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Abstract 

One promising method to mitigate global warming is the injection of carbon dioxide (one of 

the greenhouse gases) into deep saline aquifers, trapping it physically into the pore space and 

chemically converting it into minerals. To ensure the safety and efficiency of this method, it is 

necessary to understand the trapping mechanisms and the interactions CO2-rock-brine that 

governs the reservoir. 

The storage saline aquifer used in this work is Smeaheia reservoir, located east of the Troll 

field, 50 km offshore from Bergen, Norway. In a study leaded by Gassnova and Statoil 

(Equinor), Smeaheia was proposed as a suitable CO2 depository site due to its structural 

configuration, which offers low leakage risk and large storage capacity. This work estimated a 

maximum capacity of 92.3Mt of CO2 to be stored at reservoir conditions, into the porous-

permeable zones at Alpha structure in Smeaheia site. The reservoir interval considered in this 

work at Smeaheia area comprises deposits from the Viking Group (1,2 to 1,6 km depth). With 

ages from Middle to Upper Jurassic, the Viking Group is formed by three heterogeneous 

shallow marine and deltaic sandstones wedges named Sognefjord, Fensfjord and Krossfjord 

formations. The main seal unit is the marine mudstones from Draupne Formation.  These units 

are intercalated with the low-permeability silty-claystones of the Heather Formation. 

The structural trapping potential is as a function of reservoir heterogeneities, conditioned by its 

high porosity (~30%) and permeability (>1000mD), that improve the CO2 plume to spread in 

the reservoir. In a time frame of thousands of years, the plume acidifies the formation water, 

which dissolves the existing reactive phases and further precipitates carbonate minerals. The 

dissolution/precipitation are given by mineral chemistry and its respective reaction rates. In 

Smeaheia, it is favored by smaller grain size (facies dependent) of fine-sand to silt fractions that 

yields to larger reactive surface and accelerates the dissolution of framework minerals. 

The low salinity of the formation water (TDS~5.6g/l) implies in the CO2 and mineral 

dissolution. The local relatively low temperature (~45 ºC) and pressures (~120 bar) impact 

mineral kinetics and the potential for subsequent CO2 trapping through carbonate precipitation 

that might form siderite and dawsonite. 

Keywords: Deep saline aquifers; Smeaheia CO2 storage candidate; CO2 reactivity; Mineral 

kinectics; Reservoir modeling; Geochemical simulation. 
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1 Introduction 

By the end of XXI century, the emissions of greenhouse gasses (GHG) will rise the average 

global temperature by 1.1 to 6.4°C. Climate models established by the Intergovernmental Panel 

on Climate Change (IPCC) indicate that dramatic climate effects will occur if the global average 

temperature increases by more than 2°C (Metz et al., 2005b). To avoid the consequences of 

temperature increase, the GHG (composed by water vapor, carbon dioxide, methane and nitrous 

oxide) atmospheric levels should stay below 450 ppm by 2050. The most serious consequences 

of temperature increase are the melting of polar ice caps, that will cause a sea level rise of up 

to 1 meter by 2100, submerging the coastal cities; Extreme climate events such as hurricanes 

and droughts will be more frequent; entire ecosystems will be disrupted, inducing the extinction 

of several species (Dargaville et al., 2002, Tol, 2006). 

Carbon capture and storage (CCS) is one out of several strategies to mitigate rapidly increase 

of atmospheric CO2 levels. CCS involves capture of CO2 from industrial sources, transport, and 

store it into geological formations. Because of the yet relatively high costs of CO2 capture, there 

are large effort on enhance the public polices and research programs underway to improve the 

energy-efficiency of current methods and to come up with new and more cost-effective 

technologies.  

Once captured, CO2 can be stored underground in geological formations, preferentially as a 

dense supercritical phase. The main requirements of a storage site are that it must have sufficient 

injectivity and storage capacity, isolated by a tight cap rock. On the short term, the CO2 

immobilization is given by structural and stratigraphic trapping, as for hydrocarbons reservoirs. 

As the CO2 plume moves, part of the gas is retained in small pore throat in the residual water 

by entry capillary pressure. In the medium to long term, CO2 also gets dissolved into formation 

water, acidifying the system and leading to mineral dissolution. The dissolved mineral will 

provide metal cations that will in bind with CO2 to precipitate as carbonate mineral, which is 

the safest CO2 trapping mechanism. 

In the following chapters, some aspects will be presented as:  

 Technical background, containing a basic description of technological background used 

in CO2  capture and storage;  
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 Geological settings with a picture of the main geological features in Smeaheia reservoir, 

based in available literature and scientific work; 

 Data and methods contains a brief description of input data, parameters, and analytical 

methods used in this thesis; 

 Results present the product from the analysis performed in this thesis; 

 Discussion presents the interpretation of obtained outcomes; 

 Conclusions shows a closing of this thesis with suggestions to implement the quality of 

further works related to same subject. 

 

 

 

 

 

 

 



  
 

3 
 

2 Technical Background 

One of several alternatives to reduce atmospheric greenhouse gases and mitigate climate change 

is the capture and storage of carbon dioxide (CO2) in geological reservoirs (IPCC, 2014). This 

technology consists in successive stages since the separation of CO2 from flue gas sources 

(industries, power plants, etc.), it compression, transport and injection into suitable geological 

storage site (Nguyen, 2003). In the 70’s it was suggested that CO2 storage could be utilized to 

reduce emissions of carbon, but due to the process inflated costs, the idea was dismissed. It 

became popular again in the early 1990’s when the scientific community identified the link 

between global warming, climate change, and the increase of atmospheric greenhouse gases 

concentration. It is a general consensus that the CO2 capture and sequestration (CCS), combined 

with other methods (for instance, biomass generation), is one of the most assured technologies 

available to reduce CO2 atmospheric level due its capacity to store large volumes of CO2, 

allowing at same time the economic development, because it can potentially recovers CO2 

emissions from fossil-fuels,  power plants and industrial processes, it strategically prevents 

these industries to be decommissioned, slowed or suffer reduced operations in a carbon-

constrained world (IEA, 2015). 

Currently, there are four alternatives to withdraw physically the CO2 from the atmosphere that 

are considered for carbon sequestration: (i) geological storage, within rock formations deep in 

the earth’s crust; (ii) ocean storage, within deep ocean basins; (iii) beneficial reuse, where 

CO2 is used for practical purposes such as EOR (enhanced oil recovery) that also have a 

component of carbon storage; and (iv) terrestrial storage, including the storage of carbon in 

forests, grasslands, algae, and other plant-based systems. 

There geological storage sites for carbon dioxide could be saline aquifers, salt caverns, basalt 

formations, shale formations, unmineable coal beds and seams, and former / depleting 

hydrocarbon fields (Metz et al., 2005a), and it utilization will depend on a throughout viability 

study. Among the geological storage options for CO2, saline aquifers offers advantages such as 

highest storage volume capacity (Metz et al., 2005b, Celia et al., 2009), absence of exploitable 

potential for fresh water or hydrocarbons, and as it holds naturally water pore filling, the CO2 

dissolution is favored, improving the gas immobilization and storage safety. In the North Sea, 

most of candidates site are siliciclastic sandstones saline aquifers (Sundal, 2015) for instance, 
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Snøhvit, Sleipner, and Smeaheia – which is used for CO2 storage estimation in this study, 

further presented in detail.  

The process of CO2 storage in deep underground porous rock formations consists in successive 

stages (Nguyen, 2003), as resumed in Fig.1: 

 
Fig. 1: Carbon capture and storage chain of processes. Adapted from (GCCSI, 2012). 

 

CO2 is recovered from electricity generation and industrial processes (cement, fertilizer, steel 

production plants, separation from natural gas production) through three different techniques 

briefly described in Fig.2:  

 
Fig. 2: CO2 capture methods, adapted from (SBCEI, 2013). 
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Pre-combustion capture: This method maximizes power output. Almost pure oxygen flows into 

the gasifier and reacts with fuel to form syngas (a mixture of hydrogen, carbon monoxide, 

carbon dioxide and water). Steam is added to the syngas in a shift reactor, converting carbon 

monoxide to hydrogen and CO2. The hydrogen from this process is used in heat recovery steam 

generators and in future, may be used as fuel for cars and heating, with near zero emissions. 

Post-combustion capture: CO2 is separated from flue gas through high pressure membrane 

filtration, adsorption/desorption processes, and cryogenic separation after combustion. It can 

be retrofitted to existing power and heavy industrial plants with relatively inflated costs and 

energy penalty. The membrane absorbed CO2 is liberated from the solvent and is compressed 

for transportation and storage. As example, the Klemestrud Plant produces 300.000 tons per 

year of biogenic and fossil CO2 resulting from non-recyclable waste processing. This 

corresponds to 12% of the CO2 produced annually in Oslo that is saved from being released in 

the atmosphere. 

Oxyfuel combustion: an air separation unit removes nitrogen from the air, keeping pure oxygen, 

which is then injected with the fuel into a boiler where combustion takes place. The steam 

generated is used to power turbines and electricity. The flue gas of CO2 and water vapor is 

recirculated to control the boiler temperature. After that, the flue gas is cooled, the water vapor 

is separated, and the CO2 is compressed and dehydrated, becoming ready to transport and 

storage. 

As example of locally on-going projects, the Klemetsrud Plant produces 300.000 tons per year 

of biogenic and fossil CO2 resulting from non-recyclable waste processing. This corresponds 

to 12% of the CO2 produced annually in Oslo (Klemetsrud, 2017) that is saved from being 

released in the atmosphere; The Yara fertilizer production plant in Porsgrunn, reduced its outlet 

of CO2-equivalente with 1.2 Mt CO2 per year with own developed catalyst technology with 

capacity to retain 210kt of CO2 per year with the current technology (Rutlin, 2015).  

2.1 CO2 transport 

Transporting CO2 from capture plants to storage sites is an important stage in the CCS (Carbon 

capture and storage) cycle. Although CO2 is transported via pipelines, ships, and tanker trucks 

for EOR and other industrial operations, pipeline transport is considered to be the most cost-

effective and reliable method of transporting CO2 for onshore CCS (Svensson et al., 2004). CO2 
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can be transported as gas, liquid and solid. Compressed gas (with operating pressures between 

10 and 80 MPa) is transported by pipeline because of it less volume. Gas close to atmospheric 

pressure requires facilities with larger volume and it is further reduced by liquefaction, 

solidification or hydration to be transported as LPG (liquefied petroleum gas) and LNG 

(liquefied natural gas). 

Several constrains must be observed when defining a pipeline: captured CO2 may contain 

impurities (water vapor, hydrogen sulfide, nitrogen, methane, mercury, and hydrocarbons) that 

require specific treatment. Prior transport, the CO2 is dehydrated to levels below 50 ppm of 

water, and values above this are not desirable from an operational standpoint (Aspelund and 

Jordal, 2007). CO2 reacts with water to form carbonic acid, which is corrosive and increase the 

risk of leakage and infra-structure failing. Additionally, under the appropriate thermodynamic 

conditions, hydrates can form and plug the pipeline (Barrie et al., 2004). Regarding human 

health, the CO2 is odorless and colorless and at high concentrations it can cause asphyxiation.  

Because it is denser than air it can pool in low-lying areas with poor air ventilation (Forbes et 

al., 2008). 

2.2 Storage 

There are diverse methods to store CO2 into a reservoir, implying in several physical and 

chemical processes aiming mainly the storage security of the reservoir, which is directly 

proportional to the CO2 immobilization degree reached by the time. The contribution of each 

mechanism will depend on the site geological properties and it fluid distribution pattern 

(Sundal, 2015). The trapping mechanisms are defined according to its security improvement: 

structural and stratigraphic trapping, residual trapping, solubility trapping, and mineralization 

(Fig.2.3). 

To avouch stable fluid properties during transport and injection, CO2 should be in a 

supercritical state. The injection rates are bounded by rock properties to avoid overpressure 

which can damage the formation and compromise the fluid flow. The supercritical condition 

for CO2 occurs when temperature and pressure are above the critical values of 31.1 °C and 7.39 

MPa (Kaszuba et al., 2003). 
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Fig. 3: Different trapping mechanisms and it security by the time (Metz et al., 2005b). From the top left, clock 
wise: structural/stratigraphic trapping, residual trapping, dissolution trapping, and mineral trapping. 

 

The supercritical CO2 (sc-CO2) has properties between gas and liquid physical states: 

expanding to fill its container like a gas, taking the same pore space as a less dense gas would 

take but, having a fluid density it remains in one single phase (Jasinge and Ranjith, 2011) (Fig. 

4).  

 

Fig. 4: Schematic CO2 P-T diagram (not scaled), after Marini (2006). 

 

In the North Sea, with geothermal gradient about 30°C/km, supercritical conditions can be 

found at minimum burial depths of 800m, and it deepest limit is given by the drilling costs 

and reservoir lifetime (Sundal, 2015). 
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2.2.1 Structural and stratigraphic trapping 

In this mechanism, CO2 is trapped under low permeability rocks (like shale or mudstone) which 

prevents it from migrating to the surface, as the same process that has kept hydrocarbons 

underground for millions of years. The confining zone can be defined as structures (like 

anticlines and block isolated by non-transmissive faults), and beds bounded by unconformities, 

facies change, pinch-outs, and reefs. 

For a suitable storage, the seal should present a large and laterally continuous coverage over 

the proposed reservoir, with sufficient thickness to trap the expected volume of CO2; It also 

should have low vertical permeability, high capillary entry pressure, combined with differential 

pressure and salinity to prevent vertical migration of injected CO2; Adequate rheological (fluid 

flow) properties will favor intra-reservoir migration and plume spreading, which may enhance 

the storage process (combining the mechanisms hereby described), thus the storage security 

(Kharaka et al., 2006); Latest, it must demonstrate predictability related to existing sealed faults 

and fractures (IPCC, 2014). 

2.2.2  Residual trapping 

After the injection, free-phase CO2 migrates inside the storage site, by influence of gravity, 

displacing the formation water. Part of this CO2 is retained in the microscopic pore spaces of 

the rock, tightly trapped in the pore throats by a mechanism known as “residual trapping” or 

“capillary trapping”. It occurs after the injection process, and the CO2 plume starts migrating 

upwards due to buoyancy (Shukla et al., 2010). The water imbibes behind the moving plume, 

trapping CO2 in the form of immobile bubbles. These bubbles are unable to move through the 

pore throats due to capillary forces. 

After the injection, a in the reservoir When injection ceases, tail of the CO2 plume keeps 

moving, and it leaves droplets trapped by interfacial tension with the formation water within 

the pore space, originating the residual trapping. This irreducible CO2 saturation depends on 

the host rock relative permeability, wettability, capillarity, and the volume in which the plume 

spreads. This can be observed in sloping aquifers, after the injection, when the plume starts 

migrating, leaving behind a path of CO2 immobilized in the pore space. 

The most common model (Eqs. 1 and 2) used to estimate residual CO2 saturation (St) was 

proposed by Land (1968) and it predicts the capillary trapping potential correlating the residual 
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and maximum saturation of CO2 and it hysteresis during the imbibition stage (Juanes et al., 

2006, Spiteri et al., 2005). The relative permeability used in this estimation is obtained 

experimentally (Bachu and Bennion, 2009, Bennion and Bachu, 2005). 

����,� = 	
����,�

�������,�
                   (Eq.1) 

� =	
�

����,����

−
�

����,���
           (Eq.2) 

where ����,� is the initial saturation of CO2; � is the Land trapping coefficient, estimated from 

relative permeability curves; ����,����
 is the maximum saturation of trapped CO2 after 

imbibition; and ����,��� is the maximum gas saturation turning point before water imbibition 

starts. Usually, if there is no experimental data from the reservoir, appropriate permeability 

curves from analogue rocks and equivalent properties may be applied in finding residual 

trapping prediction (Sundal, 2015). 

2.2.3 Dissolution trapping 

Some decades after the injection, a fraction of the stored CO2 (and eventually some of the  

residual trapped CO2) will get dissolved in the formation water, forming a denser phase that 

buoyancy forces can’t carry it towards the seal (IPCC, 2014). Only a fraction of initial injected 

CO2 will dissolve, and it will be driven by reservoir’s conditions. High pressure will favor the 

CO2 dissolution, while elevated temperature will and salinity of the formation water, will 

decrease the CO2 dissolution (Bachu et al., 1994).  

The amount of dissolved CO2 normally decreases with depth due the temperature and 

formation-water salinity increase (Fig.5), characteristic of many sedimentary basins (Bachu and 

Adams, 2003). Most of the saline aquifers in North Sea present its TDS varying from 21000 to 

300000 mg/L (Warren and Smalley, 1994), offering a wide range of storability.  

In general, atmospheric or subsurface CO2 dissolves in water and generates a weak carbonic 

acid. When CO2 dissolves in the formation water, the following reactions take place  (Appelo 

and Postma, 1994): 

CO2(g) → CO2(aq)     (Eq.3) 

CO2(aq) + H2O → H2CO3   (Eq.4) 
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CO2(g) + H2O → H2CO3*    (Eq.5) 

where H2CO3* is the sum of CO2(aq) + H2CO3. For precipitation reactions occur in the opposite 

way. The solubility of CO2 in water has been shown to depend on temperature, pressure and 

salinity (Fig.5). 

 

Fig. 5: Variation of CO2 solubility in water: (a) with temperature and pressure; and (b) with salinity, for various 
conditions representative of sedimentary basins (Bachu and Adams, 2003).  

2.2.4 Mineralization 

When injected CO2 dissolves in the formation water it forms carbonic acid (Eqs. 3 to 5). 

Resulting in acidic conditions due the protons dissociated in formation water (Eqs. 6 and 7), 

that lower the pH and therefore, dissolve silicates and carbonate minerals.  

H2CO3  →  H+ + HCO3
-    (Eq.6) 

HCO3
- → H+ + CO3

2-    (Eq.7) 

When the framework minerals are dissolved, they take the carbonic acid and release cations 

(Na+, Ca2+, Mg2+, and Fe2+). In closed systems, these reactions have low rates and they are 

dependent on diffusion and in-situ temperatures (Sundal, 2015, Maast et al., 2011). Carbonates 

buffer the system instantaneously, while accessory minerals (e.g. mafic minerals, oxides and 

sulphides) may dissolve and provide cations to the aqueous solution (Sundal, 2015). 

The dissolved carbonates and cations will precipitate with the saturation of the system and may 

form authigenic carbonates (presented further in Table 4). These authigenic carbonate minerals 

stability is improved by pH increase (Koide et al., 1993), and cations supply that will precipitate 
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more carbonates, making this dissolution-precipitation system interconnected and limited by 

the lower reaction rate minerals in the system. The equilibrium between production and 

consumption of protons will be reached as long as the CO2 pressure and temperatures remains 

constant, with pH values around 5 (Wawersik et al., 2001). 

The expected carbonates to form are mainly Ca-, Mg- and Ca-Mg-carbonates. Nevertheless 

Fe2+-bearing carbonates (e.g. siderite and ankerite) may also be important, as well as dawsonite, 

Na-carbonate (Marini, 2006).  

2.3 Selection criteria for storage sites 

Potential candidate sites for CO2 storage must meet specific requirements to ensure it adequacy 

as repository site. It starts since the local selection which must be a safe to avoid fresh water 

contamination by fluid migration (GASSNOVA, 2016). Also, the prospective reservoir must 

provide enough information to allow a good understanding of it geological characteristics such 

as reservoir extension, geometry and structural settings; distribution of properties such as 

porosity and permeability, permeability; pressure, and temperature conditions; mineral 

constitution and formation water salinity (Sundal, 2015).  

The location must have an adequate volume capacity, with a high competent seal / cap rock to 

prevent the leakage or of CO2 to the surface (Angeli et al., 2013, Bretan et al., 2011). Other 

factors may imply in the selection criteria, availability of oil industry maturity and infrastructure 

(pre-existing rigs, pipelines, wells and geological data), and further social and economic issues 

like local technological development levels, funding opportunity, and public acceptance 

(Forbes et al., 2008). 

2.4 Smeaheia prospect  

In 2014 the Norwegian Ministry of Petroleum and Energy stablished a consortium between 

Gassnova, Statoil (due it experiences in CO2 storage operation and monitoring since 1996), 

Yara and Norcem (CO2 providers from fertilizer and cement industries) to assess a potential 

full-scale cost-effective technology for carbon capture and storage project in Norway by 2020. 

Gassnova as project coordinator released a pre-feasibility “Study report on potential full-scale 

CCS projects in Norway” in May 2015, which identified several CO2 industrial sources and 

three technically suitable storage sites: Smeaheia, Utsira South, and Heimdal. This report had 
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enclosed an industrial feasibility project covering all components from the offloading site 

through risers, sub-sea facilities and wells to the subsurface reservoirs – all of it in compliance 

with the Norwegian and European regulations for carbon capture and storage. The design 

requirements specify that the site should be suitable to receive at least 25 years of CO2 injection 

summing up 1.3 Mt of CO2 per year (GASSNOVA, 2016). 

In 2016 the feasibility study classified the Smeaheia location as a suitable storage site due to it 

good reservoir properties, with low implementation and technical risk, having a large storage 

capacity with possibility to increase its volume storage and infrastructure of two exploratory 

wells (Paasch et al., 2017).  

The Smeaheia reservoir is in an unlicensed location, 50 km away from the Norwegian coast, 

east of the Troll field. The main storage reservoirs are the Jurassic Sognefjord, Fensfjord and 

Krossfjord Formations of the Viking Group in a depth range of 1100 m to 1700 m. The area of 

interest has about 1180 km2 and is characterized as a large fault block sitting between the Vette 

fault and the Øygarden fault complex, with several structural traps. The data base in the area 

includes two exploratory wells: 32/4-1 and 32/2-1 in the main closures (Alpha and Beta, at 

Fig.6), several wells from the fields in it vicinities, 2D and 3D seismic surveys. Preliminary 

estimations for the Alpha structure with original reservoir pressure, defined the accommodation 

volume about 100 Mt of CO2 before the injected fluid initiates the migration to the Beta 

structure. Further Statoil’s reservoir simulations in Sognefjord and Fensfjord formations 

demonstrated that they can stand injection rates of 1.75 Mt per year, justifying one injection 

well as sufficient (Norwegian Ministry of Petroleum and Energy, 2016).  

The primary seal, Draupne Formation (a mudstone-rich marine deposit) is outspread and is 

overlaid by several shallower, tight layers (Cromer Knoll, and Shetland groups, composed by 

carbonates and deep-water sediments from Cenozoic). In future, there is also the possibility to 

extend the storage volumes considerably up to the deeper Lunde formation, to be confirmed 

during drilling campaigns. 

The cost for planning and implementation for such project chain is estimated in 7.2 to 12.6 

billion kroner (excluding VAT) and it directly depend on volume of stored CO2, the distance 

from the CO2 capture plant, and / or the amount of ships used to transport it. Operational costs 

estimations vary between 350 and 890 million kroner/year according to each alternative, and 
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these expenses are based on the reports from the industrial players and have an uncertainty of 

40% or better (GASSNOVA, 2016). 

 

Fig. 6: Alpha and Beta structures in top of Sognefjord Formation (Vette Fault at west and Øygarden Fault complex 
at east) located east of Troll, at Smeaheia prospect (Thorsen et al., 2017). 

 

In this phase of the project is crucial to understand it storage capacity, characterizing in detail 

the trapping mechanisms in Smeaheia to confirm the short and long-term storage capacity and 

security.  
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3 Geological settings 

3.1 Paleogeography 

The Early-Middle Jurassic was characterized by a re-arrangement of the continental plates in 

the rift basins resulting from the Pangea fragmentation. This break-up in the central and 

southern Atlantic expelled enormous volumes of lava and CO2 to the surface. The high 

concentration of carbon dioxide in the atmosphere, about three times higher than today’s levels 

(Weissert and Erba, 2004), during the Early Jurassic promoted global warming which led to a 

mass extinction of many organisms, but at the same time providing good conditions for the 

reptiles and amphibians to thrive during this period. 

Norway was progressively drifting northwards, its southern portion was likely positioned 

around 55°N (Torsvik and Cocks, 2016), in a more humid climatic zone (Fig.7) with minor 

temperature gradients, favoring life diversity. In the Early-Middle Jurassic the North, 

Norwegian and Barents seas were marshlands, covered by tropical vegetation, that later became 

the coal beds found in the Jurassic sediments (Ziegler, 1989). The tropical climate provided a 

environment for the prolific development of aquatic and terrestrial animal species. Animals 

such as ichthyosaurs, plesiosaurs, ammonites, belemnites, among other species, inhabited the 

seas. Whereas in land, animals like Apatosaurus, Stegosaurus, Allosaurus were walking around 

the swampy, plain areas. The air was dominated by the first birds such as Archeopteryx and 

Pterosaurs species (Ramberg, 2008). 

The Permian-Triassic rifting shaped the Norwegian coastal line almost to its current 

configuration. During the transition between Triassic-Jurassic periods, the sea level rose and 

large ancient territories of the North Atlantic were submerged (Ziegler, 1975). The elevation of 

sea level linked the northern area of the Boreal Sea with the southern portions of the Tethys 

Ocean.    

During the Early-Middle Jurassic, the combination of oscillating basin subsidence and relative 

constant sediment supply caused the coastline to migrate back and forth repeatedly. The 

subsidence from the late Triassic was distinct in different areas: the south of the North Sea 

Basin subsided below sea level and was partially covered by a shallow sea. The northern North 

Sea Basin was subject to marine influence for the first time and submerged by sea again during 
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the Early Jurassic. The basins of the Norwegian Sea submerged at approximately the same time. 

A series of islands between Mid-Norway and Greenland and remained submerged during the 

Jurassic. The Barents Sea had started to submerge in the late Triassic and this continued into 

Early Jurassic (Riis et al., 2008). Mainland Norway, the Shetland Platform and Greenland, 

which formed the Permian-Triassic rift basin margins, prevailed dry during most of the Jurassic 

period. 

 

Fig. 7: Norway's latitudinal position through time since the Carboniferous. Adapted from NGU (2015). 

 

The warm and humid climate promoted an increase in weathering and erosion of older rocks 

reducing the topography by transporting large volumes of sediments from mainland Norway 

via rivers, linked to deltas distributed in an outstretched coastal line in the shelf. At same time 

in the coastal plain region, waves and tides reworked the sediments, leaving a stratified record 

of sandstones from the relatively high energy periods, interbedded with mudstones from the 

quiescent underwater spans, covering most of the Norwegian shelf area (Ramberg, 2008). These 

Jurassic sediments are porous sandstones, and in many locations, they are important 

hydrocarbons reservoir rock in the Norwegian shelf.  

3.2 Tectonic-stratigraphic characteristics 

The North Sea Basin is located between the Norwegian mainland to the east, and the Shetland 

Platform to the west (Fig.8). The basin represents part of the failed Arctic North-Atlantic rift 

system  (Ziegler, 1992), and is bordered by broadly NS-striking rotated fault block systems that 
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are 15 to 50 km wide (Færseth and Ravnås, 1998). Two rifting phases occurred in the northern 

North Sea Basin during the Permian-early Triassic and Middle-Late Jurassic to Early 

Cretaceous ages  (Odinsen et al., 2000, Ravnås et al., 2000, Nøttvedt and Larsen, 2000), and 

these phases were separated by an ‘intra-rift’ interval, when regional tectonic basin uplift 

(Færseth and Ravnås, 1998).  

 

Fig. 8: Main structural features of North Sea Basin: a.) General structural framework from the Northern North Sea; 
b.) Cross section with Permian-Triassic Early Cretaceous to present deposits. Adapted from Duffy et al. (2015). 

 

The NE-SW Viking Graben trend was initiated in the Late Triassic and continued throughout 

the Jurassic. Permian-early Triassic major faults were partly reactivated, promoting 

segmentation and subsidence. During the Jurassic, structural uplift caused significant erosion 

during pre-Callovian time, which formed graben relief features characterized by platforms, sub 

platforms, and platform marginal highs, followed by discontinuous subsidence loading and 

erosion during late Jurassic to Early Cretaceous. This resulted in thickness variations of the 

Upper Jurassic units. The extension peaked in the late Jurassic (Gabrielsen and Koestler, 1987). 
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In early to mid-Cretaceous, the late Jurassic block faulting and extension ended and is marked 

by a period of rapid subsidence during the Cretaceous and Paleogene. Only minor movements 

along some of the major faults occurred at this time (Gabrielsen, 1986). The last tectonic event 

influencing the area was extension in the Norwegian Sea in the Paleocene. The Paleocene 

graben flanks have been uplifted and eroded, succeeded by a rapid subsidence of the graben. 

The rift event contains five discrete “pulses” of extension that caused progressively greater 

fault-related subsidence and footwall uplift, this created a series of faulted terraces between the 

Viking Graben and the Horda Platform (Ravnås et al., 2000). In the rift margin at the Horda 

Platform, few deformation took effect before the Kimmeridgian (Færseth, 1996). Each rift pulse 

caused backstepping of basin margin attached clastic depositional systems, including two 

clastic wedges now preserved within the Viking Group: “Krossfjord-Fensfjord megasequence” 

and “Sognefjord megasequence” (Steel, 1993). 

These geometrical characteristics are consistent with interpretations based on core and wireline-

log data that the Krossfjord and Fensfjord formations in the Troll Field were deposited as part 

of a long-lived coeval, wave- and tide-influenced, subaqueous delta complex (Dreyer et al., 

2005, Holgate et al., 2015) 

 Its coarse-grained sediment was supplied from a fluvio-deltaic source in the northeast of the 

Troll Field and redistributed through southward longshore currents, developing a spit landward. 

Along the shore, interfingering, prograding clinoforms oriented southwestwards, in the 

subaqueous Troll Delta (Patruno, 2013). This required two distinct sediment-input points and/or 

alongshore redistribution of large volumes of sand by waves and tides. The active rifting 

influenced stratigraphic configuration during deposition of the uppermost clinoform set, in the 

west of the field, reflecting complex structure of shallow-marine layers and sandstone 

distributions due to the interaction between sediment supply and basinal hydrodynamics 

(Patruno et al., 2015a). In the Troll field area, this subaqueous delta system remained through 

the deposition of the Sognefjord Formation through the Middle to Late Jurassic.  

3.3 The Viking Graben and Horda Platform 

The Viking Graben rift system originated during the Permo-Triassic, presenting half-grabens 

with early-Triassic infill, late Triassic to lower Jurassic succession with variated thickness 

distributions that covered the syn-rift sediments, related to the late post-rift sedimentary infill 
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that resulted from thermal subsidence following rifting (Patruno et al., 2015b). The subsidence 

continued through the lower part of the Middle Jurassic with little evidence of faulting in its 

deposits. During the Early Bathonian, extension and rotation of fault blocks continued and 

became more prominent in the Oxfordian and later in the Kimmeridgian to Ryazanian when the 

major phase of rifting and tilting of fault blocks took place (Stewart et al., 1995). During the 

Jurassic period, the eastern margin of the North Viking Graben received a constant supply of 

clastic sediments, which registered transgression and regression cycles.  

Located at east of the Viking Graben, the Horda Platform is a structural high limiting at west 

with an eastern graben margin fault system. It is represented as a series of normal faults at the 

Mesozoic levels. This border system is represented by easterly-tilted fault blocks on the east, 

whereas faults closer to the graben are west-tilted. The number of antithetic faults increase 

westwards. The Triassic rift period received inclined infill of half grabens, and sub-horizontals 

Jurassic deposits (Fig.3.2-b). The sedimentary record from late-Middle to Upper Jurassic of the 

Horda Platform is composed of very fine grained, highly micaceous to coarse grained sands 

that were deposited in shallow marine shelf to shore-face environments.  

3.4 Viking group 

The Viking Group consists on the interval utilized in Smeaheia prospect (Chapter 2, item 5). It 

was named after the Viking Graben, and it extends from the northern North Sea at 58°N, limited 

at the east boundary of East Shetland Platform. It is the stratigraphic interval this work focuses 

on and its age ranges from Bathonian to Ryazanian. It thickness may vary from few to more 

than a thousand meters since its sediments were accumulated during the active tectonic 

extension, in rotated fault blocks, forming pre-and syndepositional deposits. Its deposits consist 

of dark, grey to black, marine mudstones, claystones and shales that are locally replaced by 

sandstones and occasionally conglomerates. Its lower boundary is marked by finer-grained 

sediments deposited over the sandy lithologies of the Brent and Vestland groups (Fig.3.3). In 

areas where the Brent Group is missing (northern portions), the Viking Group often lays 

unconformably on the Dunlin Group. Its upper boundary is an unconformity covered by Lower 

Cretaceous-Paleocene sediments.  

The Middle-Upper Jurassic Viking Group comprises shelf mudstones of the Heather Formation, 

which is deposited towards the basin center in the west. The Heather Formation interfingers 
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with the three shallow-marine sandstone beds of the Krossfjord, Fensfjord and Sognefjord 

formations deposited from the east basin margin (Ravnås and Bondevik, 1997, Vollset and 

Doré, 1984), (Fig.9). Based on Smeaheia setting used for this work, the beddings of Heather 

formation that alternate the sandstones tongues are called A, B, and C. These sandstones 

sediments were deposited in a series of regressive-transgressive cycles that record the advance 

and retreat of deltaic and shallow-marine depositional systems across the Horda Platform. 

These sediments originated from the west uplift of the Norwegian hinterland and the 

accommodation space resulting from passive subsidence of the Horda Platform (Whipp et al., 

2014). 

 

Fig. 9: Middle–Upper Jurassic chronostratigraphical framework for a SW– NE-orientated cross-section through 
the North Viking Graben and Horda Platform. From (Holgate et al., 2015). 

3.4.1 Heather Formation 

The Heather formation is composed of fine, greyish, silty claystones, with streaks of limestones, 

becoming highly micaceous in some locations. It presents high fossil content and bioturbation, 

indicating sea-floor water circulation. These deposits are widely distributed over most of the 

northern North Sea up to the faults in the east limit of the East Shetland Platform. This covers 

the Bathonian to Kimmeridgian ages, being thicker adjacent to faults and thinner across the 

blocks due to syn-tectonic deposition (Holgate et al., 2015). These silty claystones were 

deposited in an open marine environment, brought about by the marine transgression which 

initially deposited the youngest formation of the Brent Group. The upper limit is given by the 

contact with the Draupne Formation and the lower limit is the contact with the arenaceous Brent 

Group, both boundaries are marked by noticeable Gamma-ray breaks. It is informally 
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subdivided in two sections: the lower part is light to dark grey, hard, silty claystones, often 

micaceous and calcareous. The upper portion is separated into two by an unconformity defined 

by biostratigraphical data but with no lithological distinction. In the Horda Platform, the 

Heather Formation interleaved with sandstones of the Krossfjord, Fensfjord and Sognefjord 

formations (Vollset and Doré, 1984). 

3.4.2 Krossfjord, Fensfjord and Sognefjord formations 

Close to the Norwegian coast, between Sognefjord and Bergen, in the eastern flank of the rift, 

a sand-rich delta system supplied the sandstones deposits today known as the Krossfjord, 

Fensfjord and Sognefjord formations. This sediment presents highly bioturbated interbedded 

deposits of sandstones and mudstones with benthic species, indicating well-oxygenated bottom 

water conditions. The great Sognefjord delta was located seawards in the mouth of Sognefjord 

and it provided sediments from weathered phyllitic basement rocks formed micaceous shallow 

marine sandstones tongues in the Viking Group. 

Krossfjord Formation 

The Krossfjord Formation is mainly identified in the Troll field area. It is described as a 

progradation system of a sand-rich delta (Holgate et al., 2013) deposited in a coastal shallow 

marine environment, where the sediments consist of sandstones that are light grey-brown, with 

medium to coarse grains. These are well sorted, and unconsolidated, with calcite cemented 

stripes occurring locally. Its lower portion is slightly argillaceous and carbonaceous, also 

presenting minor shale intercalations. Its upper and lower limits are bounded by the Heather 

Formation and, locally overlaid by the Fensfjord Formation (Vollset and Doré, 1984), when 

Heather Formation is absent. In the Troll Field, the Krossfjord Formation is characterized by 

progradation of a sand-rich delta during relatively low rates of normal faulting and fault-block 

rotation (Ravnås et al., 2000). 

Fensfjord formation 

The Fensfjord Formation deposits were formed in a coastal, shallow marine environment during 

the Callovian. It comprises grey to brown sandstones, fine to medium grained, well sorted and 

moderately friable to consolidated. Calcite cemented sandstones beds, containing bioclasts may 

occur and they are locally often carbonaceous, and occasionally micaceous layers. Minor shale 
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intercalations occur throughout. These deposits include many small, coarsening upward units 

which contain fine micaceous sands at the bottom and become coarse sands towards the top 

(Bolle, 1992). This sequence can be interpreted as progradational, shoreface facies, regressively 

stacked during tectonic quiescence in the Middle Callovian, when sediment supply was higher 

than basin subsidence (Steel, 1993, Stewart and Coward, 1995, Ravnås and Bondevik, 1997). 

This resulted in deposits with a maximum thickness of 300 m, with porosities ranging from 

25% to 30%.  

Sognefjord formation  

The Sognefjord Formation sediments are from Oxfordian to Kimmeridgian/Volgian ages, 

deposited in a coastal-shallow marine environment. The sediments consist of sandstones, 

colored from grey to brown, with medium to coarse grain size, well sorted and unconsolidated.  

Locally it presents micaceous layers with minor argillaceous and carbonaceous content. In 

addition, calcite cemented beds with bioclasts may occurs in some areas (Vollset and Doré, 

1984). The sands have porosities up to 35% and permeabilities in the Darcy range (the sampled 

interval used in this work ranges from 2 to 6 Darcy’s). The lower-energy micaceous sands 

display porosities of about 26% to 32% but have dramatically lower permeabilities of less than 

100 mD. This package has a maximum thickness of about 220 m and contains the bulk of the 

hydrocarbons as well as an important segment of the flank aquifer (Bolle, 1992). 

3.4.3 Draupne formation 

The Draupne Formation was deposited when water depth increased due to subsidence, reaching 

a point in which the waves and currents were not able to transport sands from the coast, causing 

only very fine particles to be deposited during the Late Jurassic. Due to low water circulation 

in the bottom of the northern, subaqueous province, an organic-rich black mudstone with 

ammonites, belemnites, and fishes was deposited. It formed thick deposits along the Viking and 

Central grabens, thinning towards the basin limits. The prolific Middle to Late Jurassic Draupne 

Formation make up the primary source rock for oil and gas in the North Viking Graben (Vollset 

and Doré, 1984). It has a regional distribution and it deposits are from Oxfordian to 

Kimmerigian/Volgian. They are composed of dark grey-brown to black, usually non-

calcareous, carbonaceous claystone which can be found from the East Shetland Basin, Viking 

Graben and over the Horda Platform (temporally corresponding to the Kimmeridge Clay 
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Formation and the Tau Formation of the Norwegian-Danish basin). Due to its high organic 

carbon content, it is characterized by very high radioactivity (above 100, sometimes reaching 

200° API), low velocity, high density, and high resistivity in most of it extension. It is been less 

radioactive (about 60° API) in the Southern North Sea (Vollset and Doré, 1984). Minor 

limestone streaks and concretions occur throughout the formation. In addition, locally 

intercalated sandstones and siltstones from turbiditic origin (Sneider et al., 1995), can cause a 

reduction in gamma-ray response. 
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4 Data and Methods  

4.1 Data 

4.1.1 Sample nomenclature 

The samples utilized in all analysis for this work (thin sections and laboratorial procedures), 

come from two main wells, with distinct depth values. For it identification, samples from well 

32/4-1, will be referred individually by four digits as: 1237, 1261, 1264, 1272, and 1273 – 

according to its depth location (in integer numbers for meters). The two starting digits 12 - - 

identify the well 32/4-1. 

Same standard applies for well 31/6-3: the sample identification is given by its depth location 

in meters. Therefore, they are called: 1528, 1535, 1540, and 1542. Hereby, the two initial digits 

used to identify well 31/6-3 is 15 - -. 

The kind of sample, is given by the prefix in letters, meaning ‘TS’ for thin section (utilized in 

petrography and scanning electron microscopy), and ‘CC’ for core cut (analyzed in X-ray 

diffraction). 

4.1.2 Input data for modeling and petrographic analysis 

The input data for geological modeling were obtained with Norwegian Petroleum Directorate 

(NPD, 2017). In total, seven wells and their respective wireline logs (Gamma-ray, Density, 

Porosity, Resistivity, Sonic) were utilized in this work to create a 3-dimensional static model. 

Two of the wells are inside the Smeaheia prospect area of interest: Well 32/4-1 placed five 

kilometers east from the Troll Gas field limits, with a depth of 3186 meters, and it sits at the 

Alpha prospect; The second well 32/2-1 is located 25 km east of the Troll Field, and it sits in 

the Beta structure downthrown to the Øygarden fault complex, with a total drilling depth of 

1300 meters. In Fig.10, the additional 5 wells belonging to the Smeaheia adjacencies can be 

seen. They were used to correlate regionally and helped to extract important geomodelling 

information, used to set the model up. Two of the wells provided hand samples for thin sections 

and X-ray diffraction (Fig.10): 32/4-1, situated in Smeaheia area, at footwall of Vette Fault, 

with sampled interval from 1237.1 to 1273.6m depth; and 31/6-3, located at the hanging wall 
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of Vette Fault, with sampled interval from 1528.2 to 1542.2m depth. The strategy regarding the 

the utilization of samples from outside Smeaheia block (well 31/6-3) is to compare different set 

ups of of temperature and pressure, and it related mineralization potential according to each 

local mineral composition. 

Eleven 2D seismic lines (GE8902-121; NSR06-11184-2; NSR06-12368; NSR07-32370-

FSMIG; SG8043-401A; NSR08-42365-PRCMIG; TE90-126; TE93-203_Amplitudes; 

NVGTI-92-103; NSR06-22372; NSR06-31182), in time domain, with sample interval of 4ms 

crossing over the Smeaheia area, were utilized to characterize the eastward pinch of main 

stratigraphic surfaces from Viking Group. Also, the main faults were interpreted to help build 

the fault framework. Both surfaces and faults were transformed to depth using the relationship 

given by the check shots available for 4 wells: 31/6-2, 31/6-3,31/6-5, and 31/6-6. Seismic 

information was obtained from the Norwegian Petroleum Directorate (NPD, 2017). 

 

Fig. 10: Depth map of the Sognefjord Top surface showing wells (white squares) and 2D seismic lines (blue) used 
to create the geological model. The red dotted lines mark the Alpha and Beta structures, targeted due it storage 
capacity. Contour lines are in grey, with 30 meters interval. 

4.1.3 Input data and kinetic parameters for geochemical simulations 

For well 32/4-1, the formation water composition was obtained from its Well Completion 

Report (Kinn et al., 1996). For well 31/6-3 temperature and pressure was obtained from the 

Well Completion Report (Hydro, 1984). The formation water parameters were found in Warren 
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and Smalley (1994),  using well 31/2-11 due it closest location to well 31/6-3. The formation 

water information used as input parameters for the titration simulation for both wells are 

comprised in Table 1: 

Table 1: Formation water composition and reservoir parameter used for titration simulation. 

 Well 32/4-1 Well 31/2-11* 

Reference Depth 1317 1668 
Temperature (°C) 45 77 
Pressure (bara) 121 191 
pH 6.8 6.42 
TDS (mg/L) 56000 55148 

Elements (mg/L) 

Ba 382 206 
Br 187 187 
C (as HCO3-) 159* 159 
Ca 4261 1856 
Cl 46307 32288 
K 10449 438 
Li 4 0 
Mg 733 408 
Na 12962 18469 
Sr 0 324 

*Due absence of data about HCO3
- in Smeaheia,  it was replaced with Information from well 

31/2-11, from Warren and Smalley (1994). 

 

The kinetics rate parameters of the rock framework minerals (shown in Table 2), where taken 

from Palandri and Kharaka (2004), used to obtain the equilibrium phases at the end of 10.000 

years. The used reactive surface was estimated for the minerals diameter values measured from 

SEM, assuming spherical grains – also presented in Table 2: 

Table 2: Kinetic rate parameters of water-mineral interaction in acid mechanism, from  Palandri 

and Kharaka (2004), and calculated reactive surface: 

Mineral 
*log k 

(mole/m2/s) 
E 

(kJ/mole) 
n 

(H+) 

Reactive surface (m2/L) 

Well32/4-1 Well31/6-3 

LC-1 LC-2 LC-1 LC-2 

Albite -10.16 65.0 0.457 28.32 34.2 18.68 26.16 

Biotite -9.84 22.0 0.252 - 5.38 - - 

Chamosite -11.11 88.0 0.500 15429.52 20432.43 2613.98 135428.57 

Clinochlore -11.11 88.8 0.500 - - 7000.0 9404.76 

Pyrite -7.52 56.9 -0.500 - 183.26 - - 

*Rate constant k computed from A and E, 25°C, pH=0. 
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4.2 Methods and analysis 

4.2.1 Geological modeling 

The static geological model was built using PETREL® 2015, (Schlumberger Software 

Integrated Solutions) and it consists of a 3D grid with 1.2 million orthogonal cells. The 

horizontal cell size of the grid is of 500 by 500 meters (in the so called I and J simulation space 

directions).  In the vertical direction (the so-called K simulation direction), the size of the cell 

thickness varies in different stratigraphic intervals, according to the stratigraphic interpretation 

of different lithologies. The aim of the layering defined in the model is to preserve the 

depositional heterogeneity and the distribution of the different lithofacies defined. 

The model was divided in 8 main stratigraphic zones. From base to top: Heather Fm. A, 

Krossfjord Fm., Heather Fm B, Fensfjord Fm., Heather Fm. C, Sognefjord Fm., Heather Fm D, 

and Draupne Formation. Officially there is no “Heather Fm D” and the term here is presented 

to differentiate the Heather Formation, which was modeled as four independent stratigraphic 

entities, intercalated with the three sandstones wedges of Krossfjord, Fensfjord and Sognefjord 

formations. The overall thickness of the Viking Group is pinching out eastwards presented a 

schematic section west-east, as in Fig.11. 

 
Fig. 11: Schematic 3D model cross-sections N-S and W-E: a.) Top Sognefjord with schematic cross sections, 
horizontal scale 1:250.000, and vertical scale 1:10.000. Both sections present the correlation with Gamma-ray and 
the main stratigraphic units from Viking Group; b.) Cross section A-A’, following southwest to northeast; c.) Cross 
section B-B’, following general trend north-south. 
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The limits east and west have some extrapolation beyond the area delimited by the impermeable 

Øygarden fault complex and the Vette fault (Jackson and Larsen, 2009). At north, it is delimited 

by the Uer Terrace (Nøttvedt and Larsen, 2000), and at south it is an open wide aquifer. The 

3D geological model accommodates the following discrete and continuous properties, 

generated using different techniques: litho-classes (“facies”), porosity, horizontal permeability 

and vertical permeability. The total area occupied by the model comprehends 1.180 km2 and it 

bulk volume is 650.646 million m3. The 3D grid contains 2.18 million cells, with 500 by 500 

meters each side. The cell thickness can vary from 2m (for the sandstones) up to 10m 

(claystones and mudstones of Heather Fm and Draupne Fm.). 

4.2.2 Petrography 

In total, ten thin sections were confectioned from the cuts of two wells: six samples from 32/4-

1; and four from the well 31/6-3. The thin sections were made with 0.03 mm thickness and the 

porosity was highlighted with blue epoxy. Microscopic observations included grain size 

measurements and mineralogical characterization were performed. A brief description for of 

each thin section is outlined at APPENDIX A. 

Grain size measurements were carried out by analyzing microscopy images of the thin sections. 

Subsequently, the measured grains were categorized according to the scale of Wentworth 

(1922). 

The mineral content of the samples, had a qualitative approach with conventional optical 

mineralogy techniques. Point counting analysis of the samples were carried out, with a target 

of 300 points for each section.  

Due the limited amount of sample material, the grain size analysis was applied only for two 

cores cuts: CC1266 and CC1272. These were selected due to the general similarity they had to 

other sampled portions. Afterwards, the results obtained from grain size distribution were 

inferred to the other wells by identifying the similar log patterns. 

4.2.3 X-ray diffraction 

X-ray diffraction (XRD) analyses were made at the Department of Geosciences, University of 

Oslo, Norway, to identify whole rock and clay mineral assemblages. The machine used is a 
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Bruker D8 Advance diffractometer with a Lynxeye 1-dimensional position-sensitive detector 

(PSD) and monochromatic radiation beam CuKα (λ = 0.154 nm) operated at 40mA and 40kV. 

Ten core cuts in total were utilized for this analysis: six belonging to well 32/4-1 and four 

pertaining to well 31/6-3. 

Bulk analysis 

The samples were gently crushed in an agate mortar to disaggregate and reduce to particle sizes 

of <0.05mm. Around 2 grams of each sample were processed during 3 minutes in a McCrone 

Micronizing Mill, using agate beams and washed with 10 mL of ethanol. After, the samples 

were left in an oven at 70°C to evaporate overnight. The micronized dry powders were added 

with an internal standard of zinc oxide at 10wt% and homogenized, placed in a container for a 

randomly oriented whole-rock analysis. The analysis was done with a step size of 0.01º, angles 

from 2º to 65º (2θ) at a count time of 0.3 s (2θ). 

The mineral identification of randomly oriented whole rock samples was done using the 

BRUKER DIFFRAC.EVA software and the Powder Diffraction File-2 2002 mineral database 

(ICDD). Quantification of the mineral phases was done by Rietveld refinement using the 

PROFEX software (Doebelin and Kleeberg, 2015). The amorphous phase and the zinc oxide 

internal standard were excluded from the quantification and the procedure provided a semi-

quantitative result.  

Clay analysis 

For the clay fraction determination, the samples were gently smashed in an agate mortar, before 

adding 200 mL of sodium carbonate solution in each sample. The samples were then dispersed 

in an ultrasonic bath for 10 minutes to avoid flocculation and left for 24 hours in rest for gravity 

settling of particles bigger than 2 μm. After, 600mL of distilled water was added to each sample 

and they were put into the ultrasound bath for 10 minutes. 

The samples must rest for 6 hours. After, they were vacuum-filtered with a membrane pore 

diameter of 0.45 μm, washed with a solution of magnesium chloride, and transferred to a glass 

slide (Moore and Reynolds 1997). Prior to the XRD analyses, the oriented samples were 

processed through four stages: i) air dried (AD) at 60°C overnight; ii) overnight exposed to 

ethylene glycol (EG) at 60°C; ii) one-hour heating at 350°C; and last, iv) heating at 550°C for 
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one hour. For the air-dried samples, the analysis was done with a step size of 0.01º from 2º to 

66º (2θ) at a count time of 0.3 s (2θ), and for the thermal treatment the analysis used a step size 

of 0.01°, from 2° to 34°, and count time of 0.3 s (2θ). Peaks pattern modeling of all clay fractions 

were correlated to the Clay Mineral identification flow diagram (USGS, 2001), clay mineral 

structures and relative mineral quantities were done using the PROFEX software (Doebelin and 

Kleeberg, 2015) with structure file database from Crystallography Open Database (COD, 

2017). 

4.2.4 Scanning electron microscope 

Seven thin sections were selected to be analyzed in scanning electron microscope (SEM) due it 

distinct characteristics: TS1261, TS1264, TS1266, TS1272, TS1273, TS1535, and TS1540. 

TS1237, from well 32/4-1, was omitted because it belongs to the Heather Formation and it does 

not present porosity and permeability values to be classified as reservoir. From the well 31/6-

3, TS1528 and TS1542 present similar characteristics of TS1535 and TS1540 respectively, 

therefore they were omitted in this analysis. The test was performed in a SEM model Hitachi 

SU5000, at low-vacuum, and Dual Bruker XFlash30 EDS system, at the Department of 

Geosciences, University of Oslo. Prior to the scan, the thin sections were treated in a Carbon 

Coater Cressington 208C. The analysis aimed determine the composition of identified minerals, 

identification of pore-filling clays and cement, weathering/dissolution features, and mineral 

diagenesis. 

4.2.5 CO2 and mineral potential estimation 

To determine the total CO2 storage potential mineralization two assumptions must were 

considered: an infinite time and supply of CO2. The pore space amounts of CO2 and divalent 

metal cations and albite from the reactive mineral assemblage will determine the reservoir rock 

potential of trapping CO2 through the precipitation of carbonate minerals. All ten core cut 

samples were utilized in this method, and the outcome is presented in Chapter5.3 Estimation of 

reactive minerals. For a given rock type, the CO2 mineralization potential is given by four main 

steps: 
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Step 1 - Determination the available CO2 in pore water  

The amount of CO2 (in moles per liter) dissolved in pore water that will be able to react with 

the metal divalent cations is given by Eq. 9: 

����
= 	

��������

��
     (Eq.9) 

where ����
 is the saturation of CO2, ����

 is the density of CO2, and �� corresponds to CO2 

molar weight. 

Step 2 – Stablish the available reactive mineral in pore water  

Quantify the amount of primary minerals (in moles per liter) contained in the pore water is 

determined by: 

�� = 	 �
�

�
− 1�	

��		���%

��
    (Eq.10) 

with  � as the rock porosity, �� as the reactive mineral density, ���% is the mineral percent, 

and �� is the mineral molecular weight. 

Step 3 - Estimate the total metal cations from the minerals in pore water  

Each reactive mineral contributes with a specific number of divalent cations determined by its 

chemical composition, given as: 

���� = ∑����,�	   (Eq.11) 

where the total amount of cations is given by the sum of each divalent cation ��,� provided by 

the mineral �� . 

Step 4 – Evaluate the mineralization limiting factor 

The ratio (�) between the quantities of CO2 and the total amount of metal cations per liter of 

pore water is used to determine the limiting factor when estimating the mineralization, in this 

case: 

� =
����

����
     (Eq.12) 
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If � > 0, there is a surplus of CO2 and the mineralization potential is determined by the amount 

of metal cations available for the carbonate minerals formation. In other hand, when � < 0, that 

means the opposite situation, with a surplus of minerals. Therefore, the formation of authigenic 

carbonate minerals will be defined by the amount of CO2 dissolved in the pore water. 

4.2.6 CO2 mass storage capacity 

A storage site should present sufficient capacity that can be estimated by the following 

relationship (Bjørlykke, 2015): 

����
= 	�� ∗ 	� ∗ �� �� ∗ ����

∗ �  (Eq.13) 

where �� is the rock volume, � is the rock porosity, �� ��  is the net to gross reservoir ratio, 

����
 is the density of CO2 at reservoir condition, and � is the storage efficiency factor (in this 

case 5.5%, as used for Sognefjord Formation, after Riis and Halland (2014)). 

4.2.7 Mineral potential estimation 

The software  PHREEQC, version 3.4 (Parkhurst and Appelo, 2013) was used to estimate the 

reactions between the framework minerals, formation water and CO2.  The chosen mineral 

database was llnl.dat (Wolery and Daveler, 1992). This database provides the parameters 

needed for the mineral assemblage identified in the samples and it has a robust cubic equation 

of state that handles the CO2 solubility in the brine. The reactive phases used for geochemical 

simulation (Table 3) were identified at optical microscope, and confirmed with x-ray 

diffraction, and SEM methods.  

Table 3: Primary minerals considered in Phreeqc simulations for this work. 

Mineral Empirical formula 

Albite NaAlSi3O8 

Annite (Biotite) KFe3AlSi3O10(OH)2 

Chamosite (Fe-chlorite) Fe2Al2SiO5(OH)4 

Clinochlore (Mg-chlorite) Mg5Al2Si3O10(OH)8 

Pyrite FeS2 
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Assuming thermodynamic equilibrium between the primary minerals, pore water content, and 

supercritical CO2, secondary minerals should (some examples of these minerals are in Table 4) 

precipitate out of the solution. Phreeqc uses the saturation indices of the minerals available in 

the database. For the quantification, only the minerals with positive saturation indices are 

considered (Gaus et al 2005).  

Table 4: Secondary carbonate minerals and it precipitation reaction 

Carbonates Precipitation reaction 

Calcite Ca2+ + 2HCO3- → CaCO3 + H2O 

Dolomite Ca2+ + Mg2+ + 4HCO3- → 2CO2 + CaMg(CO3)2 + 2H2O 

Ankerite Ca2+ + 0.3Mg2+ + 0.7Fe2+ 4HCO3- → 2CO2 + CaMg0.3Fe0.7(CO3)2 + 2H2O 

Dawsonite Na+ + Al3+ + 4HCO3- → 3CO2 + NaAlCO3(OH)2 + 2H2O 

Magnesite Mg2+ + 2HCO3- → CO2 + MgCO3 + H2O 

Siderite Fe2+ + 2HCO3- → FeCO3 + H2O 

Equilibrium modeling / titration 

Equilibrium modeling simulates chemical interactions between CO2-rock-brine, occurring in a 

closed system. The solution or mixture is brought to equilibrium with the reactants in an 

irreversible reaction (Parkhurst and Appelo, 2013), excluding transport simulation to calculate 

the contribution of reactive minerals to form the secondary phases.  

Twelve scenarios were used to simulate the individual mineralization potential of reactive 

phase, as well as the secondary minerals formed from the interaction with formation water and 

CO2. These scenarios were based in the average volume of each mineral per litho-class, in each 

well, at presented in Table 5: 

Table 5 : Estimated average amount of reactive minerals (t/m3), in each well, per litho-class, 

used in the titration simulation. 

Mineral (t/m3) 
Well 32/4-1  Well 31/6-3 

LC-1 scenario LC-2 scenario LC-1 scenario LC-2 scenario 

Albite 0.109 a. 0.15 d. 0.093 g. 0.123 j. 
Chamosite 0.109 b. 0.126 e. 0.045 h. 0.215 k. 
Biotite (Annite) - - 0.077 f. - - - - 
Clinoclore - - - - 0.035 i. 0.066 l. 
Pyrite - - 0.064 c. - - - - 
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Semi-kinetic reactions 

Semi-kinetic models consider the geochemical reactions taking place when CO2 interacts with 

the formation water and host rock minerals through a certain time span, assuming local 

equilibrium to predict the secondary carbonates formation (Hellevang et al., 2013). It utilizes 

rate equations in a simplified form of the general transition-state-theory (TST) derived rate law 

as in Lasaga (1981), (1984)  and Aagaard and Helgeson (1977), (1982) to model the mineral 

dissolution/ precipitation, as in Eq.13: 

��	 = 	 ���∏ ��
�

� ��� �−
���

��
�    (Eq.13) 

in which, � is the reaction rate (moles/s), �� is the forward reaction rate coefficient (mol/m2s), 

� is the reactive surface area (m2), ��
� is the activity of species � with reaction rates order �, �� 

is the apparent activation energy, � is the gas constant (8.314 J*mol/K) and � is the absolute 

temperature (K).  

The simulation for mineral precipitation was done in two parts. The first one considered the 

original site condition of temperature and pressure. The second part of the simulation switched 

the values of temperature and pressure of each well. At the end, a total of eight scenarios were 

generated: 

 well 32/4-1 

- LC-1 = 45°C; 121bar (original set up) 

- LC-2 = 45°C; 121bar (original set up) 

- LC-1 = 77°C; 191bar (switched set up) 

- LC-2 = 77°C; 191bar (switched set up) 

 

  well 31/6-3  

- LC-1 = 77°C; 191bar (original set up) 

- LC-2 = 77°C; 191bar (original set up) 

- LC-1 = 45°C; 121bar (switched set up) 

- LC-2 = 45°C; 121bar (switched set up) 
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5 Results 

This section presents the results obtained from diverse analytical methods. It is important to 

clarify that not all methods were applied to all the samples due it insufficient amount, time 

constrains, and/or relevance for the method, according to the strategy adopted for this work. 

5.1 Core description and well log interpretation 

The core from well 32/4-1 was described at NPD (Norwegian Petroleum Directorate) facilities 

in Stavanger, in January 2018. The description is based on the macroscopic features (grain size, 

textures, composition and sedimentar structures) observed in 40.7m of core length, that was 

extracted from the depth interval between 1234.3 and 1275m. This core comprises 19.7m of the 

Sognefjord Formation, between 1237.5 to 1275m; and 5m of the Heather Formation, located 

from 1234.3 to 1237.5m depth. The interval between 1242m and 1258m depth was not 

recovered during the core extraction, and it gap is marked as vertical dotted lines in Fig.12.  

Eight facies were described from the core of the Sognefjord and Heather formations, based on 

grain size, sedimentar texture and mineralogy, named from ‘A’ to ‘H’, resumed in Table 5: 

Table 6: Summarized facies description of the core from well 32/4-1. 

Facies Description 
Bioturbation 
index (0-5) 

Energy 
setting 

A 
Very fine grained micaceous sandstone; well sorted; subrounded grains; color light 
grey-green, or light brown; structureless beds with 0.5 - 2m thickness. 

2-5 
Fair weather 
suspension / 
current deposits 

B 
Fine to very-fine grained sandstone; well sorted; subrounded grains; light grey-green; 
plane parallel cross laminations, occasionally bioturbated; 0.5 - 2m thickness. 

2-5 
Fair weather 
suspension / 
current deposits 

C 

Medium to coarse sandstones, micaceous (occasionally poorly sorted pebble lags), 
poorly sorted; subrounded subangular grains; structureless; with eroded or sharp 
lower boundary, and high organic content (carbonaceous materials and shells < 
20mm); with 0.3 - 0.6m thickness. 

0-4 
Storm current 
deposits 

D 
Cemented, structureless, subrounded, well-sorted silt, abundant mica and organic 
fragments, rare pyrite and/or siderite nodules (< 2mm diam.), with 0.10 to 0.40 m 
thickness. 

0-2 
Low energy 
suspension 
deposits 

E 
Fine to very-fine sandstones; moderate to well sorted; subrounded grains; light grey-
white; alternating with micaceous dark grey-green, organic-rich siltstone laminae; 
deposited in plane-parallel laminations, with 0.1 – 0.4m thickness. 

0-2 Tidal setting 

F 
Very-fine grained sandstone, well sorted, subrounded grains, light grey-green; with 
mud drapes and bi-directional ripples, with 0.1 – 0.2 m thickness. 

2-3 
Fair weather 
deposit, wave 
swash 

G 
Fine sandstone, moderately to well sorted; subrounded grains; light grey to brown; 
structureless beds occasionally bioturbated (Planolites, Skolithos), with 0.2 - 0.4m 
thickness. 

3-5 
Episodic relative 
high energy, storm 
current deposits 

H 
Claystone dark green-grey, with glauconite, clay-rich, with organic fragments, and 
pyrite nodules (<3 mm diam.); structureless or in horizontal plane parallel 
laminations. Covered by a shell bed, in erosive contact. Thickness about 0.3m 

2-4 Marine setting  
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Fig. 12: Core description of well 32/4-1, with pictures from the NPD core, from depth interval between 1234.7 to 
1275m to illustrate  some of the facies described at Table 5: a.) Facies A - micaceous unconsolidated sandstone; 
b.) Facies C – coarse heterolithic sandstone, structureless with organic content; c.) Facies D – cemented silty layer; 
d.) Facies E (base) - fine sandstones bi-directional ripples, overlaid by Facies F (top) - low angle cross stratification, 
with tide couplet; e.) Facies G – with bioturbation: Skolithos (top) and Planolites (bottom); f.) Facies H - dark 
green low porosity mudstone with milimetric pyrite nodules, overlaid by shell bed with erosive contact (from 
Heather Formation). The color code (yellow, orange, and green) represents the litho-classes used to populate the 
geological model. 
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Further these core facies were  comprised in 3 groups, named as ‘litho-classes’ (LC) 1, 2, and 

3 and these litho-classes were designated after  it occurrence in the wireline logs (Gamma-ray 

(GR); Neutron-porosity (Nphi); Spontaneous potential (SP); Sonic travel time (Dt); Density 

(RhoB); and Resistivity deep (RD)) based on the log-curve patterns. Finally, they were combined 

with permeability logs (kh, for horizontal and kv, for vertical) from core plugs, which resulted 

as: 

LC-1: (in yellow at Fig.12) this association of facies A, B, C, F, and G presents high values for 

Neutron porosity (26 and 60%) and horizontal Permeability (from 2.000 to 6000mD). It shows 

Density around 2.3 to 2.65 g/m3, and Resistivity between 0.3 and 1.0 ohm.m. Gamma-ray 

presented values ranges from 60 to 90°API and higher values in organic-rich sheets (up to 

110°API). Lithologically, this interval is characterized by structureless, bioturbated, 

unconsolidated, with micaceous layers, light grey to green, medium-to-fine, subrounded to 

rounded  sands (Fig.12-a); Alternating with fine to very fine grained sandstone; moderate to 

well sorted; with rounded grains; light grey-green; in plane parallel cross laminations, 

occasionally bioturbated; overlaid by a pebble lag with erosional base, containing grains with 

maximum grain size of ~8mm, poorly sorted with normal gradation (Fig.12-b); Current ripples 

are observed and covered by low angle, plane parallel cross laminations, that  are intercalated 

with organic-rich micaceous layers of fine to very fine sands, moderated to well sorted with 

color grey to brown, occasionally bioturbated. 

Interpretation: The pebble lags are likely to form in high energy flow, such as channels or 

downstream portions (Bridge and Tye, 2000), scouring the channel floor and depositing coarse 

sediments. Some coarse-medium sediments portions present reworking through bioturbation 

and they are gradually succeeded by symmetric ripples formed due the wavy-generated currents 

(Antia, 1995), and cross-parallel stratifications could have been deposited in inlet channels 

flood events, and the in upper shoreface environment, at the delta front setting. 

LC-2: it comprises facies D, E, and F (in orange at Fig.12). The structureless silty-cemented 

beds overlaid by intercalation of thin (<2mm) micaceous, organic-rich, fine to very-fine silty-

sandstones with fine, well-sorted sandstones association is mainly recognized by GR pattern 

defined by peak (>90°API) followed by a throat (<40°API). In Fig.13-a, shows a cross-

correlation with Porosity and Gamma-ray with two distinct distributions. The lower set of 

points was converted to a Boolean log and used to flag the silty-cemented portions represented 

by LC-2, in well 32/4-1. In Resistivity logs it is represented by values higher than 3.7 ohm.m, 
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and with Density above 2.6 g/cm3. It generally presents horizontal permeability between 0.64 

to 900 mD, and vertical values around 0.01 to 800mD. 

 

Fig. 13: Identification of LC-2 at wireline logs. a.) Cross-correlation between GR and Nphi logs from well 32/4-1 
showing two distinct distributions. The lower distribution (highlighted in green) was used to generate a flag-log 
representing the occurrence of LC-2 in the well length; b.) Segment example of well 32/4-1 with Boolean log 
showing negative (red) and positive (green) responses to indicate the LC-2. On its side, the GR log presenting the 
peak-through pattern.  

 

Interpretation: The silty beds containing cemented layers, plane parallel beds with organic-rich 

horizontally-aligned micaceous-silty laminations comprises the most heterogeneous litho-class 

and, it was defined based on grain size and fair mineral constitution. These sedimentary records 

might be formed in the ebb deposits, when the flow changes it direction due the tide influence. 

The laminations represent the fallouts of the waning inlet ebb-jet. The overall grain size 

reduction and the horizontally aligned flakes of mica and organic fragments, reflects a slightly 

decrease in energy compared to LC-1. The oysters indicate a brackish-water and they may have 

supplied the calcite cement with aragonite dissolved from their shells. In late Jurassic, the 

calcite compensation depth world-wide was less than 4000m, meaning that to precipitate 

calcite, the sea depth should be deeper 4000m (Van Andel, 1975). The bioturbation (Skolithos) 

reworking the sediments, the brackish water, fine grains and organic material, and cemented 

beds indicate a tide-influenced environment, intermediate between the upper and lower 

shoreface. 

LC-3: it is represented by facies G and H (in green at Fig.12). It is defined as dark-green, 

organic-rich claystone associated to episodic beds of fine to very-fine structureless sandstones. 

A shell bed with erosive base is also observed. The main well logs to relate to it are Permeability 
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(from 0.04 to 0.12 in vertical, and 0.064 to 0.164 mD in horizontal), and GR which presents the 

highest range of values observed in the whole well (from 110 to 175°API). The values of 

Resistivity deep rages between 1.3 to 2.9 ohm.m; Neutron porosity and Density were not 

considered in this class because they presented a wide overlapping with the other two classes. 

Interpretation: the predominant very fine deposits of clays, with rare laminated structures, 

reflects a low energy environment, depositing particles that were in suspension. The fine 

sandstones portions may have its origin from high density flow caused by storm events. These 

events had enough energy to erode part of existing sediments, and transport bigger particles 

such as shells and sands, characterizing a marine environment, with fair weather wave base of 

lower shoreface. 

The overall interpretation of a wave- and tide-dominated deltaic, shoreline and shelf 

depositional environments is reflected by the distribution of depositional environments, with 

spatial and temporal shoreline oscillation, alternating sediment supply and accommodation 

space during these deposits formation.  

 

5.2 Petrography and diagenesis 

This section comprises information about thin section description and analysis, combined with 

the results of grain size, X-RD, and SEM analysis. Some of the tests were performed in parallel 

processes, therefore the order they are present here does not follow their execution. 

5.2.1 Grain size  

The grain size distribution is based on Wentworth (1922)classification. Due it limited amount 

of material, it was made only for CC1266 and CC1272, from well 32/4-1. For CC1266, 

prevailing grain size is smaller than 62 µm, and they compose 33% of the total analyzed grains. 

Whilst in CC1272, the silt fraction corresponds to less than 20% of grains, and the dominant 

grain size is fine sand, which composes 30% of total grains in the sample (Fig.14).  
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Fig. 14: Grain size distribution for samples 1266, in orange and 1272, in yellow. Dotted lines describe the 
cumulative frequency for both samples. After Wentworth (1922). 

5.2.2 Petrography and diagenesis 

Ten thin sections were used: six from well 32/4-1 (from 1237 to 1273m depth), located in the 

hanging wall of Vette Fault, inside Smeaheia area of interest, and four samples from well 31/6-

1, located in the footwall of Vette fault, from deeper depth interval of 1528 to 1542m. 

Summarized descriptions of each thin section are in APPENDIX A.  

The minerals fractions were obtained from the counting of 300 points with step space of 0.5mm, 

at optical microscope. This process resulted in a classification using twelve main categories to 

classify the most frequent components of observed in each thin section, from each well, as 

shown in Fig.15: 

 

Fig. 15: Thin sections composition obtained from point counting in samples from Well 32/4-1 (blue dotted line) 
and 31/6-3 (pink dotted line). Lithic fragments were included in the class of prevalent mineral. Clay minerals 
include chlorites, kaolinite, smectite, and glauconite. 
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The amount of quartz, rock fragments (here referred as ‘lithic’) and feldspars counted in the 

thin sections from both wells were plotted in a ternary diagram of sandstones classification 

(Fig.16) and they had their composition categorized as arkose arenite (for thin sections that 

presented more than 25% feldspar in its composition, and over rock fragments) (Dott, 1964, 

Folk, 1980).  

The overall mineral composition in weight percent, for each sample, in both wells were 

determined in X-ray diffraction (X-RD) and they are comprised in Table 6. 

 

Fig. 16: Ternary QFR (Quartz, Feldspar and Rock, here  referred as “Lithic”) diagram for Sandstone classification 
showing the main composition of the thin sections obtained from well 32/4-1 (blue dots) and 31/6-3 (pink dots), 
after Folk (1980).  

 

Quartz is the most abundant mineral, constituting more than 45wt% of the bulk volume. The 

grains observed in thin section are subhedral, subrounded, with straight extinction. Quartz is 

also composing lithic fragments (Fig.17-a), together with feldspars and micas, the rock 

fragments make up to 6wt% of the thin sections. Less than 20wt% of the overall observed quartz 

grains are composed by polycrystalline quartz with undulatory extinction (Fig.17-b). No 

significant quartz dissolution or overgrowth features were observed in these samples. 

K-feldspars show euhedral to subhedral grains, with cross-hatched and pericline twinning. 

Some grains also display a growth rim, with serrated pattern. K-feldspars are present in up to 

22wt% of rock volume. Part of k-feldspar grains are combined with albite in perthite texture (at 
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Fig5.6, items a and b). Some k-feldspars present a compositional variation in a solid solution 

containing Na-feldspar, Ba-feldspar, K-feldspar and albite (Fig.17-b).  

Plagioclases present subhedral, subrounded grains, composing up to 13wt% of the rock volume. 

Albite is predominant specie over very few negligible anorthite. Albite displays several degrees 

of dissolution, originating secondary porosity (Fig.17-a), and they are often associated to k-

feldspar in perthite texture (Fig.17-b).  

Chlorite is present as pore filling and grain coating clay (Fig.17-c). EDS (energy dispersive x-

ray spectroscopy) analysis indicated a difference in the composition for chlorites identified in 

well 32/4-1 as being chamosite, the Fe-rich end member, while for well 31/6-3 clinochlore a 

Mg-rich member, is the clay mineral present.  

Biotite is mainly present as fanned pseudomorphs flakes (Fig.17-c), with preserved framework 

filled mainly with kaolinite and subordinated clay minerals (chlorites, illite) at the lamellae 

space (Fig.17-d).  

Pyrite makes a maximum of 3.3wt% from the minerals in bulk analysis. It is present as euhedral 

crystals or framboids agglomerates. They are found in the interlamellar vents of relict biotite 

(Fig.17-e), and in pore space associated to organic fragments (Fig.17-f). 

Muscovite is present in elongated flakes, horizontally aligned and bended due compaction. It 

makes up to 10wt% of the rock sample. The grains are mostly preserved, with negligible clay 

coating of illite or smectite (Fig.17-e). 

Calcite is present as euhedral rhombic crystals with growth rims (only in sample TS1237), 

filling the microscopic gaps. Calcite is also present as poikilotopic cement, making up to 30wt% 

of the rock volume in samples TS1261, TS1266 (as example in Fig.17-f), 1528, and TS1535.  

Kaolinite is the most common clay mineral observed in the samples, followed by chlorites and 

negligible illite. It appears as vermicular crystals, and it results from feldspar and mica alteration 

and occurs filling cavities of partially dissolved grains of feldspar, inter-grain space and in 

micas inter-lamellae gaps, especially in biotite pseudomorphs.  

Glauconite was only identified in the thin section from sample TS1237, as authigenic mineral, 

it appears associated to chlorite between the framework grains. This characteristic provides 

very low permeability values for this portion of the reservoir, reducing the pore connectivity; 
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therefore, it was considered a seal for the CO2, constraining injection and flow into porous 

zones. 

Accessory minerals, such as zircon, rutile and ilmenite are commonly observed in samples 

TS1264, TS1272, TS1273, TS1540, and TS1542 corroborating to the degree of maturity of 

sandstones (Dott, 1964). 

 

Fig. 17: SEM microphotographs from the cored section in well 32/4-1, at depth interval from 1261 to 1273m. for 
the thin sections: a.) 1273 – Lithic fragment (Lit); Clay coating of illite (Ilt) and chlorite (Chl); Perthite (Prt) with 
different degrees of albite (Alb) alteration (semi-dissolved grains with secondary porosity); b.) 1272 – K-feldspar 
(k-fdp) grain with zoned composition, associated with semi-weathered albite (Alb); polycrystalline quartz (P-Qtz) 
grain; c.) 1264 – Fanned biotite (Bt); Kaolinite (Kao) filling the pore space, and grain-coating chlorite (Chl); d.) 
1264 – Detail of a biotite (Bt) flake with pore-filling kaolinite (Kao) and chlorite (Chl) into the lamellae space; e.) 
1261 – Muscovite (Ms) flakes, slightly bended, aligned with organic fragments (Org), presenting framboid pyrite 
(Fr-Py) in the pore space; f.) 1266 – detail of organic fragment (Org) with framboid pyrite (Fr-Py). In this samples 
calcite cement (Cc) is predominantly filling the pore space.  
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5.2.3 Mineral assemblage 

In the X-RD bulk analysis, the obtained results were normalized into 13 minerals. Comparing 

the outcomes from X-RD to thin section point counts, the sample composition presented some 

characteristic mineral assemblage that were related to the litho-classes – hereby presented in 

the same color code. Samples CC1264, CC1272, CC1273, CC1540, and CC1542 (white) are 

related to the LC-1 being relatively mature with high content of quartz, low content of feldspar 

and clay minerals (Dott, 1964). Samples CC1261, CC1266, CC1528, and CC1535 (light grey), 

represent the LC-2, with smaller content of quartz and elevated content of clay minerals, 

cement, and organic fragments. Only sample CC1237 (dark grey), at well 32/4-1 is related to 

the LC-3 due it predominant content of clays, rhombohedral calcite, and fanning micas; and 

low content of quartz and feldspar. 

Table 7: Mineral composition (in weight %) obtained from X-RD bulk analysis. 

Minerals / 
Samples* 

Well 32/4-1 samples, in wt% Well 31/6-3 samples, in wt% 

CC1237 CC1261 CC1264 CC1266 CC1272 CC1273 CC1528 CC1535 CC1540 CC1542 

Quartz 14.4 33.3 48.9 24.4 65.6 71.1 30.6 27 56.1 57.8 

Calcite 33.3 - - 34.4 - - 41.1 - - 10 

K-feldspar 22.2 17.8 14.4 8.9 10 13.3 8.3 13.4 14.4 10 

Albite 11.8 6.7 10 13.3 4.4 4.4 7.2 5.6 8.9 6.7 

Muscovite - 10 8.9 4.4 4.4 2.2 5.0 8.9 4.4 4.4 

Biotite - 3.3 - - - - - - - - 

Kaolinite 6.7 12.2 13.3 13.3 7.8 4.4 7.8 16.7 5.6 5.6 

Chamosite 6.4 13.3 4.4 - 7.8 3.3 - 21.1 4.4 3.3 

Clinochlore - - - - - - - 5.6 3.3 - 

Siderite 5.4 - - - - - - - - - 

Pyrite - 3.3 - 1.1 - 1.1 - 1.1 1.1 1.1 

Rutile - - - - - - - - - 1.1 

Sylvite - - - - - - - - 1.7 - 

*Color code: white = LC-1; light grey = LC-2; dark grey = LC-3 

5.3 Reactive minerals and cations 

To promote CO2 mineralization, it is important that the reservoir contains minerals which can 

provide mono and/ or bivalent cations. In addition, the reactive minerals should compose at 

least 2% of the total of rock volume to provide a significant mineralization potential (Hellevang, 
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2017 – personal communication). In this study the estimated reactive minerals are albite, biotite, 

chamosite (Fe2+-rich chlorite), clinochlore (Mg2+-rich chlorite), and pyrite.  

The amount of reactive minerals estimated for each sample in t/m3 of reservoir rock is presented 

at Table 5.3, and it reflects the mineral assemblage that can be related to the previously defined 

litho-classes. Where LC-1 (samples CC1264, CC12727, CC1273, and CC1542) presents only 

two of identified reactive minerals, while the LC-2 (samples CC1261, CC1266, and CC1535), 

contains two or three of the reactive minerals. The exempt is made by sample CC1528, 

containing only albite as reactive mineral, and CC1540 presenting albite, chamosite and 

clinochlore. 

Table 8: Reactive minerals (t/m3 of reservoir rock), estimated per sample from each well. The 

corresponding empirical chemical formula is presented after the mineral name. 

Well Sample* 
Albite 

NaAlSi3O8 

Biotite 

K Fe3AlSi3O10(OH)2 

Chamosite 

Fe2Al2SiO5(OH)4 

Clinochlore 

Mg5Al2Si3O10(OH)8 

Pyrite 

FeS2 

32
/4

-1
 

CC1237 0.219 - 0.150 - - 

CC1261 0.099 0.064 0.249 - 0.095 

CC1264 0.170 - 0.095 - - 

CC1266 0.201 - - - 0.032 

CC1272 0.077 - 0.169 - - 

CC1273 0.078 - 0.073 - - 

31
/6

-3
 

CC1528 0.119 - - - - 

CC1535 0.124 - 0.469 0.130 - 

CC1540 0.128 - 0.046 0.069 - 

CC1542 0.056 - 0.070 - - 

*Color code: white = LC-1; light grey = LC-2; dark grey = LC-3 

 

The mineralization potential is based on available cations from primary minerals that will link 

to CO2 to form authigenic carbonates. For instance, albite has 1:1 potential, because each 

molecule provides one Na+ ion to link to one CO2 and form one molecule of dawsonite. With a 

divalent cation, pyrite has a better potential, because it Fe2+ ion can capture twice as much CO2 

to form siderite. Same applies to Mg2+ suppliers minerals. Based on this characteristic, Fig.18 

presents the estimated mineral potential for each mineral, related to its cation content.  

The samples on the top of Sognefjord Formation (CC1261 and CC1528), show the highest Fe2+ 

content for both wells. On same way, the lower portions at Sognefjord Formation CC1272 and 

CC1542, are relatively high content of Fe2+, and very low in Na+ cations (Fig.18). 
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Fig. 18: Estimation of cation potential, in tones per cubic meter of sampled reservoir rock for well 32/4-1 (blue 
dotted frame) and well 31/6-3 (pink dotted frame). 

5.4 Mineralization potential 

Geochemical simulation was divided in two stages: on the first one a simple titration is made 

to obtain the mineralization potential of individual reactive mineral, the formation water and 

CO2 when the system reaches the equilibrium. In the second stage, a semi-kinetic simulation, 

was performed based on the mineral assemblage that composes each litho-classes in each well, 

to assess the dissolution of primary mineral phases, against the precipitation of new secondary 

minerals in a time frame of ten thousand years.  

5.4.1 Equilibrium modeling 

A total of twelve scenarios using the average amount of reactive minerals per litho-class, in 

each well (Table 5), together with the formation water composition (Table 1) were the input  

for the equilibrium modeling (or titration), performed in PHREEQC (Parkhurst and Appelo, 

2013). The aim is to understand the interaction between CO2 – which was set by default with 

saturation index 1.0 and initial amount of 10mol, single reactive mineral, and formation water. 

The set up consists in a closed system, with pressure, time, and transport neglected. The aim 

was to assess the mineral equilibrium composition at the end of 100 steps, in different set ups 

regarding litho-classes and local settings, according to each well (example of script used for 

this titration simulation is enclosed in Appendix B). Fig.19 comprises the results obtained from 

each equilibrium modeling scenario (from a. to l.). 



  
 

46 
 

 

Fig. 19: Titration results for well 32/4-1 (items a. and b. for LC-1; and items c., d., e., and f. for LC-2), and well 
31/6-3 (items g., h., and i. for LC-1; and items i., j., and k. for CL-2). Main Axis Y presents the amount of 
authigenic mineral formed, in to in tonnes per cubic meter; Axis X presents the dissolved amount of reactive 
mineral, in tones per cubic meter; and Secondary Axis Y shows CO2 (dotted red line), in tones per cubic meter, 
captured into authigenic minerals. 
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All the scenarios dissolving albite resulted in proportional precipitation of dawsonite and 

quartz. Negligible kaolinite was formed and remained constant through the 100 steps (Fig.19, 

items a., d., g., and j.). 

Chamosite dissolution had different outcomes according to each set up used. In Fig.19-b., with 

lower reactive minerals amounts, siderite was the predominant mineral formed, followed by 

quartz. Kaolinite started to form after seventh steps, with quartz dissolution; In scenarios with 

more reactive minerals, siderite precipitated followed by dawsonite. Quartz precipitation seems 

to be related to calcite reaching equilibrium, causing quartz to dissolve and precipitating 

kaolinite (Fig.19-e. and k.); The scenario at Fig.19-h. appears to have same outcome as 

presented for chamosite dissolution in LC-2, but in different proportions. 

Clinochlore dissolution formed magnesite, dawsonite and quartz (Fig.19-i. and l.) for LC-1 and 

LC-2, the difference relies on the amount of minerals used in each litho-class. In opposite to 

others set ups, little amounts of calcite precipitated at initial steps and stabilized by the end of 

titration. 

Pyrite resulted mainly in siderite precipitation and negligible kaolinite, meaning no 

participation of the formation water composition in precipitation of new minerals (Fig.19-c.). 

Biotite dissociation resulted mainly in siderite formation, followed by dawsonite and quartz 

precipitation (Fig.19-f.). 

Calcite was observed dissolving in almost all scenarios (exempt for Fig.19-i. and l.) and it was 

due the acidification caused by interaction between formation water and dissolved CO2. 

In general, the dissolution of reactive minerals responded according to the expected, 

considering its cations (Na+, Fe2+, and Mg2+) available to link to CO2. Formation water has 

contributed with ions Na+, Ca2+, Al3+, and HCO3
- to form dawsonite (Fig.19, items e., f., h., i., 

k., and l.), and kaolinite (Fig.19, items b., e., and k.) respectively, in the distinct set ups for each 

well, showing a  CO2 intake as the expected in theory, described in Marini (2006). 

5.4.2 Estimation of carbonates mineralization time   

The semi-kinetic simulation was performed in PHREEQC (Parkhurst and Appelo, 2013) in the 

aim of understand the primary minerals precipitation rates and the secondary minerals that form 
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through the time scale of ten thousand years. The example of the semi-kinetic simulation script 

is given at Appendix C, and the input data at Table 2, Table 3 and Table 7. 

The simulation was done in two parts: first part used site original temperature and pressure, 

measure in each well (Fig.20); the second part of the simulation, temperature and pressure 

values were switched between the wells, resulting a total of eight scenarios. 

Fig.20 shows the graphical results of the semi-kinetic simulation utilizing the original pressure 
and temperature: 

 

Fig. 20: Semi-kinetic simulations using the original site values of temperature and pressure: 

a.) Well 32/4-1, LC-1 (45°C, 121bar);  b.) Well 32/4-1, LC-2 (45°C, 121bar); 

c.) Well 31/6-3, LC-1 (77°C, 191bar);  d.) Well 31/6-3, LC-2 (77°C, 191bar). 

Dashed lines represent the different primary minerals been dissolved, while the full lines describe the authigenic 
minerals. Dotted red line describes the CO2 consumed to form authigenic carbonate minerals, and it is plotted in 
the secondary Y axis.  

 

Chamosite was the faster mineral to dissolve in the four scenarios. With higher pressure and 

temperature (Fig.20-c.). it dissolves slightly before 100 years; the dissolution is ten times faster 

in the Fig. 20-d. due it bigger reactive surface. 
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Albite is completely dissolved in all set ups. It dissolution rate is ten times faster in the scenarios 

with higher pressure and temperature (Fig. 20 c. and d). Dawsonite precipitate as main 

carbonate mineral at Fig.20-c due the predominance of albite as reactive phase. It starts 

precipitating after one year, and it alternates stages of dissolution and equilibrium, describing a 

stair step shape curve, visible at Fig.20, a., c., and d 

Clinochlore was only present in the scenarios with higher temperature and pressure (Fig. 20, 

items c. and d), and it presented very few differences in the dissolution rates presented. In 

Fig.20-c and d., magnesite precipitates after one year and it was limited by the amount of Mg2+, 

getting steady after ten years. 

Biotite and pyrite were present in the scenarios with low temperature and pressure (45°C and 

121bar) and both minerals presented negligible dissolution by the end of simulation, being 

practically stable during ten thousand years. 

Calcite had small dissolution in all set ups, due the decrease in pH caused by the reaction 

between CO2 and the brine, that turns the pH acidic. By ten to hundred years of simulation, 

calcite reached the equilibrium in all set ups. 

Siderite is the predominant carbonate mineral formed (except for Fig.20-c.), it precipitates from 

one year of simulation, followed by dawsonite and magnesite. In general, the set ups with more 

reactive phases presented faster secondary mineral precipitation (Fig.20, items c., and d).  

Kaolinite precipitated after ten years in small amounts (Fig.20-c), but precipitates since zero 

time in scenario at Fig.20-d. this difference is related to the amount of reacted clinochlore that 

releases ions Al3+ and from the formation water composition, as in Fig.20, items a. and b., where 

chamosite contributes with Al3+ to the system. 

In the second part of simulations, the values of temperature and pressure were exchanged 

between the wells and the outcomes are presented in Fig.21.  

As in the first part of simulation (original temperature and pressures from each site), minerals 

at well 32/4-1 presented an increase in dissolution speed at the set ups using higher temperature 

and pressure (high TP, Fig.21-a. and b.), with albite dissolved from one thousand years, and 

chamosite completely dissolved after a hundred years. Consequently, the carbonate 

precipitation was also faster in same scenarios, forming carbonate minerals earlier than one 



  
 

50 
 

year for well 32/4-1. Biotite (Annite) and pyrite had similar behavior, with very few differences 

for biotite after five thousand years.  

 

Fig. 21: Semi-kinetic simulations using switched values of temperature and pressure for: 

a.) Well 32/4-1 for LC-1 with 77°C, 191bar; b.) Well 32/4-1 for LC-2 with 77°C, 191bar;  

c.) Well 31/6-3 for LC-1 with 45°C 121bar;  d.) Well 31/6-3 for LC-2 with 45°C and 121bar. 
Dashed lines represent the different primary minerals dissolved, while the full lines describe the authigenic 
minerals in each set up. Dotted red lines describes the CO2 consumed to form authigenic carbonate minerals, and 
it is plotted in the secondary Y axis.  

 

In well 31/6-3 (low TP, Fig.21-c. and d.) the mineral dissolution rates slowed down, getting 

completely dissolved slightly after one thousand years for LC-1, and hundred years for LC-2 

(Fig.21-c. and d. respectively). Quartz and dawsonite started to form earlier at ten years and 

had less steep curve describing its precipitation rates, after one hundred years (Fig.21-c. and d).  

5.5 CO2 mass storage estimation 

The CO2 storage capacity was calculated based on a 3D model made in Petrel. The estimation 

of the total mass of CO2 that can be placed in Smeaheia, at Alpha structure was calculated based 

on the pore volume of the three sandstones wedges: Sognefjord, Fensfjord and Krossfjord 

formations. 
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The porosity model was created from Neutron log, utilizing a cut-off range of values (Table 8) 

conditioned to each litho-class in the sandstone formations. The algorithm used to extrapolate 

the litho-classes was Sequential Indicator Simulator (SIS), with anisotropy of 3:1 for the 

horizontal variograms. The model used a  general depositional trend NNE-SSW described by 

Dreyer et al. (2005) and Patruno (2013), for Sognefjord Formation;   and Holgate et al. (2013), 

(2015) for the Fensfjord, Krossfjord and Lower Sognefjord formations. 

The porosity model was adjusted in relation to permeability logs, where cells with horizontal 

permeability lower than 300mD, and vertical permeability lower than 80mD were set with zero 

porosity. This procedure excluded the LC-3 in the volume estimation, due it very low 

permeability values (<0.164mD for horizontal; and <0.12 mD for vertical). 

Table 9: Porosity values range distribution according to zone and it litho-classes 

Formation LC-1 (%) LC-2 (%) LC-3 (%) 

Sognefjord 12 - 28 8 - 22 14 - 26 

Fensfjord 18 - 30 8 - 24 16 - 26 

Krossfjord 8 - 28 8 - 22 12 - 22 

 

Three spill points define the maximum depth storage in each sandstone as the limit for the CO2 

to be confined in Alpha structure before it starts migrating to Beta structure. The area defined 

by the spill points in Alpha structure is approximately 82 km2, marked by the red portion in 

well 32/4-1, as in Fig.22. 

The mass of CO2 to be stored in Alpha structure was estimated based on the reservoir conditions 

of temperature and pressure (presented in Table 1), the  CO2 density was taken from Span and 

Wagner (1996), and the storage efficiency factor (5.5%) for Sognefjord Formation was taken 

from Riis and Halland (2014). Table 9 comprises the spills point, pore-volume and it respective 

CO2 mass estimation for each sandstone formation. 

An uncertainty study composed with one thousand runs was performed to understand the pore-

volume deviation resulted from the displacement of each spill point in five meters up or down. 

Variation regarding the modeling of geological heterogeneities was computed based on random 

seed number applied in the Facies modeling process (used to create the litho-class model). Fig. 

22 shows the comparison of each reservoir litho-class LC-1 and LC-2 in each sandstone 

formation. 
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Fig. 22: Smeaheia model, with the spill points defined for Sognefjord, Fensfjord and Krossfjord formations 
(marked by well 32/4-1). On the back, Beta structure with well 32/2-1. 

 
Table 10: Spill point per sandstone formation and it estimated pore-volume for each litho-class. 

Formation 
Spill point 

(meters depth) 

Pore volume (106m3) 

LC-1  LC-2  

Sognefjord -1281 664 12 

Fensfjord -1404 2108 32 

Krossfjord -1595 518 6 

 

Fensfjord Formation is the thicker deposit (~220m); therefore, it has the total pore-volume and 

of 2140Mm3, and the highest variation on uncertainty simulations. Sognefjord Formation with 

~70m thickness, presented a total of 672Mm3; and Krossfjord Formation, the thinner reservoir 

with <50m thickness, provides 524M m3 in total. 

The combination of spill points uncertainty and the property distribution uncertainty on the seed 

number led to underestimated probabilities for the pore-volume, as presented in Table 11. The 

pore-volume obtained in all probabilities (P10, P50, P90) for LC-1 and LC-2 were lower than 

obtained in the base-case. A change considerable exchange in the litho-classes proportion is 

also observed, with an increase of 20% in the final volume estimated for LC-2, with a 

consequent reduction in LC-1 values. 

Table 11: Comparison for pore-volume estimated for each sandstone formation, per litho-class 

(Base-case column), and the respective pore-volume probabilities from the uncertainty analysis 

(P10, P50, and P90 columns). 

Formation 
Base-case (106m3) LC-1(106m3) LC-2 (106m3) 

LC-1 LC-2 P10 P50 P90 P10 P50 P90 

Sognefjord 664 12 432 487 547 43 66.7 97 

Fensfjord 2108 32 1554 1652 1751 154 206 269 

Krossfjord 518 6 338 395 442 41 67 104 
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Fig. 23: Uncertainty runs comparing the litho-classes in each sandstone formation: a.) LC-1, in Sognefjord Fm; 
b.) LC-1 for Fensfjord Formation; c.) LC-1 in Krossfjord Fm; d.) LC-2, in Sognefjord Fm; e.) LC-2 for Fensfjord 
Fm; f.) LC-2 in Krossfjord Fm. The three dotted vertical lines in each graphic represents the probabilities of 
occurrence, being the pessimistic called P10, the medium case P50 and the optimistic P90.  

 

Based on the variation estimated in uncertainty simulation for LC-1 and LC-2, the CO2 mass 

that can be stored in those three sandstones, under reservoir temperature and pressure, the values 

are presented in table 12: 

Table 12: Estimated CO2 mass per litho-class for each sandstone formation (Base-case) and its 

respective probabilities (P10, P50, and P90 columns). 

Formation 
CO2 total mass (106t) LC-1(106t) LC-2 (106t) 

LC-1 LC-2 P10 P50 P90 P10 P50 P90 

Sognefjord 19 0.3 11.8 13.3 15 1.2 1.8 2.7 

Fensfjord 58 0.9 43 45.4 48 4.2 5.7 7.4 

Krossfjord 14 0.1 9.3 10.9 12 1.1 1.8 2.9 

Total 91 1.3 65.7 69.6 75 6.5 9.3 13 

 

The spill point values and seed number used in uncertainty analysis were compared in 

sensitivity plots for each reservoir litho-class. In both cases, the factor that mostly influence the 

results for both litho-classes, is the seed number, as in Fig.24. 

In the property modeling process the seed number define the order of value attribution for each 

cell contained in the model, meaning the start point when a computer generates a 
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random number sequence prior define the cell property value (in this case, litho-classes and 

consequently porosity). 

 

Fig. 24: Sensitivity analysis comparing the influence of each variable (spill point and seed number) used in the 
uncertainty analysis for the litho-classes distribution in LC-1 (yellow bars) and LC-2 (orange bars), and regarding 
its contribution to the final pore-volume. 
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6 Discussion 

Previous studies about CO2 sequestration have been conducted in Smeaheia, a deep saline 

aquifer, located at east Troll field (Sundal et al., 2014, Riis and Halland, 2014, GASSNOVA, 

2016),  and in similar sites at Norwegian North Sea like in Johansen Formation, at Troll field 

(Eigestad et al., 2009); and Utsira Formation, at Sleipner (Chadwick et al., 2004, Lindeberg et 

al., 2009, Hellevang and Aagaard, 2013, Sundal, 2015) among many others. These referred 

works presented the site geological characterization, with implications on CO2 storage capacity, 

and the mineralization potential estimation. In this thesis, the geological characterization helped 

to understand the main setting governing the CO2 plume spreading and sweep efficiency; The 

CO2 mass storage capacity is conditioned by in situ properties like porosity, permeability and 

facies distribution; The mineralization potential was determined from the site mineralogy, 

temperature, pressure and salinity, used as input in the geochemical simulations within a time 

frame of ten thousand years. 

A regional reservoir model of Smeaheia was generated with properties obtained from the 

interpretation of wireline logs and 42 m of well core from Sognefjord Formation. The total area 

used for Smeaheia has 1.180 km2, and it reservoirs sandstones thicknesses measured at well 

32/4-1 is ~350m. The structural setting of Smeaheia as sloping aquifer favors CO2 post-

injection migration towards the north in Sognefjord Formation. Its gentle tilting added potential 

for dissolution because it enhances the CO2 plume mixing and contact area with the formation 

water (Hermanrud et al., 2009, Pruess and Nordbotten, 2011, Bachu, 2015). The potential to 

link CO2 and form carbonate minerals requires dissolved CO2 and is therefore also large in such 

settings (Hermanson and Kirste, 2013). 

The overall compartmentalization observed at Smeaheia configured as an isolated structural, 

eastward rotated fault block, with a sedimentary architecture composed by high porous-

permeable shallow marine sandstone from Sognefjord, Fensfjord and Krossfjord formations, 

that alternates with the open marine, low porosity and permeability (<20% and <10mD 

respectively) silty-claystones deposits of Heather Formation (Bolle, 1992). These contrast 

between the sandstones and the claystones works as preferential regional CO2 flow paths, that 

can improves the sweep efficiency, and further potentializes the effect of trapping mechanisms 

as the CO2 plume spreads (Bachu, 2015, Nordbotten et al., 2005), with similar process was 

described by Sundal et al. (2013) for Johansen Formation.   
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In CO2 geological storage, the injection phase offers the highest risk for leakage and undesirable 

effects (Metz et al., 2005a), especially in terms of pressure build up. The injection phase is 

characterized for a large transfer of mass through the pore space under high pressures and 

potentially large temperature gradients (Gaus, 2010). For the reservoir rock, the risk in this 

phase is related to decrease the permeability around the well by precipitation of fast reaction 

minerals such as evaporites and sulphates (Assayag et al., 2009, Wolterbeek and Raoof, 2018), 

ruining the injection rates, resulting in overpressure of targeted reservoir. The regional 

extension of Smeaheia combined to its relative high permeability values for sandstones, may 

configure a high injectivity reservoir, having enough area to dissipate the injection pressure 

over it extension, what can reduce the pressure build up and allow higher injection rates 

(Lindeberg et al., 2009, Chadwick et al., 2012).  

The analysis of multi-scale data was used to discretize the reservoir properties into three main 

facies association based on grain size, sedimentary structures, rock texture, and mineral 

composition. These properties discretization was named litho-classes as:  

 LC-1 is the most abundant litho-class predominantly occurring in all three sandstones 

reservoirs. In the examined core from well 32/4-1, at Fig.12, it is represented in yellow 

and it is formed by few thin episodes of micaceous coarser / conglomeratic sands, 

normally grading to predominant fine / very fine sands. It present relative low reactive 

minerals content, mostly albite and chamosite (Table 7) in both sampled wells. Due its 

high porosity (~30%) and permeability (>1000mD), functionally LC-1 is the propitious 

media for flow spread through the reservoir volume;  

  LC-2 makes about 10% of the reservoir bulk volume. It was identified in several 

portions of core log from well 32/4-1 (Fig.12, in orange). At well logs it is displayed 

associated with the finer sediments from LC-3, being recognized by characteristic log 

patter in Gamma-ray with a steep peak, followed by a throat (Fig.13-b.).  It has a wide 

range of porosity values (up to 24%) and low vertical and horizontal permeability 

(<300mD; <900mD), it also presents highly cemented portions (Appendix A, TS1266 

and TS1528). Regardless, it has relatively higher average content and variety of reactive 

mineral phases (Table 7). These properties allow LC-2 to be suitable for the residual 

trapping in small pore throats in porous-permeable occurrences; and in its cemented and 

/ or low permeability silty portions it might work as internal flow dissipater(Rimkus, 
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2016), enhancing the local spreading of CO2, which by it turns will favor the 

mineralization process by increasing reservoir contact area with the injected fluid 

(Chang et al., 1994). 

  LC-3 corresponds to the only sample from Heather Formation claystones. These 

claystones also appears associated with the siltstones of LC-2, in thin, finning upward 

pattern at well logs and core. LC-3 (Fig.12, LC-3 is represented in green color) is mainly 

composed by minerals such as chlorites and glauconite but, despite its relatively high 

porosity, the permeability in this litho-class is low (<0.064mD) which will prevent CO2 

to move further in those beds due high capillary pressure. The reactions of mineral 

dissolution and posterior precipitation will occur in the lithologies interface, with a 

slight decrease of the porosity, which further might improve the sealing capacity of the 

cap rock by posterior mineralization. Even though, this porosity change will be 

restricted to the lower meters, even for the most reactive case (Gaus et al., 2005).  

Important diagenetic features were observed in the thin sections, related to the mineral content 

that can have direct impact on the reservoir quality in respect to its porosity and permeability 

properties. The occurrence of kaolinite pore-filling, associated to partially obliterated feldspars 

and micas (Fig.17-c. and d.), can be an indicator of  humid climatic conditions and high 

meteoric flow rates with low K+(Na+)/H+ ratios that happened during Early Jurassic time 

(Khanna et al., 1997), being more effective in portions with high permeability. The 

kaolinitization in proximal areas is more effective because they received higher meteoric water 

fluxes compared to more distal parts. The opposite effect occurs within deep buried areas, with 

reduced pore water flow. Kaolinite also appears associated with fanned pseudomorphs micas 

biotite and few micro-nodules of pyrite (Fig.17-d), replacing the original biotite. These fanned 

micas present a broadening of it lamellae space, which may cause a reduction in permeability 

(Bjørlykke, 1998). 

The prevalent clay coating the grains is chamosite, an Fe+2-rich member of the chlorite group. 

On quartz grains, it favors the preservation of porosity in deep burial zones by inhibiting quartz 

overgrowths, because it isolates the grain, preventing it reaction with the pore water (Ehrenberg, 

1993). The reservoir conditions in the study area, with geothermal gradient around 33°C/km, 

has  estimated temperatures ~45°C and pressures at  ~121 bar in the sampled depth,  which are 

below the onset of early quartz cementation presented by  Bjorlykke and Egeberg (1993). 
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Therefore, quartz overgrowths, practically absent in the samples, justify the good porosity in 

the sandy litho-class (LC-1) of the Sognefjord Formation. Chlorites are commonly found in 

deltaic and fluvial environments covering quartz grains, and abundant chlorite coating is 

reported in thoroughly studied sandstones from Cook and Johansen formations (Ehrenberg, 

1993). In smaller grain sizes, chlorite coats might also reduce the permeability (Moraes and 

Surdam, 1993).  

Calcite cemented layers contained within the silty litho-class (LC-2) were identified in core 

description (Fig.12-c) and wireline well logs (Fig.13), and cuttings samples (Appendix A, 

TS1266 and TS1528) for Sognefjord Formation. Calcite cemented layers occurrences are 

reported by Vollset and Doré (1984) and Holgate et al. (2013) in the sandstones wedges of 

Viking Group. In Sognefjord Formation the calcite cement, as described from the well core 

(Fig.12-f), is probably sourced from local accumulations of aragonitic skeletal particles (e.g. 

mussels and shells) dissolved and re-precipitated as calcite. This shell accumulation occurred 

in periods of low clastic sediment input and they may have dissolved and re-precipitate in situ 

or were transported and re-deposited during storm episodes or channel lag deposits 

(Kantorowicz et al., 1987, Bjørkum and Walderhaug, 1990). In the CO2 storage reservoir 

setting, calcite cemented layers might decrease the vertical permeability (Prosser et al., 1995) 

and depending on its continuity, it may help to spread the CO2 in large distances.  

Mica layers were observed in the core and in the thin section, associated to carbonaceous 

fragments, and microcrystals of framboid pyrite (Fig.17-f), forming draping layers (Appendix 

A, TS1264). The depositional setting is interpreted to reflect lower energy settings in the delta 

front, which also coincides with a finer grain size. On a micro-scale such micaceous layers are 

likely to reduce the vertical permeability (Reed, 1977), creating a horizontal preferential flow 

path. 

The mineral composition estimated from thin section presented a slightly distinct set up 

regarding the location of the wells they were taken from. In well 32/4-1 (east of Vette fault) the 

Sognefjord Formation is ~300m shallower than in well 31/6-3 (West of Vette Fault). In the 

Troll Field, the extent of diagenesis in the sandstones indicates that it could have been buried 

as much as 500–1000 m deeper than at present (Larter, 1997). The rotation of fault blocks in 

Late Jurassic caused subsequently more erosion in west than in east, and more sediment supply 

in east than in west. In Tertiary, there was uplift and a relative tilting in the east causing more 

erosion in the east than in the west (Avseth and Dræge, 2011) which could be the reason for 
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well 32/4-1 present  less content of reactive minerals (clays and feldspars), compared to well 

31/6-3 (presented at Tables 7 and Table 8). 

The equilibrium simulations made for individual mineral, per litho-class, showed that the 

formation water composition have contributed to the dawsonite equilibrium precipitation in 

scenarios where no Na+ source mineral was provided (Fig.19-e., f., h., i., k., and l.). 

When CO2 dissolves in water, it forms carbonic acid, lowering the pH. In the equilibrium 

simulations, calcite was rapidly dissolved by the acidified brine (mainly in the first three steps 

at Fig.19-a to f.), getting gradually stabilized as the system reached the equilibrium. In titration 

for the equilibrium simulation, the dissolution of reactive phases and precipitation of the 

secondary minerals seemed to be determined by the primary phases initial concentration, where 

the scenarios with higher concentration (LC-2) of same reactive mineral reached the 

equilibrium earlier (e.g. Fig. 19-e. and k.) than in scenarios with lower concentration (LC-1) of 

same primary phase (e.g. Fig.19-b. and h.). 

Alumino-silicate minerals, like feldspar and clays, are present in a wide assortment of 

sedimentary rocks and their dissolution reactions occur in a low temperature range (30-50°C) 

in a time scale of several thousands of years (White et al., 2005, Audigane et al., 2007).  

The estimation of CO2 mineralization for Smeaheia was performed in two scenarios of reservoir 

conditions: the first one, used the original conditions in each well (well 32/4-1 with 45°C, 

121bar; and well 31/6-3 with 77°C and 191bar); In the second scenario, temperature and 

pressure were switched between the wells, now with well 32/4-1 having the higher temperature 

and pressure and well 31/6-3 having the lower temperature and pressure. 

In both cases, the set ups using the higher temperature and pressure (high TP) showed the 

dissolution rates of albite and chamosite ten times faster (Fig.20-c. and d.; Fig.21-a. and b.) than 

the scenario with lower temperature and pressure (low TP) (Fig.20-a. and b.; Fig.21-c. and d.).  

Slow reacting minerals (biotite and pyrite Fig.20-b. and Fig.21-b) presented minor alteration in 

scenario with high TP.  

In this experiment, as described in Pham et al. (2011), the secondary carbonates precipitated at 

reasonable low supersaturation and formed rapidly after the dissolution of the primary minerals. 
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The reactive surface also plays a significant role in semi kinetic simulations for mineralization 

time. Chamosite was found the mineral with the bigger reactive surface (~135000 m2/L) in 

items d., at Fig.20 and Fig.21. The difference in the reaction rates from original high TP (Fig.20-

d) against the low TP used in the second stage (Fig.21-d) showed that chamosite dissolution 

rate was only three times slower (30 years) using the low TP set up in relation to the original 

10 years. While in the scenarios where chamosite has a smaller reactive surface (~20.000m2/L), 

the variation in chamosite kinetic reaction rates was ten times faster in the using high TP 

(Fig.20-c. and Fig21-a. and b.), meaning that in this case, the speed of kinetic reaction is given 

by the temperature and pressure condition. 

The mineralization capacity of many rock compositions is calculated and modeled based on a 

wide range of mineralogy (Johnson et al., 2001) and it is subject to large uncertainties at various 

levels, and the  impact of these reactions depend on the rate at which it occurs. For minerals 

with high kinetic rates, it can be measured directly in the laboratory (e.g. most carbonates, 

certain sulphates) (Gaus, 2010). In other hand, for alumino-silicate minerals which have very 

slow dissolution rates at site temperature, this is not possible to be reproduced in lab 

experiments (Palandri and Kharaka, 2004). In situ derived silicate reactions rates have been 

found to be slower than laboratory studies at comparable temperatures and pH values with 

differences of  2 to 5 orders of magnitude, e.g. Zhu (2006).  

In a context of uncertainties related to mineral stability, experiments with dawsonite have being 

useful for the characterization of this rare secondary mineral, linked to natural CO2 reservoirs, 

being able to trap significant amounts of CO2 based on geochemical models (Xu et al., 2005, 

Audigane et al., 2007). Based on available thermodynamic data with established dissolution 

and precipitation rates presented by Declercq et al. (2008) whereby, measured dissolution rates 

by Hellevang et al. (2005) suggest that dawsonite can provide a permanent mineralization 

storage in systems with high CO2 pressures,  and it might dissolve when the high CO2 pressures 

dissipate. 

The definition of the reactive surface area is subjected to uncertainty regarding the methods 

applied in its determination (Aagaard and Helgeson, 1982), and it may get more complex if  the 

grain has clay coating (Cubillas et al., 2005). The interaction with the minerals is usually occurs 

at selective sites at the particle surface and the difference between total surface area and reactive 

surface area can be between 1 and 3 orders of magnitude (White, 1990).  
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Even when all modelling parameters are known, processes, and correctly implemented, in the 

long term the outcomes from reaction rate and the reactive surface areas may introduce 

uncertainties up to several orders of magnitude regarding the mineral trapping capacity and 

potential changes in porosity on the long term. 
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7 Conclusions 

 The geological setting in Smeaheia had shown stratigraphic potential to work as CO2 

storage place, with sedimentar setting able to provide a good flow dissipation 

mechanism towards upslope, through the regional preferential path ways defined by the 

sandstones and interbedding claystones. The small-scale heterogeneities (calcite 

cemented layers, silty low permeability layers) can contribute with the local CO2 mix 

in the system, potentializing the different trapping mechanisms. 

 It overall structural setting, constituted of an isolated faulted block requires further 

investigations regarding the fault nature and it porous-permeable properties. 

 The Smeaheia CO2 volume storage potential obtained in this thesis (92.3Mt) was similar 

the volume estimated by Gassnova in the feasibility assessment (100Mt) – confirming 

it capacity to accommodate the estimated mass of 39Mt of CO2, proposed in same 

feasibility study. 

 Mineralization has a huge uncertainty regarding time scale due different environmental 

set ups for temperature, pressure and mineral composition. A lack of standard library 

with kinetic rates, mineral chemical composition (e.g. solid solutions series, like 

chlorites and feldspars), increases the source of uncertainty. 

 Many kinetic laws are described in the literature, e.g. Lasaga et al. (1994) and Aagaard 

and Helgeson (1982) broadly used in geosciences. But, the determination of kinetic 

constants is subject to many complexities and experimental data, available over a wide 

range of pressures and temperatures which brings a lot of uncertainties to the process.  

 Would be interesting to perform laboratory experiments simulating the local conditions 

of T and P as recently performed by Klajmon et al. (2017) combined to natural analog 

data such as the North Sea Jurassic Sleipner West gas condensate field (Ranaweera, 

1990),  to have a better insight on the uncertainties related to the mineralization 

potential. 

 Perform injection simulations using different scenarios combining set ups for grid 

resolution, grid properties distribution, different injection well places, and flow rates to 
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understand the uncertainties regarding the quantification of CO2 fractions (free gas 

phase, dissolved phase and mineralized) in the storage site, based on a dynamical 

system. 

 As in Sleipner example where several research groups modelled the long-term trapping 

in the Utsira formation, this work about Smeaheia demonstrated relative low reactive 

potential, where mineral trapping is not assumed to play a key role. The outcomes from 

the model differ significantly in the underlying data and the results obtained in the 

uncertainty analysis due the different assumptions and parameter used. 

 A proper strategy to perform such complex and domain-integrated study must be 

defined. Reservoir characterization (interpretation of structures, depositional 

environment, sedimentar and structural frameworks), as well as the reservoir simulation 

parameters (e.g. imbibition and drainage curves, well completions, injection strategy, 

etc.), integrated to geochemical simulations (definition of mineral chemical 

composition, kinetic rates, and associated parameters) requires calibration of tools, and 

caution on the selection for the adequate parameter. 
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APPENDIX A – Thin sections description 

Well: 32/4-1 TS 1273 Depth: 1273.6 m – Sognefjord Fm 
Thin section Plane polarized light  (2x) Plane polarized light  (10x) 

 
 
 

 
 
 
 

  
Grain size: Fine sand Sorting: Moderate to well Roundness: Subangular-subrounded 
Comments: Sandstone; Unconsolidated; light grey to yellow; Presenting subhedral quartz, feldspars, micas 
(mainly muscovite) and carbonaceous content; Some feldspar presents perthite texture; The overall grain 
distribution have a chaotic arrange. Some clay coating in the grains. Accessory: rutile, zircon. 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
43 5 12.7 0.7 3 4.7 0.3 - 1.6 5 - - 24 

 
 

Well: 32/4-1 TS 1272 Depth: 1272.9 m – Sognefjord Fm. 
Thin section Plane polarized light  (2x) Plane polarized light (20x) 

 
 

 
 
 

  
Grain size: Fine sand Sorting: Moderate to well Roundness: Subrounded 
Comments:  Sandstone; Unconsolidated; light grey to yellow; Presenting subhedral quartz, feldspars, micas 
(mainly muscovite) and carbonaceous content; Some feldspar presents perthite texture; The overall grain 
distribution have a chaotic arrange. Some clay coating in the grains. 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
39 3 5.32 7 4.65 3.4 - - 0.33 11.3 1 0.3cc 25 
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Well: 32/4-1 TS 1266 Depth: 1266.7 m -  Sognefjord Fm. 
Thin section Plane polarized light (2x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Silt  Sorting: Moderate to well Roundness: Subangular-subrounded 
Comments: Very consolidated cemented siltstone; Grey/ light green; The grain have a gradation distribution 
(sample not oriented) Presents subhedral to subhedral quartz, feldspars, micas and carbonaceous fragments, 
framed by calcite cement.  
 
Petrographic description, in percent (n=300 points): 
Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
25.3 12 8 1.5 4 1 - 23 2 12 - - 12 

 
 

Well: 32/4-1 TS 1264 Depth: 1264.6 m - Sognefjord Fm. 
Thin section Plane polarized light (2x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Silt to very fine sand Sorting: Well to moderated  Roundness: Rounded - subrounded 
Comments: Siltstone / very fine sand; light grey; with disturbed laminations concentrating carbonaceous 
material and aligned micas; friable; presents quartz (with dissolution and growth features in rare grains), 
plagioclase (with dissolution features), k-feldspar; altered biotite and muscovite, kaolinite as grain coating and 
pore-filling.  
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
29 8.6 3.5 3 3.2 6.8 - 0.7 1.6 11.3 5 - 26 

 



  
 

75 
 

Well: 32/4-1 TS 1261 Depth: 1261.6 m - Sognefjord Fm 
Thin section Plane polarized light  (2x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Silty to very fine sand Sorting: Moderate to poor Roundness: Rounded - subrounded 
Comments: Siltstone; light grey to green; graded (concentration of bigger crystals and opaque minerals at west, 
south-west and south position); friable; presents euhedral to subhedral grains of quartz, k-feldspar (some partially 
weathered), weathered biotite and muscovite; rare plagioclase; chlorite and kaolinite grain coating. Partially 
cemented. 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
30 4 8 3 8 12 - 1 4 10 - - 20 

 

Well: 32/4-1 TS 1237 Depth: 1237.1 m - Heather Fm. 
Thin section Plane polarized light  (2x) Plane polarized light  (10x) 

 
 

 
 
 

  

Grain size: Clay to silt Sorting: Moderate Roundness: subrounded 
Comments: Shale-claystone; green to dark grey; poor visual porosity; very cohesive; presents subhedral quartz, 
rhombohedral calcite, glauconite, fanned biotite, chlorite, subhedral k-feldspar, rare plagioclase.  
 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
30 4 8 3 8 12 - 1 3 11 - - 20 
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Well: 31/6-3 TS 1542 Depth: 1542.2 m – Sognefjord Fm. 
Thin section Plane polarized light (4x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Fine sand Sorting: Moderate to well Roundness: Subrounded-angular 
Comments: Very friable rock; Light grey to green; Composed by subhedral grains of quarts, feldspar, micas 
(predominantly muscovite) e opaques; Cemented pores. Chaotic general arrange of grains.  
 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
44 1 8.4 1 1.7 1.3 - - 2.3 7.3 - 13 20 

 

Well: 31/6-3 TS 1540 Depth: 1540.2 m – Sognefjord Fm. 
Thin section Plane polarized light (4x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Fine sand Sorting: Moderate to poor Roundness: Subrounded-subangular 
Comments: Very consolidated rock; With subhedral quartz, feldspars, and opaques. High mica content 
(muscovite and biotite); Present cemented portions and fluidization structures. 
 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
30 6.7 10 1.3 3.7 6.3 - 4.7 0.3 5 3 - 29 
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Well: 31/6-3 TS 1535 Depth: 1535.4 m – Sognefjord Fm. 
Thin section Plane polarized light (2x) Plane polarized light // (10x) 

 
 

 
 
 

  
Grain size: Silt to fine sand  Sorting: Moderate to poor Roundness: Subrounded  
Comments: The sample present sand-rich layers (with subhedral quartz, plagioclase and k-feldspars), 
alternating with mica-organic-rich layers. Some grain present clay coating. Opaques are very common. 
Accessory: rutile  
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
26 4.2 3 2 8 20 - 1 1.3 9.8 6.7 - 18 

 

Well: 31/6-3 TS 1528 Depth: 1528.2 m – Sognfjord Fm. 
Thin section Plane polarized light (4x) Plane polarized light (10x) 

 
 

 
 
 

  
Grain size: Silt Sorting: Moderate to poor Roundness: Rounded 
Comments: Siltstone with high clay/cement content. With quartz (mostly subhedral), plagioclase, k-feldspar, 
biotite, muscovite, and carbonaceous fragments. Chaotic organization of grains. Accessory: apatite, rutile. 
 
Petrographic description, in percent (n=300 points): 

Qtz Plg K-fdp Biot Musc Chlo Glauc Calc Opaq. Kaol Carb. Cem. Pores 
28.3 6.7 5 5.7 4.7 6.3 0.3 6 3 7.3 4 20 2.7 
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APPENDIX B – Example of titration script used in Phreeqc 
 

Database C:\phreeqc\database\LLNL.dat 
#---------------------------------------------------------------------------------------------------- 
#Example of input file for mineral potential estimation 
#---------------------------------------------------------------------------------------------------- 
 
TITLE MINERAL POTENTIAL FOR WELL 32/4-1  
 
SOLUTION 1 Fromation Water well 32/4-1 
 pH 6.8 charge 
 -units mg/L 
 Ba  382 
 Br   187 
 C(4)  159   #From Warren and Smalley (1994) 
 Ca  4261 
 Cl  46307 
 K  10449 
 Li  4 
 Mg  733 
 Na  12962 
 #S (6) 0 
  
REACTION 1 #dissolved mineral in mol/L 
 #NaAlSi3O8   0.57  #Albite  
 #KFe3AlSi3O10(OH)2 0.148  #Annite  
 #Fe2Al2SiO5(OH)4  0.364  #Chamosite-7A 
 #Mg5Al2Si3O10(OH)8   #Clinochlore-14A   
 FeS2    0.527  #Pyrite 
 1 in 100 steps  
  
EQUILIBRIUM_PHASES 1 
 CO2(g) 1.0    #default value = 10.0 
 Quartz 0.0 0.0 
 Siderite 0.0 0.0 
 Magnesite 0.0 0.0 
 Dawsonite 0.0 0.0 
 Kaolinite 0.0 0.0 
 Calcite 0.0 0.8 
  
INCREMENTAL_REACTIONS true 
 
SELECTED_OUTPUT   
 -file DRIVE\FOLDER\32_4_1_PYRITE.sel 
 -equilibrium_phases CO2(g) quartz siderite magnesite calcite dawsonite kaolinite  
 
USER_GRAPH TEST1 #simple visualization 
 -chart_title "Equilibrium phases" 
 -headings CO2 Quartz Siderite Magnesite Dawsonite Kaolinite Calcite  
 -axis_titles "Steps" "Moles per liter of water" 
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 -axis_scale x_axis 0 110 
 -axis_scale y_axis -2 20 
 -plot_concentration_vs x 
 10 x = STEP_NO 
 20 PLOT_XY x, equi("CO2(g)"), symbol = Plus, color = Red, symbol_size = 2 
 30 PLOT_XY x, equi("Quartz"), symbol = Plus, color = Blue, symbol_size = 2 
 40 PLOT_XY x, equi("Siderite"), symbol = Plus, color = Orange, symbol_size = 2 
 50 PLOT_XY x, equi("Magnesite"), symbol = Plus, color = Yellow, symbol_size = 2 
 60 PLOT_XY x, equi("Dawsonite"), symbol = Plus, color = Pink, symbol_size = 2 
 70 PLOT_XY x, equi("Kaolinite"), symbol = Plus, color = Green, symbol_size = 2 
 80 PLOT_XY x, equi("Calcite"), symbol = Plus, color = LightGreen, symbol_size = 2 
 
END 
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APPENDIX C – Example of semi-kinetic script used in Phreeqc 
 
Database C:\phreeqc\database\LLNL.dat 
#---------------------------------------------------------------------------------------------------- 
#Example of input file for mineral potential estimation 
#Reactive phases in REACTION session are average values according to each well and 
defined lithotype.  
#---------------------------------------------------------------------------------------------------- 
TITLE SEMI KINETIC FOR WELL 32/4-1 SAND 
 
SOLUTION 1 Formation Water Smeaheia 
 pH 6.8 charge 
 -temp 45 
 -units ppm    
 Ba 382   
 Br  187   
 C(4) 159 #(Warren & Smalley, 1994)  
 Ca 4261   
 Cl 46307   
 K 10449   
 Li 4   
 Mg 733   
 Na 12962   
 
RATES 
Albite   
 -start 
 10 K = 0.41*6.91e-11   
 20 Kt = K*exp((-65000/8.314)*((1/TK)-(1/298.15)))  
 30 S = 28.32*(m/m0)   
 35 n = 0.457    
 40 rate = Kt*S*(act("H+")^n*(1-SR("Albite"))) 
100 moles = rate * time  
200 save moles 
-end 
 
Chamosite-7A   
 -start 
 10 K = 0.328*7.7e-12   
 20 Kt = K*exp((-88000/8.314)*((1/TK)-(1/298.15)))  
 30 S = 15429.52*(m/m0)   
 35 n = 0.5    
 40 rate = Kt*S*(act("H+")^n*(1-SR("Chamosite-7A"))) 
100 moles = rate * time  
200 save moles 
-end 
 
EQUILIBRIUM_PHASES 1 
 CO2(g) 2.1 #SI= log127 (bar); default value = 10.0 
 Quartz 0.0 0.0 
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 Siderite 0.0 0.0 
 Magnesite 0.0 0.0 
 Dawsonite 0.0 0.0 
 Kaolinite 0.0 0.0 
 Calcite 0.0 0.8   #Troll N31/2-11 (Warren & Smalley, 1994) 
SAVE SOLUTION 1 
END 
 
KINETICS 1 
Albite 
 -formula NaAlSi3O8 
 -m0 0.41 
 
Chamosite-7A 
 -formula Fe2Al2SiO5(OH)4 
 -m0 0.328 
 
-step 1 10 100 500 1e3 5e3 1e4 1e5 1e6 3.16e7  3.16e8 3.16e9 3.16e10 3.16e11 # in seconds 
-cvode true        #for differential equations 
 
INCREMENTAL_REACTIONS true 
END 
 
USE solution 1 
USE equilibrium_phases 1 
USE kinetics 1 
 
USER_GRAPH  
 -axis_titles "Time (years)" "Secondary minerals (ppm)"  
 -headings Time Albite Chamosite-7A CO2(g) Quartz Siderite Magnesite Dawsonite 
Kaolinite Calcite 
 -plot_concentration_vs time 
 -start 
 10 GRAPH_X SIM_TIME/(3600*24*365) 
 20 GRAPH_Y KIN("Albite") KIN("Chamosite-7A") 
 30 GRAPH_SY EQUI("CO2(g)") EQUI("Quartz") EQUI("Siderite") 
EQUI("Magnesite") EQUI("Dawsonite") EQUI("Kaolinite") EQUI("Calcite")  
  
SELECTED_OUTPUT   
 -file D:\ SEMI_Kinetic_32_4-1_LC1.sel 
 -kinetic_reactants Albite Chamosite-7A  
 -equilibrium_phases  Quartz Siderite Magnesite Calcite Dawsonite Kaolinite CO2(g) 


