04    -3.084    -3.291    -0.207     

(0)   

   KCl             2.218e-04   2.218e-04    -3.654    -3.654     0.000     

(0)   

   SrCl+           1.620e-04   1.005e-04    -3.790    -3.998    -0.207     

(0)   

   CaCl2           1.211e-04   1.211e-04    -3.917    -3.917     0.000     

(0)   

   MgCl+           8.795e-05   5.457e-05    -4.056    -4.263    -0.207     

(0)   

   HCl             2.238e-06   2.238e-06    -5.650    -5.650     0.000     

(0)   

Cl(1)         2.316e-34 

   HClO            2.313e-34   2.313e-34   -33.636   -33.636     0.000     

(0)   

   ClO-            2.809e-37   1.743e-37   -36.551   -36.759    -0.207     

(0)   

Cl(3)         0.000e+00 

   ClO2-           0.000e+00   0.000e+00   -66.121   -66.328    -0.207     

(0)   

   HClO2           0.000e+00   0.000e+00   -67.605   -67.605     0.000     

(0)   

Cl(5)         0.000e+00 

   ClO3-           0.000e+00   0.000e+00   -85.892   -86.113    -0.221     

(0)   

Cl(7)         0.000e+00 

   ClO4-           0.000e+00   0.000e+00  -109.387  -109.608    -0.221     

(0)   

H(0)          7.087e-08 

   H2              3.543e-08   3.942e-08    -7.451    -7.404     0.046     

(0)   

K             8.013e-03 

   K+              7.781e-03   4.512e-03    -2.109    -2.346    -0.237     

(0)   
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   KCl             2.218e-04   2.218e-04    -3.654    -3.654     0.000     

(0)   

   KSO4-           1.034e-05   6.416e-06    -4.985    -5.193    -0.207     

(0)   

   KHSO4           1.450e-08   1.450e-08    -7.839    -7.839     0.000     

(0)   

   KOH             4.853e-13   4.853e-13   -12.314   -12.314     0.000     

(0)   

Mg            5.841e-04 

   Mg+2            2.960e-04   7.481e-05    -3.529    -4.126    -0.597     

(0)   

   MgHCO3+         1.590e-04   9.863e-05    -3.799    -4.006    -0.207     

(0)   

   MgCl+           8.795e-05   5.457e-05    -4.056    -4.263    -0.207     

(0)   

   MgSO4           4.116e-05   4.116e-05    -4.385    -4.385     0.000     

(0)   

   MgCO3           2.273e-08   2.273e-08    -7.643    -7.643     0.000     

(0)   

   Mg4(OH)4+4      5.752e-36   5.158e-39   -35.240   -38.287    -3.047     

(0)   

N(-03)        0.000e+00 

   N3-             0.000e+00   0.000e+00   -43.016   -43.223    -0.207     

(0)   

   HN3             0.000e+00   0.000e+00   -43.518   -43.518     0.000     

(0)   

N(-3)         6.609e-04 

   NH4+            6.578e-04   3.662e-04    -3.182    -3.436    -0.254     

(0)   

   NH3             3.111e-06   3.111e-06    -5.507    -5.507     0.000     

(0)   

   NH4SO4-         7.067e-14   4.385e-14   -13.151   -13.358    -0.207     

(0)   

N(0)          1.889e-02 

   N2              9.444e-03   9.444e-03    -2.025    -2.025     0.000     

(0)   

N(3)          0.000e+00 

   NO2-            0.000e+00   0.000e+00   -41.821   -42.058    -0.237     

(0)   

   HNO2            0.000e+00   0.000e+00   -43.942   -43.942     0.000     

(0)   

N(5)          0.000e+00 

   NO3-            0.000e+00   0.000e+00   -55.666   -55.903    -0.237     

(0)   

   CaNO3+          0.000e+00   0.000e+00   -57.585   -57.792    -0.207     

(0)   

   SrNO3+          0.000e+00   0.000e+00   -58.854   -59.061    -0.207     

(0)   

   HNO3            0.000e+00   0.000e+00   -60.412   -60.412     0.000     

(0)   

Na            3.353e-01 

   Na+             3.130e-01   1.942e-01    -0.504    -0.712    -0.207     

(0)   

   NaCl            2.164e-02   2.164e-02    -1.665    -1.665     0.000     

(0)   

   NaHCO3          5.697e-04   5.697e-04    -3.244    -3.244     0.000     

(0)   

   NaSO4-          9.353e-05   5.803e-05    -4.029    -4.236    -0.207     

(0)   

   NaHSiO3         2.354e-07   2.354e-07    -6.628    -6.628     0.000     

(0)   

   NaAlO2          3.612e-08   3.612e-08    -7.442    -7.442     0.000     

(0)   



 

208 

   NaOH            6.235e-09   6.235e-09    -8.205    -8.205     0.000     

(0)   

   NaCO3-          4.250e-10   2.637e-10    -9.372    -9.579    -0.207     

(0)   

O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -47.841   -47.795     0.046     

(0)   

S(-2)         1.063e-03 

   H2S             1.046e-03   1.046e-03    -2.980    -2.980     0.000     

(0)   

   HS-             1.620e-05   9.736e-06    -4.791    -5.012    -0.221     

(0)   

   S-2             1.217e-10   1.981e-11    -9.915   -10.703    -0.788     

(0)   

   S2-2            4.601e-12   6.044e-13   -11.337   -12.219    -0.882     

(0)   

   S3-2            5.512e-13   7.240e-14   -12.259   -13.140    -0.882     

(0)   

   S4-2            4.674e-14   6.140e-15   -13.330   -14.212    -0.882     

(0)   

   S5-2            2.735e-15   3.592e-16   -14.563   -15.445    -0.882     

(0)   

S(2)          8.578e-09 

   S2O3-2          4.289e-09   5.633e-10    -8.368    -9.249    -0.882     

(0)   

   HS2O3-          3.355e-13   2.081e-13   -12.474   -12.682    -0.207     

(0)   

S(3)          4.847e-23 

   S2O4-2          2.424e-23   3.945e-24   -22.616   -23.404    -0.788     

(0)   

S(4)          1.422e-09 

   HSO3-           1.350e-09   8.379e-10    -8.870    -9.077    -0.207     

(0)   

   SO2             7.084e-11   7.084e-11   -10.150   -10.150     0.000     

(0)   

   SO3-2           5.947e-13   8.746e-14   -12.226   -13.058    -0.832     

(0)   

   H2SO3           1.830e-13   1.830e-13   -12.738   -12.738     0.000     

(0)   

   S4O6-2          1.813e-18   2.381e-19   -17.742   -18.623    -0.882     

(0)   

   S2O6-2          2.732e-25   3.589e-26   -24.563   -25.445    -0.882     

(0)   

   S3O6-2          2.104e-28   2.764e-29   -27.677   -28.558    -0.882     

(0)   

   S5O6-2          1.724e-32   2.265e-33   -31.763   -32.645    -0.882     

(0)   

S(5)          4.802e-23 

   S2O5-2          2.401e-23   3.154e-24   -22.620   -23.501    -0.882     

(0)   

S(6)          5.925e-04 

   SO4-2           3.443e-04   4.522e-05    -3.463    -4.345    -0.882     

(0)   

   NaSO4-          9.353e-05   5.803e-05    -4.029    -4.236    -0.207     

(0)   

   CaSO4           8.907e-05   8.907e-05    -4.050    -4.050     0.000     

(0)   

   MgSO4           4.116e-05   4.116e-05    -4.385    -4.385     0.000     

(0)   

   HSO4-           1.312e-05   8.138e-06    -4.882    -5.089    -0.207     

(0)   

   KSO4-           1.034e-05   6.416e-06    -4.985    -5.193    -0.207     

(0)   
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   SrSO4           9.931e-07   9.931e-07    -6.003    -6.003     0.000     

(0)   

   KHSO4           1.450e-08   1.450e-08    -7.839    -7.839     0.000     

(0)   

   AlSO4+          6.581e-13   4.083e-13   -12.182   -12.389    -0.207     

(0)   

   NH4SO4-         7.067e-14   4.385e-14   -13.151   -13.358    -0.207     

(0)   

   H2SO4           5.519e-15   5.519e-15   -14.258   -14.258     0.000     

(0)   

   Al(SO4)2-       2.310e-15   1.433e-15   -14.636   -14.844    -0.207     

(0)   

S(7)          0.000e+00 

   S2O8-2          0.000e+00   0.000e+00   -52.189   -53.070    -0.882     

(0)   

S(8)          0.000e+00 

   HSO5-           0.000e+00   0.000e+00   -41.913   -42.121    -0.207     

(0)   

Si            1.948e-03 

   SiO2            1.948e-03   1.948e-03    -2.710    -2.710     0.000     

(0)   

   NaHSiO3         2.354e-07   2.354e-07    -6.628    -6.628     0.000     

(0)   

   HSiO3-          1.403e-07   8.704e-08    -6.853    -7.060    -0.207     

(0)   

   H6(H2SiO4)4-2   4.522e-15   5.939e-16   -14.345   -15.226    -0.882     

(0)   

   H2SiO4-2        1.565e-16   2.055e-17   -15.806   -16.687    -0.882     

(0)   

   H4(H2SiO4)4-4   8.809e-26   2.324e-29   -25.055   -28.634    -3.579     

(0)   

Sr            8.393e-04 

   Sr+2            6.762e-04   1.101e-04    -3.170    -3.958    -0.788     

(0)   

   SrCl+           1.620e-04   1.005e-04    -3.790    -3.998    -0.207     

(0)   

   SrSO4           9.931e-07   9.931e-07    -6.003    -6.003     0.000     

(0)   

   SrCO3           8.105e-08   8.105e-08    -7.091    -7.091     0.000     

(0)   

   SrOH+           2.822e-13   1.751e-13   -12.549   -12.757    -0.207     

(0)   

   SrNO3+          0.000e+00   0.000e+00   -58.854   -59.061    -0.207     

(0)   

 

------------------------------Saturation indices----------------------

--------- 

 

  Phase               SI** log IAP   log K(423 K, 350 atm) 

 

  Afwillite       -29.40     13.26   42.66  Ca3Si2O4(OH)6 

  Akermanite      -17.56     11.84   29.40  Ca2MgSi2O7 

  Al              -61.62     38.07   99.70  Al 

  Al(g)           -95.29     38.07  133.36  Al 

  Al2(SO4)3       -31.86    -35.14   -3.29  Al2(SO4)3 

  Al2(SO4)3:6H2O  -23.16    -35.37  -12.22  Al2(SO4)3:6H2O 

  Albite           -0.86     -2.19   -1.33  NaAlSi3O8 

  Albite_high      -1.61     -2.19   -0.58  NaAlSi3O8 

  Albite_low       -0.86     -2.19   -1.33  NaAlSi3O8 

  Alum-K          -16.13    -22.55   -6.43  KAl(SO4)2:12H2O 

  Alunite          -2.76    -17.75  -15.00  KAl3(OH)6(SO4)2 

  Amesite-14A      -9.96     22.24   32.20  Mg4Al4Si2O10(OH)8 

  Analcime         -1.06      0.14    1.19  Na.96Al.96Si2.04O6:H2O 

  Analcime-dehy    -5.27      0.17    5.44  Na.96Al.96Si2.04O6 



 

210 

  Andalusite       -1.06      1.74    2.80  Al2SiO5 

  Anhydrite        -0.70     -6.93   -6.23  CaSO4 

  Anorthite        -4.13      5.30    9.43  CaAl2(SiO4)2 

  Antarcticite     -7.85     -4.26    3.59  CaCl2:6H2O 

  Anthophyllite   -27.08     11.37   38.45  Mg7Si8O22(OH)2 

  Antigorite     -155.69    133.58  289.27  Mg48Si34O85(OH)62 

  Aphthitalite    -12.55    -16.44   -3.89  NaK3(SO4)2 

  Aragonite        -0.15      0.12    0.27  CaCO3 

  Arcanite         -7.57     -9.04   -1.47  K2SO4 

  Artinite         -9.43      3.16   12.58  Mg2CO3(OH)2:3H2O 

  Bassanite        -1.35     -6.95   -5.60  CaSO4:0.5H2O 

  Beidellite-Ca     1.24     -3.76   -5.00  Ca.165Al2.33Si3.67O10(OH)2 

  Beidellite-H      0.74     -4.80   -5.54  H.33Al2.33Si3.67O10(OH)2 

  Beidellite-K      0.57     -4.11   -4.68  K.33Al2.33Si3.67O10(OH)2 

  Beidellite-Mg     1.17     -4.02   -5.19  Mg.165Al2.33Si3.67O10(OH)2 

  Beidellite-Na     0.99     -3.57   -4.56  Na.33Al2.33Si3.67O10(OH)2 

  Bischofite       -9.69     -5.80    3.89  MgCl2:6H2O 

  Bloedite        -11.58    -14.39   -2.81  Na2Mg(SO4)2:4H2O 

  Boehmite          0.80      2.21    1.41  AlO2H 

  Brucite          -5.84      4.69   10.53  Mg(OH)2 

  Burkeite        -19.74    -10.25    9.49  Na6CO3(SO4)2 

  C                -1.44     41.65   43.09  C 

  C(g)            -81.95     41.65  123.60  C 

  Ca              -66.79     30.16   96.95  Ca 

  Ca(g)           -82.88     30.16  113.04  Ca 

  Ca-Al_Pyroxene   -8.21      8.01   16.22  CaAl2SiO6 

  Ca2Al2O5:8H2O   -41.80     16.67   58.48  Ca2Al2O5:8H2O 

  Ca2Cl2(OH)2:H2O -23.88      2.16   26.04  Ca2Cl2(OH)2:H2O 

  Ca3Al2O6        -46.45     23.25   69.70  Ca3Al2O6 

  Ca4Al2O7:13H2O  -76.56     29.01  105.57  Ca4Al2O7:13H2O 

  Ca4Al2O7:19H2O  -72.72     28.78  101.50  Ca4Al2O7:19H2O 

  Ca4Cl2(OH)6:13H2O -52.59     14.14   66.73  Ca4Cl2(OH)6:13H2O 

  CaAl2O4         -12.91     10.72   23.63  CaAl2O4 

  CaAl2O4:10H2O   -26.49     10.33   36.82  CaAl2O4:10H2O 

  CaAl4O7         -15.62     15.17   30.79  CaAl4O7 

  Calcite           0.00      0.12    0.12  CaCO3 

  Carnallite      -12.64     -8.87    3.77  KMgCl3:6H2O 

  CaSO4:0.5H2O(beta)  -1.41     -6.95   -5.54  CaSO4:0.5H2O 

  Celadonite       -3.66     -1.84    1.82  KMgAlSi4O10(OH)2 

  Celestite        -1.31     -8.30   -6.99  SrSO4 

  CH4(g)           -5.37     -8.34   -2.97  CH4 

  Chalcedony       -0.19     -2.71   -2.52  SiO2 

  Chloromagnesite -18.37     -5.57   12.80  MgCl2 

  Chrysotile      -10.35      8.69   19.03  Mg3Si2O5(OH)4 

  Cl2(g)          -33.89    -34.19   -0.31  Cl2 

  Clinochlore-14A -13.92     19.81   33.72  Mg5Al2Si3O10(OH)8 

  Clinochlore-7A  -16.64     19.81   36.45  Mg5Al2Si3O10(OH)8 

  Clinozoisite     -6.30     11.06   17.36  Ca2Al3Si3O12(OH) 

  CO(g)            -5.50     -8.53   -3.02  CO 

  CO2(g)            2.52     -6.15   -8.67  CO2 

  Coesite          -0.59     -2.71   -2.12  SiO2 

  Cordierite_anhyd -11.89      4.81   16.70  Mg2Al4Si5O18 

  Cordierite_hydr -10.34      4.77   15.11  Mg2Al4Si5O18:H2O 

  Corundum          1.38      4.45    3.07  Al2O3 

  Cristobalite(alpha)  -0.36     -2.71   -2.36  SiO2 

  Cristobalite(beta)  -0.60     -2.71   -2.11  SiO2 

  Dawsonite        -0.59     -0.24    0.35  NaAlCO3(OH)2 

  Diaspore          1.04      2.21    1.17  AlHO2 

  Dicalcium_silicate -15.52      9.82   25.34  Ca2SiO4 

  Diopside         -7.57      5.57   13.15  CaMgSi2O6 

  Dolomite          0.00     -1.30   -1.30  CaMg(CO3)2 

  Dolomite-dis     -0.90     -1.30   -0.40  CaMg(CO3)2 

  Dolomite-ord      0.01     -1.30   -1.31  CaMg(CO3)2 

  Enstatite        -4.62      2.02    6.63  MgSiO3 



 

211 

  Epsomite         -6.19     -8.74   -2.55  MgSO4:7H2O 

  Ettringite      -43.22      1.21   44.42  Ca6Al2(SO4)3(OH)12:26H2O 

  Forsterite      -10.05      6.75   16.80  Mg2SiO4 

  Foshagite       -28.90     16.87   45.77  Ca4Si3O9(OH)2:0.5H2O 

  Gaylussite       -9.53      1.21   10.74  CaNa2(CO3)2:5H2O 

  Gehlenite       -15.56     14.27   29.83  Ca2Al2SiO7 

  Gibbsite          0.33      2.17    1.84  Al(OH)3 

  Gismondine      -30.04     10.25   40.29  Ca2Al4Si4O16:9H2O 

  Glauberite       -7.23    -12.70   -5.47  Na2Ca(SO4)2 

  Grossular       -12.44     15.12   27.56  Ca3Al2(SiO4)3 

  Gypsum           -1.45     -7.01   -5.56  CaSO4:2H2O 

  Gyrolite        -12.99      4.30   17.29  Ca2Si3O7(OH)2:1.5H2O 

  H2(g)            -4.43     -7.40   -2.98  H2 

  H2O(g)            0.63     -0.04   -0.67  H2O 

  H2S(g)           -1.40     -9.46   -8.06  H2S 

  Halite           -2.90     -1.43    1.47  NaCl 

  Hatrurite       -34.16     16.08   50.25  Ca3SiO5 

  HCl(g)           -7.28     -5.17    2.11  HCl 

  Hexahydrite      -6.47     -8.70   -2.23  MgSO4:6H2O 

  Hillebrandite   -16.00      9.77   25.77  Ca2SiO3(OH)2:0.17H2O 

  Huntite          -4.24     -4.13    0.10  CaMg3(CO3)4 

  Hydromagnesite  -15.12     -1.14   13.98  Mg5(CO3)4(OH)2:4H2O 

  Hydrophilite    -10.70     -4.03    6.66  CaCl2 

  Ice              -0.66     -0.04    0.62  H2O 

  Illite            0.00     -1.97   -1.97  

K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 

  Jadeite          -2.50      0.52    3.02  NaAl(SiO3)2 

  K               -36.57     14.03   50.60  K 

  K(g)            -42.61     14.03   56.64  K 

  K-Feldspar       -0.83     -3.82   -3.00  KAlSi3O8 

  K2CO3:1.5H2O    -15.29     -2.04   13.25  K2CO3:1.5H2O 

  K2O             -57.77      4.16   61.93  K2O 

  K3H(SO4)2       -16.55    -20.17   -3.62  K3H(SO4)2 

  K8H4(CO3)6:3H2O -47.87    -20.42   27.46  K8H4(CO3)6:3H2O 

  Kainite         -11.09    -11.65   -0.56  KMgClSO4:3H2O 

  KAl(SO4)2       -16.14    -22.09   -5.95  KAl(SO4)2 

  Kalicinite       -4.37     -4.08    0.28  KHCO3 

  Kalsilite        -3.00      1.60    4.60  KAlSiO4 

  Kaolinite         1.36     -1.05   -2.40  Al2Si2O5(OH)4 

  Katoite         -54.92     23.01   77.94  Ca3Al2H12O12 

  Kieserite        -8.16     -8.51   -0.35  MgSO4:H2O 

  KMgCl3          -22.06     -8.64   13.42  KMgCl3 

  KMgCl3:2H2O     -18.00     -8.71    9.29  KMgCl3:2H2O 

  KNaCO3:6H2O     -10.34     -0.58    9.76  KNaCO3:6H2O 

  Kyanite          -1.01      1.74    2.75  Al2SiO5 

  Lansfordite      -6.03     -1.61    4.42  MgCO3:5H2O 

  Larnite         -16.32      9.82   26.14  Ca2SiO4 

  Laumontite       -2.07     -0.28    1.79  CaAl2Si4O12:4H2O 

  Lawsonite        -2.88      5.22    8.10  CaAl2Si2O7(OH)2:H2O 

  Leonite         -13.21    -17.66   -4.45  K2Mg(SO4)2:4H2O 

  Lime            -16.20      6.26   22.47  CaO 

  Magnesite        -1.09     -1.42   -0.33  MgCO3 

  Margarite        -2.35      9.71   12.06  CaAl4Si2O10(OH)2 

  Maximum_Microcline  -0.81     -3.82   -3.02  KAlSi3O8 

  Mayenite       -176.05    106.35  282.39  Ca12Al14O33 

  Mercallite       -9.70    -11.14   -1.44  KHSO4 

  Merwinite       -27.09     18.10   45.20  MgCa3(SiO4)2 

  Mesolite          0.18      2.80    2.62  

Na.676Ca.657Al1.99Si3.01O10:2.647H2O 

  Mg              -55.07     28.63   83.70  Mg 

  Mg(g)           -67.22     28.63   95.85  Mg 

  Mg1.25SO4(OH)0.5:0.5H2O  -6.65     -7.32   -0.67  

Mg1.25SO4(OH)0.5:0.5H2O 

  Mg1.5SO4(OH)     -7.97     -6.13    1.85  Mg1.5SO4(OH) 
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  MgCl2:2H2O      -12.82     -5.65    7.18  MgCl2:2H2O 

  MgCl2:4H2O       -9.96     -5.72    4.24  MgCl2:4H2O 

  MgCl2:H2O       -14.71     -5.61    9.11  MgCl2:H2O 

  MgOHCl           -9.79     -0.44    9.35  MgOHCl 

  MgSO4            -7.74     -8.47   -0.73  MgSO4 

  Mirabilite      -10.05     -6.15    3.90  Na2SO4:10H2O 

  Misenite        -64.78    -75.86  -11.08  K8H6(SO4)7 

  Monohydrocalcite  -1.49      0.08    1.57  CaCO3:H2O 

  Monticellite    -10.68      8.28   18.96  CaMgSiO4 

  Montmor-Ca        0.27     -4.57   -4.84  

Ca.165Mg.33Al1.67Si4O10(OH)2 

  Montmor-K        -0.32     -4.92   -4.60  K.33Mg.33Al1.67Si4O10(OH)2 

  Montmor-Mg        0.24     -4.82   -5.06  Mg.495Al1.67Si4O10(OH)2 

  Montmor-Na        0.07     -4.38   -4.44  

Na.33Mg.33Al1.67Si4O10(OH)2 

  Mordenite        -1.79     -8.60   -6.81  

Ca.2895Na.361Al.94Si5.06O12:3.468H2O 

  Mordenite-dehy  -11.55     -8.47    3.08  

Ca.2895Na.361Al.94Si5.06O12 

  Muscovite         1.64      0.59   -1.05  KAl3Si3O10(OH)2 

  N2(g)             1.21     -2.02   -3.24  N2 

  Na              -32.03     15.66   47.70  Na 

  Na(g)           -40.02     15.66   55.68  Na 

  Na2CO3           -7.70      1.28    8.98  Na2CO3 

  Na2CO3:7H2O     -11.47      1.01   12.48  Na2CO3:7H2O 

  Na2O            -42.01      7.43   49.44  Na2O 

  Na2SiO3         -13.03      4.72   17.75  Na2SiO3 

  Na3H(SO4)2      -14.38    -15.27   -0.89  Na3H(SO4)2 

  Na4Ca(SO4)3:2H2O -12.49    -18.55   -6.06  Na4Ca(SO4)3:2H2O 

  Na4SiO4         -41.54     12.15   53.69  Na4SiO4 

  Na6Si2O7        -60.09     16.87   76.96  Na6Si2O7 

  Nahcolite        -3.05     -2.45    0.60  NaHCO3 

  Natrolite        -3.59      3.67    7.27  Na2Al2Si3O10:2H2O 

  Natron          -11.26      0.90   12.16  Na2CO3:10H2O 

  Natrosilite     -12.81      2.01   14.82  Na2Si2O5 

  Nepheline        -2.98      3.23    6.21  NaAlSiO4 

  Nesquehonite     -5.84     -1.53    4.30  MgCO3:3H2O 

  NH3(g)           -5.60     -5.51    0.09  NH3 

  Niter           -59.52    -58.25    1.27  KNO3 

  NO(g)           -28.55    -34.54   -5.98  NO 

  NO2(g)          -42.23    -48.38   -6.16  NO2 

  O2(g)           -44.76    -47.79   -3.04  O2 

  Okenite          -8.22      0.77    8.99  CaSi2O4(OH)2:H2O 

  Oxychloride-Mg  -21.15      4.09   25.24  Mg2Cl(OH)3:4H2O 

  Paragonite        0.89      2.22    1.34  NaAl3Si3O10(OH)2 

  Pargasite       -27.57     25.53   53.10  NaCa2Al3Mg4Si6O22(OH)2 

  Pentahydrite     -6.86     -8.66   -1.81  MgSO4:5H2O 

  Periclase        -8.83      4.73   13.56  MgO 

  Phlogopite       -9.55     10.32   19.87  KAlMg3Si3O10(OH)2 

  Picromerite     -12.79    -17.74   -4.94  K2Mg(SO4)2:6H2O 

  Pirssonite       -9.83      1.33   11.15  Na2Ca(CO3)2:2H2O 

  Polyhalite      -16.97    -31.45  -14.48  K2MgCa2(SO4)4:2H2O 

  Portlandite      -9.58      6.23   15.81  Ca(OH)2 

  Prehnite         -6.03      8.81   14.84  Ca2Al2Si3O10(OH)2 

  Pseudowollastonite  -5.84      3.55    9.39  CaSiO3 

  Pyrophyllite      0.63     -6.43   -7.06  Al2Si4O10(OH)2 

  Quartz            0.00     -2.71   -2.71  SiO2 

  Rankinite       -21.83     13.37   35.20  Ca3Si2O7 

  S                -1.73    -33.32  -31.58  S 

  S2(g)           -10.76    -20.73   -9.96  S2 

  Sanidine_high    -1.43     -3.82   -2.39  KAlSi3O8 

  Saponite-Ca      -7.92      5.97   13.88  

Ca.165Mg3Al.33Si3.67O10(OH)2 

  Saponite-H       -8.42      4.93   13.34  H.33Mg3Al.33Si3.67O10(OH)2 
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  Saponite-K       -8.59      5.62   14.21  K.33Mg3Al.33Si3.67O10(OH)2 

  Saponite-Mg      -8.00      5.71   13.71  Mg3.165Al.33Si3.67O10(OH)2 

  Saponite-Na      -8.17      6.16   14.33  

Na.33Mg3Al.33Si3.67O10(OH)2 

  Scolecite        -0.90      2.47    3.37  CaAl2Si3O10:3H2O 

  Sepiolite       -17.51      2.38   19.88  Mg4Si6O15(OH)2:6H2O 

  Si              -58.11     45.08  103.20  Si 

  Si(g)          -105.91     45.08  150.99  Si 

  Sillimanite      -1.26      1.74    3.00  Al2SiO5 

  SiO2(am)         -0.74     -2.71   -1.97  SiO2 

  SO2(g)           -9.30    -10.15   -0.85  SO2 

  Spinel           -7.30      9.18   16.48  Al2MgO4 

  Sr              -69.69     28.79   98.48  Sr 

  Sr(NO3)2       -117.24   -115.76    1.48  Sr(NO3)2 

  Sr(NO3)2:4H2O  -119.23   -115.92    3.32  Sr(NO3)2:4H2O 

  Sr(OH)2         -14.88      4.86   19.74  Sr(OH)2 

  Sr2SiO4         -22.49      7.08   29.57  Sr2SiO4 

  SrCl2            -9.58     -5.40    4.18  SrCl2 

  SrCl2:2H2O       -7.00     -5.48    1.52  SrCl2:2H2O 

  SrCl2:6H2O       -8.45     -5.63    2.82  SrCl2:6H2O 

  SrCl2:H2O        -7.59     -5.44    2.15  SrCl2:H2O 

  SrO             -24.29      4.90   29.19  SrO 

  SrS             -13.97     -4.52    9.45  SrS 

  SrSiO3           -8.04      2.19   10.22  SrSiO3 

  Starkeyite       -7.29     -8.63   -1.34  MgSO4:4H2O 

  Stilbite         -0.09     -7.01   -6.92  

Ca1.019Na.136K.006Al2.18Si6.82O18:7.33H2O 

  Strontianite     -0.17     -1.25   -1.08  SrCO3 

  Sylvite          -4.42     -3.07    1.35  KCl 

  Syngenite        -8.32    -16.01   -7.68  K2Ca(SO4)2:H2O 

  Tachyhydrite    -31.77    -15.63   16.14  Mg2CaCl6:12H2O 

  Talc             -8.47      3.30   11.78  Mg3Si4O10(OH)2 

  Thenardite       -4.66     -5.77   -1.10  Na2SO4 

  Thermonatrite    -8.21      1.25    9.46  Na2CO3:H2O 

  Tobermorite-11A -33.10     14.85   47.95  Ca5Si6H11O22.5 

  Tobermorite-14A -34.88     14.65   49.54  Ca5Si6H21O27.5 

  Tobermorite-9A  -34.22     14.94   49.16  Ca5Si6H6O20 

  Tremolite       -22.30     14.45   36.75  Ca2Mg5Si8O22(OH)2 

  Tridymite        -0.21     -2.71   -2.50  SiO2 

  Trona-K         -15.93     -4.51   11.42  K2NaH(CO3)2:2H2O 

  Wairakite        -3.66     -0.20    3.46  CaAl2Si4O10(OH)4 

  Wollastonite     -5.75      3.55    9.31  CaSiO3 

  Xonotlite       -43.48     21.29   64.76  Ca6Si6O17(OH)2 

  Zoisite          -6.33     11.06   17.39  Ca2Al3(SiO4)3OH 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

------------------ 

End of simulation. 

------------------ 

 

------------------------------------ 

Reading input data for simulation 2. 

------------------------------------ 

 

------------------------------ 

End of Run after 0.24 Seconds. 

------------------------------ 
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Sensitivity analysis on different parameters for batch modelling for carbonate 
reservoir. 

 
 

 
1. Temperature  

 
 
 

 

  Temperature 
(°C) 

50  100 130 150 
 (base case) 

S
o

lu
ti

o
n

 a
ft

er
 b

at
ch

 r
ea

ct
io

n
 

pH 4.39E+00  4.38E+00 4.41E+00 4.45E+00 

ionic 
strength 
(mol/kgw) 

5.29E-01  4.31E-01 3.93E-01 3.72E-01 

Total CO2 
(mol/kg) 

5.46E+00  3.25E+00 2.82E+00 2.72E+00 

Alkalinity 
(eq/kg) 

1.66E-01  7.50E-02 4.77E-02 3.54E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 (
m

o
le

s)
 

Al (moles) 1.61E-05  7.08E-07 7.27E-07 1.04E-06 

C (moles) 8.75E+00  6.52E+00 6.09E+00 5.99E+00 

Ca (moles) 8.37E-02  4.03E-02 2.65E-02 1.98E-02 

Cl (moles) 3.56E-01  3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03  8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 3.86E-03  1.40E-03 8.44E-04 5.92E-04 

N (moles) 4.84E-02  1.85E-02 1.82E-02 1.98E-02 

Na (moles) 3.40E-01  3.40E-01 3.40E-01 3.40E-01 

S (moles) 2.14E-03  2.12E-03 1.93E-03 1.68E-03 

Si (moles) 2.51E-04  8.87E-04 1.49E-03 1.98E-03 

Sr (moles) 8.51E-04  8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 
(g

) CH4 (g) -2.82E+00  -2.82E+00 -
2.82E+00 

-2.82E+00 

CO2 (g) -5.84E+00  -3.66E+00 -
3.24E+03 

-3.14E+00 

H2S (g) -2.10E-04  -2.10E-04 7.65E-06 2.57E-04 

N2 (g) -2.42E-

02 

 -2.42E-02 -

9.12E-

03 

-9.91E-03 

 

Gas volume 
(liters) 

1.06E-01  3.14E-01 3.79E-01 4.08E-01 

 

Molar 
volume 
(liters/moles) 

7.58E-02  8.75E-02 9.45E-02 9.92E-02 

D
el

ta
 

M
in

er
al

o
gy

 

(m
o

le
s)

 

Quartz  -2.26E-04  -8.86E-04 -1.48E-03 -1.97E-03 

Dolomite -1.93E-03  5.39E-04 1.09E-03 1.34E-03 

Calcite -7.55E-02  -3.46E-02 -2.13E-02 -1.49E-02 

lllite  -7.03E-06  -3.08E-07 -3.16E-07 -4.53E-07 
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  Temperature 
(°C) 

150  
(base case) 

170 180 200 

S
o

lu
ti

o
n

 a
ft

er
 b

at
ch

 r
ea

ct
io

n
 

pH 4.45E+00 4.49E+00 4.51E+00 4.55E+00 

ionic 
strength 
(mol/kgw) 

3.72E-01 3.55E-01 3.47E-01 3.31E-01 

Total CO2 
(mol/kg) 

2.72E+00 2.72E+00 2.75E-02 2.87E+00 

Alkalinity 
(eq/kg) 

3.54E-02 2.64E-02 2.28E-02 1.68E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 (
m

o
le

s)
 

Al (moles) 1.04E-06 1.61E-06 2.01E-06 3.12E-06 

C (moles) 5.99E+00 5.98E+00 6.02E+00 6.13E+00 

Ca (moles) 1.98E-02 1.51E-02 1.32E-02 1.03E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.92E-04 4.29E-04 3.72E-04 2.94E-04 

N (moles) 1.98E-02 2.28E-02 2.48E-02 3.0403-2 

Na (moles) 3.40E-01 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.54E-03 1.52E-03 1.51E-03 

Si (moles) 1.98E-03 2.55E-03 2.87E-03 3.60E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 

(g
) 

CH4 (g) -2.82E+00 -2.82E+00 -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 -3.17E+00 -3.29E+00 

 H2S (g) 2.57E-04 3.69E-04 4.22E-04 4.25E-04 

N2 (g) -9.91E-

03 

-1.14E-

02 

-1.24E-

02 

-1.52E-02 

 

Gas volume 
(liters) 

4.08E-01 4.27E-01 4.33E-01 4.39E-01 

 

Molar 
volume 
(liters/moles) 

9.92E-02 1.04E-01 1.06E-01 1.11E-01 

D
el

ta
 

M
in

er
al

o
gy

 

(m
o

le
s)

 

Quartz  -1.97E-03 -2.55E-03 -2.87E-03 -3.60E-03 

Dolomite 1.34E-03 1.51E-03 1.56E-03 1.64E-03 

Calcite -1.49E-02 -1.03E-02 -8.49E-03 -5.59E-03 

lllite  -4.53E-07 -7.01E-07 -8.75E-07 -1.35E-06 
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2. CO2 partial pressure 
 

 

 

  CO2 Partial Pressure (atm) 215 
245 

(base case) 
275 

  350 
S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 
pH 4.449 4.446 4.444 4.414 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 3.72E-01 3.80E-01 

Total CO2 (mol/kg) 2.69E+00 2.73E+00 2.74E+00 2.85E+00 

Alkalinity (eq/kg) 3.52E-02 3.54E-02 3.55E-02 3.59E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 1.04E-06 1.04E-06 1.04E-06 

C (moles) 5.95E+00 5.99E+00 6.01E+00 2.85E+00 

Ca (moles) 1.97E-02 1.98E-02 1.99E-02 2.13E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.92E-04 5.92E-04 5.92E-04 7.27E-04 

N (moles) 2.45E-02 1.98E-02 1.66E-02 - 

Na (moles) 3.40E-01 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.76E-03 1.68E-03 1.60E-03 1.94E-03 

Si (moles) 1.98E-03 1.98E-03 1.98E-03 1.95E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 
 

CH4 (g) 
-
2.82E+00 

-2.82E+00 -
2.82E+00 

- 

CO2 (g) 
-
3.11E+00 

-3.14E+00 -
3.16E+00 

-2.82E+00 

H2S (g) 1.80E-04 2.57E-04 3.30E-04 - 

N2 (g) 1.23E-02 -9.91E-03 -8.32E-03 - 

  Gas volume (liters) 3.25E-01 4.08E-01 4.91E-01 7.20E-01 

  Molar volume (liters/moles) 9.92E-02 9.92E-02 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 

Calcite (moles) -1.48E-02 -1.49E-02 -1.49E-02 -1.63E-02 

Dolomite (moles) 1.34E-03 1.34E-03 1.34E-03 1.21E-03 

lllite (moles) -4.52E-07 -4.60E-07 -4.54E-07 -4.52E-07 

Quartz (moles) -1.97E-03 -1.97E-03 -1.97E-03 -1.95E-03 
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3. pH 

 
 

   pH  4 6 6.67 
 (base case) 

7 

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 
pH 4.44E+00 4.45E+00 4.45E+00 4.45E+00 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 3.72E-01 3.78E-01 

Total CO2 (mol/kg) 2.77E+00 2.72E+00 2.73E+00 2.72E+00 

Alkalinity (eq/kg) 3.56E-02 3.54E-02 3.54E-02 3.54E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.05E-06 1.04E-06 1.04E-06 1.04E-06 

C (moles) 6.31E+00 5.99E+00 5.99E+00 5.99E+00 

Ca (moles) 1.99E-02 1.98E-02 1.98E-02 1.98E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.92E-04 5.92E-04 5.92E-04 5.92E-04 

N (moles) 1.32E-02 1.98E-02 1.98E-02 1.98E-01 

Na (moles) 3.40E-01 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.50E-03 1.68E-03 1.68E-03 1.68E-03 

Si (moles) 1.9763-3 1.98E-03 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e CH4 (g) -
2.82E+00 

-
2.82E+00 

-2.82E+00 -
2.82E+00 

CO2 (g) -9.03E-01 -
3.12E+00 

-3.14E+00 -
3.14E+00 

 H2S (g) 4.36E-04 2.59E-04 2.57E-04 2.57E-04 

N2 (g) -6.58E-03 -9.88E-03 -9.91E-03 -9.92E-03 

 Gas volume (liters) 6.30E-01 4.09E-01 4.08E-01 4.07E-01 

 Molar volume (liters/moles) 9.92E-02 9.29E-02 9.92E-02 9.92E-03 

D
el

ta
 M

in
er

al
 

Calcite (moles) -1.50E-02 -1.49E-02 -1.49E-02 -1.49E-02 

Dolomite (moles) 1.34E-03 1.34E-03 1.34E-03 1.34E-03 

lllite (moles) -4.55E-07 -4.53E-07 -4.60E-07 -4.53E-07 

Quartz (moles) -1.97E-03 -1.97E-03 -1.97E-03 -1.97E-03 
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4. H2S gas  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Alkalinity in solution 
 

 

  Alkalinity/HCO3 (ppm) 388 400  
(base case) 

488 588 

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 pH 4.445 4.446 4.464 4.454 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 3.70E-01 3.71E-01 

Total CO2 (mol/kg) 2.723 2.729 2.724 2.725 

Alkalinity (eq/kg) 3.53E-02 3.54E-02 3.58E-02 3.64E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 1.04E-06 1.04E-06 1.04E-06 

C (moles) 5.985 5.985 5.986 5.987 

Ca (moles) 1.99E-02 1.98E-02 1.92E-02 1.85E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.95E-04 5.92E-04 5.75E-04 5.55E-04 

N (moles) 1.98E-02 1.98E-02 1.98E-02 1.98E-02 

Na (moles) 1.96E-02 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.68E-03 1.68E-03 1.69E-03 

   H2S gas with H2S (base 
case) 

without H2S  

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 pH 4.446 4.446 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 

Total CO2 (mol/kg) 2.73E+00 2.72E+00 

Alkalinity (eq/kg) 3.54E-02 3.53E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 1.04E-06 

C (moles) 5.99E+00 5.99E+00 

Ca (moles) 1.98E-02 1.99E-02 

Cl (moles) 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 

Mg (moles) 5.92E-04 6.00E-04 

N (moles) 1.98E-02 1.98E-02 

Na (moles) 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.94E-03 

Si (moles) 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 

D
el

ta
 G

as
 

p
h

as
e 

 

CH4 (g) -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 

 H2S (g) 2.57E-04 NA 

N2(g) -9.91E-03 -9.92E-03 

  

Gas volume (liters) 4.08E-01 4.00E-01 

  

Molar volume (liters/moles) 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 Calcite (moles) -1.49E-02 -1.49E-02 

Dolomite (moles) 1.34E-03 1.33E-03 

lllite (moles) -4.53E-07 -4.53E-07 

Quartz (moles) -1.97E-03 -1.97E-03 
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Si (moles) 1.98E-03 1.98E-03 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 

p
h

as
e 

 

CH4 (g) -2.822 -2.822 -2.822 -2.822 

CO2 (g) -3.138 -3.138 -3.138 -3.136 

H2S (g) 2.58E-04 2.57E-04 2.50E-04 2.54E-04 

N2 (g) -9.92E-03 -9.91E-03 -9.90E-03 -9.91E-03 
  

Gas volume (liters) 4.08E-01 4.08E-01 4.08E-01 4.08E-01 
  

Molar volume (liters/moles) 9.92E-02 9.92E-02 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 Calcite (moles) -1.50E-02 -1.49E-02 -1.43E-02 -1.36E-02 

Dolomite (moles) 1.34E-03 1.34E-03 1.36E-03 1.38E-03 

lllite (moles) -4.53E-07 -4.60E-07 -4.51E-07 -4.52E-07 

Quartz (moles) -1.97E-03 -1.97E-03 -1.97E-03 -1.97E-03 

 
 
 
 
 
 

6. K+ element in solution 
 

  Potassium, K (ppm) 211 
311 

(base case) 411 

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 

pH 4.446 4.446 4.446 

ionic strength (mol/kgw) 3.71E-01 3.72E-01 3.70E-01 

Total CO2 (mol/kg) 2.72E+00 2.73E+00 2.72E+00 

Alkalinity (eq/kg) 3.54E-02 3.54E-02 3.58E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.15E-06 1.04E-06 9.69E-07 

C (moles) 5.99E+00 5.99E+00 5.98E+00 

Ca (moles) 1.98E-02 1.98E-02 1.98E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 

K (moles) 5.51E-03 8.13E-03 1.07E-02 

Mg (moles) 5.92E-04 5.92E-04 5.93E-04 

N (moles) 1.98E-02 1.98E-02 1.98E-02 

Na (moles) 1.96E-02 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.68E-03 1.68E-03 

Si (moles) 1.98E-03 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 

p
h

as
e 

CH4 (g) -2.82E+00 -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 -3.14E+00 

H2S (g) 2.58E-04 2.57E-04 2.57E-04 

N2(g) -9.92E-03 -9.91E-03 -9.91E-03 

 Gas volume (liters) 4.08E-01 4.08E-01 4.08E-01 

 Molar volume (liters/moles) 9.92E-02 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 

Calcite (moles) -1.49E-02 -1.49E-02 -1.49E-02 

Dolomite (moles) 1.34E-03 1.34E-03 1.35E-03 

lllite (moles) -5.01E-07 -4.53E-07 -4.22E-07 

Quartz (moles) -1.97E-03 -1.97E-03 -1.97E-03 
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7. Mg+ element in solution 
 

  Mg (ppm) 0 46 (Base case) 92 
S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 pH 4.464 4.446 4.4429 

ionic strength (mol/kgw) 3.70E-01 3.72E-01 3.74E-01 

Total CO2 (mol/kg) 2.73E+00 2.73E+00 2.72E+00 

Alkalinity (eq/kg) 3.64E-02 3.54E-02 3.45E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 1.04E-06 1.05E-06 

C (moles) 5.99E+00 5.99E+00 5.98E+00 

Ca (moles) 1.85E-02 1.98E-02 2.12E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.55E-04 5.92E-04 6.31E-04 

N (moles) 1.98E-02 1.98E-02 1.98E-02 

Na (moles) 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.69E-03 1.68E-03 1.67E-03 

Si (moles) 1.98E-03 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 

CH4 (g) -2.82E+00 -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 -3.14E+00 

H2S (g) 2.49E-04 2.57E-04 2.65E-04 

N2(g) -9.91E-03 -9.91E-03 -9.92E-03 

Gas volume (liters) 4.08E-01 4.08E-01 4.08E-01 

Molar volume (liters/moles) 9.92E-02 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 Calcite (moles) -1.16E-02 -1.49E-02 -1.82E-02 

Dolomite (moles) 5.55E-03 1.34E-03 3.24E-03 

lllite (moles) -4.51E-07 -4.53E-07 -4.56E-07 

Quartz (moles) -1.97E-03 -1.97E-03 -1.97E-03 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

221 

 

8. Fe2+ element in solution 
 

 

  Fe with 5ppm Fe 
without Fe  
(base case) 

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 
pH 4.446 4.446 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 

Total CO2 (mol/kg) 2.72E+00 2.73E+00 

Alkalinity (eq/kg) 3.54E-02 3.54E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 1.04E-06 

C (moles) 5.99E+00 5.99E+00 

Ca (moles) 1.98E-02 1.98E-02 

Fe (moles) 9.15E-05 3.56E-01 

Cl (moles) 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 

Mg (moles) 5.93E-04 5.92E-04 

N (moles) 1.98E-02 1.98E-02 

Na (moles) 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.68E-03 

Si (moles) 1.98E-03 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 
 CH4 (g) -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 

H2S (g) 2.58E-04 2.57E-04 
N2(g) -9.91E-03 -9.91E-03 

Gas volume (liters) 4.08E-01 4.08E-01 

D
el

ta
 M

in
er

al
 

   

Calcite (moles) -1.49E-02 -1.49E-02 

Dolomite (moles) 1.34E-03 1.34E-03 

lllite (moles) -4.53E-07 -4.53E-07 

Quartz (moles) -1.97E-03 -1.97E-03 
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9. Mineralogy composition 
 

 

    
Initial (base 

case) 
Ca, Dol 

only 
Double amount of 
Illite & Qtz amount 

S
o

lu
ti

o
n

 a
ft

er
 

b
at

ch
 r

ea
ct

io
n

 

pH 4.446 4.446 4.446 

ionic strength (mol/kgw) 3.72E-01 3.72E-01 3.72E-01 

Total CO2 (mol/kg) 2.73E+00 2.72E+00 2.72E+00 

Alkalinity (eq/kg) 3.54E-02 3.54E-02 3.54E-02 

E
le

m
en

t 
in

 s
o

lu
ti

o
n

 

Al (moles) 1.04E-06 NA 1.04E-06 

C (moles) 5.99E+00 5.99E+00 5.99E+00 

Ca (moles) 1.98E-02 1.98E-02 1.98E-02 

Cl (moles) 3.56E-01 3.56E-01 3.56E-01 

K (moles) 8.13E-03 8.13E-03 8.13E-03 

Mg (moles) 5.92E-04 5.93E-04 5.92E-04 

N (moles) 1.98E-02 1.98E-02 1.98E-02 

Na (moles) 3.40E-01 3.40E-01 3.40E-01 

S (moles) 1.68E-03 1.68E-03 1.68E-03 

Si (moles) 1.98E-03 NA 1.98E-03 

Sr (moles) 8.51E-04 8.51E-04 8.51E-04 

D
el

ta
 G

as
 p

h
as

e 
 

CH4 (g) -2.82E+00 -2.82E+00 -2.82E+00 

CO2 (g) -3.14E+00 -3.14E+00 -3.14E+00 

H2S (g) 2.57E-04 2.58E-04 2.58E-04 

N2 (g) -9.91E-03 -9.91E-03 -9.91E-03 

Gas volume (liters) 4.08E-01 4.08E-01 4.08E-01 

Molar volume (liters/moles) 9.92E-02 9.92E-02 9.92E-02 

D
el

ta
 M

in
er

al
 

Calcite (moles) -1.49E-02 -1.87E-02 -1.49E-02 

Dolomite (moles) 1.34E-03 1.27E-03 1.34E-03 

lllite (moles) -4.53E-07 NA -4.53E-07 

Quartz (moles) -1.97E-03 NA -1.97E-03 
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Input and output for batch modelling for caprock (Seal A) 

 
 

SOLUTION 1 

    temp      135 

    pH        6.67 

    pe        4 

    redox     pe 

    units     ppm 

    density   1 

    Alkalinity 400 

    Ca        247 

    Cl        12348 

    Fe        50 

    K         311 

    Mg        46 

    Na        7653 

    S(6)      182 

    Sr        73 

    -water    1 # kg 

 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 340 

    -volume 1 

    -temperature 135 

    CO2(g)    340 

EQUILIBRIUM_PHASES 1 

    Dolomite  0 11.1524 

    Illite    0 48.3407 

    Kaolinite 0 36.8031 

    Pyrite    0 4.2851 

    Quartz    0 256.7216 

    Siderite  0 39.9388 

 

 
 

   Input file: C:\Users\SSMS\Desktop\PhreeqC modelling\In 

Pendrive\PhreeqC modeling\01 Batch model\Phrqc1 batch case 

caprock_2021 6% 100%CO2pp.pqi 

  Output file: C:\Users\SSMS\Desktop\PhreeqC modelling\In 

Pendrive\PhreeqC modeling\01 Batch model\Phrqc1 batch case 

caprock_2021 6% 100%CO2pp.pqo 

Database file: C:\Program Files (x86)\USGS\Phreeqc Interactive 3.3.8-

11728\database\llnl.dat 

 

------------------ 

Reading data base. 

------------------ 

 

 LLNL_AQUEOUS_MODEL_PARAMETERS 

 NAMED_EXPRESSIONS 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PHASES 

 EXCHANGE_MASTER_SPECIES 

 EXCHANGE_SPECIES 

 SURFACE_MASTER_SPECIES 

 SURFACE_SPECIES 

 RATES 

 END 
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------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.3.8-

11728\database\llnl.dat 

 SOLUTION 1 

     temp      135 

     pH        6.67 

     pe        4 

     redox     pe 

     units     ppm 

     density   1 

     Alkalinity 400 

     Ca        247 

     Cl        12348 

     Fe        50 

     K         311 

     Mg        46 

     Na        7653 

     S(6)      182 

     Sr        73 

     water    1 # kg 

 GAS_PHASE 1 

     fixed_pressure 

     pressure 340 

     volume 1 

     temperature 135 

     CO2(g)    340 

 EQUILIBRIUM_PHASES 1 

     Dolomite  0 11.1524 

     Illite    0 48.3407 

     Kaolinite 0 36.8031 

     Pyrite    0 4.2851 

     Quartz    0 256.7216 

     Siderite  0 39.9388 

------------------------------------------- 

Beginning of initial solution calculations. 

------------------------------------------- 

 

Initial solution 1.  

 

-----------------------------Solution composition---------------------

--------- 

 

 Elements           Molality       Moles 

 

 Alkalinity        8.168e-03   8.168e-03 

 Ca                6.297e-03   6.297e-03 

 Cl                3.559e-01   3.559e-01 

 Fe                9.148e-04   9.148e-04 

 K                 8.128e-03   8.128e-03 

 Mg                1.934e-03   1.934e-03 

 Na                3.401e-01   3.401e-01 

 S(6)              1.936e-03   1.936e-03 

 Sr                8.513e-04   8.513e-04 

 

----------------------------Description of solution-------------------

--------- 

 

                                       pH  =   6.670     

                                       pe  =   4.000     

                        Activity of water  =   0.988 

                 Ionic strength (mol/kgw)  =   3.538e-01 
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                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   1.135e-02 

                       Total CO2 (mol/kg)  =   1.135e-02 

                         Temperature (°C)  = 135.00 

                  Electrical balance (eq)  =   2.309e-04 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.03 

                               Iterations  =   7 

                                  Total H  = 1.110589e+02 

                                  Total O  = 5.556408e+01 

 

----------------------------Distribution of species-------------------

--------- 

 

                                               Log       Log       Log    

mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   

cm³/mol 

 

   OH-             1.287e-05   7.924e-06    -4.890    -5.101    -0.211     

(0)   

   H+              2.820e-07   2.138e-07    -6.550    -6.670    -0.120      

0.00 

   H2O             5.553e+01   9.880e-01     1.744    -0.005     0.000     

19.36 

C(4)          1.135e-02 

   HCO3-           6.946e-03   4.406e-03    -2.158    -2.356    -0.198     

(0)   

   CO2             3.333e-03   3.673e-03    -2.477    -2.435     0.042     

(0)   

   CaHCO3+         3.858e-04   2.447e-04    -3.414    -3.611    -0.198     

(0)   

   FeHCO3+         3.124e-04   1.981e-04    -3.505    -3.703    -0.198     

(0)   

   NaHCO3          1.885e-04   1.885e-04    -3.725    -3.725     0.000     

(0)   

   MgHCO3+         1.131e-04   7.176e-05    -3.946    -4.144    -0.198     

(0)   

   CaCO3           5.413e-05   5.413e-05    -4.267    -4.267     0.000     

(0)   

   CO3-2           9.575e-06   1.537e-06    -5.019    -5.813    -0.795     

(0)   

   FeCO3           4.448e-06   4.448e-06    -5.352    -5.352     0.000     

(0)   

   MgCO3           3.064e-06   3.064e-06    -5.514    -5.514     0.000     

(0)   

   SrCO3           2.650e-06   2.650e-06    -5.577    -5.577     0.000     

(0)   

   NaCO3-          3.484e-08   2.209e-08    -7.458    -7.656    -0.198     

(0)   

   FeCO3+          1.777e-10   1.127e-10    -9.750    -9.948    -0.198     

(0)   

Ca            6.297e-03 

   Ca+2            5.443e-03   1.132e-03    -2.264    -2.946    -0.682     

(0)   

   CaHCO3+         3.858e-04   2.447e-04    -3.414    -3.611    -0.198     

(0)   

   CaCl+           2.750e-04   1.744e-04    -3.561    -3.758    -0.198     

(0)   

   CaSO4           1.013e-04   1.013e-04    -3.994    -3.994     0.000     

(0)   

   CaCO3           5.413e-05   5.413e-05    -4.267    -4.267     0.000     

(0)   

   CaCl2           3.800e-05   3.800e-05    -4.420    -4.420     0.000     

(0)   
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   CaOH+           1.165e-09   7.389e-10    -8.934    -9.131    -0.198     

(0)   

Cl(-1)        3.559e-01 

   Cl-             3.353e-01   1.996e-01    -0.475    -0.700    -0.225     

(0)   

   NaCl            1.959e-02   1.959e-02    -1.708    -1.708     0.000     

(0)   

   MgCl+           2.755e-04   1.747e-04    -3.560    -3.758    -0.198     

(0)   

   CaCl+           2.750e-04   1.744e-04    -3.561    -3.758    -0.198     

(0)   

   KCl             1.907e-04   1.907e-04    -3.720    -3.720     0.000     

(0)   

   SrCl+           1.360e-04   8.627e-05    -3.866    -4.064    -0.198     

(0)   

   FeCl+           7.630e-05   4.839e-05    -4.117    -4.315    -0.198     

(0)   

   CaCl2           3.800e-05   3.800e-05    -4.420    -4.420     0.000     

(0)   

   FeCl4-2         9.476e-07   1.368e-07    -6.023    -6.864    -0.841     

(0)   

   FeCl2           1.587e-07   1.587e-07    -6.799    -6.799     0.000     

(0)   

   HCl             1.190e-08   1.190e-08    -7.924    -7.924     0.000     

(0)   

   FeCl+2          2.285e-11   3.667e-12   -10.641   -11.436    -0.795     

(0)   

   FeCl2+          5.256e-12   3.334e-12   -11.279   -11.477    -0.198     

(0)   

   FeCl4-          2.518e-16   1.597e-16   -15.599   -15.797    -0.198     

(0)   

Cl(1)         4.789e-23 

   HClO            3.995e-23   3.995e-23   -22.399   -22.399     0.000     

(0)   

   ClO-            7.944e-24   5.038e-24   -23.100   -23.298    -0.198     

(0)   

Cl(3)         6.253e-40 

   ClO2-           6.253e-40   3.966e-40   -39.204   -39.402    -0.198     

(0)   

   HClO2           0.000e+00   0.000e+00   -42.902   -42.902     0.000     

(0)   

Cl(5)         0.000e+00 

   ClO3-           0.000e+00   0.000e+00   -45.152   -45.363    -0.211     

(0)   

Cl(7)         0.000e+00 

   ClO4-           0.000e+00   0.000e+00   -54.873   -55.084    -0.211     

(0)   

Fe(2)         8.087e-04 

   Fe+2            4.121e-04   8.570e-05    -3.385    -4.067    -0.682     

(0)   

   FeHCO3+         3.124e-04   1.981e-04    -3.505    -3.703    -0.198     

(0)   

   FeCl+           7.630e-05   4.839e-05    -4.117    -4.315    -0.198     

(0)   

   FeCO3           4.448e-06   4.448e-06    -5.352    -5.352     0.000     

(0)   

   FeSO4           2.166e-06   2.166e-06    -5.664    -5.664     0.000     

(0)   

   FeCl4-2         9.476e-07   1.368e-07    -6.023    -6.864    -0.841     

(0)   

   FeOH+           1.975e-07   1.252e-07    -6.705    -6.902    -0.198     

(0)   

   FeCl2           1.587e-07   1.587e-07    -6.799    -6.799     0.000     

(0)   
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   Fe(OH)2         4.597e-12   4.597e-12   -11.338   -11.338     0.000     

(0)   

   Fe(OH)3-        1.334e-15   8.458e-16   -14.875   -15.073    -0.198     

(0)   

   Fe(OH)4-2       2.708e-23   3.909e-24   -22.567   -23.408    -0.841     

(0)   

Fe(3)         1.061e-04 

   Fe(OH)3         6.121e-05   6.121e-05    -4.213    -4.213     0.000     

(0)   

   Fe(OH)2+        4.465e-05   2.832e-05    -4.350    -4.548    -0.198     

(0)   

   FeOH+2          1.153e-07   1.851e-08    -6.938    -7.733    -0.795     

(0)   

   Fe(OH)4-        1.120e-07   7.106e-08    -6.951    -7.148    -0.198     

(0)   

   FeCO3+          1.777e-10   1.127e-10    -9.750    -9.948    -0.198     

(0)   

   FeCl+2          2.285e-11   3.667e-12   -10.641   -11.436    -0.795     

(0)   

   Fe+3            1.015e-11   6.202e-13   -10.994   -12.207    -1.214     

(0)   

   Fe2(OH)2+4      7.548e-12   9.218e-15   -11.122   -14.035    -2.913     

(0)   

   FeCl2+          5.256e-12   3.334e-12   -11.279   -11.477    -0.198     

(0)   

   FeSO4+          3.033e-12   1.924e-12   -11.518   -11.716    -0.198     

(0)   

   Fe3(OH)4+5      1.219e-12   5.454e-17   -11.914   -16.263    -4.349     

(0)   

   FeCl4-          2.518e-16   1.597e-16   -15.599   -15.797    -0.198     

(0)   

   Fe(SO4)2-       4.070e-17   2.581e-17   -16.390   -16.588    -0.198     

(0)   

H(0)          6.377e-23 

   H2              3.188e-23   3.513e-23   -22.496   -22.454     0.042     

(0)   

K             8.128e-03 

   K+              7.908e-03   4.708e-03    -2.102    -2.327    -0.225     

(0)   

   KCl             1.907e-04   1.907e-04    -3.720    -3.720     0.000     

(0)   

   KSO4-           2.905e-05   1.842e-05    -4.537    -4.735    -0.198     

(0)   

   KHSO4           1.519e-10   1.519e-10    -9.818    -9.818     0.000     

(0)   

   KOH             7.545e-11   7.545e-11   -10.122   -10.122     0.000     

(0)   

Mg            1.934e-03 

   Mg+2            1.185e-03   3.167e-04    -2.926    -3.499    -0.573     

(0)   

   MgSO4           3.573e-04   3.573e-04    -3.447    -3.447     0.000     

(0)   

   MgCl+           2.755e-04   1.747e-04    -3.560    -3.758    -0.198     

(0)   

   MgHCO3+         1.131e-04   7.176e-05    -3.946    -4.144    -0.198     

(0)   

   MgCO3           3.064e-06   3.064e-06    -5.514    -5.514     0.000     

(0)   

   Mg4(OH)4+4      6.681e-25   8.159e-28   -24.175   -27.088    -2.913     

(0)   

Na            3.401e-01 

   Na+             3.200e-01   2.030e-01    -0.495    -0.693    -0.198     

(0)   
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   NaCl            1.959e-02   1.959e-02    -1.708    -1.708     0.000     

(0)   

   NaSO4-          3.372e-04   2.139e-04    -3.472    -3.670    -0.198     

(0)   

   NaHCO3          1.885e-04   1.885e-04    -3.725    -3.725     0.000     

(0)   

   NaOH            5.406e-07   5.406e-07    -6.267    -6.267     0.000     

(0)   

   NaCO3-          3.484e-08   2.209e-08    -7.458    -7.656    -0.198     

(0)   

O(0)          6.084e-21 

   O2              3.042e-21   3.352e-21   -20.517   -20.475     0.042     

(0)   

S(6)          1.936e-03 

   SO4-2           1.105e-03   1.595e-04    -2.957    -3.797    -0.841     

(0)   

   MgSO4           3.573e-04   3.573e-04    -3.447    -3.447     0.000     

(0)   

   NaSO4-          3.372e-04   2.139e-04    -3.472    -3.670    -0.198     

(0)   

   CaSO4           1.013e-04   1.013e-04    -3.994    -3.994     0.000     

(0)   

   KSO4-           2.905e-05   1.842e-05    -4.537    -4.735    -0.198     

(0)   

   SrSO4           3.981e-06   3.981e-06    -5.400    -5.400     0.000     

(0)   

   FeSO4           2.166e-06   2.166e-06    -5.664    -5.664     0.000     

(0)   

   HSO4-           1.624e-07   1.030e-07    -6.790    -6.987    -0.198     

(0)   

   KHSO4           1.519e-10   1.519e-10    -9.818    -9.818     0.000     

(0)   

   FeSO4+          3.033e-12   1.924e-12   -11.518   -11.716    -0.198     

(0)   

   Fe(SO4)2-       4.070e-17   2.581e-17   -16.390   -16.588    -0.198     

(0)   

   H2SO4           6.948e-19   6.948e-19   -18.158   -18.158     0.000     

(0)   

Sr            8.513e-04 

   Sr+2            7.086e-04   1.251e-04    -3.150    -3.903    -0.753     

(0)   

   SrCl+           1.360e-04   8.627e-05    -3.866    -4.064    -0.198     

(0)   

   SrSO4           3.981e-06   3.981e-06    -5.400    -5.400     0.000     

(0)   

   SrCO3           2.650e-06   2.650e-06    -5.577    -5.577     0.000     

(0)   

   SrOH+           4.674e-11   2.965e-11   -10.330   -10.528    -0.198     

(0)   

 

------------------------------Saturation indices----------------------

--------- 

 

  Phase               SI** log IAP   log K(408 K,   1 atm) 

 

  Anhydrite        -0.80     -6.74   -5.95  CaSO4 

  Antarcticite     -8.47     -4.38    4.09  CaCl2:6H2O 

  Aphthitalite    -11.38    -15.27   -3.89  NaK3(SO4)2 

  Aragonite         0.90      1.37    0.47  CaCO3 

  Arcanite         -7.06     -8.45   -1.40  K2SO4 

  Artinite         -2.97     10.63   13.60  Mg2CO3(OH)2:3H2O 

  Bassanite        -1.46     -6.75   -5.28  CaSO4:0.5H2O 

  Bischofite       -9.32     -4.93    4.39  MgCl2:6H2O 

  Bloedite        -10.02    -12.50   -2.48  Na2Mg(SO4)2:4H2O 
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  Brucite          -1.35      9.83   11.18  Mg(OH)2 

  Burkeite        -16.92     -7.44    9.49  Na6CO3(SO4)2 

  C               -33.50     11.45   44.96  C 

  C(g)           -117.26     11.45  128.71  C 

  Ca              -80.19     20.63  100.81  Ca 

  Ca(g)           -97.07     20.63  117.70  Ca 

  Ca2Cl2(OH)2:H2O -20.26      6.03   26.29  Ca2Cl2(OH)2:H2O 

  Ca4Cl2(OH)6:13H2O -41.59     26.74   68.33  Ca4Cl2(OH)6:13H2O 

  Calcite           1.05      1.37    0.32  CaCO3 

  Carnallite      -12.23     -7.96    4.27  KMgCl3:6H2O 

  CaSO4:0.5H2O(beta)  -1.53     -6.75   -5.21  CaSO4:0.5H2O 

  Celestite        -0.94     -7.70   -6.76  SrSO4 

  Chloromagnesite -18.59     -4.90   13.70  MgCl2 

  Cl2(g)          -24.94    -24.97   -0.03  Cl2 

  CO2(g)           -0.40     -9.02   -8.63  CO2 

  Dolomite          3.05      2.18   -0.87  CaMg(CO3)2 

  Dolomite-dis      2.09      2.18    0.09  CaMg(CO3)2 

  Dolomite-ord      3.06      2.18   -0.88  CaMg(CO3)2 

  Epsomite         -5.37     -7.33   -1.96  MgSO4:7H2O 

  Fe              -21.80     19.51   41.30  Fe 

  Fe(OH)2          -0.20      9.26    9.47  Fe(OH)2 

  Fe(OH)3           6.11      7.79    1.68  Fe(OH)3 

  Fe2(SO4)3       -24.40    -35.81  -11.41  Fe2(SO4)3 

  FeO               0.74      9.27    8.53  FeO 

  Ferrite-Ca       17.23     25.98    8.75  CaFe2O4 

  Ferrite-Dicalcium   2.24     36.37   34.12  Ca2Fe2O5 

  Ferrite-Mg       17.88     25.42    7.55  MgFe2O4 

  FeSO4            -6.31     -7.86   -1.55  FeSO4 

  Gaylussite       -6.89      4.27   11.16  CaNa2(CO3)2:5H2O 

  Glauberite       -6.46    -11.93   -5.47  Na2Ca(SO4)2 

  Goethite         10.12      7.79   -2.33  FeOOH 

  Gypsum           -1.54     -6.75   -5.21  CaSO4:2H2O 

  H2(g)           -19.43    -22.45   -3.02  H2 

  H2O(g)            0.40     -0.01   -0.41  H2O 

  Halite           -2.91     -1.39    1.52  NaCl 

  HCl(g)           -9.88     -7.37    2.51  HCl 

  Hematite         21.88     15.59   -6.29  Fe2O3 

  Hexahydrite      -5.60     -7.33   -1.73  MgSO4:6H2O 

  Huntite           2.63      3.81    1.18  CaMg3(CO3)4 

  Hydromagnesite   -2.98     13.07   16.05  Mg5(CO3)4(OH)2:4H2O 

  Hydrophilite    -11.57     -4.35    7.22  CaCl2 

  Ice              -0.64     -0.01    0.63  H2O 

  Jarosite         12.68     -6.56  -19.23  KFe3(SO4)2(OH)6 

  Jarosite-Na       0.53     -4.92   -5.45  NaFe3(SO4)2(OH)6 

  K               -42.97      9.46   52.43  K 

  K(g)            -49.41      9.46   58.87  K 

  K2CO3:1.5H2O    -13.73     -0.35   13.38  K2CO3:1.5H2O 

  K2O             -55.26      8.68   63.94  K2O 

  K3H(SO4)2       -17.62    -21.25   -3.62  K3H(SO4)2 

  K8H4(CO3)6:3H2O -47.14    -19.43   27.71  K8H4(CO3)6:3H2O 

  Kainite         -10.03    -10.34   -0.31  KMgClSO4:3H2O 

  Kalicinite       -4.97     -4.68    0.28  KHCO3 

  Kieserite        -7.03     -7.30   -0.27  MgSO4:H2O 

  KMgCl3          -22.14     -7.93   14.22  KMgCl3 

  KMgCl3:2H2O     -17.86     -7.94    9.92  KMgCl3:2H2O 

  KNaCO3:6H2O      -9.00      1.26   10.26  KNaCO3:6H2O 

  Lansfordite      -4.05      0.79    4.84  MgCO3:5H2O 

  Lawrencite       -9.85     -5.47    4.38  FeCl2 

  Leonite         -11.66    -15.77   -4.11  K2Mg(SO4)2:4H2O 

  Lime            -13.05     10.39   23.44  CaO 

  Magnesite         0.87      0.81   -0.05  MgCO3 

  Magnetite        24.90     24.86   -0.04  Fe3O4 

  Melanterite      -5.88     -7.90   -2.02  FeSO4:7H2O 

  Mercallite      -11.36    -12.79   -1.44  KHSO4 
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  Mg              -67.12     20.07   87.20  Mg 

  Mg(g)           -79.93     20.07  100.01  Mg 

  Mg1.25SO4(OH)0.5:0.5H2O  -4.87     -4.84    0.02  

Mg1.25SO4(OH)0.5:0.5H2O 

  Mg1.5SO4(OH)     -5.06     -2.38    2.68  Mg1.5SO4(OH) 

  MgCl2:2H2O      -12.82     -4.91    7.91  MgCl2:2H2O 

  MgCl2:4H2O       -9.80     -4.92    4.88  MgCl2:4H2O 

  MgCl2:H2O       -14.79     -4.90    9.89  MgCl2:H2O 

  MgOHCl           -7.58      2.47   10.04  MgOHCl 

  MgSO4            -7.17     -7.30   -0.13  MgSO4 

  Mirabilite       -9.28     -5.23    4.05  Na2SO4:10H2O 

  Misenite        -74.14    -85.22  -11.08  K8H6(SO4)7 

  Molysite        -19.40    -14.31    5.09  FeCl3 

  Monohydrocalcite  -0.39      1.36    1.75  CaCO3:H2O 

  Na              -38.37     11.09   49.46  Na 

  Na(g)           -46.82     11.09   57.92  Na 

  Na2CO3           -6.27      2.93    9.20  Na2CO3 

  Na2CO3:7H2O      -9.74      2.89   12.63  Na2CO3:7H2O 

  Na2O            -39.11     11.95   51.06  Na2O 

  Na3H(SO4)2      -15.45    -16.34   -0.89  Na3H(SO4)2 

  Na4Ca(SO4)3:2H2O -11.22    -17.12   -5.89  Na4Ca(SO4)3:2H2O 

  NaFeO2            1.42     13.77   12.35  NaFeO2 

  Nahcolite        -3.62     -3.05    0.57  NaHCO3 

  Natron           -9.75      2.88   12.63  Na2CO3:10H2O 

  Nesquehonite     -3.76      0.80    4.56  MgCO3:3H2O 

  O2(g)           -17.40    -20.47   -3.07  O2 

  Oxychloride-Mg  -13.56     12.27   25.83  Mg2Cl(OH)3:4H2O 

  Pentahydrite     -5.94     -7.32   -1.39  MgSO4:5H2O 

  Periclase        -4.48      9.84   14.32  MgO 

  Picromerite     -11.34    -15.78   -4.44  K2Mg(SO4)2:6H2O 

  Pirssonite       -7.04      4.29   11.32  Na2Ca(CO3)2:2H2O 

  Polyhalite      -14.93    -29.25  -14.31  K2MgCa2(SO4)4:2H2O 

  Portlandite      -6.17     10.38   16.55  Ca(OH)2 

  Siderite          2.27      0.25   -2.02  FeCO3 

  Sr              -82.71     19.67  102.38  Sr 

  Sr(OH)2         -11.12      9.43   20.54  Sr(OH)2 

  SrCl2            -9.92     -5.30    4.62  SrCl2 

  SrCl2:2H2O       -7.24     -5.31    1.92  SrCl2:2H2O 

  SrCl2:6H2O       -8.45     -5.33    3.12  SrCl2:6H2O 

  SrCl2:H2O        -7.87     -5.31    2.56  SrCl2:H2O 

  SrO             -20.95      9.43   30.38  SrO 

  Starkeyite       -6.32     -7.32   -1.00  MgSO4:4H2O 

  Strontianite      1.38      0.41   -0.97  SrCO3 

  Sylvite          -4.38     -3.03    1.35  KCl 

  Syngenite        -7.60    -15.20   -7.60  K2Ca(SO4)2:H2O 

  Tachyhydrite    -31.35    -14.21   17.14  Mg2CaCl6:12H2O 

  Thenardite       -4.23     -5.18   -0.95  Na2SO4 

  Thermonatrite    -6.75      2.92    9.67  Na2CO3:H2O 

  Trona-K         -14.99     -3.40   11.59  K2NaH(CO3)2:2H2O 

  Wustite           1.06      8.62    7.56  Fe.947O 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

 

Using solution 1.  

Using pure phase assemblage 1.  

Using gas phase 1.  
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-----------------------------------Gas phase--------------------------

--------- 

 

Total pressure: 340.00      atmospheres  

    Gas volume:   7.14e-01 liters 

  Molar volume:   9.85e-02 liters/mole 

 

                                                        Moles in gas 

                                            --------------------------

-------- 

Component                log P           P     Initial       Final       

Delta 

 

CO2(g)                    2.53   3.400e+02   1.015e+01   7.249e+00  -

2.902e+00 

 

-------------------------------Phase assemblage-----------------------

--------- 

 

                                                      Moles in 

assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       

Delta 

 

Dolomite          0.00    -0.87     -0.87    1.115e+01   1.116e+01   

6.291e-03 

Illite           -0.00    -0.92     -0.92    4.834e+01   4.814e+01  -

1.991e-01 

Kaolinite        -0.00    -1.55     -1.55    3.680e+01   3.703e+01   

2.290e-01 

Pyrite            0.00   -20.19    -20.19    4.285e+00   4.281e+00  -

3.724e-03 

Quartz            0.00    -2.80     -2.80    2.567e+02   2.570e+02   

2.373e-01 

Siderite         -0.00    -2.02     -2.02    3.994e+01   3.994e+01   

4.556e-03 

 

-----------------------------Solution composition---------------------

--------- 

 

 Elements           Molality       Moles 

 

 Al                1.948e-07   1.935e-07 

 C                 2.915e+00   2.896e+00 

 Ca                5.728e-06   5.691e-06 

 Cl                3.582e-01   3.559e-01 

 Fe                8.345e-05   8.292e-05 

 K                 1.284e-01   1.276e-01 

 Mg                4.571e-02   4.542e-02 

 Na                3.423e-01   3.401e-01 

 S                 9.445e-03   9.384e-03 

 Si                1.579e-03   1.569e-03 

 Sr                8.568e-04   8.513e-04 

 

----------------------------Description of solution-------------------

--------- 

 

                                       pH  =   5.024      Charge 

balance 

                                       pe  =  -1.486      Adjusted to 

redox equilibrium 

                        Activity of water  =   0.936 

                 Ionic strength (mol/kgw)  =   5.138e-01 

                       Mass of water (kg)  =   9.935e-01 
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                 Total alkalinity (eq/kg)  =   1.868e-01 

                       Total CO2 (mol/kg)  =   2.908e+00 

                         Temperature (°C)  = 135.00 

                           Pressure (atm)  = 340.00 

                  Electrical balance (eq)  =   2.309e-04 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   0.02 

                               Iterations  =  18 

                                  Total H  = 1.105412e+02 

                                  Total O  = 6.117095e+01 

 

----------------------------Distribution of species-------------------

--------- 

 

                                               Log       Log       Log    

mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   

cm³/mol 

 

   H+              1.250e-05   9.455e-06    -4.903    -5.024    -0.121      

0.00 

   OH-             3.480e-07   2.058e-07    -6.458    -6.686    -0.228     

(0)   

   H2O             5.553e+01   9.364e-01     1.744    -0.029     0.000     

19.01 

Al            1.948e-07 

   AlO2-           9.606e-08   5.893e-08    -7.017    -7.230    -0.212     

(0)   

   HAlO2           8.153e-08   8.153e-08    -7.089    -7.089     0.000     

(0)   

   NaAlO2          1.143e-08   1.143e-08    -7.942    -7.942     0.000     

(0)   

   Al(OH)2+        5.318e-09   3.262e-09    -8.274    -8.487    -0.212     

(0)   

   AlOH+2          4.226e-10   5.763e-11    -9.374   -10.239    -0.865     

(0)   

   Al+3            2.035e-12   1.058e-13   -11.691   -12.975    -1.284     

(0)   

   AlSO4+          4.758e-14   2.919e-14   -13.323   -13.535    -0.212     

(0)   

   Al(SO4)2-       9.955e-16   6.106e-16   -15.002   -15.214    -0.212     

(0)   

   Al2(OH)2+4      4.745e-21   3.294e-24   -20.324   -23.482    -3.158     

(0)   

   Al3(OH)4+5      1.625e-28   3.244e-33   -27.789   -32.489    -4.700     

(0)   

   Al13O4(OH)24+7   0.000e+00   0.000e+00   -95.855  -105.090    -

9.235     (0)   

C(-2)         0.000e+00 

   C2H4            0.000e+00   0.000e+00   -45.912   -45.912     0.000     

(0)   

C(-3)         7.477e-03 

   C2H6            3.738e-03   3.738e-03    -2.427    -2.427     0.000     

(0)   

C(-4)         5.671e-11 

   CH4             5.671e-11   5.671e-11   -10.246   -10.246     0.000     

(0)   

C(2)          4.668e-10 

   CO              4.668e-10   4.668e-10    -9.331    -9.331     0.000     

(0)   

C(4)          2.908e+00 

   CO2             2.721e+00   3.106e+00     0.435     0.492     0.058     

(0)   

   HCO3-           1.578e-01   9.680e-02    -0.802    -1.014    -0.212     

(0)   
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   MgHCO3+         2.487e-02   1.526e-02    -1.604    -1.817    -0.212     

(0)   

   NaHCO3          4.002e-03   4.002e-03    -2.398    -2.398     0.000     

(0)   

   FeHCO3+         7.751e-05   4.755e-05    -4.111    -4.323    -0.212     

(0)   

   MgCO3           1.473e-05   1.473e-05    -4.832    -4.832     0.000     

(0)   

   CO3-2           5.598e-06   7.634e-07    -5.252    -6.117    -0.865     

(0)   

   CaHCO3+         3.266e-06   2.003e-06    -5.486    -5.698    -0.212     

(0)   

   SrCO3           1.175e-06   1.175e-06    -5.930    -5.930     0.000     

(0)   

   FeCO3           2.414e-08   2.414e-08    -7.617    -7.617     0.000     

(0)   

   NaCO3-          1.729e-08   1.061e-08    -7.762    -7.974    -0.212     

(0)   

   CaCO3           1.002e-08   1.002e-08    -7.999    -7.999     0.000     

(0)   

   FeCO3+          3.260e-18   1.999e-18   -17.487   -17.699    -0.212     

(0)   

Ca            5.728e-06 

   CaHCO3+         3.266e-06   2.003e-06    -5.486    -5.698    -0.212     

(0)   

   Ca+2            2.275e-06   4.218e-07    -5.643    -6.375    -0.732     

(0)   

   CaCl+           1.008e-07   6.184e-08    -6.996    -7.209    -0.212     

(0)   

   CaSO4           6.381e-08   6.381e-08    -7.195    -7.195     0.000     

(0)   

   CaCl2           1.282e-08   1.282e-08    -7.892    -7.892     0.000     

(0)   

   CaCO3           1.002e-08   1.002e-08    -7.999    -7.999     0.000     

(0)   

   CaOH+           1.166e-14   7.153e-15   -13.933   -14.145    -0.212     

(0)   

Cl(-1)        3.582e-01 

   Cl-             3.347e-01   1.899e-01    -0.475    -0.721    -0.246     

(0)   

   NaCl            1.801e-02   1.801e-02    -1.744    -1.744     0.000     

(0)   

   KCl             2.733e-03   2.733e-03    -2.563    -2.563     0.000     

(0)   

   MgCl+           2.623e-03   1.609e-03    -2.581    -2.793    -0.212     

(0)   

   SrCl+           1.194e-04   7.324e-05    -3.923    -4.135    -0.212     

(0)   

   FeCl+           8.199e-07   5.029e-07    -6.086    -6.298    -0.212     

(0)   

   HCl             5.009e-07   5.009e-07    -6.300    -6.300     0.000     

(0)   

   CaCl+           1.008e-07   6.184e-08    -6.996    -7.209    -0.212     

(0)   

   CaCl2           1.282e-08   1.282e-08    -7.892    -7.892     0.000     

(0)   

   FeCl4-2         1.021e-08   1.225e-09    -7.991    -8.912    -0.921     

(0)   

   FeCl2           1.570e-09   1.570e-09    -8.804    -8.804     0.000     

(0)   

   FeCl+2          9.135e-19   1.246e-19   -18.039   -18.905    -0.865     

(0)   

   FeCl2+          1.757e-19   1.078e-19   -18.755   -18.967    -0.212     

(0)   
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   FeCl4-          7.622e-24   4.675e-24   -23.118   -23.330    -0.212     

(0)   

Cl(1)         1.060e-35 

   HClO            1.055e-35   1.055e-35   -34.977   -34.977     0.000     

(0)   

   ClO-            4.906e-38   3.009e-38   -37.309   -37.522    -0.212     

(0)   

Cl(3)         0.000e+00 

   ClO2-           0.000e+00   0.000e+00   -67.616   -67.828    -0.212     

(0)   

   HClO2           0.000e+00   0.000e+00   -69.682   -69.682     0.000     

(0)   

Cl(5)         0.000e+00 

   ClO3-           0.000e+00   0.000e+00   -87.763   -87.991    -0.228     

(0)   

Cl(7)         0.000e+00 

   ClO4-           0.000e+00   0.000e+00  -111.686  -111.914    -0.228     

(0)   

Fe(2)         8.345e-05 

   FeHCO3+         7.751e-05   4.755e-05    -4.111    -4.323    -0.212     

(0)   

   Fe+2            5.048e-06   9.360e-07    -5.297    -6.029    -0.732     

(0)   

   FeCl+           8.199e-07   5.029e-07    -6.086    -6.298    -0.212     

(0)   

   FeSO4           3.998e-08   3.998e-08    -7.398    -7.398     0.000     

(0)   

   FeCO3           2.414e-08   2.414e-08    -7.617    -7.617     0.000     

(0)   

   FeCl4-2         1.021e-08   1.225e-09    -7.991    -8.912    -0.921     

(0)   

   FeCl2           1.570e-09   1.570e-09    -8.804    -8.804     0.000     

(0)   

   FeOH+           5.793e-11   3.553e-11   -10.237   -10.449    -0.212     

(0)   

   Fe(OH)2         3.389e-17   3.389e-17   -16.470   -16.470     0.000     

(0)   

   Fe(OH)3-        2.640e-22   1.620e-22   -21.578   -21.791    -0.212     

(0)   

   Fe(OH)4-2       1.621e-31   1.945e-32   -30.790   -31.711    -0.921     

(0)   

Fe(3)         1.282e-15 

   Fe(OH)2+        1.112e-15   6.824e-16   -14.954   -15.166    -0.212     

(0)   

   FeOH+2          1.259e-16   1.716e-17   -15.900   -16.765    -0.865     

(0)   

   Fe(OH)3         3.832e-17   3.832e-17   -16.417   -16.417     0.000     

(0)   

   FeCO3+          3.260e-18   1.999e-18   -17.487   -17.699    -0.212     

(0)   

   FeCl+2          9.135e-19   1.246e-19   -18.039   -18.905    -0.865     

(0)   

   Fe+3            4.258e-19   2.214e-20   -18.371   -19.655    -1.284     

(0)   

   FeSO4+          1.892e-19   1.161e-19   -18.723   -18.935    -0.212     

(0)   

   FeCl2+          1.757e-19   1.078e-19   -18.755   -18.967    -0.212     

(0)   

   Fe(OH)4-        1.884e-21   1.156e-21   -20.725   -20.937    -0.212     

(0)   

   FeCl4-          7.622e-24   4.675e-24   -23.118   -23.330    -0.212     

(0)   

   Fe(SO4)2-       4.289e-24   2.631e-24   -23.368   -23.580    -0.212     

(0)   
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   Fe2(OH)2+4      1.142e-29   7.930e-33   -28.942   -32.101    -3.158     

(0)   

   Fe3(OH)4+5      0.000e+00   0.000e+00   -40.247   -44.947    -4.700     

(0)   

H(0)          1.127e-08 

   H2              5.633e-09   6.431e-09    -8.249    -8.192     0.058     

(0)   

K             1.284e-01 

   K+              1.249e-01   7.089e-02    -0.903    -1.149    -0.246     

(0)   

   KCl             2.733e-03   2.733e-03    -2.563    -2.563     0.000     

(0)   

   KSO4-           7.641e-04   4.688e-04    -3.117    -3.329    -0.212     

(0)   

   KHSO4           1.709e-07   1.709e-07    -6.767    -6.767     0.000     

(0)   

   KOH             2.951e-11   2.951e-11   -10.530   -10.530     0.000     

(0)   

Mg            4.571e-02 

   MgHCO3+         2.487e-02   1.526e-02    -1.604    -1.817    -0.212     

(0)   

   Mg+2            1.236e-02   3.064e-03    -1.908    -2.514    -0.606     

(0)   

   MgSO4           5.842e-03   5.842e-03    -2.233    -2.233     0.000     

(0)   

   MgCl+           2.623e-03   1.609e-03    -2.581    -2.793    -0.212     

(0)   

   MgCO3           1.473e-05   1.473e-05    -4.832    -4.832     0.000     

(0)   

   Mg4(OH)4+4      4.691e-27   3.257e-30   -26.329   -29.487    -3.158     

(0)   

Na            3.423e-01 

   Na+             3.198e-01   1.961e-01    -0.495    -0.707    -0.212     

(0)   

   NaCl            1.801e-02   1.801e-02    -1.744    -1.744     0.000     

(0)   

   NaHCO3          4.002e-03   4.002e-03    -2.398    -2.398     0.000     

(0)   

   NaSO4-          5.694e-04   3.493e-04    -3.245    -3.457    -0.212     

(0)   

   NaHSiO3         6.878e-07   6.878e-07    -6.163    -6.163     0.000     

(0)   

   NaCO3-          1.729e-08   1.061e-08    -7.762    -7.974    -0.212     

(0)   

   NaOH            1.357e-08   1.357e-08    -7.867    -7.867     0.000     

(0)   

   NaAlO2          1.143e-08   1.143e-08    -7.942    -7.942     0.000     

(0)   

O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -48.937   -48.879     0.058     

(0)   

S(-2)         3.761e-06 

   H2S             3.538e-06   3.538e-06    -5.451    -5.451     0.000     

(0)   

   HS-             2.239e-07   1.324e-07    -6.650    -6.878    -0.228     

(0)   

   S-2             3.508e-12   5.360e-13   -11.455   -12.271    -0.816     

(0)   

   S2-2            2.833e-15   3.399e-16   -14.548   -15.469    -0.921     

(0)   

   S3-2            5.016e-18   6.018e-19   -17.300   -18.221    -0.921     

(0)   

   S4-2            6.245e-21   7.492e-22   -20.204   -21.125    -0.921     

(0)   
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   S5-2            5.282e-24   6.337e-25   -23.277   -24.198    -0.921     

(0)   

S(2)          1.816e-10 

   S2O3-2          9.079e-11   1.089e-11   -10.042   -10.963    -0.921     

(0)   

   HS2O3-          1.733e-15   1.063e-15   -14.761   -14.973    -0.212     

(0)   

S(3)          8.041e-25 

   S2O4-2          4.020e-25   6.143e-26   -24.396   -25.212    -0.816     

(0)   

S(4)          2.827e-10 

   HSO3-           2.796e-10   1.715e-10    -9.553    -9.766    -0.212     

(0)   

   SO2             2.313e-12   2.313e-12   -11.636   -11.636     0.000     

(0)   

   SO3-2           7.640e-13   1.042e-13   -12.117   -12.982    -0.865     

(0)   

   H2SO3           1.522e-14   1.522e-14   -13.818   -13.818     0.000     

(0)   

   S4O6-2          7.911e-23   9.490e-24   -22.102   -23.023    -0.921     

(0)   

   S2O6-2          3.482e-26   4.177e-27   -25.458   -26.379    -0.921     

(0)   

   S3O6-2          3.806e-31   4.566e-32   -30.420   -31.340    -0.921     

(0)   

   S5O6-2          7.359e-39   8.828e-40   -38.133   -39.054    -0.921     

(0)   

S(5)          2.532e-24 

   S2O5-2          1.266e-24   1.519e-25   -23.898   -24.818    -0.921     

(0)   

S(6)          9.441e-03 

   MgSO4           5.842e-03   5.842e-03    -2.233    -2.233     0.000     

(0)   

   SO4-2           2.247e-03   2.695e-04    -2.648    -3.569    -0.921     

(0)   

   KSO4-           7.641e-04   4.688e-04    -3.117    -3.329    -0.212     

(0)   

   NaSO4-          5.694e-04   3.493e-04    -3.245    -3.457    -0.212     

(0)   

   HSO4-           1.254e-05   7.695e-06    -4.902    -5.114    -0.212     

(0)   

   SrSO4           6.001e-06   6.001e-06    -5.222    -5.222     0.000     

(0)   

   KHSO4           1.709e-07   1.709e-07    -6.767    -6.767     0.000     

(0)   

   CaSO4           6.381e-08   6.381e-08    -7.195    -7.195     0.000     

(0)   

   FeSO4           3.998e-08   3.998e-08    -7.398    -7.398     0.000     

(0)   

   AlSO4+          4.758e-14   2.919e-14   -13.323   -13.535    -0.212     

(0)   

   H2SO4           2.296e-15   2.296e-15   -14.639   -14.639     0.000     

(0)   

   Al(SO4)2-       9.955e-16   6.106e-16   -15.002   -15.214    -0.212     

(0)   

   FeSO4+          1.892e-19   1.161e-19   -18.723   -18.935    -0.212     

(0)   

   Fe(SO4)2-       4.289e-24   2.631e-24   -23.368   -23.580    -0.212     

(0)   

S(7)          0.000e+00 

   S2O8-2          0.000e+00   0.000e+00   -53.366   -54.287    -0.921     

(0)   

S(8)          0.000e+00 
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   HSO5-           0.000e+00   0.000e+00   -43.007   -43.219    -0.212     

(0)   

Si            1.579e-03 

   SiO2            1.578e-03   1.578e-03    -2.802    -2.802     0.000     

(0)   

   NaHSiO3         6.878e-07   6.878e-07    -6.163    -6.163     0.000     

(0)   

   HSiO3-          3.994e-07   2.450e-07    -6.399    -6.611    -0.212     

(0)   

   H6(H2SiO4)4-2   3.648e-14   4.376e-15   -13.438   -14.359    -0.921     

(0)   

   H2SiO4-2        2.078e-15   2.493e-16   -14.682   -15.603    -0.921     

(0)   

   H4(H2SiO4)4-4   1.398e-23   2.453e-27   -22.855   -26.610    -3.756     

(0)   

Sr            8.568e-04 

   Sr+2            7.303e-04   1.116e-04    -3.137    -3.952    -0.816     

(0)   

   SrCl+           1.194e-04   7.324e-05    -3.923    -4.135    -0.212     

(0)   

   SrSO4           6.001e-06   6.001e-06    -5.222    -5.222     0.000     

(0)   

   SrCO3           1.175e-06   1.175e-06    -5.930    -5.930     0.000     

(0)   

   SrOH+           1.120e-12   6.871e-13   -11.951   -12.163    -0.212     

(0)   

 

------------------------------Saturation indices----------------------

--------- 

 

  Phase               SI** log IAP   log K(408 K, 340 atm) 

 

  Afwillite       -38.93      5.25   44.17  Ca3Si2O4(OH)6 

  Akermanite      -21.63      9.19   30.82  Ca2MgSi2O7 

  Al              -65.44     38.71  104.15  Al 

  Al(g)          -100.58     38.71  139.30  Al 

  Al2(SO4)3       -35.73    -36.66   -0.93  Al2(SO4)3 

  Al2(SO4)3:6H2O  -26.10    -36.83  -10.73  Al2(SO4)3:6H2O 

  Albite           -1.14     -2.05   -0.91  NaAlSi3O8 

  Albite_high      -1.94     -2.05   -0.11  NaAlSi3O8 

  Albite_low       -1.14     -2.05   -0.91  NaAlSi3O8 

  Alum-K          -15.43    -21.61   -6.17  KAl(SO4)2:12H2O 

  Alunite          -3.76    -17.24  -13.48  KAl3(OH)6(SO4)2 

  Amesite-14A      -3.47     32.53   36.00  Mg4Al4Si2O10(OH)8 

  Analcime         -1.30      0.36    1.65  Na.96Al.96Si2.04O6:H2O 

  Analcime-dehy    -5.72      0.39    6.11  Na.96Al.96Si2.04O6 

  Andalusite       -2.70      1.31    4.00  Al2SiO5 

  Andradite       -24.03     -6.72   17.32  Ca3Fe2(SiO4)3 

  Anhydrite        -4.00     -9.94   -5.95  CaSO4 

  Annite           -6.21      9.46   15.67  KFe3AlSi3O10(OH)2 

  Anorthite        -8.86      2.15   11.01  CaAl2(SiO4)2 

  Antarcticite    -11.58     -7.99    3.59  CaCl2:6H2O 

  Anthophyllite   -10.92     30.10   41.02  Mg7Si8O22(OH)2 

  Antigorite      -41.39    264.16  305.55  Mg48Si34O85(OH)62 

  Aphthitalite     -7.41    -11.29   -3.89  NaK3(SO4)2 

  Aragonite        -2.83     -2.36    0.47  CaCO3 

  Arcanite         -4.47     -5.87   -1.40  K2SO4 

  Artinite         -4.29      8.89   13.18  Mg2CO3(OH)2:3H2O 

  Bassanite        -4.63     -9.96   -5.33  CaSO4:0.5H2O 

  Beidellite-Ca    -0.95     -4.92   -3.98  Ca.165Al2.33Si3.67O10(OH)2 

  Beidellite-H     -0.97     -5.53   -4.55  H.33Al2.33Si3.67O10(OH)2 

  Beidellite-K     -0.55     -4.25   -3.70  K.33Al2.33Si3.67O10(OH)2 

  Beidellite-Mg    -0.14     -4.29   -4.15  Mg.165Al2.33Si3.67O10(OH)2 

  Beidellite-Na    -0.53     -4.10   -3.57  Na.33Al2.33Si3.67O10(OH)2 
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  Bischofite       -8.02     -4.13    3.89  MgCl2:6H2O 

  Bloedite         -8.37    -11.18   -2.81  Na2Mg(SO4)2:4H2O 

  Boehmite          0.09      2.04    1.95  AlO2H 

  Brucite          -3.53      7.48   11.01  Mg(OH)2 

  Burkeite        -16.86     -7.37    9.49  Na6CO3(SO4)2 

  C                -2.17     42.87   45.04  C 

  C(g)            -85.93     42.87  128.80  C 

  Ca              -72.64     28.08  100.73  Ca 

  Ca(g)           -89.53     28.08  117.61  Ca 

  Ca-Al_Pyroxene  -13.04      4.95   18.00  CaAl2SiO6 

  Ca2Al2O5:8H2O   -47.31     11.17   58.48  Ca2Al2O5:8H2O 

  Ca2Cl2(OH)2:H2O -30.27     -4.23   26.04  Ca2Cl2(OH)2:H2O 

  Ca3Al2O6        -58.40     15.05   73.45  Ca3Al2O6 

  Ca4Al2Fe2O10    -76.71      9.44   86.15  Ca4Al2Fe2O10 

  Ca4Al2O7:13H2O  -87.26     18.32  105.58  Ca4Al2O7:13H2O 

  Ca4Al2O7:19H2O  -83.36     18.15  101.51  Ca4Al2O7:19H2O 

  Ca4Cl2(OH)6:13H2O -64.08      2.66   66.74  Ca4Cl2(OH)6:13H2O 

  CaAl2O4         -17.95      7.75   25.71  CaAl2O4 

  CaAl2O4:10H2O   -29.35      7.47   36.82  CaAl2O4:10H2O 

  CaAl4O7         -22.23     11.86   34.09  CaAl4O7 

  Calcite          -2.69     -2.36    0.32  CaCO3 

  Carnallite       -9.77     -6.00    3.77  KMgCl3:6H2O 

  CaSO4:0.5H2O(beta)  -4.70     -9.96   -5.25  CaSO4:0.5H2O 

  Celadonite       -0.18      2.19    2.37  KMgAlSi4O10(OH)2 

  Celestite        -0.76     -7.52   -6.76  SrSO4 

  CH4(g)           -7.24    -10.25   -3.01  CH4 

  Chalcedony       -0.20     -2.80   -2.60  SiO2 

  Chamosite-7A     -5.40      9.23   14.64  Fe2Al2SiO5(OH)4 

  Chloromagnesite -17.65     -3.96   13.70  MgCl2 

  Chrysotile       -3.22     16.86   20.08  Mg3Si2O5(OH)4 

  Cl2(g)          -35.96    -35.90    0.06  Cl2 

  Clinochlore-14A  -3.53     33.12   36.65  Mg5Al2Si3O10(OH)8 

  Clinochlore-7A   -6.31     33.12   39.43  Mg5Al2Si3O10(OH)8 

  Clinoptilolite-Ca -10.31    -27.70  -17.39  

Ca1.7335Al3.45Fe.017Si14.533O36:10.922H2O 

  Clinoptilolite-dehy-Ca -34.25    -27.39    6.86  

Ca1.7335Al3.45Fe.017Si14.533O36 

  Clinoptilolite-dehy-K -29.82    -20.33    9.49  

K3.467Al3.45Fe.017Si14.533O36 

  Clinoptilolite-dehy-Na -29.48    -18.79   10.68  

Na3.467Al3.45Fe.017Si14.533O36 

  Clinoptilolite-dehy-Sr -30.26    -23.19    7.07  

Sr1.7335Al3.45Fe.017Si14.533O36 

  Clinoptilolite-hy-Ca -10.73    -27.72  -17.00  

Ca1.7335Al3.45Fe.017Si14.533O36:11.645H2O 

  Clinoptilolite-hy-K  -4.39    -20.54  -16.15  

K3.467Al3.45Fe.017Si14.533O36:7.499H2O 

  Clinoptilolite-hy-Na  -5.60    -19.10  -13.51  

Na3.467Al3.45Fe.017Si14.533O36:10.877H2O 

  Clinoptilolite-hy-Sr  -7.91    -23.59  -15.68  

Sr1.7335Al3.45Fe.017Si14.533O36:13.893H2O 

  Clinoptilolite-K  -6.08    -20.64  -14.55  

K3.467Al3.45Fe.017Si14.533O36:10.922H2O 

  Clinoptilolite-Na  -5.62    -19.10  -13.49  

Na3.467Al3.45Fe.017Si14.533O36:10.922H2O 

  Clinoptilolite-Sr  -6.37    -23.50  -17.14  

Sr1.7335Al3.45Fe.017Si14.533O36:10.922H2O 

  Clinozoisite    -14.69      5.03   19.73  Ca2Al3Si3O12(OH) 

  CO(g)            -6.26     -9.33   -3.08  CO 

  CO2(g)            2.53     -6.01   -8.54  CO2 

  Coesite          -0.61     -2.80   -2.19  SiO2 

  Cordierite_anhyd -10.75      9.22   19.97  Mg2Al4Si5O18 

  Cordierite_hydr  -9.10      9.19   18.29  Mg2Al4Si5O18:H2O 

  Corundum         -0.46      4.11    4.57  Al2O3 
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  Cristobalite(alpha)  -0.37     -2.80   -2.43  SiO2 

  Cristobalite(beta)  -0.63     -2.80   -2.17  SiO2 

  Cronstedtite-7A  -7.74     -4.13    3.62  Fe2Fe2SiO5(OH)4 

  Daphnite-14A    -10.29     15.55   25.84  Fe5AlAlSi3O10(OH)8 

  Daphnite-7A     -13.01     15.55   28.56  Fe5AlAlSi3O10(OH)8 

  Dawsonite        -0.36      0.32    0.68  NaAlCO3(OH)2 

  Diaspore          0.34      2.04    1.70  AlHO2 

  Dicalcium_silicate -21.91      4.49   26.40  Ca2SiO4 

  Diopside         -8.32      5.55   13.86  CaMgSi2O6 

  Dolomite          0.00     -0.87   -0.87  CaMg(CO3)2 

  Dolomite-dis     -0.96     -0.87    0.09  CaMg(CO3)2 

  Dolomite-ord      0.01     -0.87   -0.88  CaMg(CO3)2 

  Enstatite        -2.35      4.70    7.06  MgSiO3 

  Epidote         -14.38     -1.64   12.74  Ca2FeAl2Si3O12OH 

  Epidote-ord     -14.40     -1.64   12.75  FeCa2Al2(OH)(SiO4)3 

  Epsomite         -3.74     -6.28   -2.55  MgSO4:7H2O 

  Ettringite      -61.01    -15.70   45.31  Ca6Al2(SO4)3(OH)12:26H2O 

  Fayalite         -6.25      5.18   11.44  Fe2SiO4 

  Fe              -12.79     28.43   41.22  Fe 

  Fe(OH)2          -5.34      3.96    9.30  Fe(OH)2 

  Fe(OH)3          -6.09     -4.67    1.43  Fe(OH)3 

  Fe2(SO4)3       -38.61    -50.02  -11.41  Fe2(SO4)3 

  FeO              -4.46      3.99    8.45  FeO 

  Ferrite-Ca      -14.02     -5.60    8.41  CaFe2O4 

  Ferrite-Dicalcium -35.66     -1.96   33.71  Ca2Fe2O5 

  Ferrite-Mg       -8.95     -1.74    7.21  MgFe2O4 

  Ferrosilite      -3.10      1.19    4.29  FeSiO3 

  FeSO4            -8.05     -9.60   -1.55  FeSO4 

  Forsterite       -5.56     12.21   17.77  Mg2SiO4 

  Foshagite       -41.44      6.13   47.57  Ca4Si3O9(OH)2:0.5H2O 

  Gaylussite      -10.66      0.09   10.75  CaNa2(CO3)2:5H2O 

  Gehlenite       -23.60      8.60   32.20  Ca2Al2SiO7 

  Gibbsite         -0.37      2.01    2.38  Al(OH)3 

  Gismondine      -36.25      4.05   40.30  Ca2Al4Si4O16:9H2O 

  Glauberite       -9.46    -14.93   -5.47  Na2Ca(SO4)2 

  Goethite         -2.14     -4.64   -2.50  FeOOH 

  Greenalite       -7.60      6.31   13.91  Fe3Si2O5(OH)4 

  Grossular       -23.14      6.64   29.78  Ca3Al2(SiO4)3 

  Gypsum           -4.62    -10.00   -5.38  CaSO4:2H2O 

  Gyrolite        -18.98     -1.19   17.80  Ca2Si3O7(OH)2:1.5H2O 

  H2(g)            -5.17     -8.19   -3.02  H2 

  H2O(g)            0.46     -0.03   -0.49  H2O 

  H2S(g)           -3.89    -11.90   -8.01  H2S 

  Halite           -2.94     -1.43    1.52  NaCl 

  Hatrurite       -44.16      8.13   52.30  Ca3SiO5 

  HCl(g)           -8.26     -5.75    2.51  HCl 

  Hedenbergite    -10.85      2.03   12.88  CaFe(SiO3)2 

  Hematite         -2.71     -9.25   -6.54  Fe2O3 

  Hercynite        -3.88      8.10   11.98  FeAl2O4 

  Hexahydrite      -4.03     -6.25   -2.23  MgSO4:6H2O 

  Hillebrandite   -22.28      4.46   26.74  Ca2SiO3(OH)2:0.17H2O 

  Huntite           0.94      2.12    1.18  CaMg3(CO3)4 

  Hydromagnesite   -2.20     13.35   15.55  Mg5(CO3)4(OH)2:4H2O 

  Hydrophilite    -15.04     -7.82    7.22  CaCl2 

  Ice              -0.58     -0.03    0.55  H2O 

  Illite           -0.00     -0.92   -0.92  

K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 

  Jadeite          -2.78      0.75    3.53  NaAl(SiO3)2 

  Jarosite        -17.54    -37.28  -19.74  KFe3(SO4)2(OH)6 

  Jarosite-Na     -30.89    -36.84   -5.95  NaFe3(SO4)2(OH)6 

  K               -36.31     16.08   52.39  K 

  K(g)            -42.75     16.08   58.83  K 

  K-Feldspar        0.20     -2.49   -2.69  KAlSi3O8 

  K2CO3:1.5H2O    -11.58      1.67   13.25  K2CO3:1.5H2O 
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  K2O             -56.14      7.72   63.86  K2O 

  K3H(SO4)2       -11.99    -15.61   -3.62  K3H(SO4)2 

  K8H4(CO3)6:3H2O -32.78     -5.32   27.46  K8H4(CO3)6:3H2O 

  Kainite          -7.48     -8.04   -0.56  KMgClSO4:3H2O 

  KAl(SO4)2       -16.37    -21.26   -4.89  KAl(SO4)2 

  Kalicinite       -2.45     -2.16    0.28  KHCO3 

  Kalsilite        -2.07      3.11    5.18  KAlSiO4 

  Kaolinite        -0.00     -1.55   -1.55  Al2Si2O5(OH)4 

  Katoite         -63.07     14.87   77.94  Ca3Al2H12O12 

  Kieserite        -5.76     -6.11   -0.35  MgSO4:H2O 

  KMgCl3          -20.05     -5.83   14.22  KMgCl3 

  KMgCl3:2H2O     -15.64     -5.88    9.75  KMgCl3:2H2O 

  KNaCO3:6H2O      -7.78      1.98    9.76  KNaCO3:6H2O 

  Kyanite          -2.63      1.31    3.94  Al2SiO5 

  Lansfordite      -3.07      1.35    4.42  MgCO3:5H2O 

  Larnite         -22.75      4.49   27.24  Ca2SiO4 

  Laumontite       -6.46     -3.57    2.89  CaAl2Si4O12:4H2O 

  Lawrencite      -11.85     -7.47    4.38  FeCl2 

  Lawsonite        -7.29      2.09    9.38  CaAl2Si2O7(OH)2:H2O 

  Leonite          -7.62    -12.07   -4.45  K2Mg(SO4)2:4H2O 

  Lime            -19.71      3.65   23.35  CaO 

  Magnesite         1.55      1.50   -0.05  MgCO3 

  Magnetite        -4.88     -5.26   -0.38  Fe3O4 

  Margarite        -8.45      6.23   14.69  CaAl4Si2O10(OH)2 

  Maximum_Microcline   0.22     -2.49   -2.71  KAlSi3O8 

  Mayenite       -228.26     72.51  300.78  Ca12Al14O33 

  Melanterite      -7.19     -9.80   -2.61  FeSO4:7H2O 

  Mercallite       -8.30     -9.74   -1.44  KHSO4 

  Merwinite       -34.43     12.84   47.26  MgCa3(SiO4)2 

  Mesolite         -2.73      0.88    3.61  

Na.676Ca.657Al1.99Si3.01O10:2.647H2O 

  Mg              -55.17     31.95   87.11  Mg 

  Mg(g)           -67.98     31.95   99.92  Mg 

  Mg1.25SO4(OH)0.5:0.5H2O  -4.17     -4.23   -0.06  

Mg1.25SO4(OH)0.5:0.5H2O 

  Mg1.5SO4(OH)     -4.94     -2.34    2.59  Mg1.5SO4(OH) 

  MgCl2:2H2O      -11.75     -4.01    7.74  MgCl2:2H2O 

  MgCl2:4H2O       -8.62     -4.07    4.55  MgCl2:4H2O 

  MgCl2:H2O       -13.79     -3.98    9.81  MgCl2:H2O 

  MgOHCl           -8.20      1.76    9.96  MgOHCl 

  MgSO4            -5.96     -6.08   -0.13  MgSO4 

  Minnesotaite     -6.60      0.74    7.34  Fe3Si4O10(OH)2 

  Mirabilite       -8.48     -5.27    3.21  Na2SO4:10H2O 

  Misenite        -53.25    -64.33  -11.08  K8H6(SO4)7 

  Molysite        -26.91    -21.82    5.09  FeCl3 

  Monohydrocalcite  -4.06     -2.39    1.67  CaCO3:H2O 

  Monticellite    -11.56      8.35   19.91  CaMgSiO4 

  Montmor-Ca       -0.63     -4.73   -4.10  

Ca.165Mg.33Al1.67Si4O10(OH)2 

  Montmor-K        -0.14     -4.05   -3.91  K.33Mg.33Al1.67Si4O10(OH)2 

  Montmor-Mg        0.22     -4.09   -4.31  Mg.495Al1.67Si4O10(OH)2 

  Montmor-Na       -0.16     -3.91   -3.75  

Na.33Mg.33Al1.67Si4O10(OH)2 

  Mordenite        -3.14     -9.74   -6.60  

Ca.2895Na.361Al.94Si5.06O12:3.468H2O 

  Mordenite-dehy  -13.44     -9.64    3.80  

Ca.2895Na.361Al.94Si5.06O12 

  Muscovite         1.27      1.59    0.32  KAl3Si3O10(OH)2 

  Na              -32.89     16.52   49.42  Na 

  Na(g)           -41.35     16.52   57.87  Na 

  Na2CO3           -6.61      2.60    9.20  Na2CO3 

  Na2CO3:7H2O      -9.65      2.40   12.04  Na2CO3:7H2O 

  Na2O            -42.37      8.61   50.98  Na2O 

  Na2SiO3         -12.33      5.80   18.13  Na2SiO3 
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  Na3H(SO4)2      -13.39    -14.29   -0.89  Na3H(SO4)2 

  Na4Ca(SO4)3:2H2O -13.91    -19.97   -6.06  Na4Ca(SO4)3:2H2O 

  Na4SiO4         -40.72     14.41   55.13  Na4SiO4 

  Na6Si2O7        -58.85     20.21   79.07  Na6Si2O7 

  NaFeO2          -12.50     -0.32   12.18  NaFeO2 

  Nahcolite        -2.29     -1.72    0.57  NaHCO3 

  Natrolite        -4.03      4.25    8.28  Na2Al2Si3O10:2H2O 

  Natron           -9.48      2.31   11.79  Na2CO3:10H2O 

  Natrosilite     -12.12      3.00   15.12  Na2Si2O5 

  Nepheline        -3.34      3.56    6.90  NaAlSiO4 

  Nesquehonite     -2.90      1.41    4.31  MgCO3:3H2O 

  Nontronite-Ca    -2.95    -18.28  -15.34  Ca.165Fe2Al.33Si3.67H2O12 

  Nontronite-H     -2.97    -18.89  -15.92  H.33Fe2Al.33Si3.67H2O12 

  Nontronite-K     -2.54    -17.61  -15.07  K.33Fe2Al.33Si3.67H2O12 

  Nontronite-Mg    -2.14    -17.64  -15.51  Mg.165Fe2Al.33Si3.67H2O12 

  Nontronite-Na    -2.53    -17.46  -14.93  Na.33Fe2Al.33Si3.67H2O12 

  O2(g)           -45.80    -48.88   -3.07  O2 

  Okenite         -11.08     -2.02    9.07  CaSi2O4(OH)2:H2O 

  Oxychloride-Mg  -16.12      9.12   25.25  Mg2Cl(OH)3:4H2O 

  Paragonite       -0.80      2.03    2.84  NaAl3Si3O10(OH)2 

  Pargasite       -26.54     30.94   57.49  NaCa2Al3Mg4Si6O22(OH)2 

  Pentahydrite     -4.42     -6.23   -1.80  MgSO4:5H2O 

  Periclase        -6.73      7.51   14.23  MgO 

  Phlogopite       -1.44     20.00   21.44  KAlMg3Si3O10(OH)2 

  Picromerite      -7.18    -12.12   -4.94  K2Mg(SO4)2:6H2O 

  Pirssonite      -10.98      0.17   11.16  Na2Ca(CO3)2:2H2O 

  Polyhalite      -17.42    -31.90  -14.48  K2MgCa2(SO4)4:2H2O 

  Portlandite     -12.76      3.62   16.38  Ca(OH)2 

  Prehnite        -13.54      2.97   16.51  Ca2Al2Si3O10(OH)2 

  Pseudowollastonite  -8.97      0.84    9.82  CaSiO3 

  Pyrite            0.00    -20.19  -20.19  FeS2 

  Pyrophyllite     -0.83     -7.13   -6.30  Al2Si4O10(OH)2 

  Pyrrhotite       -3.42     -7.88   -4.46  FeS 

  Quartz            0.00     -2.80   -2.80  SiO2 

  Rankinite       -31.37      5.33   36.70  Ca3Si2O7 

  Ripidolite-14A   -6.02     26.09   32.11  Mg3Fe2Al2Si3O10(OH)8 

  Ripidolite-7A    -8.79     26.09   34.88  Mg3Fe2Al2Si3O10(OH)8 

  S                -3.58    -36.31  -32.73  S 

  S2(g)           -15.03    -24.61   -9.57  S2 

  Sanidine_high    -0.46     -2.49   -2.03  KAlSi3O8 

  Saponite-Ca      -1.53     13.49   15.01  

Ca.165Mg3Al.33Si3.67O10(OH)2 

  Saponite-H       -1.55     12.88   14.43  H.33Mg3Al.33Si3.67O10(OH)2 

  Saponite-K       -1.12     14.16   15.28  K.33Mg3Al.33Si3.67O10(OH)2 

  Saponite-Mg      -0.72     14.12   14.85  Mg3.165Al.33Si3.67O10(OH)2 

  Saponite-Na      -1.11     14.31   15.41  

Na.33Mg3Al.33Si3.67O10(OH)2 

  Scolecite        -5.26     -0.74    4.52  CaAl2Si3O10:3H2O 

  Sepiolite        -7.78     13.01   20.79  Mg4Si6O15(OH)2:6H2O 

  Si              -61.19     46.08  107.26  Si 

  Si(g)          -111.02     46.08  157.10  Si 

  Siderite         -0.00     -2.02   -2.02  FeCO3 

  Sillimanite      -2.91      1.31    4.22  Al2SiO5 

  SiO2(am)         -0.78     -2.80   -2.02  SiO2 

  Smectite-high-Fe-Mg  -2.58      3.73    6.31  

Ca.025Na.1K.2Fe.5Fe.2Mg1.15Al1.25Si3.5H2O12 

  Smectite-low-Fe-Mg  -1.78      0.70    2.48  

Ca.02Na.15K.2Fe.29Fe.16Mg.9Al1.25Si3.75H2O12 

  SO2(g)          -10.84    -11.64   -0.80  SO2 

  Spinel           -6.74     11.62   18.35  Al2MgO4 

  Sr              -71.79     30.51  102.29  Sr 

  Sr(OH)2         -14.34      6.04   20.38  Sr(OH)2 

  Sr2SiO4         -21.42      9.33   30.75  Sr2SiO4 

  SrCl2           -10.01     -5.40    4.62  SrCl2 
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  SrCl2:2H2O       -7.21     -5.45    1.76  SrCl2:2H2O 

  SrCl2:6H2O       -8.18     -5.57    2.62  SrCl2:6H2O 

  SrCl2:H2O        -7.90     -5.42    2.47  SrCl2:H2O 

  SrO             -24.23      6.07   30.30  SrO 

  SrS             -15.77     -5.81    9.96  SrS 

  SrSiO3           -7.38      3.27   10.65  SrSiO3 

  Starkeyite       -4.86     -6.20   -1.33  MgSO4:4H2O 

  Stilbite         -4.38    -10.52   -6.14  

Ca1.019Na.136K.006Al2.18Si6.82O18:7.33H2O 

  Strontianite      1.03      0.06   -0.97  SrCO3 

  Sylvite          -3.22     -1.87    1.35  KCl 

  Syngenite        -8.16    -15.84   -7.68  K2Ca(SO4)2:H2O 

  Tachyhydrite    -32.21    -16.07   16.14  Mg2CaCl6:12H2O 

  Talc             -1.36     11.28   12.64  Mg3Si4O10(OH)2 

  Thenardite       -4.03     -4.98   -0.95  Na2SO4 

  Thermonatrite    -7.02      2.57    9.59  Na2CO3:H2O 

  Tobermorite-11A -48.27      1.26   49.53  Ca5Si6H11O22.5 

  Tobermorite-14A -49.58      1.12   50.70  Ca5Si6H21O27.5 

  Tobermorite-9A  -49.66      1.33   50.98  Ca5Si6H6O20 

  Tremolite       -16.63     22.38   39.01  Ca2Mg5Si8O22(OH)2 

  Tridymite        -0.19     -2.80   -2.61  SiO2 

  Troilite         -3.35     -7.88   -4.54  FeS 

  Trona-K         -11.49     -0.07   11.42  K2NaH(CO3)2:2H2O 

  Wairakite        -8.34     -3.51    4.83  CaAl2Si4O10(OH)4 

  Wollastonite     -8.87      0.84    9.72  CaSiO3 

  Wustite          -4.61      2.87    7.48  Fe.947O 

  Xonotlite       -62.01      5.03   67.04  Ca6Si6O17(OH)2 

  Zoisite         -14.73      5.03   19.76  Ca2Al3(SiO4)3OH 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

------------------ 

End of simulation. 

------------------ 

 

------------------------------------ 

Reading input data for simulation 2. 

------------------------------------ 

 

------------------------------- 

End of Run after 0.269 Seconds. 

------------------------------- 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

243 

The input of kinetic model for carbonate zone 

 

 
SOLUTION 1 

    temp      150 

    pH        6.67 

    pe        4 

    redox     pe 

    units     ppm 

    density   1 

    Alkalinity 400 

    Ca        247 

    Cl        12348 

    Fe        50 

    K         311 

    Mg        46 

    Na        7653 

    S(6)      182 

    Sr        73 

    -water    1 # kg 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 350 

    -volume 1 

    -temperature 150 

    CO2(g)    245 

EQUILIBRIUM_PHASES 1 

    Albite    0 0 

    Albite_high 0 0 

    Albite_low 0 0 

    Analcime  0 0 

    Anhydrite 0 0 

    Anorthite 0 0 

    Aragonite 0 0 

    Beidellite-Ca 0 0 

    Beidellite-K 0 0 

    Beidellite-Mg 0 0 

    Beidellite-Na 0 0 

    Calcite   0 27.2 

    Chamosite-7A 0 0 

    Clinochlore-14A 0 0 

    Clinochlore-7A 0 0 

    Dawsonite 0 0 

    Dolomite  0 18.1 

    Gypsum    0 0 

    Hematite  0 0 

    Illite    0 0.2 

    K-Feldspar 0 0 

    Kaolinite 0 0 

    Magnesite 0 0 

    Magnetite 0 0 

    Montmor-Ca 0 0 

    Montmor-K 0 0 

    Montmor-Mg 0 0 

    Montmor-Na 0 0 

    Muscovite 0 0 

    Nontronite-Ca 0 0 

    Nontronite-H 0 0 

    Nontronite-K 0 0 

    Nontronite-Mg 0 0 

    Nontronite-Na 0 0 

    Quartz    0 1.02 

    Saponite-Ca 0 0 
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    Saponite-H 0 0 

    Saponite-K 0 0 

    Saponite-Mg 0 0 

    Saponite-Na 0 0 

    Siderite  0 0 

    Smectite-high-Fe-Mg 0 0 

    Smectite-low-Fe-Mg 0 0 

RATES 

    Quartz 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Quartz") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Quartz")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Quartz")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Quartz")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Calcite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 
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120 IF (SI("Calcite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Calcite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Calcite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Calcite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Dolomite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Dolomite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Dolomite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Dolomite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Dolomite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 
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    Illite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Illite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Illite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Illite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Illite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

KINETICS 1 

Calcite 

    -formula  CaCO3  1 

    -m        27.22549705 

    -m0       27.22549705 

    -parms    44.8 0.501187234 1.54882e-06 0.000331131 14400 23500 

35400 1 1 6 8 

    -tol      1e-08 

Dolomite 

    -formula  CaMg(CO3)2  1 

    -m        18.1 

    -m0       18.1 

    -parms    174.3 0.000645654 2.95121e-08 7.76247e-06 36100 52200 

34800 0.5 0.5 6 8 

    -tol      1e-08 

Illite 

    -formula  K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2  1 

    -m        0.153935476 

    -m0       0.153935476 

    -parms    1226.3 1.41254e-12 2.81838e-14 2.81838e-15 22000 22000 

22000 0.37 -0.22 6 8 

    -tol      1e-08 

Quartz 

    -formula  SiO2  1 
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    -m        1.03082 

    -m0       1.03082 

    -parms    7 1.02329e-14 1.02329e-14 5.12861e-17 87600 87600 

108000000 0 -0.5 6 8 

    -tol      1e-08 

-steps       1 60 1800 3650 7300 10950 43800 87600 175200 262800 

1314000 2628000 5256000 7884000 13140000 31536000 63072000 94608000 

157680000 315360000 

-step_divide 1 

-runge_kutta 3 

-bad_step_max 500 

KNOBS 

    -iterations            300 

    -convergence_tolerance 1e-010 

    -tolerance             1e-010 

    -step_size             200 

    -pe_step_size          10 

    -debug_model           false 

    -debug_prep            false 

    -debug_set             false 

    -debug_inverse         false 

    -debug_diffuse_layer   false 

 

INCREMENTAL_REACTIONS True 

 

SELECTED_OUTPUT 1 

    -file                 C:\Users\SSMS\Desktop\PhreeqC modelling\In 

Document 2019\PhreeqC modeling\Carbonate\K5_kinetics_V2 

2021_100%CO2.sel 

    -totals               Alkalinity  Ba  C  C(2)  C(-2)  C(-3)  C(4) 

                          C(-4)  Ca  Cl  Fe  Fe(2)  Fe(3)  Mg 

                          Mn  K  Na  O(0)  S  S(2)  S(-2) 

                          S(3)  S(4)  S(5)  S(6)  S(7)  S(8)  Si 

                          Sr 

    -molalities           HCO3-  K+  Mg+2  Ba+2 

                          Ca+2  CO2  CO3-2  Fe+2 

                          Fe+3  H2O  H2S  H+ 

                          Mn+2  Na+  O2  OH- 

                          S-2  SO4-2  SO3-2  Sr+2 

    -equilibrium_phases   Albite  Analcime  Anhydrite  Anorthite 

                          Aragonite  Beidellite-Ca  Beidellite-H  

Beidellite-K 

                          Beidellite-Mg  Beidellite-Na  Calcite  

Chamosite-7A 

                          Clinochlore-14A  Clinochlore-7A  Dawsonite  

Dolomite 

                          Gypsum  Illite  Kaolinite  K-Feldspar 

                          Magnesite  Magnetite  Montmor-Ca  Montmor-K 

                          Montmor-Mg  Montmor-Na  Muscovite  

Nontronite-Ca 

                          Nontronite-H  Nontronite-K  Nontronite-Mg  

Nontronite-Na 

                          Pyrite  Quartz  Saponite-Ca  Saponite-H 

                          Saponite-K  Saponite-Mg  Saponite-Na  

Smectite-high-Fe-Mg 

                          Smectite-low-Fe-Mg  Siderite 

    -saturation_indices   Albite  Analcime  Anhydrite  Anorthite 

                          Aragonite  Beidellite-Ca  Beidellite-H  

Beidellite-K 

                          Beidellite-Mg  Beidellite-Na  Calcite  

Chamosite-7A 

                          Clinochlore-14A  Clinochlore-7A  Dawsonite  

Dolomite 

                          Gypsum  Illite  Kaolinite  K-Feldspar 
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                          Magnesite  Magnetite  Montmor-Ca  Montmor-K 

                          Montmor-Mg  Montmor-Na  Muscovite  

Nontronite-Ca 

                          Nontronite-H  Nontronite-K  Nontronite-Mg  

Nontronite-Na 

                          Pyrite  Quartz  Saponite-Ca  Saponite-H 

                          Saponite-K  Saponite-Mg  Saponite-Na  

Smectite-high-Fe-Mg 

                          Smectite-low-Fe-Mg  Siderite 

    -gases                CO2(g)  CH4(g)  N2(g)  H2S(g) 

    -kinetic_reactants    Calcite  Dolomite  Quartz  Illite 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

249 

Input of kinetic model for caprock zone 

SOLUTION 1 

    temp      135 

    pH        6.67 

    pe        4 

    redox     pe 

    units     ppm 

    density   1 

    Alkalinity 400 

    Ca        247 

    Cl        12348 

    Fe        50 

    K         311 

    Mg        46 

    Na        7653 

    S(6)      182 

    Sr        73 

    -water    1 # kg 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 340 

    -volume 1 

    -temperature 135 

    CO2(g)    340 

EQUILIBRIUM_PHASES 1 

    Albite    0 0 

    Albite_high 0 0 

    Albite_low 0 0 

    Analcime  0 0 

    Anhydrite 0 0 

    Anorthite 0 0 

    Aragonite 0 0 

    Beidellite-Ca 0 0 

    Beidellite-H 0 0 

    Beidellite-K 0 0 

    Beidellite-Mg 0 0 

    Beidellite-Na 0 0 

    Brucite   0 0 

    Calcite   0 0 

    Chalcedony 0 0 

    Chamosite-7A 0 0 

    Clinochlore-14A 0 0 

    Clinochlore-7A 0 0 

    Dawsonite 0 0 

    Dolomite  0 9.5579 

    Dolomite-dis 0 0 

    Dolomite-ord 0 0 

    Gypsum    0 0 

    Hematite  0 0 

    Illite    0 41.4289 

    K-Feldspar 0 0 

    Kaolinite 0 31.541 

    Magnesite 0 0 

    Magnetite 0 0 

    Montmor-Ca 0 0 

    Montmor-K 0 0 

    Montmor-Mg 0 0 

    Montmor-Na 0 0 

    Muscovite 0 0 

    Nontronite-Ca 0 0 

    Nontronite-H 0 0 

    Nontronite-K 0 0 

    Nontronite-Mg 0 0 
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    Nontronite-Na 0 0 

    Pyrite    0 3.6725 

    Quartz    0 220.0156 

    Saponite-Ca 0 0 

    Saponite-H 0 0 

    Saponite-K 0 0 

    Saponite-Mg 0 0 

    Saponite-Na 0 0 

    Siderite  0 34.2284 

    Smectite-high-Fe-Mg 0 0 

    Smectite-low-Fe-Mg 0 0 

RATES 

    Quartz 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Quartz") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Quartz")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Quartz")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Quartz")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Dolomite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 
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 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Dolomite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Dolomite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Dolomite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Dolomite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Illite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Illite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Illite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Illite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Illite")) - 1) 
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300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Siderite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Siderite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Siderite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Siderite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Siderite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Pyrite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Pyrite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 
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160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Pyrite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Pyrite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Pyrite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

    Kaolinite 

-start 

 10 REM PARM(1) = SA (BET surface area/kg water) 

 20 REM PARM(2) = k25a (rate constant at 25?C in mol/m?s acid 

mechanism) 

 30 REM PARM(3) = k25n (rate constant at 25?C in mol/m?s neutral 

mechanism) 

 40 REM PARM(4) = k25b (rate constant at 25?C in mol/m?s base 

mechanism) 

 50 REM PARM(5) = Eaa (activation energy in J/mol acid mechanism) 

 60 REM PARM(6) = Ean (activation energy in J/mol neutral mechanism) 

 70 REM PARM(7) = Eab (activation energy in J/mol base mechanism) 

 80 REM PARM(8) = na (order of H+ catalysis acid mechanism) 

 90 REM PARM(9) = nb (order of H+ catalysis base mechanism) 

100 REM PARM(10) = upper pH limit acid mechanism 

110 REM PARM(11) = upper pH limit neutral mechanism 

120 IF (SI("Kaolinite") < 0) THEN GOTO 130 ELSE GOTO 310 

130 REM Dissolution Mechanism 

140 IF (M <= 0) THEN GOTO 310 

150 t = 1 

160 IF (M0 > 0) THEN t = M / M0 

170 IF ((-LA("H+")) < PARM(10)) THEN GOTO 230 

180 IF ((-LA("H+")) > PARM(11)) THEN GOTO 270 

190 REM neutral mechanism 

200 k1 = PARM(3)*EXP((PARM(6) / -8.314) * ((1 / TK) - (1 / 298.15))) 

210 rate = k1 * PARM(1) * t * (10^(SI("Kaolinite")) - 1) 

220 GOTO 300 

230 REM acid mechanism 

240 k1 = PARM(2)*EXP((PARM(5) / -8.314) * ((1 / TK) - (1 / 298.15))) 

250 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(8))) * 

(10^(SI("Kaolinite")) - 1) 

260 GOTO 300 

270 REM base mechanism 

280 k1 = PARM(4)*EXP((PARM(7) / -8.314) * ((1 / TK) - (1 / 298.15))) 

290 rate = k1 * PARM(1) * t * ((ACT("H+"))^(PARM(9))) * 

(10^(SI("Kaolinite")) - 1) 

300 moles = -rate * TIME 

310 REM PRINT "kfsp",moles 

320 SAVE moles 

-end 

KINETICS 1 

Dolomite 

    -formula  CaMg(CO3)2  1 

    -m        9.5579 



 

254 

    -m0       9.5579 

    -parms    1259 0.000645654 2.95121e-08 7.76247e-06 36100 52200 

34800 0.5 0.5 6 8 

    -tol      1e-11 

Illite 

    -formula  K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2  1 

    -m        41.4289 

    -m0       41.4289 

    -parms    495960 1.41254e-12 2.81838e-14 2.81838e-15 22000 22000 

22000 0.37 -0.22 6 8 

    -tol      1e-11 

Quartz 

    -formula  SiO2  1 

    -m        220.0156 

    -m0       220.0156 

    -parms    10052 1.02329e-14 1.02329e-14 5.12861e-17 87600 87600 

108366000 0 -0.5 6 8 

    -tol      1e-11 

Pyrite 

    -formula  FeS2  1 

    -m        3.6725 

    -m0       3.6725 

    -parms    176 3.02e-08 2.82e-05 0 56900 56900 0 0.5 0 6 8 

    -tol      1e-11 

Kaolinite 

    -formula  Al2Si2O5(OH)4  1 

    -m        31.541 

    -m0       31.541 

    -parms    81426 4.89779e-12 6.60693e-14 8.91251e-18 65900 22200 

17900 0.77 -0.472 6 8 

    -tol      1e-11 

Siderite 

    -formula  FeCO3  1 

    -m        34.2284 

    -m0       34.2284 

    -parms    2034 0.000646 1.26e-09 0 36100 62760 0 0.5 0 6 8 

    -tol      1e-11 

-steps       1 60 1800 3650 7300 10950 43800 87600 175200 262800 

1314000 2628000 5256000 7884000 13140000 31536000 63072000 94608000 

157680000 315360000 

-step_divide 1 

-runge_kutta 3 

-bad_step_max 500 

KNOBS 

    -iterations            300 

    -convergence_tolerance 1e-10 

    -tolerance             1e-15 

    -step_size             100 

    -pe_step_size          10 

    -debug_model           false 

    -debug_prep            false 

    -debug_set             false 

    -debug_inverse         false 

    -debug_diffuse_layer   false 

 

INCREMENTAL_REACTIONS False 

 

SELECTED_OUTPUT 1 

    -file                 C:\Users\SSMS\Desktop\PhreeqC 

modelling\K5_Caprockkinetics_V1_100%CO2_10 Years new input 2021 v2.sel 

    -totals               Alkalinity  Ba  C  C(2)  C(-2)  C(-3)  C(4) 

                          C(-4)  Ca  Cl  Fe  Fe(2)  Fe(3)  Mg 

                          Mn  K  Na  O(0)  S  S(2)  S(-2) 

                          S(3)  S(4)  S(5)  S(6)  S(7)  S(8)  Si 
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                          Sr 

    -molalities           HCO3-  K+  Mg+2  Ba+2 

                          Ca+2  CO2  CO3-2  Fe+2 

                          Fe+3  H2O  H2S  H+ 

                          Mn+2  Na+  O2  OH- 

                          S-2  SO4-2  SO3-2  Sr+2 

    -equilibrium_phases   Albite  Analcime  Anhydrite  Anorthite 

                          Aragonite  Beidellite-Ca  Beidellite-H  

Beidellite-K 

                          Beidellite-Mg  Beidellite-Na  Calcite  

Chamosite-7A 

                          Clinochlore-14A  Clinochlore-7A  Dawsonite  

Dolomite 

                          Gypsum  Illite  Kaolinite  K-Feldspar 

                          Magnesite  Magnetite  Montmor-Ca  Montmor-K 

                          Montmor-Mg  Montmor-Na  Muscovite  

Nontronite-Ca 

                          Nontronite-H  Nontronite-K  Nontronite-Mg  

Nontronite-Na 

                          Pyrite  Quartz  Saponite-Ca  Saponite-H 

                          Saponite-K  Saponite-Mg  Saponite-Na  

Smectite-high-Fe-Mg 

                          Smectite-low-Fe-Mg  Siderite 

    -saturation_indices   Albite  Analcime  Anhydrite  Anorthite 

                          Aragonite  Beidellite-Ca  Beidellite-H  

Beidellite-K 

                          Beidellite-Mg  Beidellite-Na  Calcite  

Chamosite-7A 

                          Clinochlore-14A  Clinochlore-7A  Dawsonite  

Dolomite 

                          Gypsum  Illite  Kaolinite  K-Feldspar 

                          Magnesite  Magnetite  Montmor-Ca  Montmor-K 

                          Montmor-Mg  Montmor-Na  Muscovite  

Nontronite-Ca 

                          Nontronite-H  Nontronite-K  Nontronite-Mg  

Nontronite-Na 

                          Pyrite  Quartz  Saponite-Ca  Saponite-H 

                          Saponite-K  Saponite-Mg  Saponite-Na  

Smectite-high-Fe-Mg 

                          Smectite-low-Fe-Mg  Siderite 

    -gases                CO2(g)  CH4(g)  N2(g)  H2S(g) 

    -kinetic_reactants    Calcite  Dolomite  Quartz  Illite 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



 

256 

 

 



 

257 

Appendix 4: Bow Tie Analysis (Risk Assessment) 

Bow tie analysis is part of the risk assessment used in this study to evaluate the 

feasibility of CO2 storage in the S Field. BowTieXP software was used for this 

evaluation. The Top Event for this bow tie analysis is unwanted CO2 migration in the 

reservoir and through the caprock. Six geological threats have been identified. Barriers 

were assigned for each threat and arranged on the left side of the chart. In the right part, 

the significant consequences were listed with their barriers.   

 

 
 

Figure 1. The main components of the Bow Tie for this study 

 

 

 

 



 

258 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 Figure 2. The first four threats identified in this study. 
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 Figure 3. Another two threats identified in this study. 

 

 

 

 
 

 

Figure 4. The main consequence for this risk assessment. 

 



 

260 

 

 

 

 

 

 

 


