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Résumé 

Les dangers potentiels liés à l’augmentation de la teneur en CO2 de l’atmosphère, tels que 

les changements climatiques ou l’élévation du niveau des mers, ont provoqué un grand intérêt 

pour la séquestration du gaz carbonique dans les formations géologiques. Le moyen 

thermodynamiquement le plus sûr pour stocker le carbone est sous la forme de minéraux 

carbonatés, mais il exige une source de cations divalents qui ne soit pas carbonatée. Les roches 

basaltiques qui présentent de fortes teneurs en calcium, magnésium et fer peuvent être une de ces 

sources et la possibilité de former des minéraux carbonatés par injection de CO2 dans les roches 

basaltiques est en cours d’investigation en Islande et dans d’autres endroits du monde. Dans ce 

cadre, l’objectif de cette thèse est de contribuer à l’optimisation de la précipitation des 

carbonates dans les basaltes lors de l’injection de CO2 grâce à une série d’études de terrain et de 

laboratoire complémentaires. 

Une étude détaillée de la composition chimique des eaux souterraines au pied du volcan 

Mont Hekla, dans le sud de l’Islande, a d’abord été menée afin d’évaluer l’évolution chimique 

des fluides et la mobilité des métaux toxiques lors des interactions  entre basalte et fluides riches 

en CO2. Ces fluides fournissent un analogue naturel pour estimer les conséquences de la 

séquestration du CO2 dans les basaltes. La teneur de ces fluides en carbone inorganique dissous 

diminue de 3,88 à 0,746 mmole/kg avec l’augmentation de la mise en solution du basalte tandis 

que le pH passe de 6,9 à 9,2. Ces observations fournissent une preuve directe du potentiel 

qu’offre la dissolution du basalte pour séquestrer le CO2. Les concentrations des métaux toxiques 

dans ces eaux sont faibles et la modélisation des chemins réactionnels suggère que la calcite et 

les (oxy)hydroxydes de fer piègent ces métaux, suite à l’alcalinisation des fluides induite par la 

dissolution continue du basalte. 

On sait que ce sont les cations divalents libérés par la dissolution du verre basaltique qui 

contrôlent la minéralisation du gaz carbonique dans les basaltes. La vitesse de dissolution du 

verre basaltique peut être accrue par l’addition de ligands qui se complexent avec Al
3+

. L’ion 

SO4
2-

 fait partie de ces ligands et l’étude de son impact sur la vitesse de dissolution du verre 

basaltique a été conduite dans des réacteurs de type ‘mixed flow’ à 50°C et 3 < pH < 10. Le 

soufre est souvent présent dans les gaz émis par les centrales électriques et son stockage 

constitue un challenge environnemental. La co-injection avec CO2, si elle est réalisable, peut 

donc constituer une nouvelle méthode peu couteuse de stockage du soufre généré par l’industrie. 
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En accord avec les modèles actuels décrivant la cinétique de dissolution du verre basaltique en 

fonction de la composition de la solution aqueuse, les résultats de ce travail montrent que SO4
2-

augmente la vitesse de dissolution du verre aux conditions acide mais qu’il n’a aucun effet aux 

pH alcalins. Ces résultats suggèrent à la fois que 1) la co-injection de sulfate peut accélérer la 

minéralisation du CO2 dans les basaltes et 2) les modèles cinétiques existant permettent une 

description précise de la dissolution du verre basaltique. 

Afin d’évaluer plus précisément l’impact des ions sulfates sur la vitesse de précipitation 

des carbonates, la vitesse de précipitation de la calcite en régime stationnaire a été mesurée dans 

des réacteurs à circulation ‘mixed flow’ à 25°C et pH  9.1. Les résultats montrent qu’en 

présence de 0.005 M de Na2SO4 la vitesse de précipitation de la calcite est diminuée d’environ 

40% et qu’ainsi la co-injection de sulfate peut ralentir la précipitation de la calcite aux pH 

typiques de la précipitation de ce minéral en subsurface. Des expériences supplémentaires sont 

prévues pour caractériser définitivement l’effet du sulfate aux conditions attendues aux sites 

d’injection du CO2 en subsurface. 
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Abstract 

 The potential dangers with increased concentration of CO2 in the atmosphere, such as 

climate changes and sea level rise, have lead to an interest in CO2 sequestration in geological 

formations. The thermodynamically most stable way to store carbon is as carbonate minerals. 

Carbonate mineral formation, however, requires divalent cations originating from a non-

carbonate source.  One such source is basaltic rocks which contain high concentrations of Ca
2+

, 

Mg
2+

 and Fe
2+

.  The potential for forming carbonate minerals through the injection of CO2 into 

basalt is under investigation in Iceland and several other places around the world.  The aim of 

this thesis is to help optimize carbonate mineral precipitation in basalts during CO2 injection 

through a series of related field and laboratory studies.  

 A detailed study of the chemical composition of the groundwater surrounding the Mt. 

Hekla volcano in south Iceland was performed to assess fluid evolution and toxic metal mobility 

during CO2-rich fluid basalt interaction. These fluids provide a natural analogue for evaluating 

the consequences of CO2 sequestration in basalt. The concentration of dissolved inorganic 

carbon in these groundwaters decreases from 3.88 to 0.746 mmol/kg with increasing basalt 

dissolution while the pH increases from 6.9 to 9.2. This observation provides direct evidence of 

the potential for basalt dissolution to sequester CO2. The concentrations of toxic metals in these 

waters are low and reaction path modeling suggests that calcite and Fe(III) (oxy)hydroxides 

scavenge these metals as the fluid phase is neutralized by further basalt dissolution.  

 The rate limiting step for mineralization of CO2 in basalt is thought to be the release of 

divalent cations to solution through basaltic glass dissolution. The dissolution rate of basaltic 

glass can be increased by adding ligands which complex aqueous Al
3+

. Aqueous SO4
2-

 can 

complex Al
3+

 and the effect of SO4
2-

 on the dissolution rate of basaltic glass was studied using 

mixed flow reactors at 3 < pH < 10 at 50 °C. Moreover, sulphur is often present in the flue gases 

of power plants and their disposal also poses an environmental challenge.  If possible, co-

injection of sulfur with CO2 could provide a novel cost effective disposal method for industrial 

generated sulphur. Consistent with current models describing basaltic glass dissolution by 

aqueous solution composition, results show that SO4
2-

 increases the dissolution rate of the glass 

in acidic conditions, while no effect was found in alkaline solutions. These results suggest both 

that 1) co-injection of sulfate may accelerate CO2 mineralization in basalts, and 2) existing 

kinetic models provide an accurate description of basaltic glass dissolution. 
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To further assess the potential effect of SO4
2- 

on the precipitation rate of carbonates, 

steady-state rates of calcite precipitation were measured in mixed flow reactors at 25 °C and pH 

~9.1. The results show that 0.005 M Na2SO4 decreases the precipitation rate of calcite by ~40%.  

This result suggests that co-injected sulphate could slow calcite precipitation in the subsurface at 

pH conditions typical of calcite precipitation. Further experiments are planned to completely 

define these effects at conditions expected at subsurface CO2 injection sites.    
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Ágrip  

 Áhugi  á bindingu koltvíoxíðs í bergi, í svokölluðum karbónat steintegundum eða 

karbónötum, hefur vaxið hratt undanfarin ár vegna hækkandi styrks koltvíoxíðs í andrúmslofti, 

sem getur leitt til loftslagsbreytinga og sjávarborðshækkana.  Efnavarmafræðilega er binding 

kolefnis í steini stöðugasta bindingarform kolefnis. Til þess að mynda karbónöt, sem leiðir til 

bindingar koltvíoxíðs, þarf tvígildar katjónir, og þær þurfa að rekja uppruna sinn til annarra 

bergtegunda en karbónata.  Bergtegundin basalt er ein slík bergtegunda, en basaltið er ríkta af 

tvígildu katjónunum Ca
2+

 , Mg
2+

 og Fe
2+

.  Möguleikar á bindingu kolefnis í basalti eru nú 

rannsakaðir á Íslandi og víða annars staðar.  Tilgangur þessarar doktorsritgerðar er að rannsaka 

hvernig best er að mynda karbónat steindir þegar koltvíoxíð er bundið í steini í basalti, með 

rannsóknum úti í náttúrunni og með tilraunum á rannsóknarstofu. 

 Grunnvatnskerfið í nágrenni Heklu er náttúruleg hliðstæða við niðurdælingu koltvíoxíðs í 

basalt.  Koltvíoxíðið á Heklusvæðinu er upprunnið úr kviku undir fjallinu, það leitar til yfirborðs 

og blandast grunnvatninu í nágrenni fjallsins í gosum og milli gosa og gastegundir og málmar 

berast beint til andrúmslofts í eldgosum.   Þarna er hægt að rannsaka hvernig kvikugastegundir 

hafa áhrif á efnasamsetningu vatns t.d. hvað varðar bindingu koltvíoxíðs og styrks og 

hreyfanleika mengandi efna í vatninu.  Styrkur ólífræns kolefnis í upplausn í lindavatninu á 

þessum slóðum minnkar frá 3,88 til 0,746 mmol/kg  með auknum efnaskiptum vatns og bergs á 

meðan pH gildi vatnsins hækkar frá 6,9 til 9,2. Þarna má sjá hvernig efnaskipti vatns og bergs í 

náttúrunni binda kolefni sem er upprunnið úr kviku. Styrkur mengandi efna eins og þungmálma í 

lindvatninu í nágrenni Heklu er lítill, og líkanareikningar benda til að steindirnar kalsít og 

járnoxíhydroxíð (FeOOH) bind þungmálmanna samfara efnaskiptum vatns og bergs.  

Þungmálmarnir  geta losnað úr bergi  á fyrstu stigum efnaskipta vatns, gastegunda og bergs við 

lágt pH (minna en 6). 

 Talið er að losun tvígildra katjóna úr basalti samfara upplausn þess í vatni, stjórni hraða 

bindingar koltvíoxíðs í berginu.  Basalt getur verið bæði kristallað eða glerkennt.  Gler myndast 

þegar basaltkvika kólnar hratt án þess að tími gefist til kristöllunar steintegunda.  Leysnihraða 

basaltglers  má auka með því að bæta upplestu efni í vatnið, svokallaðan „ligand“, sem getur 

gengið í efnasamband við þrígilt ál (Al
3+

 ) í vatninu.  Súlfat (SO4
2-

), sem er oxað form 

brennisteins, getur haft þessi áhrif.  Áhrif súlfats á leysnihraða basaltglers voru rannsökuð á 

rannsóknarstofu í svokölluðum gegnumflæðishvarfakútum við 50 °C og pH gildi frá 3 til 10.  
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Brennisteinn er algeng gastegund í  útblæstri orkuvera og iðnaðarvera, og losun hans til 

andrúmsloft getur valdið skaða. Ef brennisteinn hvatar efnahvörfin, gæti verð hagkvæmt að dæla 

báðum gastegundum samtímis í berg þar sem brennisteinn og kolefni bindast varanlega.  

Tilraunirnar sýna að súlfat hraða upplaun basaltglers við lágt pH en hefur engin áhrif við hátt pH.  

Þetta er í góðu samræmi við líkön sem lýsa leysnihraða basaltglers og bendir til að það gæti 

hraðað bindingu koltvíoxíðs í basalti að dæla oxuðum brennisteinssamböndum og koltvíoxíði 

samtímis í bergið.  

 Til þess að rannsaka frekar áhrif brennisteins á bindingu koltvíoxíðs í basalti, voru gerðar 

tilraunir á rannsóknarstofu með áhrif súlfats á útfellingarhraða karbónatsins kalsíts. Áhrifin á 

útfellingarhraðann voru  mæld í gegnumflæðishvarfakútum við 25°C og pH 9,1. Niðurstöður 

sýna að súlfat í styrknum 5 mmól/kg minkar útfellingarhraða kalsíts um 40%.  Þetta bendir til að 

samhliða niðurdæling brennisteins og koltvíoxíðs hægi á útfellingu kalsíts við þær aðstæður sem 

það myndast við í náttúrunni. Frekari tilrauna er þörf til þess að kanna þessi áhrif á 

útfellingarhraða karbónata og heildaráhrif brennisteins á upplausn basalts og útfellingu 

karbónata.   
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1 Introduction 

The concentration of CO2 in the atmosphere has increased from ~280 ppm by volume at 

pre-industrial time to ~385 ppm today mostly due to the combustion of fossil fuels which emits 

an estimated 29 Gt CO2 annually into the Earth’s atmosphere (Taylor, 1991; Manabe and 

Stouffer, 1993; Houghton et al., 1995; Retallack, 2002; ICPP, 2005; 2007; Oelkers and Cole., 

2008; Broecker, 2008). A large current effort is being made to identify and optimize CO2 

sequestration technologies to address the potential dangers, such as changes in the weather and 

sea level rise, associated with increased atmospheric CO2 content (Korbøl and Kaddour, 1995; 

Hitchon et la., 1999; Bachu and Adams, 2003; Arts et al., 2004; Chadwick et al., 2004; Emberley 

et al., 2004; IPCC, 2005; Oelkers and Schott, 2005; McGrail et al., 2006; Ármannsson et al., 

2007; Bachu et al., 2007; Marini, 2007; Matter et al., 2007; Wiese et al., 2008; Oelkers and Cole, 

2008; Broecker, 2008; Kelemen and Matter, 2008; Cantucci et al., 2009; Iding and Ringrose, 

2009; Kharaka et al., 2009; Li et al., 2006; Audigane et al., 2007; Gislason et al., 2009; 

Hermanrud et al., 2009; Kharaka et al., 2009; Matter et al., 2009; Michael, et al., 2009; 

Renderos, 2009; Schaef and McGrail, 2009; Stenhouse et al., 2009; Schaef et al., 2009). 

Geological storage of CO2 together with energy conservation and non-fossil fuel energy sources 

is thought to be the only way to stem the ongoing buildup of atmospheric CO2 (IPCC, 2005; 

Broecker, 2007; 2008). At large point sources of CO2 emission, like fossil fuel and biomass 

energy facilities, and at major CO2 emitting industries, CO2 can be captured directly and 

transported to a suitable storage place (ICCP, 2005; Rubin, 2008; Bouillon et al., 2009). Possible 

storage places for CO2 are, among others, saline aquifers in deep onshore and offshore 

sedimentary formations, the deep oceans and in basalts, granitic and ultramafic rocks.  

This thesis is a combined field, laboratory and modeling study aimed at optimizing our 

knowledge about CO2-water-rock interactions to help scientists succeed in carbon 

mineralization, which is thought to be the safest and most stable way to store CO2 (ICCP, 2005). 

A pilot study investigating the possibility of sequestering CO2 as carbonate minerals in Icelandic 

basalts is being performed by the CarbFix research group (Gislason et al., 2009; Matter et al., 

2009) and my study looks into the possible release of toxic metals to the surroundings during this 
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process, and how we can speed up the carbonization process by increasing the dissolution of the 

basalt.      

 

1.1 Different methods available for carbon storage 

CO2 can be stored in geological formations like deep saline aquifers in onshore and 

offshore sedimentary formations, spent petroleum reservoirs, the deep sea, and become 

mineralized in ultramafic rocks and basalts. Sequestration of CO2 in forestation and soil will not 

be further addressed.  

When CO2 is being injected into an aquifer, the gas will react with the water present and 

produce carbonic acid:  

CO2 + H2O = H2CO3          (1) 

 

The carbonic acid can then dissociate into bicarbonate: 

 

H2CO3 = HCO3
-
 + H

+   
      (2) 

 

When the gas is turned into an aqueous phase (as carbonic acid or bicarbonate), it can no longer 

escape by buoyancy, and it is captured by so-called solubility trapping (Hitchon et al., 1999). If 

the minerals present in the aquifer contain divalent cations, like Ca, Mg and Fe, carbonate 

minerals can precipitate and the CO2 will be stored by mineral trapping (Hitchon et al, 1999): 

 

 (Ca
2+

, Fe
2+

, Mg
2+

) + HCO3
-
 = (Ca, Fe, Mg)CO3 + H

+
    (3)   

 

Some of the details of the different methods to sequester CO2 in geological formations and in the 

deep ocean are summarized below.   

Large sedimentary basins are well suited for CO2 storage because they have tremendous 

pore volume and connectivity, and they are widely distributed. Possible formations include saline 

aquifers, depleted oil- and gas reservoirs and coal beds (Bachu and Adams, 2003; Emberley et 
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al., 2004; Benson and Cole, 2008; Cantucci et al., 2009; Iding and Ringrose, 2009). 

Intergovernmental Panel on Climate Change (IPCC), (2005) reported that three industrial-scale 

CO2 storage projects in sedimentary basins were in operation. These are the Sleipner Project in 

the Utsira formation, outside the coast of Norway, the Weyburn Enhanced Oil Recovery project 

in Canada and the In Salah project in a gas field in Algeria. In addition to these, CO2 injection 

into the Snøhvit field in the Barents Sea started up in 2008 and numerous others projects are 

under investigation.  

The Sleipner Project, run by the oil company StatoilHydro, is the world’s first industrial-

scale storage operation (Chadwick et al., 2004). Carbon dioxide is being extracted from the 

produced gas, to meet quality specifications, and stored 1000 meters below ground in the Utsira 

Formation, offshore the west of Stavanger (Arts et al, 2004; Chadwick et al., 2004; Akervoll et 

al., 2009). A schematic drawing of the Sleipner field can be seen in Figure 1.1. 

  

 

Figure 1.1 Cross section of CO2 injection in the Utsira formation at Sleipner (from Audigane et 

al, 2007) 
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The Utsira Formation consists of sandstones with 90-98% sand content and has an 

average porosity of 35-40%, and is overlain by the Nordland shale (caprock). The sand is mainly 

comprised of quartz (75%), K-feldspar (13%) and calcite (3%) (Chadwick et al., 2004). The 

thickness of the formation varies between 150 and 250 m and the top of the formation is located 

at ~800 m true vertical depth (Korbøl and Kaddour, 1995). Injection started in 1996 and ~1 

million ton CO2 has been injected per year (Hermanrud et al., 2009). The total accumulated 

amount of CO2 through the life time of the field is thought to be approximately 20 million tons 

(Korbøl and Kaddour, 1995; Chadwick et al., 2004). Figure 1.2 shows time lapse seismic data in 

the Utsira Formation from before the injection started to 2006 (Hermanrud et al., 2009). The gas 

has migrated into nine different layers inside the formation. StatoilHydro informs on their web 

pages that the results from the seismic investigation in 2008 shows that no CO2 is leaking out of 

the formation (http://www.statoilhydro.com).   

 

 

Figure 1.2 Time lapse seismic data in the Utsira Formation. The bright amplitudes reveal the 

presence of injected CO2. (From Hermanrud et al., 2009) 
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Two-dimensional reactive transport modeling of CO2 injected at the Sleipner site (Audigane et 

al., 2007) suggests that after 10.000 years, only 5% of the injected gas will be trapped into 

minerals while 95% will be dissolved in the brine. The small percentage of mineral trapping is 

due to the low reactivity of the minerals present in the aquifer and relative lack of divalent metal 

cations.   

EnCana started injecting CO2 into the Weyburn field (Williston Basin Oilfield) in 2000, 

to combine CO2 sequestration with enhanced oil recovery by injecting the gas into an almost 

empty oil field to increase the pressure and in that way enhance the amount of oil which can be 

extracted (Emberley et al., 2005). The oil field consists of shallow marine carbonate and the 

injection rate has been ~5000 tons supercritical CO2 per day, or 3 billion standard m
3
 per year. 

The project is scheduled to continue until 2025-2030, and by then 15-20 Mtons of CO2 will have 

been stored (Cantucci et al., 2009). Geochemical modeling and monitoring of the aquifer show 

that the injected CO2 reacts with the host rock and dissolves the carbonate minerals present and 

produces alkalinity (Emberley et al., 2004; 2005; Cantucci, 2009). Geochemical simulations 

performed by Cantucci et al., (2009) suggests that the CO2 is partially neutralized by solubility 

and mineral trapping by dawsonite precipitation due to trace  amounts of silicate minerals over a 

period of thousands of years (Emberley et al., 2004; 2005). Unfortunately, the concentrations of 

toxic metals in the aquifer prior to, and during injection, were not reported in these studies.  

The In Salah Gas Joint Venture CO2 storage project takes place in the Sahara desert in 

Algeria and is currently the largest onshore CO2 storage project in the world (Iding and Ringrose, 

2009) where nearly 1 million tons per year of CO2 are injected into the Krechba field, a saline 

aquifer, at a depth of 1880 meters. The CO2 stems from gas production and the project is a joint 

venture between Sonatrach, British Petroleum and StatoilHydro. It is the world’s first industrial 

scale CO2 storage project in the water-leg of a depleting gas field (Rutqvist et al., 2009). The 

Krechba field is composed of sandstones with low to medium permeability with occasional 

appearance of fractures and small faults in both the reservoir unit and in the adjacent 

Carboniferous mudstone and siltstone units of the caprock. Despite the evidence of fractures, the 

thick mudstone caprock sequence provides an effective flow and mechanical seal for the storage 

system (Iding and Ringrose, 2009).   

file:///E:\Eric\Local%20Settings\Temp\(Emberley


T.K. Flaathen 2009                                                                                                                                   Chapter 1 - Introduction 

 

- 6 - 

 

The Frio formation, in the U.S. Gulf Cost, is being used to investigate the potential for 

geological storage of CO2 in saline sedimentary aquifers onshore. The injection zone is a 

subarkosic, fine-grained moderately sorted quartz and sandstone, with minor amounts of 

illite/smectite, calcite and oxyhydroxide. The mean porosity is 32% and the permeability is very 

high (2-3 Darcies) (Kharaka et al., 2009). In 2004, 1600 tons of CO2 were injected into this 

formation which led to a decrease in pH and a strong increase in alkalinity. Geochemical 

modeling suggests that the Frio formation water in contact with the supercritical CO2 would have 

a pH of 3 which would make the brine highly undersaturated with respect to minerals like iron 

oxyhydroxides, carbonates and aluminosilicates (Kharaka et al., 2006a). After injection, the 

concentrations of metals like Fe, Ca, Mn, Pb, Zn and Mo increased in the pore fluids. The 

enhanced Fe and Mn concentrations are thought to be due to the dissolution of  Fe oxy 

hydroxides and Mn oxides, or to be a result of corrosion of pipe and well casing (Kharaka et al, 

2006b; 2009). Since iron oxy hydroxides are known to scavenge toxic metals by sorption or 

coprecipitation, the increased concentration of Pb, Zn and Mo can be due to the dissolution of 

this phase. The increase in Ca concentration is most likely due to dissolution of calcite in the host 

rock (Kharaka et al., 2009). This field test demonstrated that CO2 can relatively easily be injected 

and stored in saline aquifers. 

 One of the main challenges for CO2 storage in saline aquifers is to prevent brine leakage 

into overlying drinking water supplies (Stenhouse et al., 2009). It is common to believe that the 

caprock, which has sealed the original hydrocarbon in the reservoirs for millions of years, is 

sufficient to prevent the injected CO2 from migrating into the upper formations. However, the 

much lower interfacial tension of the CO2/water system, compared to that of the original 

hydrocarbon/water system, reduces the sealing capacity of the caprock significantly (Li et al., 

2006). In addition, the high mineral dissolution rates in the system during and after CO2 injection 

could dissolve the caprock and let water with high concentrations of toxic metals, from the 

dissolution of iron oxyhydroxide, escape together with CO2 (Kharaka et al., 2006b; Stenhouse et 

al., 2009). Since sedimentary basins have very low concentrations of minerals containing 

divalent cations, which are needed for the carbonization process, there is little chance to 

mineralize the CO2 injected. As shown in the Sleipner field, the injected CO2 tends to migrate 
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upwards due to buoyancy. A failure in the caprock sealing the reservoir can lead to migration of 

highly acidic and toxic water into surrounding aquifers and possibly to the surface.  

The deep ocean could be a sink for anthropogenic CO2 due to its vast uptake capacity. 

Today, the ocean naturally contains 50 times more carbon than the atmosphere and 20 times 

more carbon than is found in the land biosphere (Adams and Caldeira, 2008). The idea behind 

this type of storage is to inject the CO2 into the deep ocean where it will be sealed off from the 

ocean surface water and the atmosphere for a few hundred years. After this time, the ocean will 

have turned and the CO2 will equilibrate with the atmosphere putting us exactly where we would 

have been in the first place. This method will only buy us some time to come up with safe and 

effective ways of CO2 sequestration. However, by continuing emitting the CO2 directly into the 

atmosphere, the concentration of CO2 in the ocean surface waters will increase dramatically, 

reducing the pH, which will have a harmful effect on coral reefs and other organisms that consist 

of calcium carbonate.  

Recently, the interest of mineralization of CO2 has increased (McGrail et al., 2006; 

Marini, 2007: Matter et al., 2007; Kelemen and Matter, 2008; Schaef and McGrail, 2009; Schaef 

et al., 2009; Gislason et al., 2009; Matter et al., 2009). Geochemical modeling suggests that rock 

types like basalt, ultramafic rocks and granitic rocks can be used to safely store CO2 as 

carbonates over a geological timescale. This type of CO2 sequestration in explained in detail 

below.   

 

1.2 Mineralization of CO2 

 The IPCC (2005) stated that mineral trapping is the most stable and secure form of CO2 

sequestration (Figure 1.3). By mineralization, the CO2 is stored as carbonate minerals which 

thermodynamically is the most stable phase for carbon. Granitic, basaltic and ultramafic rocks 

are being investigated for their carbonization potential at different locations around the world. In 

Japan, CO2 is being injected into granitic rocks in the Ogachi hydrothermal area (Kaieda et al., 

2009), while the Deccan Traps in India (Garg and Shukla, 2009) and the big flood basalt in the 

southeast of US (McGrail et al., 2006; Schaef et al., 2009; Schaef and McGrail, 2009) are under 
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investigation for CO2 sequestration. Also CO2 injection into deep-sea basalt is being explored 

(Goldberg et al., 2008). 

 

Figure 1.3. Storage security (IPCC, 2005) 

 

In Iceland, the CarbFix project group, an international group where the main partners are 

Reykjavik Energy, University of Iceland, The Earth Institute at Colombia University in New 

York, and the Centre National de la Recherche Scientifique, Université Paul Sabatier in France, 

has been created to develop and optimize practical and cost-effective technology for in-situ 

carbon mineralization in Icelandic basalts (Gislason et al, 2009; Matter et al., 2009). 

 

1.2.1 In-situ mineral sequestration in basalt  

The dissolution rate of basaltic glass is fast compared to other minerals and glasses (Oelkers 

and Schott, 1995; Oelkers 2001; Pokrovski and Schott, 2000; Wolff-Boenisch et al., 2004a) and 

the high concentration of divalent anions, like Fe, Mg and Ca which can be used to form 
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carbonates, makes CO2 sequestration in basalt promising. The potential of CO2 sequestration in 

basalt is supported by the fact that while basalt only covers ~10% of the terrestrial surface it 

consumes ~30-35% of all CO2 produced during natural weathering of silicates at the Earth’s 

surface (Dessert et al., 2003). The carbonates which can precipitate are calcite (CaCO3), 

dolomite ((Ca0.5Mg0.5)CO3), magnesite (MgCO3), siderite (FeCO3) and Mg-Fe carbonate solid 

solutions.    

During in-situ mineral sequestration, CO2 is injected into an aquifer where it dissolves in 

water and produces carbonic acid (Eqn. 1). The dissociation into bicarbonate (Eqn. 2) releases a 

proton (H
+
) which is free to react with the host rock, here shown with basaltic glass from 

Stapafell, Iceland (Oelkers and Gislason, 2001): 

 

SiAl0.36Ti0.02Fe(III)0.02Ca0.26Mg0.28Fe(II)0.17Na0.08K0.008O3.45 + 2.82H
+
 =  

SiO2(aq) + 0.36Al
3+

 + 0.02TiO2(aq) + 0.02Fe
3+

 + 0.26Ca
2+

 +  

0.28Mg
2+

 + 0.17Fe
3+

 + 0.08Na
+
 0. 008K

+
 + 1.41H2O     (4) 

 

This reaction releases carbonate forming cations, Ca, Fe and Mg, into the solution at the same 

time as it consumes protons. Proton consummation increases the pH in the water promoting the 

precipitation of secondary minerals, including carbonates, according to Eqn. 3. The precipitation 

of carbonates only proceeds if the protons which are produced are being consumed by 

dissolution reactions like the one with basaltic glass or other common minerals in basalts, like 

plagioclase and forsterite.   

 

1.2.2 Optimizing the carbonization process 

 One of the main challenges of carbonization is to optimize the process so that most CO2 

is mineralized with the least amount of energy and money. The slowest, and therefore the rate 

limiting step, in this process has been shown by experimental and field studies to be the 

dissolution of the host rock and the following release of divalent cations. A number of methods 

exist to accelerate divalent cation release rates including choosing the correct type of host rock, 
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by increasing the surface area where the mineral and fluid can react and by optimizing the 

composition of the injected fluid and the temperature. 

 The correct choice of host rock is a rock which has a high dissolution rate and which 

contains high concentrations of divalent cations, like Ca, Fe and Mg. Oelkers and Schott (1995), 

Oelkers (2001), Pokrovsky and Schott (2000), Wolff-Boenisch et al. (2004a) among others 

observed that the dissolution rate of basaltic glass, Ca-plagioclase and forsterite are high 

compared to other silicate minerals. Wolff-Boenisch et al. (2006) showed that the release rate of 

Ca
2+

 increases with decreasing silica content of the rock. Gabbro and basaltic glass have a high 

concentration of divalent cations and are poor in silica which gives them release rates of Ca
2+

 

which are about 2 orders of magnitude higher than those of granite and rhyolite. They also 

demonstrated that crystalline rock has a lower release rate than glassy rock, as shown in Figure 

1.4. 

 

 

Figure 1.4. Far-from–equilibrium  Ca-release rates calculated from granite, granodiorite, diorite, gabbro 

and natural glasses at pH 4 and 25 °C (modified from Wolff-Boenisch et al., 2006) plotted as a function 

of the Si/O atomic ratio of the solid. 

 

 To maximize the surface area for mineral-fluid interactions, it is important to choose 

porous rock formations with fractures so that the injected CO2 can migrate downstream. Close to 

the injection well, the pH of the water will be low and the host rock will be highly undersaturated 
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which will lead to dissolution and most likely increased reactive surface area. Further 

downstream, the pH will be higher (as shown in reaction 4) and the precipitation of secondary 

minerals might decrease the reactive surface area and finally clog parts of the aquifer (Cubillas et 

al., 2005; Stockman et al., 2008).  

 At far from equilibrium conditions, the dissolution rate equation of basaltic glass can be 

described as (Gislason and Oelkers, 2003):  

 

geor ,  = 

3/1
3

3

exp

Al

RT

E

A
a

a
A

H
A

       (5)  

 

  

where r+,geo signifies the geometric surface area normalized steady-state basaltic glass dissolution 

rate at far-from-equilibrium conditions, AA  refers to a constant equal to 10
-5.6

 (mol of Si) cm
2
/s, 

EA designates a pH independent activation energy equal to 25.5 kJ/mol,  R stands for the gas 

constant, T signifies temperature in K and a i represents the activity of the subscripted aqueous 

species. As can be seen from equation 5, the dissolution rate can be increased either by 

increasing the H
+
/Al

3+
 ratio, by operating at far from equilibrium conditions, or by increasing the 

temperature.  

Gislason and Oelkers (2003) calculated that the dissolution rate of basaltic glass could be 

increased by a factor of 60 by increasing the temperature from 0 to 100 °C in a solution 

containing 10
-6

 mol/kg aluminium at pH 3.5. The temperature effect is much higher at basic 

conditions where the same increase in temperature is estimated to increase the dissolution rate by 

4.5 orders of magnitude at pH 9. To benefit from this, the injection site can be located in areas 

with a high geothermal gradient or at large depth. The drawbacks with using high temperature is 

that the pore spaces in the host rock tend to already be filled up with secondary minerals, which 

means that the reactive surface area is low, and also that CO2 becomes less soluble in water with 

increasing temperature. 

   The composition of the fluid strongly influences the rates. As can be seen from Equation 5, 

the higher the activity of H
+
 (e.g. the lower the pH), the higher the dissolution rate. The Al

3+
 

species inhibits the dissolution rates and the concentration of this species depends on the pH; at 
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pH below 4.3, Al
3+

 is the dominating specie and its concentration decreases to almost 0 at pH 6. 

In acid solutions containing 10
-6

 mol/kg aluminum, the 3
rd

 power of the proton activity decreases 

faster than the activity of Al
3+

, which results in a decrease in rate when increasing from pH 0 to 

7. At basic conditions, the dissolution rate increases again because the concentration of Al
3+

  

decreases faster than the 3
rd

 power of the proton activity. As a result, the dissolution rate of 

basaltic glass is highest at low pH, reaches a minimum between pH 6 and 7, and then increases 

again at basic conditions, as shown in Figure 1.5.  

 

 

Figure 1.5. Predicted dissolution rate of basaltic glass, r+,geo versus pH, using Eqn. 5, in a solution 

containing 10
-6

 M Al.  

 

It is possible to increase the rates by adding a ligand which complex aqueous Al
3+

. According 

to Wolff-Boenisch et al. (2004b), fluorine is a ligand which can enhance the dissolution rate by 2 

orders of magnitude by complexing Al
3+

: 

 

Al
3+

 + F
-
 = AlF

2+
          (6) 

 

AlF
2+

 + F
-
 = AlF2

+
          (7) 

 



T.K. Flaathen 2009                                                                                                                                   Chapter 1 - Introduction 

 

- 13 - 

 

1.2.3 Challenges during in-situ mineralization of CO2   

 The two main challenges for successful CO2 mineralization are to inhibit secondary 

minerals containing divalent cations, other than carbonates, to precipitate and to avoid the release 

of toxic metals into the environment. Common secondary minerals in basalt containing these 

cations are smectites, zeolites and iron and manganese oxides (Gislason and Eugster, 1987a; 

Gislason and Eugster, 1987b; Crovisier et al., 1992; Gislason et al., 1993; Neuhoff et al., 1999; 

Rogers et al., 2006). 

 The possible mobilization of toxic metals during injection of CO2 rich water into basalt 

poses a potential risk for CO2 sequestration in these rocks. Moune et al. (2006) reported the 

concentrations of toxic metals, like Pb, Mn, Cd, Sr and Cu, in the Hekla 2000 lava which has a 

basaltic andesitic composition. When CO2 rich water dissolves the basalt, these toxic metals will 

be released in the aquifer. If they escape into surface and drinking waters, they may have a 

harmful effect on the biota. Kharaka et al. (2006b) comment on this problem in the Frio project, 

where high concentrations of toxic metals were released after injection of CO2.  

 

1.3 Aims and structure of this thesis 

 This thesis is a combined field, laboratory and modeling study aimed at optimizing our 

knowledge about CO2-water-rock interactions to help scientists succeed in carbon 

mineralization. In addition to introduction and conclusions, the thesis comprises four parts. The 

first part, Chapter 2, contains the paper Flaathen and Gislason, 2007. The effect of volcanic 

eruptions on the chemistry of surface waters: The 1991 and 2000 eruptions of Mt. Hekla, Iceland 

which was published in Journal of Volcanology and Geothermal Research. The second part, 

Chapter 3, contains the paper Flaathen et al., 2009. Chemical evolution of the Mt. Hekla, 

Iceland, groundwaters: A natural analogue for CO2 sequestration in basaltic rocks, which was 

published in Applied Geochemistry. Parts number three and four, Chapter 4 and 5, are 

unpublished manuscripts  dealing with the effect of aqueous sulphate on basaltic glass 

dissolution rates and the effect of aqueous sulphate on the precipitation rates of calcite, 

respectively. These manuscripts are prepared to be submitted for publication in Geochimica et 

Cosmochimica Acta and Chemical Geology, respectively. These chapters are summarized below. 
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In addition to this, there are two appendices. Appendix I is the extended abstract Flaathen et al., 

2008. The effect of aqueous sulphate on basaltic glass dissolution rates which was published in 

Mineralogical Magazine 72, and Appendix II is the chemistry of spring water samples from 

Flaathen et al., (2009). 

 In Chapter 2, the effects of toxic metal release from fresh volcanic ash on four different 

kinds of surface waters are described, with a strong emphasis on the effect of aqueous Al-F 

complexation on this process. The ash stems from the Hekla volcano, Iceland, which is of 

basaltic andesitic composition. The different types of surface waters investigated were rain 

water, sea water and high and low alkalinity river waters.  

 Natural analogues allow us to better understand the carbonization processes in basalt, and 

this is the topic of Chapter 3. The groundwater surrounding the Hekla volcano is ideal for such a 

study because it is constantly fed with CO2 from depth and flows through basaltic rocks. A 

detailed study of the chemical composition of the groundwater was performed to assess fluid 

evolution and toxic metal mobility during CO2-rich fluid basalt interaction. This study was 

performed using both field data and reaction path modeling with the computer code PHREEQC 

(Parkhurst and Appelo, 1999).   

 The theme of Chapter 4 is exploration of the potential to enhance the dissolution rate of 

basaltic glass by adding aqueous sulphate. As shown in Eq. 5, the dissolution rate can be 

increased by decreasing the concentration of free Al
3+

 ions in solution. In the same way as F
-
, 

SO4
2-

 can complex Al
3+

 and make Al-SO4 complexes: 

 

Al
3+

 + SO4
2-

 = Al(SO4)
+
       (8) 

 

Al
3+

+ 2SO4
2-

 = Al(SO4)2
-
        (9) 

 

 Power plants and aluminum smelters often emit flue gases containing SO2 which is a very 

reactive gas and therefore difficult to store safely on-land. After oxidation into SO4
2-

, sulphate in 

aqueous form could be co-injected with CO2, to possibly increase the dissolution rate of the 

basalt and at the same time store SO4
2-

 safely in the ground. Flow-through experiments have 
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been performed at pH ranging from 3 to 10 with a concentration of SO4
2- 

ranging from 0 to 100 

mM at 50 °C to assess these effects. 

 The presence of dissolved sulphate could potentially hinder CO2 sequestration efforts if 

the sulphate injected inhibits carbonate mineral precipitation. Therefore, a study of the effect of 

aqueous sulphate on the precipitation rates of calcite is examined in Chapter 5. Flow-through 

reactors were used to measure the precipitation rate of calcite from a mixed NaHCO3/Na2CO3 

and CaCl2 solution containing 0 to 25 mM SO4
2-

 at 25 °C.  
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Abstract 

 The Mt. Hekla eruptions in 1991 and 2000 have provided a unique opportunity to study 

the local environmental effects of high latitude volcanic eruptions in the middle of winter. Both 

eruptions started around sunset at sub-zero temperatures. In order to define better these effects 

we studied the chemistry of surface waters in the vicinity of the volcano. Additionally, we 

describe and predict the environmental consequences of these volcanic eruptions on the 

chemistry of surface waters on land and in the ocean. Several dissolved elements in the polluted 

snow melt from the 2000 eruption (Cl, F, Al, Fe, Mn, As, Cd, Pb, Zn, and U) exceeded the limits 

for water intended for human consumption. The volcanic ash, the primary minerals and 

secondary mineral phases that commonly form in the weathering environment of Iceland were 

undersaturated in the polluted snow melts with the exception of fluorite, barite, goethite and 

amorphous FeOOH. These minerals can constrain the maximum initial concentration of the 

respective dissolved constituents in the meltwaters. It took few days after the first rainfall on the 

volcanic ash to flush out the readily soluble constituents in the vicinity of the headwaters of the 

Ytri–Rangá River. The polluted river waters were oversaturated with respect to several 

secondary minerals, resulting in precipitation of amorphous Al hydroxide and FeOOH and 

further, scavenging of some trace elements on the Al and Fe surfaces. Dissolved Al and F were 

the main contaminants in the Ytri–Rangá river water. Previous studies have shown that 

combined Al–F toxicity is directly related to the predominance of specific Al–F species in 

solution. Model calculations for mixing of a Hekla-type volcanic cloud with 4 surface water end-

members shows Al–F species to be most important in rain and dilute river waters. This makes Al 

and F phyto-available but diminishes the concentration of the Al
3+

 species, the most toxic Al 

species. Mixing with high alkalinity river waters or seawater results in the domination of non 

toxic Al(OH)4 − species at dilutions greater than 800, thus hindering Al toxicity and 

bioavailability. 

 This study indicates that H2SO4 contamination from volcanic eruptions is time and place 

dependent. Volcanic eruptions that take place during winter at high latitudes result in relatively 

high global sulfur contamination and relatively low local sulfur contamination due to the low 

oxidation rate of SO2 into H2SO4 because of the low solar radiation. 
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Abstract 

A detailed study of the chemical composition of the groundwater surrounding the Mt. 

Hekla volcano in south Iceland was performed to assess fluid evolution and toxic metal mobility 

during CO2-rich fluid basalt interaction. These fluids provide a natural analogue for evaluating 

the consequences of CO2 sequestration in basalt. The concentration of dissolved inorganic 

carbon in these groundwaters decrease from 3.88 to 0.746 mmol/kg with increasing basalt 

dissolution while the pH increases from 6.9 to 9.2. This observation provides direct evidence of 

the potential of basalt dissolution to sequester CO2. Reaction path calculations suggest that the 

dolomite and calcite precipitation is largely responsible for this drop in groundwater dissolved 

carbon concentration. The concentrations of toxic metals in the waters are low, for example the 

maximum measured concentrations of Cd, As, and Pb were 0.09, 22.8 and 0.06 nmol/kg, 

respectively. Reaction path modelling indicates that although many toxic metals may be initially 

liberated by the dissolution of basalt by acidic CO2-rich solutions, these metals are 

reincorporated into solid phases as the groundwaters are neutralized by continued basalt 

dissolution. The identity of the secondary toxic metal bearing phases depends on the metal. For 

example, calculations suggest that Sr and Ba are incorporated into carbonates, while Pb, Zn, and 

Cd are incorporated into iron (oxy)hydroxide phases.  
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4.1 Abstract 

Steady-state dissolution rates of basaltic glass were measured in mixed-flow reactors at 50 

°C and 3 < pH < 10 in HCl-NaCl-NH4OH bearing solutions having an ionic strength of 0.01 M, 

or higher, as a function of aqueous sulphate concentration. Sulphate was added to reactive 

aqueous solutions in the form of Na2SO4. Measured dissolution rates increase with increased 

sulphate concentration in acid conditions, but no effect was found in basic conditions. At pH 5, 

the presence of 0.01 mol/kg sulphate doubled the dissolution rate while 0.05 mol/kg of sulphate 

triples the dissolution rate compared to that measured in sulphate-free solutions. This rate 

increase is found to be consistent with rates calculated using an equation previously proposed by 

Gislason and Oelkers (2003). Since the release of divalent cations is thought to be the rate 

limiting step for CO2 mineralization in basalt, adding sulphate to the injected CO2 might enhance 

the carbonization process in this rock.  
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4.2 Introduction  

The concentration of CO2 in the atmosphere has increased from ~280 ppm by volume at pre-

industrial time to ~385 ppm today.  Much of this increase  is due to the combustion of fossil fuels 

which emits an estimated 29 Gt CO2 annually into the Earth’s atmosphere (Taylor, 1991; 

Manabe and Stouffer, 1993; Houghton et al., 1995; Retallack, 2002; ICPP, 2005; 2007; 

Broecker, 2008; Oelkers and Cole., 2008). A large current effort is being made to identify and 

optimize CO2 sequestration technologies to address the potential dangers, such as global 

warming and sea level rise, associated with increased atmospheric CO2 content (Hitchon et al., 

1999; Bachu and Adams, 2003; Arts et al., 2004; Chadwick et al., 2004; Emberley et al., 2004; 

IPCC, 2005; Oelkers and Schott, 2005; McGrail et al., 2006; Bachu et al., 2007; Marini, 2007; 

Matter et al., 2007; Oelkers and Cole, 2008; Broecker, 2008; Kelemen and Matter, 2008; 

Cantucci et al., 2009; Iding and Ringrose, 2009; Kharaka et al., 2009; Li et al., 2006; Audigane 

et al., 2007; Benson and Cole, 2008; Gislason et al., 2009; Hermanrud et al., 2009; Kharaka et 

al., 2009; Matter et al., 2009; Michael, et al., 2009; Schaef and McGrail, 2009; Stenhouse et al., 

2009; Schaef et al., 2009). To reduce the emission of this greenhouse gas to the atmosphere, the 

possibility of sequester CO2 in basaltic rocks is being investigated (McGrail et al., 2006; 

Gislason et al., 2009; Marini, 2007; Matter et al., 2007; Goldberg et al., 2008; Oelkers et al., 

2008). This process involves dissolution of the basaltic rock and release of divalent metal cations 

such as Ca
2+

, Mg
2+

 and Fe
2+

. These ions then react with dissolved CO2 and precipitate as 

carbonate minerals. The rate limiting step for this reaction is thought to be the release of divalent 

cations. As basalts are dominated by basaltic glass the release of divalent metals from basalt is 

closely related to the dissolution rates of this glass.  Like all natural glasses, basaltic glasses are a 

mixture of oxides; basaltic glasses contain ~12% CaO, 10% FeO, and 9% MgO (Oelkers and 

Gislason, 2001). The mechanism and equations describing the rates of basaltic glass dissolution 

were reported by Oelkers and Gislason (2001) and Gislason and Oelkers (2003). These studies 

concluded that the rate limiting step for basaltic glass dissolution is the breaking of Si-O bonds 

when adjacent Al atoms had been removed from the glass structure. In accord with this equation, 

the logarithm of far-from-equilibrium basaltic glass dissolution rates were found to be 

proportional to the logarithm of the Al
3+

 activity of the reactive aqueous solution.  Any process 
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that lowers reactive fluid Al
3+

 activity including the presence of aqueous species that leads to Al-

complex formation, will increase basaltic glass dissolution rates (c.f. Wolff-Boenisch et al., 

2004.).  

An application of the quantification of the effect of aqueous sulphate on mineral dissolution 

rates is that power plants emitting CO2 often produce sulphuric gases as a byproduct. The high 

reactivity and oxidation capacity of sulphuric species make them difficult to store on land. By 

adding sulphate to the injected CO2 solution, it may be possible to store the sulphate safely 

underground. The purpose of this study was to investigate how much sulphate affects the 

dissolution rate of basaltic glass at subsurface conditions. 

4.3 Theoretical background 

The standard state adopted in this study is that of unit activity of pure minerals and H2O at 

any temperature and pressure. For aqueous species other than H2O, the standard state is unit 

activity of species in a hypothetical 1 molal solution referenced to infinite dilution at any 

temperature and pressure. The computer code PHREEQC (Parkhurst and Apello, 1999) was used 

to calculate aqueous activities and chemical affinities in the present study.  

 The quantification of the dissolution rate of a glass or mineral can be challenging because 

there are two distinct surface reactions that can affect rate variations with solution composition: 

1) the inverse reaction, or the tendency to reprecipitate a solid as equilibrium is approached, and 

2) the reaction forming the rate controlling precursor complex. Aagaard and Helgeson (1977; 

1982), Lasaga (1981), Helgeson et al. (1984), Murphy and Helgeson (1987) and Oelkers (2001) 

quantified the effect of inverse reaction in terms of chemical affinity of the dissolving phase 

leading to an equation of the form 

 

r = r+ (1 - exp (-A* / σRT)),         (1) 

 

where r designates the overall and r+ designates the forward dissolution rate, A* refers to the 

chemical affinity for the solid surface layer hydrolyses reaction, which may differ from that of 

the bulk solid, σ stands for Temkin’s average stoichiometric number equal to the ratio of the rate 



T.K. Flaathen 2009                                                        Chapter 4 – Can sulphate enhance CO2 mineralization in basalt? 

 

- 75 - 

 

of destruction of the activated or precursor complex relative to the overall rate, R designates the 

gas constant and T represents the absolute temperature.  

 Dissolution of basaltic glass can be thought of as a two stage process.  The first process 

involves the rapid removal of alkali and alkaline-earth metals, and the second process is the 

destruction of the tetrahedrally coordinated layer comprising Si, Al and Fe(III). The alkali and 

alkaline-earth metals, commonly referred to as modifying elements, are quickly removed from 

the basaltic glass surface through metal/proton exchange reactions (Thomassin and Touray, 

1979; Berger et al., 1987; Guy and Schott, 1989; Crovisier et al., 1990). The removal of these 

metals leads to a leached surface layer which consists of Si, Al and Fe(III). The thickness of this 

leached layer grows with time until the diffusion rate of the glass modifying elements through 

the leached surface layer is equal to the dissolution rate of the leached layer itself, which means 

that the long term dissolution rate is stoichiometric (Gíslason and Eugster, 1987; Crovisier et al., 

1992). Basaltic glass reaches stoichiometric dissolution within several hours at acid, neutral and 

alkaline conditions (Guy and Schott, 1989; Crovisier et al., 1990; Gislason and Oelkers, 2003).  

 The metals comprising the leached layer are generally those found in tetrahedral 

coordination and have the same molar ratio as that of the glass; 1:0.36:0.02 for Si:Al:Fe(III), 

respectively. The role of Fe(III) on basaltic glass dissolution is not considered in the present 

study because of its low concentration in the leached layer and difficulties controlling Fe(III) 

concentration in solutions containing aqueous Fe(II) originating from glass dissolution.         

Taking account of these observations, Daux et al. (1997), Oelkers and Gislason (2001) 

and Gislason and Oelkers (2003) concluded that the final and rate limiting step of basaltic glass 

dissolution is the destruction of this leached layer.  The hydrolysis of this surface layer (in the 

absence of Fe(III)) can be expressed as 

 

SiAl0.36O2(OH)1.08 + 1.08H
+
 = SiO2 + 0.36Al

3+
 + 1.08H2O     (2)  
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Equilibrium constants for this reaction (K2) were estimated by Bourcier et al. (1990) from the 

stoichiometrically weighted sum of the amorphous silica and gibbsite hydrolysis reactions.  The 

chemical affinity of the surface layer hydrolysis reaction is thus given by 

 

081

2

360

2

2

H

3Al2OS
-

.

.

aK

aa
RT

K

Q
RT*A

i

        (3) 

 

where Q2 refers to the reaction quotient of reaction (2), and ai designates the activity of the 

subscripted aqueous species. All basaltic glass dissolution experiments in this study were 

performed at far from equilibrium conditions, which enable determination of the effect of 

activated or precursor complex formation reaction on rates independently of those stemming 

from the inverse reaction. According to Eqn. (1), the overall rates (r) equal forward rates (r+) 

when A* >> σRT. As one approaches equilibrium, overall rates (r) decrease systematically and 

are equal to zero at equilibrium with the surface, where A* = 0.  

Similar to the dissolution of a number of aluminosilicate minerals (e.g. the alkali 

feldspars, Oelkers et al., 1994; Gautier et al., 1994), the dissolution of the Al-Si framework is 

proportional to the concentration of partially detached Si tetrehedra at the near surface.  These 

partially detached Si are formed from the removal of adjacent Al atoms in accord with 

 

3(=Si-O-Al) + 3H
+
 = 3(=Si-O-H) + Al

3+
       (4)     

 

The law of mass action for reaction (4) is given by 

33

H

3

Al
4

3

AlOSi

HOSi

Xa

Xa
K

         (5)
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where K4 corresponds to the equilibrium constant of reaction (4) and Xi is the mole fraction of 

the subscripted surface species. Taking account of conservation of sites (X-Si-O-H + X-Si-O-Al = 1) it 

follows that when the basaltic glass surface still contains substantial Al,  

 

3

1

Al

3

H
4

3a

a
KX HOSi

        (6)

 

and because r+ is proportional to the concentration of =Si-O-H at groups at the surface (Gislason 

and Oelkers 2003): 

 

31
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3
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31
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3

H31

4
33
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a
k

a

a
Kkr

       

(7) 

      

where r  again signifies the steady-state basaltic glass dissolution rate at far-from-equilibrium 

conditions, and k  refers to a rate constant calculated from Gislason and Oelkers (2003).  Eqn. 

(7) suggests that decreasing the activity of Al
3+

 in the aqueous reactive solution increases far 

from equilibrium basaltic glass dissolution rates.  A study performed by Wolff-Boenisch et al., 

(2004) showed that the dissolution rates of basaltic glass can be increased by an order of 

magnitude or more by complexing aqueous Al
3+

 ions with fluorine.  Similarly Oelkers and 

Gislason (2001) observed a similar effect of the presence of aqueous oxalate on basaltic glass 

dissolution rates. 

4.3.1 Aqueous sulphate speciation 

Sulphate is an anion which can complex aluminum, forming aluminum-sulphate by the reactions: 
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Al
3+

 + SO4
2-

 = Al(SO4)
+
        (8) 

Al
3+

 + 2SO4
2-

 = Al(SO4)2
-    

    (9) 

 

Figure 4.1 shows the aluminum speciation in a solution containing 0.1 M Na2SO4 and 10
-6

 M Al 

as a function of pH.  The curves shown in this figure were calculated using PHREEQC 

(Parkhurst and Appelo, 1999). Aqueous sulphate only affects Al
3+

 speciation at 1 < pH < 6.  At 

highly acid conditions (pH < 1.5), Al
3+

 is the most common aluminum species in the solution. 

Between pH 1.5 and 5, the aluminum-sulphate complexes, Al(SO4)2
-
 and Al(SO4)

+
, are the most 

common species, while at higher pH, aluminum hydroxide complexes dominate the solution.  

 

Figure 4.1 Distribution of aqueous Al in mole fraction units of an aqueous solution containing 0.1 M 

Na2SO4 and 10
-6

 M Al at 50 °C.  Calculations performed using PHREEQC (Parkhurst and Appelo, 1999). 

 

As basaltic glass dissolution rates increase with decreased aqueous Al
3+

 activity the dissolution 

rate should increase when sulphate is present in acid solutions. A calculation of the dissolution 

rate of the basaltic glass at these conditions can be seen in Figure 4.2, where an increase in the 

dissolution rate is predicted to occur between pH 1.5 and 6.  
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Figure 4.2 The logarithm of the dissolution rate vs. pH for basaltic glass at 50 °C in the system Na-Cl-H-

OH-SO4 in 0.1 m NaCl solutions and the indicated fixed concentration of SO4, added to solution as 

Na2SO4 calculated using Eqn. (7). The aqueous activities used in this calculation were estimated using 

PHREEQC (Parkhurst and Appelo, 1999). 

 

4.4 Materials and methods 

The dissolution rate experiments were performed with Stapafell basaltic glass collected 

from a volcanic ash located at Stapafell Mountain, southwestern Iceland. This basaltic glass has 

been studied previously (Gislason and Oelkers, 2003; Oelkers and Gislason, 2001) and its 

chemical composition is consistent with Na0.08Ca0.263Mg0.281Fe0.188Al0.358SiO3.32 (Gislason and 

Oelkers, 2003). To obtain the 125-250 µm size fraction, the collected glass was ground and 

sieved after drying. This fraction was cleaned ultrasonically using first deionized water, then 

acetone to remove fine particles.  The resulting basaltic glass powder was subsequently dried 

overnight at 110° C.  The surface area, as determined using a three point BET method 
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(Quantachrome Autosorb-1) using N2 gas, was determined to be 1.524 m
2
/g. The precision of the 

measurements was ± 10%.  The geometric surface area was estimated to be 106 cm
2
/g assuming 

that the glass powder used comprised identical 187.5 µm cubes (c.f. Gislason and Oelkers, 

2003).  

Images of the basaltic glass powder were taken before and after dissolution rate 

experiments using a JEOL 6360 LV Scanning Electron Microscope (SEM). Figure 4.3 a) and b) 

shows the powder before experiments on a large and small scale, respectively. On a large scale, 

the basaltic glass appears to be smooth and free from fine particles. On a small scale, surface 

roughness is apparent. This roughness might help explain the big difference in BET and 

geometric surface area. After dissolution experiments (images c and d), there was no visible 

evidence of dissolution of the glass nor were any secondary minerals evident.  

 

   



T.K. Flaathen 2009                                                        Chapter 4 – Can sulphate enhance CO2 mineralization in basalt? 

 

- 81 - 

 

Figure 4.3. Scanning electron microscope images of the basaltic glass powder used in the present study. 

Images a) and b) are of the initial glass before the dissolution experiments. Image b) is an enlargement of 

image a) showing fine scale surface roughness. Image c) and d) shows the glass after its dissolution in 

experiment in run BG 7 A.  

All experiments were performed in titanium or polypropylene mixed flow reactor 

systems at selected pH and with solutions containing fixed amounts of aqueous sulphate.  Such 

reactors have been used successfully in the determination of the dissolution rates of a large 

number of rock forming minerals and glasses (e.g Berger et al., 1994; Harouiya and Oelkers, 

2004; Saldi et al., 2007, Chairat et al., 2007). All experiments were carried out at 50 ± 2 °C. For 

experiments performed in titanium reactors, a High Precision/High Pressure Liquid 

Chromatography Pump provided continuous fluid flow ranging from 0.1 to 10 g/min during the 

experiments.  The precision of the fluid flow rates was ± 4 percent.  The volume of the titanium 

reactor was 250 mL.  The solution within the reactor was stirred by a Parr magnetically driven 

stirrer, the temperature controlled by a Parr controlled furnace, and elevated pressure was 

maintained using a back pressure regulator.  

The volume of the polypropylene reactors used for the experiments were 30 mL and they 

were continuously stirred with floating Teflon stirring bars. These reactors were immersed in a 

water bath held at a constant temperature ± 2 °C. The fluid was injected using a Gilson peristaltic 

pump, which allows fluid flow rates from 0.01-10 g/min. The solution left the reactor through a 

2.5 µm filter. No additional filtering was performed on outlet fluid sampled obtained from either 

reactor before chemical analysis.  

 Each experimental series comprised a sequence of experiments performed on a single 

basaltic glass powder. At the onset of each experimental series, the reactors were filled with 

glass powder and the inlet solution. The flow rate was held constant until the outlet solution 

contained a steady state Si concentration. Steady-state dissolution rates were obtained after 3-10 

days depending on pH and flow rate.  After steady state was verified with a minimum of three 

constant Si concentrations in the outlet fluid samples obtained over several residence times
1
, inlet 

fluid composition, and/or fluid flow rate were changed to the next desired experimental 

condition.  

                                                           
1 The residence time is defined as the volume of the reactor divided by the reactive fluid flow rate.  
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Inlet fluids used in these experiments comprised demineralised H2O, NaCl (99.5%) and 

Na2SO4 (99%) from Fluka, HCl from Merck, Prolabo rectopur NH4Cl and Fluka BioUltra 

NH4OH.  Basic inlet solutions were bubbled with N2 prior to their use in an attempt to minimize  

the dissolved CO2 concentration. The compositions of all inlet solutions used in this study are 

listed in Table 4.1.  

 

 

Table 4.1 Composition of the inlet fluids for all experiments performed in this study. 

Experiment pH (25°C) SO4 (mol/kg) HCl (mol/kg) NaCl (mol/kg) NH4Cl (mol/kg) NH4OH (mol/kg)

BG 6 D 3.06 9.44E-04 8.90E-03

BG 7 A 2.85 1.00E-03 1.31E-03 8.00E-03

BG 9 A 2.99 1.00E-02 1.43E-03

BG 7 C 3.00 5.00E-02 2.45E-03

BG 7 D 3.02 1.00E-01 3.32E-03

BG 6 A 3.95 9.46E-05 9.89E-03

BG 6 B 3.99 1.00E-03 1.03E-04 8.00E-03

BG 6 C 4.04 1.00E-02 1.35E-04

BG 6 E 4.01 5.00E-02 2.41E-04

BG 6 F 3.96 1.00E-01 4.16E-04

BG 17 E 5.02 9.80E-06 1.00E-02

BG 8 F 5.03 1.00E-03 8.00E-06 8.00E-03

BG 8 C 5.01 1.00E-02 1.40E-05

BG 8 D 5.05 5.00E-02 2.20E-05

BG 8 E 5.01 1.00E-01 3.10E-05

BG 17 F 6.02 5.00E-02 1.00E-02 1.00E-05

BG 17 G 8.01 1.00E-01 1.01E-02 1.20E-05

BG 15 F 8.01 9.51E-03 4.40E-04

BG 15 A 8.07 9.51E-03 4.18E-04

BG 17 D 7.97 9.51E-03 4.00E-04

BG 15 B 8.07 1.00E-03 9.51E-03 4.50E-04

BG 15 C 8.04 1.00E-02 9.55E-03 3.80E-04

BG 15 D 8.02 5.00E-02 9.60E-03 3.60E-04

BG 15 E 7.97 1.00E-01 9.63E-03 3.00E-04

BG 14 A 9.01 3.40E-03 6.66E-03 2.94E-03

BG 14 F 8.99 3.40E-03 6.66E-03 2.94E-03

BG 17 A 9.03 1.00E-03 5.04E-04 6.59E-03 3.09E-03

BG 17 B 9.08 1.00E-02 6.76E-03 3.06E-03

BG 14 D 8.99 5.00E-02 7.05E-03 2.08E-03

BG 14 E 9.03 1.00E-01 7.20E-03 2.08E-03

BG 13 A 10.07 8.51E-03 1.44E-03 6.89E-03

BG 17 C 9.98 8.51E-03 1.52E-03 6.53E-03

BG 13 B 10.05 1.00E-03 5.51E-06 1.52E-03 7.50E-03

BG 13 C 10.08 1.00E-02 1.60E-03 7.70E-03

BG 13 E 10.09 5.00E-02 1.80E-03 7.07E-03

BG 13 D 10.07 1.00E-01 1.92E-03 7.35E-03  
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The silica and aluminum content in the inlet and outlet solutions were determined using 

the Molybate Blue method (Koroleff, 1976) and atomic absorption spectroscopy (Perkin Elmer 

Zeeman 5000), respectively. The reproducibility of chemical analyses were ± 4% for Si and Al 

concentrations greater than 0.5 and 0.01 ppm, respectively, but of the order of ± 10% at lower 

concentrations.  The pH of the outlet fluid was measured at 23 °C immediately after sampling. 

Outlet solutions for experiments run at 5 < pH < 9 were supersaturated with respect to gibbsite.  

 

4.5 Results 

 Steady state dissolution rates (r) were computed from the measured steady-state Si 

concentration using 

          

 

M s

F Δ[Si]
r

           

         (9) 

where Δ[Si] stands for the concentration difference between the inlet and outlet of silica in 

solution (mol/kg), F represents the fluid mass flow rate (g/s), s denotes the specific surface area 

of the initial glass (cm
2
/g), and M signifies the initial mass of glass in the reactor (g). Both BET 

and geometric surface areas were used in these calculations yielding rBET and rgeo, respectively. 

Dissolution rates obtained from all experiments are shown in Table 4.2 together with pH, flow 

rates, measured inlet and outlet concentrations of Si and Al, and the saturation state of hydrated 

basaltic glass (A*, eqn. (1)) and gibbsite. The in-situ pH and saturation states were calculated 

using PHREEQC (Parkhurst and Appelo, 1999). The only other secondary minerals attaining 

saturation in these experiments were gibbsite and other Al oxy-hydroxide phases: boehmite, 

corundum and diaspore. The rates are given in units of moles of Si released per cm
2
 of initial 

basaltic glass surface area per second. The saturation state of the hydrated basaltic glass was for 

all experiments less than -10 kJ/mole, which indicates that the experiments were performed at far 

from equilibrium conditions. Since several experiments were performed on the same glass 

powder, the surface area could potentially change and thereby affect the calculated rates. To 

make sure this was not the case, all series of runs ended with an experiment using the same 
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conditions as at the beginning of each run. The repeated runs produced rates within ± 20% of that 

originally measured. 



T.K. Flaathen 2009                                                        Chapter 4 – Can sulphate enhance CO2 mineralization in basalt? 

 

- 85 - 

 

Ex
p

e
ri

m
e

n
t

Fl
o

w
 r

at
e

 

(g
/m

in
)

O
u

tl
e

t 
p

H
 

(2
2

 °
C

)

p
H

 (
5

0
 °

C
) 

(P
H

R
EE

Q
C

)

In
le

t 

(m
o

l/
kg

)

O
u

tl
e

t 

(m
o

l/
kg

)

∆
Si

 

(m
o

l/
kg

)

In
le

t 

(m
o

l/
kg

)

O
u

tl
e

t 

(m
o

l/
kg

)

∆
A

l 

(m
o

l/
kg

)
r +

,B
ET

r +
,g

e
o

G
ib

b
si

te
 

(k
J/

m
o

l)

B
G

 6
 D

6
8

5
4

0
.4

1
7

3
.0

9
3

.0
9

n
.d

5
.0

0
E-

0
5

5
.0

0
E-

0
5

n
.a

.
n

.a
.

5
.2

7
E-

1
4

7
.5

4
E-

1
2

-2
4

.6
3

-1
3

.5
5

B
G

 7
 A

7
6

1
9

0
.3

9
7

2
.9

2
2

.9
4

n
.d

6
.4

9
E-

0
5

6
.4

9
E-

0
5

n
.a

.
n

.a
.

5
.6

2
E-

1
4

8
.0

3
E-

1
2

-2
4

.9
4

-1
6

.3
4

B
G

 9
 A

7
6

2
5

0
.1

7
0

3
.0

8
3

.2
1

n
.d

1
.2

7
E-

0
4

1
.2

7
E-

0
4

5
.1

9
E-

0
7

3
.1

4
E-

0
5

3
.0

8
E-

0
5

5
.2

1
E-

1
4

7
.4

5
E-

1
2

-2
1

.9
0

-1
2

.9
3

B
G

 7
 C

7
6

1
4

0
.3

7
1

3
.0

5
3

.2
6

n
.d

6
.3

5
E-

0
5

6
.3

5
E-

0
5

n
.a

.
n

.a
.

5
.1

2
E-

1
4

7
.3

2
E-

1
2

-2
5

.3
7

-1
7

.2
6

B
G

 7
 D

6
8

5
4

0
.3

8
0

3
.0

8
3

.3
1

n
.d

6
.3

9
E-

0
5

6
.3

9
E-

0
5

n
.a

.
n

.a
.

6
.0

8
E-

1
4

8
.6

9
E-

1
2

-2
5

.5
5

-1
7

.8
8

B
G

 6
 A

7
6

3
1

0
.3

7
7

4
.0

5
4

.0
5

n
.d

8
.4

3
E-

0
7

8
.4

3
E-

0
7

n
.a

.
n

.a
.

1
.6

8
E-

1
5

2
.4

0
E-

1
3

-3
3

.4
8

-7
.6

1

B
G

 6
 B

7
6

2
4

0
.4

0
1

4
.0

2
4

.1
0

n
.d

3
.3

9
E-

0
6

3
.3

9
E-

0
6

n
.a

.
n

.a
.

3
.1

3
E-

1
5

4
.4

7
E-

1
3

-2
8

.3
4

-3
.7

1

B
G

 6
 C

7
6

1
4

0
.4

0
5

4
.0

5
4

.1
9

n
.d

3
.9

6
E-

0
6

3
.9

6
E-

0
6

5
.1

9
E-

0
7

1
.2

5
E-

0
6

7
.3

1
E-

0
7

3
.4

9
E-

1
5

4
.9

9
E-

1
3

-2
8

.2
2

-4
.5

8

B
G

 6
 E

7
6

2
1

0
.3

5
4

4
.0

5
4

.2
7

n
.d

4
.2

7
E-

0
6

4
.2

7
E-

0
6

n
.a

.
n

.a
.

3
.3

8
E-

1
5

4
.8

3
E-

1
3

-2
8

.5
9

-6
.1

9

B
G

 6
 F

7
6

2
2

0
.4

0
9

3
.9

5
4

.2
0

n
.d

6
.3

1
E-

0
6

6
.3

1
E-

0
6

n
.a

.
n

.a
.

5
.4

6
E-

1
5

7
.8

1
E-

1
3

-2
8

.0
9

-7
.7

3

B
G

 1
7

 E
3

0
5

0
6

0
.4

9
7

5
.0

6
5

.0
4

n
.d

1
.5

1
E-

0
6

1
.5

1
E-

0
6

n
.a

.
n

.a
.

3
.9

0
E-

1
6

5
.5

8
E-

1
4

-2
6

.6
7

6
.9

9

B
G

 8
 F

7
6

2
4

0
.1

7
4

5
.1

3
5

.1
4

n
.d

1
.0

4
E-

0
6

1
.0

4
E-

0
6

n
.a

.
n

.a
.

4
.0

3
E-

1
6

5
.7

7
E-

1
4

-2
7

.8
4

6
.6

2

B
G

 8
 C

7
6

2
4

0
.1

7
8

5
.0

2
5

.1
4

n
.d

1
.3

2
E-

0
6

1
.3

2
E-

0
6

n
.a

.
n

.a
.

5
.0

6
E-

1
6

7
.2

3
E-

1
4

-2
7

.1
6

6
.5

6

B
G

 8
 D

7
6

2
5

0
.2

0
6

5
.0

5
5

.2
5

n
.d

2
.7

9
E-

0
6

2
.7

9
E-

0
6

n
.a

.
n

.a
.

1
.2

8
E-

1
5

1
.8

3
E-

1
3

-2
4

.4
4

8
.1

7

B
G

 8
 E

7
6

2
5

0
.1

8
2

5
.0

6
5

.2
9

n
.d

1
.5

7
E-

0
6

1
.5

7
E-

0
6

n
.a

.
n

.a
.

9
.4

5
E-

1
6

1
.3

5
E-

1
3

-2
6

.7
9

6
.3

7

B
G

 1
7

 F
3

0
5

0
6

0
.5

0
1

6
.0

1
5

.6
8

n
.d

1
.6

7
E-

0
6

1
.6

7
E-

0
6

n
.a

.
n

.a
.

3
.7

7
E-

1
6

5
.3

9
E-

1
4

-2
5

.5
5

9
.2

8

B
G

 1
7

 G
3

0
5

0
6

0
.5

0
2

5
.9

7
5

.7
2

n
.d

1
.6

5
E-

0
6

1
.6

5
E-

0
6

n
.a

.
n

.a
.

3
.9

3
E-

1
6

5
.6

3
E-

1
4

-2
5

.6
8

9
.1

0

B
G

 1
5

 F
3

0
5

0
6

0
.5

0
0

8
.0

1
7

.2
5

9
.2

6
E-

0
7

3
.9

6
E-

0
6

3
.0

4
E-

0
6

n
.a

.
n

.a
.

8
.3

0
E-

1
6

1
.1

9
E-

1
3

-2
5

.4
3

5
.2

0

B
G

 1
5

 A
3

0
5

0
6

0
.4

9
8

7
.9

9
7

.2
3

4
.6

3
E-

0
7

4
.9

6
E-

0
6

4
.5

0
E-

0
6

2
.7

8
E-

0
8

6
.8

4
E-

0
7

6
.5

6
E-

0
7

1
.2

2
E-

1
5

1
.7

5
E-

1
3

-2
3

.9
5

6
.3

7

B
G

 1
7

 D
3

0
5

0
6

0
.4

9
5

8
.1

7
.3

4
8

.9
0

E-
0

7
4

.8
1

E-
0

6
3

.9
2

E-
0

6
n

.a
.

n
.a

.
1

.0
6

E-
1

5
1

.5
1

E-
1

3
-2

4
.6

9
5

.3
2

B
G

 1
5

 B
3

0
5

0
6

0
.4

9
6

8
.0

4
7

.2
8

6
.7

7
E-

0
7

4
.4

2
E-

0
6

3
.7

4
E-

0
6

2
.7

8
E-

0
8

8
.1

1
E-

0
7

7
.8

3
E-

0
7

1
.0

1
E-

1
5

1
.4

5
E-

1
3

-2
4

.7
5

5
.5

1

B
G

 1
5

 C
3

0
5

0
6

0
.4

9
6

8
.0

2
7

.2
6

7
.1

2
E-

0
7

3
.9

5
E-

0
6

3
.2

4
E-

0
6

n
.a

.
n

.a
.

8
.7

8
E-

1
6

1
.2

6
E-

1
3

-2
5

.3
1

5
.0

7

B
G

 1
5

 D
3

0
5

0
6

0
.5

0
0

7
.9

9
7

.2
3

1
.1

0
E-

0
6

4
.5

5
E-

0
6

3
.4

4
E-

0
6

n
.a

.
n

.a
.

9
.4

0
E-

1
6

1
.3

4
E-

1
3

-2
5

.1
8

5
.0

7

B
G

 1
5

 E
3

0
5

0
6

0
.5

0
8

7
.9

7
7

.2
1

1
.0

3
E-

0
6

4
.1

4
E-

0
6

3
.1

1
E-

0
6

n
.a

.
n

.a
.

8
.6

3
E-

1
6

1
.2

3
E-

1
3

-2
5

.5
5

4
.7

0

B
G

 1
4

 A
2

9
8

3
6

0
.4

9
7

9
.0

2
8

.2
6

4
.0

6
E-

0
6

1
.9

4
E-

0
5

1
.5

3
E-

0
5

1
.0

7
E-

0
7

7
.1

8
E-

0
6

7
.0

8
E-

0
6

4
.2

4
E-

1
5

6
.0

7
E-

1
3

-2
1

.9
0

3
.4

0

B
G

 1
4

 F
2

9
8

3
6

0
.5

0
0

9
.0

0
8

.2
4

5
.0

9
E-

0
6

1
.0

2
E-

0
5

5
.1

3
E-

0
6

n
.a

.
n

.a
.

2
.8

5
E-

1
5

4
.0

8
E-

1
3

-2
5

.8
0

0
.5

6

B
G

 1
7

 A
3

0
5

0
6

0
.4

9
9

9
.0

5
8

.2
9

5
.2

7
E-

0
6

1
.4

0
E-

0
5

8
.7

6
E-

0
6

n
.a

.
n

.a
.

2
.3

9
E-

1
5

3
.4

1
E-

1
3

-2
4

.0
1

1
.6

7

B
G

 1
7

 B
3

0
5

0
6

0
.4

9
9

9
.0

8
8

.3
2

5
.5

9
E-

0
6

1
.3

2
E-

0
5

7
.5

8
E-

0
6

n
.a

.
n

.a
.

2
.0

7
E-

1
5

2
.9

6
E-

1
3

-2
4

.7
5

0
.9

3

B
G

 1
4

 D
2

9
8

3
6

0
.4

9
8

9
.0

3
8

.2
8

3
.6

3
E-

0
6

9
.2

1
E-

0
6

5
.5

8
E-

0
6

n
.a

.
n

.a
.

2
.5

6
E-

1
5

3
.6

7
E-

1
3

-2
6

.0
5

0
.0

0

B
G

 1
4

 E
2

9
8

3
6

0
.4

0
0

8
.9

8
8

.2
3

3
.7

7
E-

0
6

9
.4

0
E-

0
6

5
.6

3
E-

0
6

n
.a

.
n

.a
.

2
.6

2
E-

1
5

3
.7

5
E-

1
3

-2
6

.1
1

0
.1

9

B
G

 1
3

 A
3

0
5

0
6

0
.4

9
8

1
0

.0
2

9
.2

6
1

.1
0

E-
0

5
5

.4
4

E-
0

5
4

.3
5

E-
0

5
2

.1
5

E-
0

7
1

.5
5

E-
0

5
1

.5
3

E-
0

5
1

.1
8

E-
1

4
1

.6
9

E-
1

2
-2

1
.4

1
0

.0
0

B
G

 1
7

 C
3

0
5

0
6

0
.4

9
7

9
.9

8
9

.2
2

1
.1

2
E-

0
5

4
.7

2
E-

0
5

3
.5

9
E-

0
5

n
.a

.
n

.a
.

n
.a

.
9

.7
5

E-
1

5
1

.3
9

E-
1

2
-2

1
.9

7
-0

.2
5

B
G

 1
3

 B
3

0
5

0
6

0
.4

9
6

1
0

.0
8

9
.3

2
1

.0
7

E-
0

5
5

.1
5

E-
0

5
4

.0
8

E-
0

5
2

.4
5

E-
0

7
1

.4
1

E-
0

5
1

.3
9

E-
0

5
1

.1
1

E-
1

4
1

.5
8

E-
1

2
-2

1
.7

2
-0

.4
3

B
G

 1
3

 C
3

0
5

0
6

0
.4

9
5

1
0

.0
7

9
.3

1
1

.2
0

E-
0

5
4

.5
3

E-
0

5
3

.3
3

E-
0

5
n

.a
.

n
.a

.
9

.0
1

E-
1

5
1

.2
9

E-
1

2
-2

2
.9

6
-1

.1
8

B
G

 1
3

 E
3

0
5

0
6

0
.5

0
0

1
0

.0
5

9
.2

9
1

.1
5

E-
0

5
4

.0
5

E-
0

5
2

.9
0

E-
0

5
n

.a
.

n
.a

.
7

.9
2

E-
1

5
1

.1
3

E-
1

2
-2

4
.5

6
-1

.7
9

B
G

 1
3

 D
3

0
5

0
6

0
.5

0
3

1
0

.0
6

9
.3

0
1

.4
3

E-
0

5
4

.5
2

E-
0

5
3

.0
9

E-
0

5
n

.a
.

n
.a

.
8

.4
9

E-
1

5
1

.2
1

E-
1

2
-2

5
.2

5
-1

.9
2

n
.d

. =
 n

o
t 

d
et

ec
te

d

n
.a

. =
 n

o
t 

an
al

ys
ed

D
is

so
lu

ti
o

n
 r

at
e

s 
(m

o
l/

cm
2
/s

)
In

it
ia

l B
ET

 

su
rf

ac
e

 

ar
e

a 
(c

m
2
)

Si
 c

o
n

ce
n

tr
at

io
n

s
A

l c
o

n
ce

n
tr

at
io

n
s

St
ap

af
e

ll 
h

yd
ra

te
d

 

b
as

al
ti

c 
gl

as
s 

(A
*)

 

(k
J/

m
o

l)

T
ab

le
 4

.2
. 
R

es
u

lt
s 

o
f 

st
ea

d
y
-s

ta
te

 d
is

so
lu

ti
o

n
 r

at
e 

ex
p

er
im

en
ts

 a
s 

a 
fu

n
ct

io
n

 o
f 

p
H

 a
n

d
 S

O
4
2
- 



T.K. Flaathen 2009                                                        Chapter 4 – Can sulphate enhance CO2 mineralization in basalt? 

 

86 

 

  An example of the approach of an experiment to steady state is illustrated in Figure 4.4.  

This figure shows the temporal evolution of measured dissolution rates during experiment 

BG 17 A. This experiment was performed at 50° C at pH 8.29 and with a fluid flow rate of 

0.5 g/min. The residence time of this experiment, defined as the volume of the reactor 

divided by the fluid flow rate, is 8.3 h. All experiments were run until the Si concentration in 

the output solution had stayed unchanged for several residence times.  

 

 

Figure 4.4. Temporal evolution of measured basaltic glass dissolution rates during experiment BG 17 

A which was performed at pH 8.29 at 50 °C. 

 

 

At pH less than ~2.5 and higher than ~10 basaltic glass dissolution is strongly influenced 

by the relatively slow diffusional transport of metals from the basaltic glass surfaces (Guy 

and Schott, 1989). Gislason and Oelkers (2003) demonstrated that the dissolution rates of 

basaltic glass are independent of stirring rates above 325 rpm at pH 3. Stirring rates of ~350 

rpm were used in all experiments performed in this study and the dissolution rates obtained 

are believed to be surface reaction controlled since the basaltic glass dissolution rates are 

slower at higher pH. 
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The difference in input and output of Al and Si concentrations at steady state are shown 

in Figure 4.5, where the solid line corresponds to the Al/Si ratio of the dissolving basaltic 

glass. Note that Al has only been analyzed in a limited amount of samples. The solutions 

which were analyzed, however, showed close to stoichiometric dissolution. Two out of the 

three data points with the lowest Al concentrations, all of which plot below the 

stoichiometric dissolution line, were saturated with respect to gibbsite, which might explain 

the relatively low Al concentration.  

 

 

 

Figure 4.5. The logarithm of Δ[Al] concentration as a function of the corresponding logarithm of 

Δ[Si] concentration. The symbols represent measured solution compositions while the solid line 

corresponds to stoichiometric dissolution of the basaltic glass. The error bars of the measurements are 

hidden by the symbol. 

 

 The degree to which measured dissolution rates from this study are consistent with the 

multioxide dissolution mechanism described in Oelkers and Gislason (2001) and Gislason 

and Oelkers (2003) and illustrated in Figure 4.2, can be addressed in Figure 4.6.  Figure 4.6 

illustrates the logarithm of measured dissolution rates as a function of log (a
3

H+/aAl3+). The 

filled diamonds correspond to experimental results where Al has been analyzed and the open 
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diamonds correspond to experimental results where the Al concentration has been calculated 

from the Δ[Si] concentration assuming stoichiometric dissolution. In accord with Eqn. (7), 

Gislason and Oelkers (2003) found that the logarithm of constant temperature far from 

equilibrium basaltic glass dissolution rates are a single linear function of log (a
3

H+/aAl3+). 

This function is shown as a dashed line in Figure 4.6 while the linear regression of the data 

obtained in this study, consistent with log rBET= 0.475 log (a
3

H+/aAl3+) – 11.507, is shown as 

a solid line. As the figure shows, the data obtained from this study correspond closely to the 

behavior prescribed by the Gislason and Oelkers (2003) model.     

 

  

Figure 4.6. Variation of the logarithm of r+,BET obtained from the present study versus log(a
3

H+/aAl3+). 

The filled diamonds correspond to experimental data with measured Al concentrations while the open 

diamonds correspond to experimental data where the Al concentrations have been calculated 

assuming stoichiometric dissolution. The solid line and the dashed line correspond to the tendency 

line from this study and Gislason and Oelkers (2003), respectively. The error bars correspond to a ± 

0.4 log unit uncertainty. 

   

Log r = 0.475 log (a
3

H+/aAl3+) - 11.507 

R = 0.763 
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 Basaltic glass dissolution experiments were performed with solutions containing 0, 1, 10, 

50 and 100 mM SO4
2-

 and pH varying between 3 and 10. Figure 4.7 shows the effect of 

sulphate on the dissolution rate of basaltic glass at pH 5 where the diamonds represent 

measured rates and the  line represents modeled rates using Eqn (7) normalized to the rate in 

sulphate free solution. The dissolution rate of the glass increases with rising sulphate 

concentrations. Even though the increase in dissolution rate is smaller than the estimated 

uncertainty (±0.4 log units), there is a clear trend, in acid conditions, that the dissolution rate 

increases with increasing amount of sulphate present, which is in agreement with the model. 

At pH 5, the dissolution rate doubles when 0.01 mol/kg of sulphate is added while it triples 

when adding 0.05 mol/kg compared with that of sulphate-free experiments.  
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Figure 4.7 The diamonds shows the logarithm of r+,geo in experiments performed at pH 5 containing 

different  amounts of SO4
2-

 while the line corresponds to predicted rates using Eqn. (7) and a solution 

which contains 10
-6

 M Al at pH 5. The predicted rates where normalized to the rate in sulphate free 

solution.  
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The measured dissolution rates obtained from solution with different concentrations of 

SO4
2-

 are plotted versus pH in Figure 4.8. The dissolution rates show the characteristic 

behavior as a function of pH which is common for Al-silicates (Gislason and Oelkers, 2003); 

dissolution rate decrease strongly with increasing pH in acid conditions, minimizing at near 

neutral condition (pH~6), and increasing again as pH increases. At pH 4 and 5, there is a 

tendency for the dissolution rate to increase with increased aqueous fluid SO4
2-

 

concentration. This might also be the case for pH 3. On the other hand, the dissolution rates 

in basic solutions, do not seem to be affected by the presence of SO4
2-

. The lines in Figure 

4.8 show the predicted rates using Eqn. (7) normalized to the rate in sulphate free solutions.   

 

-14.0

-13.0

-12.0

-11.0

-10.0

-9.0

-8.0

2 4 6 8 10

lo
g 

(r
+,
ge
o
/(

m
o

l 
Si

/c
m

2 /
s)

)

pH

0 M SO4

0.001 M SO4

0.01 M SO4

0.050 M SO4

0.1 M SO4

0 M SO4

0.001 M SO4

0.01 M SO4

0.05 M SO4

0.1 M SO4

 

Figure 4.8. The logarithm of the dissolution rates with various concentrations of SO4
2-

 versus pH for 

basaltic glass at 50 °C. The lines represents the predicted rates using the Eqn (7) normalized to the rate in 

sulphate free solutions. 
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A comparison of all measured rates with those calculated using the regression fit shown 

in Figure 4.6 is represented in Figure 4.9. The average difference between the absolute value 

of the difference between measured and calculated rates is 0.2 log units; all but 4 measured 

rates are reproduced to within 0.4 log units by this regression equation. 

 

 

 

Figure 4.9. Predicted r+,geo versus their experimental counterparts. The solid diamonds corresponds to 

basaltic glass dissolution rates and the solid line corresponds to equal rates. The predicted rates were 

calculated using the linear function log r,geo = 0.475 log(a
3

H+/aAl3+) – 11.51. 

 

4.6 Conclusions 

Experimental results from this study show that the effect of aqueous sulphate on basaltic 

glass dissolution rates using Eqn. (7) is approximately consistent with their experimentally 
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measured counterparts.  This approximate coherence provides support for using this equation for 

the prediction of the reactive behavior of basaltic glass in complex natural systems. 

Aqueous sulphate is found to increase basaltic glass dissolution rates in acid conditions. 

As such the addition of sulphate to injected CO2 may enhance mineral sequestration in basaltic 

rocks. Such co-injection may prove to be an effective method for the safe storage of sulphur 

emitted from power plants and other types of industry.  
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5.1 Abstract 

The fourth chapter of this thesis is a detailed study of the effect of aqueous sulphate on the 

rates of basaltic glass dissolution. The conclusion of that chapter was that aqueous sulphate 

increases dissolution rates in acid conditions, but has little effect in basic conditions.  This result 

suggests that co-injection of sulphate with CO2 would not be detrimental to subsurface carbon 

sequestration efforts.  This conclusion, however, is based on the assumption that the presence of 

aqueous sulphate does not dramatically slow down carbonate precipitation rates. To assess the 

potential effects of the presence of aqueous sulphate on calcite precipitation rates, steady-state 

precipitation rates of calcite were measured in mixed-flow reactors at 25 °C at pH 9.1 as a 

function of aqueous sulphate concentration. The results show that 0.005 M Na2SO4 decreases the 

precipitation rate of calcite with ~40%. This result suggests that co-injected sulphate could slow 

down calcite precipitation at the pH conditions typical of subsurface calcite precipitation.  

Further experiments are planned to completely define these effects at conditions expected at 

subsurface CO2 injection sites.  
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5.2 Introduction  

Calcite precipitation rates are a prerequsite for the understanding of the global carbon cycle, 

and to optimise the conditions for carbon sequestration and mineralization (e.g. Berner et al., 

1983; Oelkers et al 2008). This preliminary study is aimed at determining the effect of the 

presence of dissolved sulphate on the rates of calcite precipitation at conditions present at 

subsurface carbon sequestration sites.   

A large number of past studies have been aimed at quantifying the rates of calcite 

precipitaiton (e.g. Meyer, 1984; Zhong and Mucci, 1989, 1993; Dove and Hochella, 1993; Davis 

et al., 2000; Vavouraki et al., 2008). Many of these studies have revealed that the presence of 

aqueous trace metals and anions can strongly influence calcite growth rates. Vavouraki et al. 

(2008) suggested for example, that the presence of aqueous Na2SO4 increased calcite growth 

rates at basic pH. The presence of inorganic phosphate (Plant and House, 2002) and Mg
2+

 

(Zhang and Dawe, 2000), have been reported to decrease calcite precipitation rates. The presence 

of polyphosphate (Lin and Singer, 2005) and other natural organic materials (Lin et al., 2005) 

have also been reported to inhibit calcite precipitation. These earlier results emphasize that the 

presence of trace species in solution can have dramatic effects on calcite precipitaiton and that 

such effects could strongly influence the success of carbon mineralization efforts. 

Calcite is also known to co-precipitate with many different ions, such as Ni (Lakshtanov 

and Stipp, 2007), Fe, Sr, Ba and Mn (Ettler et al., 2005), U(VI), Cs(I), Sr(II), Ra(II) (Curti, 1999) 

and arsenite (Román-Ross et al., 2006). Calcite precipitaiton is therefore often used during water 

treatment to decrease the concentration of toxic metals in natural waters.  

A major motivating factor in this study is to assess the potential effects of the co-injection 

of sulphur with CO2 during carbon sequestration efforts.  Sulphur is often present in the flue 

gases of power plants and their disposal also poses an environmental challenge.  If possible, co-

injection of sulphur with CO2 could provide a novel cost effective disposal method for 

industrially generated sulphur. A prerequisite for this co-injection is that the presence of aqueous 

sulphur is not detrimental to the carbon sequestration effort. In chapter 4 of this thesis, the effect 

of the presence of aqueous sulphate on the availability of divalent cations needed for the mineral 

sequestration of CO2 originating from the dissolution of basaltic glass was determined. Efforts 
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described in this study are aimed at determining the effect of the presence of aqueous sulphate on 

the precipitation of calcite. 

 

5.3 Theoretical Background 

 Calcite is one of the most common minerals on the face of the Earth, comprising about 

4% by weight of the Earth's crust and is formed in many different geological environments. It 

readily precipitates out of solution when supersaturated by the reaction: 

Ca
2+

 + CO3
2-

 = CaCO3        (1)  

Calcite dissolution and precipitation kinetics have traditionally been described as a 

function of the degree of disequilibrium in the aqueous solution by using the mechanistic model 

originally formulated by Plummer et al. (1978) for calcite dissolution, which  describes the 

elementary reactions controlling dissolution in different pH regions. This approach generally 

employs the following empirical equation for precipitation reactions:  

r = k (Ω-1)
n                                                                                                                     (2) 

where r is the rate of precipitation normalized to the reacting surface, k is the apparent rate 

constant, (Ω-1) represents the degree of supersaturation of solution and n designates the 

empirical order of reaction, which is indicative of the growth mechanism of mineral surfaces . Ω 

defines the saturation state of solution, equal to the ratio of the ion activity product of dissolved 

mineral components (Q) to the thermodynamic solubility product (Ksp). For calcite, the 

saturation state is defined as: 

sp

COCa

sp KK

Q 2

3

2 aa
                                                                                                     (3) 

The rate equation (3) was used to fit experimental data for precipitation of calcite (Nancollas and 

Reddy, 1971; Reddy et al., 1981; Mucci and Morse, 1983; Inskeep and Bloom, 1985; Busenberg 

and Plummer, 1986; Shiraki and Brantley, 1995), Mg-calcite (Mucci, 1986) and dolomite 

(Arvidson and Mackenzie, 1999). The published experimental data, together with the rate 
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expressions generated to describe them, give a good representation of carbonate mineral 

behavior in aqueous solution at various conditions. This background provides a point of 

departure for describing the effect of solution composition on calcite precipitation rates.  

 

5.4 Methods 

Large transparent Iceland spar calcite crystals collected from hydrothermal veins in 

basaltic traps in Central Siberia as described in Pokrovsky et al. (2005), were used in this study. 

Electron microprobe and total chemical analysis showed that the samples contained less than 

0.5% impurities and no other phases were detected using XRD. These samples were ground with 

a pestle and an agate mortar. then sieved to obtain the 100 and 200 µm size fractions. This calcite 

powder was then reacted for several seconds in 1% HCl, ultrasonically cleaned in alcohol to 

remove adhering fine particles, rinsed repeatedly with distilled water, then dried overnight at 60 

°C. The specific surface area of the resulting calcite powder was 334 cm
2
/g as determined by 

multi-point krypton absorption using the B.E.T. method on a Quantachrome Autosorb-1.  

Calcite precipitation experiments were performed on the calcite seeds described above in 

a mixed flow polypropylene reactor system at pH ~9.1. The experiments were all performed at 

25 ± 2 °C. The volumes off the reactors were 30 mL and they were continuously stirred with 

floating Teflon stirring bars. The fluids were injected using a Gilson peristaltic pump, which 

allows fluid flow rates from 0.01-10 g/min. The solution left the reactor through a 2.5 µm filter. 

No additional filtering was performed on outlet fluid samples obtained from either reactor before 

chemical analysis. The two experiments were performed on a single calcite seed powder. The 

computer code PHREEQC (Parkhurst and Appelo, 1999) was used to calculate saturation states. 

Calcite precipitation was induced by using two Gilson peristaltic pumps to inject 

simultaneously two distinct solutions into the reactor: a NaHCO3-Na2CO3 mixed solution and a 

CaCl2 solution at identical flow rates. This protocol was essential to avoid calcite precipitation 

prior to solution entry into the reactor.  At the onset of each experiment, the reactor was filled 

with the calcite seed crystals and a 1:1 mixture of the two inlet solutions. The flow rate was held 

constant until the outlet solution contained a steady state Si concentration. Steady-state 

dissolution rates were obtained after 1-2 days. The sulphate was added to the CaCl2 solution 
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before experiment C started. Information about the composition of the various inlet solutions 

used in this study is listed in Table 5.1.  

 

 

Table 5.1. Input solutions for calcite precipitation experiments. 

Experiment

NaHCO3 

(mol/kg)

Na2CO3 

(mol/kg)

CaCl2 

(mol/kg)

Na2SO4 

(mol/kg)

∆Gr Calcite 

(kJ/mol)

Ionic 

strength

A 1.69E-02 1.29E-03 1.42E-04 0 3.355 0.010

C 1.69E-02 1.29E-03 1.41E-04 0.01 2.450 0.025  

 

The Ca content of the inlet and outlet solutions was determined using atomic absorption 

spectroscopy (Perkin Elmer Zeeman 5000).  The reproducibility of chemical analyses was ± 2%. 

The outlet solution pH was measured at 23  C immediately after sampling. The pH was 

measured using a  Metrohm© 744 pH meter coupled to a Metrohm© Pt1000/B/2 electrode with a 

3 M KCl outer filling solution. The electrode was calibrated with NBS standards at pH 4.01, 

6.86, and 9.22, with an average error of less than 0.05 pH units. Solution alkalinity was fixed by 

the large concentration of bicarbonate in the reactive solution and the solution pH. Inlet fluids 

used in these experiments comprised demineralised H2O, NaHCO3 (99,7%) from Riedel-de 

Haën, Na2CO3 (99,5%) from Fluka, CaCl2 (1000 ppm standard) Merck and Na2SO4 (99%) from 

Fluka. The acidic CaCl2 stock solution was neutralized using 1 M NaOH from Merck.    

 

5.5 Results 

The outlet concentrations of Ca, during the two experiments, are shown in Figure 5.1. 

During experiment A, which contained no sulphate, the concentration of Ca in the outlet fluid 

decreased quickly from 7.1x10
-5

 mol/kg to 4.7x10
-5

 mol/kg due to precipitation, as can be seen in 

Figure 1. When 0.005 mol/kg of sulphate were added to the CaCl2 solution, the concentration of 

Ca in the outlet solution increased to 5.7x10
-5

 mol/kg.  
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Figure 5.1. Results of calcite precipitation experiments with and without sulphate.  

 

Steady state precipitation rates (r) were computed from the measured steady-state Ca 

concentration using 

           
Ms

F*
r

BET

Ca
        (4) 

where Δ[Ca] stands for the concentration difference between the inlet and outlet of Ca in 

solution (mol/kg), F represents the fluid mass flow rate (g/s), sBET denotes the BET specific 

surface area of the initial glass (cm
2
/g), and M signifies the initial mass of glass in the reactor (g). 

Precipitation rates, given in units of moles of Ca per cm
2
 of initial calcite surface area per 

second, obtained from our experiments are shown in Table 5.2 together with pH, flow rates, 

surface area, the difference in measured inlet and outlet concentrations of Ca (∆[Ca]), and the 

saturation state of calcite, given as ΔGr. The saturation states were calculated using the 

PHREEQC computer code (Parkhurst and Appelo, 1999).  
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Table 5.2 Results from the calcite precipitation experiments.  

Experiment

pH        

(outlet)

Flow rate 

(g/min)

Surface area 

(cm2)

∆[Ca] 

(mol/kg)

r (mol 

Ca/cm2/s)

∆Gr Calcite 

(kJ/mol)

A 9.15 0.5603 94.2 2.47E-05 2.45E-12 2.397

C 9.05 0.5601 94.2 1.48E-05 1.47E-12 1.598  

  

5.6 Conclusions 

 The results from this study show that aqueous SO4
2- 

decreases the precipitation rate of 

calcite. By adding 0.005 M SO4
2-

, the precipitation rate is inhibited by ~40%. Additional 

experiments are planned, at various aqueous SO4
2-

 concentrations, calcite saturation states and 

flow rates, to define in detail the effect of the presence of aqueous sulphate on calcite 

precipitation rates.  It is anticipated that such results will enable accurate assessment of the 

degree to which the co-injection of sulfate with carbon dioxide during geological carbon 

sequestration efforts can simultaneously aid in mineral sequestration and the disposal of 

industrially generated sulfur.  
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6 Concluding remarks and perspectives 

 

 This thesis represents a series of related studies aimed at improving our understanding of 

the fate and consequences of CO2 injected into basalts as a part of carbon sequestration efforts.  

Several significant questions have been addressed including:  

1. Does basalt actually mineralize CO2? 

2. Is it environmentally safe, or will toxic metals be released into the environment during 

the operation? 

3. How can we increase the release rate of divalent cations to solution so that the 

precipitation rate of carbonates can be enhanced? 

 The results from this study have shown that the neutralization of CO2-rich waters by their 

interactions with subsurface basalt may provide an effective means to fix CO2 as carbonate 

minerals. Since this process involves dissolution of the basalt, toxic metals will be released into 

the solution. However, analysis of the groundwater beneath the Hekla volcano, which has been 

used as a natural analogue to CO2 sequestration, does not show any sign of being polluted with 

toxic elements. The concentrations of these elements are several orders of magnitude below the 

drinking water limits given by the World Health Organization in all water samples. From  

reactive transport modeling, it is clear that the mobility of these metals is limited by 

incorporation in carbonates and Fe(III) (oxy)hydroxides because the fluid is neutralized by basalt 

dissolution. The model calculations also suggest that this limited mobility stems from the high 

pH attained by aqueous fluids during their interaction with basalts.  As the pH rises to 9 and 

higher, toxic metal bearing solids become less soluble and toxic metals adsorb more readily onto 

mineral surfaces. If CO2 were injected into less basic rocks (e.g. sandstones) model calculations 

suggest that pH would not rise dramatically.  In such cases toxic metal mobility could pose an 

environmental hazard. 

 The limiting step to mineralization of CO2 in basalt is the release of divalent cations (Ca, 

Mg and Fe). One way to enhance the dissolution rate of the basaltic glass and thereby enhancing 

the release rate of these elements is adding a ligand which complexes aqueous Al
3+

. The 

experimental results show that aqueous sulphate increases basaltic glass dissolution rates in acid 
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conditions due to complexation of Al
3+

, while adding 0.05 M SO4
2-

 triples the dissolution rate of 

the basaltic glass at pH 5 at 50 °C. There was no effect of SO4
2-

 in alkaline conditions.  

 The addition of SO4
2-

 seems to have a negative effect on the precipitation rate of calcite, a 

concentration on 0.005M SO4
2-

 inhibits the precipitation rate by ~40% at pH 9.1. The degree to 

which this degree of calcite precipitation inhibition effects the overall carbon mineralization 

process in basalts has yet to be assessed through comprehensive reactive transport model 

calculations.      

 The studies comprising this thesis, however, only represent a start to the development of 

the knowledge base necessary for supporting the successful sequestration of CO2 in basalts via 

precipitation of carbonate minerals. Other critical laboratory studies need to focus on the 

dissolution rates of crystalline basalt containing olivines, plagioclase and pyroxenes because the 

dissolution rates of such rocks will be different from that of glass and thereby affect the 

geochemical modeling. As the carbonization process takes place, precipitation of secondary 

phases will, most likely, change the reactive surface area of the basalt, and thus decrease the 

dissolution rate. A better understanding of the effect of mineral coatings on the dissolution rate 

of basalt is needed. Besides, the thermodynamic effects of adsorption of trace elements on 

carbonates, Al oxides and Fe (oxy) hydroxides should be investigated to enable quantitative 

modeling of the behavior of these metals during carbon sequestration. 

This thesis aimed in part at methods to optimize carbon sequestration efforts in basalts.  

As discussed above if it is possible to find a way to remove aqueous Al
3+

 from solution, divalent 

metal release to solution by silicates and thus CO2 mineralization can be accelerated, since the 

rate limiting step of CO2 mineralization in basalt is the release rate of divalent cations.  This can 

be done either by 1) promoting the precipitation of Al-hydroxides, or any other Al-bearing phase 

which does not contain divalent cations, or 2) by adding a ligand which can complex aqueous 

Al
3+

 without decreasing the precipitation rate of carbonate minerals. For example, F
-
 has shown 

to strongly increase the basaltic glass dissolution rate (Wolff-Boenisch et al., 2004) while  

organics, like oxalic acid showed a smaller accelerating effect  (Oelkers and Gislason, 2001).  

Such efforts would have the additional benefit of avoiding precipitation of Ca- Fe- and Mg-

bearing secondary minerals such as smectites, zeolites, and clays.  

Carbon sequestration in basalts also involves the precipitation of carbonates, dominantly 

calcite. The precipitation rates of calcite are fast compared to basaltic glass dissolution, so 
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accelerating calcite precipitation rates likely would have only a small affect on sequestration 

efforts. In contrast, maintaining solutions that are supersaturated with respect to calcite is 

essential to assure its precipitation. Ways to increase or at least maintain supersaturation of 

calcite is by increasing pH or the amount of Ca
2+

 and carbonate in solution. The Ca
2+

 

concentration can be increased by enhancing the basalt dissolution rate, while the amount of 

carbonate can be increased by raising the amount of CO2 in the water. Anions that could 

complex calcite in aqueous solution should be avoided, as the precipitation of other calcium 

bearing phases.   

 Calcite, however, is not the only carbonate which might precipitate under these 

conditions. Iron and magnesium carbonates could also form if both thermodynamically favorable 

and not kinetically inhibited.  Much work is ongoing in these areas.  Recent work of Saldi et al, 

(2009) suggests that magnesite precipitation is inhibited at low temperature.  In contrast, Gysi et 

al, (2008) found that Mg-Fe carbonates are the first carbonates to becomes saturated during CO2 

rich water-basalt interactions; some Mg-Fe carbonates have been found to precipitate during 

laboratory experiments of water-basalt interaction (Gysi et al, 2009). 

 Although laboratory studies, such as those described above provide insight into the 

behavior of processes on a small scale such information needs to be upscaled to provide 

industrial methods for the sequestration of carbon. Some challenges to upscaling laboratory 

observations to an industrial scale include quantifying 1) the reactive surface area of dissolving 

and precipitating minerals, 2) the subsurface hydrology, such as flow paths and permeability. 

Such information cannot be obtained without direct field observations.  Field scale experiments 

with in-situ mineral carbonation are thus essential to understand and optimize the processes 

taking place when CO2-rich fluid reacts with basalt towards the efficient and safe sequestration 

of carbon in these environments.     
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Appendix II - Chemisty of spring water from the Hekla groundwater system (Flaathen et al., 2009)

Sample Spring Sampling Sampling Location T (°C) T (°C) pH pH Charge balance

number number Date and time (in situ) (pH meas.) (Electrode) (in situ) (% error)

(PHREEQC)
a

(PHREEQC)
a

Drinking water guidelinesh

06HE010 1 02/08/2006 14:10 64.086° N, 19.744° W 4.9 23.1 8.78 9.04 5.4

88-3001 1 23/04/1988 12:47 64.085° N, 19.798° W 4.7 3.2 9.00 8.98 7.6

91-3014 1 20/01/1991 16:15 64.085° N, 19.798° W 4.6 18.8 8.36 8.54 -0.3

91-3096 1 13/02/1991 14:10 64.085° N, 19.714° W 4.7 21.5 8.65 8.88 0.0

91-3147 1 23/06/1991 14:05 64.085° N, 19.798° W 4.8 22.1 8.70 8.94 -3.4

06HE012 2 02/08/2006 15:35 64.085° N, 19.714° W 4.7 23.1 7.27 7.41 5.5

88-3013 2 29/06/1988 14:15 64.085° N, 19.714° W 4.3 5.5 7.58 7.59 1.0

91-3013 2 20/01/1991 15:17 64.085° N, 19.714° W 4.1 19.4 7.54 7.67 0.7

91-3143 2 23/06/1991 12:55 64.085° N, 19.714° W 4.5 22.0 7.41 7.55 0.0

91-3172 2 17/07/1991 23:20 64.085° N, 19.714° W 4.3 20.4 7.53 7.67 -1.2

91-3173 2 17/07/1991 23:30 64.085° N, 19.714° W 4.3 21.4 7.47 7.61 -0.2

92-3026 2 19/10/1992 19:00 64.085° N, 19.714° W 4.2 21.2 7.86

06HE009 3 02/08/2006 13:30 64.082° N, 19.744° W 3.8 23.4 7.85 8.03 7.9

88-3002 3 23/04/1988 14:30 64.082° N, 19.751° W 3.9 3.50 8.87 8.86 3.5

91-3015 3 20/01/1991 16:30 64.082° N, 19.751° W 3.8 19.5 8.38 8.58 -0.4

91-3095 3 13/02/1991 13:50 64.082° N, 19.751° W 3.9 22.2 8.55 8.79 -5.8

91-3146 3 23/06/1991 14:00 64.082° N, 19.751° W 4.1 22.1 8.46 8.69 -5.3

88-3003 4 23/04/1988 14:57 64.079° N, 19.754° W 4.0 2.0 8.46 8.43 0.2

91-3016 4 20/01/1991 16:52 64.079° N, 19.754° W 3.3 19.7 7.92 8.08 -0.5

91-3094 4 13/02/1991 13:30 64.079° N, 19.754° W 3.4 21.0 8.06 8.24 -4.4

91-3145 4 23/06/1991 13:45 64.079° N, 19.754° W 3.7 22.1 7.93 8.10 -3.5

06HE011 5 02/08/2006 15:00 64.079° N, 19.738° W 3.8 23.1 7.63 7.79 5.9

88-3004 5 23/04/1988 16:30 64.079° N, 19.743° W 4.0 2.8 7.82 7.81 2.7

88-3005 5 23/04/1988 17:33 64.079° N, 19.743° W

88-3014 5 29/06/1988 17:15 64.079° N, 19.743° W 4.0 4.3 7.75 7.75 1.9

91-3017 5 30/01/1991 17:30 64.079° N, 19.743° W 3.2 20.2 7.84 8.00 0.7

91-3093 5 13/02/1991 13:15 64.079° N, 19.743° W 3.3 22.5 7.88 8.06 -8.6

91-3144 5 23/06/1991 13:30 64.079° N, 19.743° W 3.7 22.3 7.89 8.06 -2.9

88-3015 6 29/06/1988 23:00 64.013° N, 19.913° W 5.0 5.5 8.62 8.63 1.6

88-3016 7 30/06/1988 11:45 64.012° N, 19.955° W 5.2 7.5 8.67 8.70 2.0

88-3018 8 30/06/1988 17:00 64.006° N, 19.955° W 5.0 7.0 8.67 8.70 3.6

88-3020 9 01/07/1988 10:55 64.001° N, 19.866° W 4.5 6.8 8.79 8.82 3.5

91-3012 9 20/01/1991 14:00 64.001° N, 19.866° W 4.3 18.8 8.51 8.70 2.1

91-3084 9 12/02/1991 17:52 64.001° N, 19.866° W 4.4 22.0 8.56 8.80 -1.1

91-3148 9 23/06/1991 15:10 64.001° N, 19.866° W 4.7 22.2 8.58 8.81 -5.1

88-3017 10 30/06/1988 14:20 63.998° N, 20.010° W 8.0 9.1 8.85 8.87 1.9

88-3022 11 01/07/1988 15:35 63.986° N, 19.915° W 3.5 4.2 8.33 8.34 1.0

88-3032 12 06/07/1988 13:35 63.965° N, 19.909° W 1.9 2.9 8.11 8.12 -0.1

91-3010 12 20/01/1991 11:55 63.965° N, 19.909° W 2.0 20.1 7.91 8.09 0.6

88-3021 12 01/07/1988 13:45 63.981° N, 19.932° W 2.5 3.6 8.13 8.14 9.7

91-3011 12 20/01/1991 12:35 63.981° N, 19.932° W 2.3 19.6 7.96 8.13 0.3

91-3083 12 12/02/1991 17:07 63.981° N, 19.932° W 2.3 21.3 8.01 8.21 -0.1

91-3142 12 22/06/1991 21:00 63.981° N, 19.932° W 2.8 22.3 8.01 8.21 -2.5

06HE007 13 02/08/2006 10:25 63.981° N, 19.915° W 2.3 23.2 7.95 8.16 5.4

91-3082 14 12/02/1991 16:40 63.965° N, 19.909° W 1.9 22.7 8.02 8.24 0.1

91-3141 14 22/06/1991 20:25 63.965° N, 19.909° W 2.3 21.9 7.85 8.03 -1.4

06HE005 15 01/08/2006 13:50 63.961° N, 19.963° W 3.4 23.1 8.94 9.22 1.8

88-3031 15 06/07/1988 10:05 63.961° N, 19.968° W 3.0 4.4 9.15 9.17 6.5

91-3002 15 19/01/1991 10:22 63.961° N, 19.968° W 2.9 20.5 8.91 9.16 1.4

91-3085 15 12/02/1991 18:45 63.961° N, 19.968° W 2.9 21.0 8.93 9.19 2.8

91-3140 15 22/06/1991 19:15 63.961° N, 19.968° W 3.3 22.3 8.94 9.21 0.5

92-3010 15 15/03/1992 14:00 63.961° N, 19.968° W 3.0 22.0 8.77

06HE004 16 01/08/2006 12:40 63.957° N, 19.977° W 3.9 23.2 7.98 8.17 2.1

88-3033 16 06/07/1988 17:20 63.956° N, 19.981° W 3.2 4.4 8.05 8.06 0.3

91-3001 16 19/01/1991 09:55 63.956° N, 19.981° W 3.0 21.5 8.05 8.25 0.5

91-3086 16 12/02/1991 19:17 63.956° N, 19.981° W 2.9 21.5 7.86 8.04 -0.1

91-3139 16 22/06/1991 18:55 63.956° N, 19.981° W 3.4 22.2 7.92 8.10 -2.0

92-3009 16 15/03/1992 13:30 63.955° N, 19.980° W 2.8 22.4 7.99

06HE006 17 01/08/2006 14:50 63.942° N, 19.931° W 4.5 23.4 7.76 7.93 1.6  
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Sample Spring Sampling Sampling Location T (°C) T (°C) pH pH Charge balance

number number Date and time (in situ) (pH meas.) (Electrode) (in situ) (% error)

(PHREEQC)a (PHREEQC)a

88-3023 18 02/07/1988 21:00 63.941° N, 19.938° W 4.2 4.9 7.52 7.53 1.2

90-3001 18 01/09/1990 63.941° N, 19.938° W 4.5 3.8 7.45 7.44 2.1

90-3027 18 25/04/1990 63.941° N, 19.938° W 4.6 4.6 7.32 7.32 2.6

91-3008 18 20/01/1991 63.941° N, 19.938° W 4.2 18.0 7.34 7.46 -0.5

91-3088 18 13/02/1991 09:30 63.941° N, 19.938° W 4.9 21.4 7.47 7.61 -1.7

91-3124 18 24/02/1991 13:32 63.941° N, 19.938° W 4.5 22.1 7.42 7.56 -3.2

91-3125 18 09/03/1991 11:16 63.941° N, 19.938° W 4.3 22.0 7.47 7.62 -4.6

91-3126 18 01/04/1991 07:44 63.941° N, 19.938° W 4.3 21.6 7.55 7.70 -2.1

91-3127 18 16/04/1991 08:55 63.941° N, 19.938° W 4.3 22.0 7.44 7.58 -2.3

91-3128 18 09/05/1991 17:00 63.941° N, 19.938° W 4.3 21.8 7.41 7.55 -2.4

91-3129 18 01/06/1991 11:14 63.941° N, 19.938° W 4.3 22.1 7.66 7.81 -2.6

91-3138 18 22/06/1991 18:10 63.941° N, 19.938° W 4.6 22.1 7.44 7.58 -1.9

91-3213 18 63.941° N, 19.938° W 4.3 20.4 7.34 7.47 0.7

92-3011 18 15/03/1992 14:30 63.941° N, 19.938° W 4.2 22.2 7.55

92-3012 18 15/03/1992 15:00 63.941° N, 19.938° W 4.6 21.3 7.82

92-3013 18 01/11/1991 09:25 63.941° N, 19.938° W 4.3 22.0 7.57

92-3014 18 10/11/1991 10:25 63.941° N, 19.938° W 4.3 22.0 7.58

92-3015 18 25/12/1991 16:15 63.941° N, 19.938° W 4.3 21.9 7.64

92-3016 18 25/01/1992 16:40 63.941° N, 19.938° W 4.3 21.5 7.52

88-3024 19 03/07/1988 12:15 63.940° N, 19.920° W 4.7 6.2 7.59 7.60 -0.1

91-3009 19 20/01/1991 09:23 63.940° N, 19.920° W 4.5 17.8 7.53 7.64 0.5

91-3089 19 13/02/1991 09:56 63.940° N, 19.920° W 4.9 22.7 7.65 7.80 -0.5

91-3137 19 22/06/1991 17:55 63.940° N, 19.920° W 4.8 22.2 7.66 7.81 -1.9

06HE008 20 02/08/2006 11:20 64.009° N, 19.883° W 5.0 23.0 8.56 8.80 5.8

88-3030 20 05/07/1988 15:55 63.924° N, 20.186° W 3.8 5.0 8.29 8.30 1.5

91-3003 20 19/01/1991 11:05 63.924° N, 20.186° W 3.8 19.6 8.00 8.16 0.3

91-3081 20 12/02/1991 15:00 63.924° N, 20.186° W 3.8 21.0 8.16 8.36 0.4

91-3136 20 22/06/1991 16:35 63.924° N, 20.186° W 4.3 21.9 8.07 8.26 -0.5

92-3008 20 15/03/1992 12:30 63.924° N, 20.186° W 3.8 22.5 8.09

88-3029 21 05/07/1988 13:25 63.883° N, 20.248° W 2.9 5.3 7.58 7.60 1.8

91-3004 21 19/01/1991 11:47 63.883° N, 20.248° W 3.0 19.5 7.47 7.61 -0.4

91-3080 21 12/02/1991 14:23 63.883° N, 20.248° W 3.0 22.4 7.58 7.75 0.3

91-3135 21 22/06/1991 16:00 63.883° N, 20.248° W 3.4 22.0 7.57 7.73 -2.2

92-3007 21 15/03/1992 12:00 63.883° N, 20.248° W 3.0 22.0 7.82

88-3028 22 05/07/1988 10:00 63.853° N, 20.158° W 2.7 5.3 7.46 7.49 2.8

91-3005 22 19/01/1991 13:20 63.853° N, 20.158° W 2.7 20.1 7.33 7.48 0.1

91-3079 22 12/02/1991 13:30 63.853° N, 20.158° W 2.6 21.0 7.28 7.43 0.5

91-3134 22 22/06/1991 15:05 63.853° N, 20.158° W 3.0 21.8 7.24 7.39 -2.2

88-3027 23 04/07/1988 17:45 63.833° N, 20.133° W 2.9 4.7 7.90 7.92 2.2

91-3006 23 19/01/1991 14:38 63.833° N, 20.133° W 2.9 19.9 7.63 7.78 -3.4

91-3078 23 12/02/1991 12:23 63.833° N, 20.133° W 2.9 20.7 7.66 7.82 0.8

91-3133 23 22/06/1991 14:25 63.833° N, 20.133° W 3.4 22.0 7.66 7.82 -2.9

92-3006 23 15/03/1992 11:15 63.833° N, 20.133° W 3.0 22.4 7.75

06HE003 24 01/08/2006 10:40 63.833° N, 20.114° W 3.3 23.2 7.78 7.96 2.0

06HE002 25 31/07/2006 17:00 63.822° N, 20.067° W 2.8 22.3 7.85 8.03 2.9

88-3026 25 04/07/1988 13:55 63.822° N, 20.071° W 2.5 3.7 8.04 8.05 0.6

91-3007 25 19/01/1991 63.822° N, 20.071° W 2.5 20.0 7.70 7.85 -5.2

91-3076 25 12/02/1991 11:25 63.822° N, 20.071° W 2.5 21.0 7.76 7.93 0.2

91-3132 25 22/06/1991 14:00 63.822° N, 20.071° W 2.8 21.6 7.86 8.04 -3.3

92-3005 25 14/03/1992 18:30 63.822° N, 20.071° W 2.6 22.0 7.68

06HE001 26 31/07/2006 15:25 63.809° N, 20.052° W 3.2 22.1 8.22 8.45 3.7

91-3130 26 22/06/1991 12:00 63.809° N, 20.056° W 3.0 21.5 8.18 8.40 -1.6
a PHREEQC2 computer program (Parkhurst and Appelo, 1999)
b 

Inductively coupled plasma atomic emission spectroscopy 
c The samples were titrated with 0.1 N HCl and 0.1 M NaOH
d
 Ionchromatography

e
 Inductively coupled plasma field mass spectroscopy 

f 
Atomic fluorescence spectroscopy 

g Mass spectrometry
h
 Drinking water guidelines are from WHO 2006.

i Drinking water guideline from Counsil Directive 98/83/EC, 1998 

b.d. = beneath detection limit
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Sample SiO2 Na K Ca Mg DIC Alk S SO4-2 Cl F

number (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (meq./kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg)

(ICP-AES)b (ICP-AES)b (ICP-AES)b (ICP-AES)b (ICP-AES)b (PHREEQC)a (Titration)c (ICP-AES)b (IC)d
(Ion-selective (Ion-selective

electrode) electrode)

Drinking water guidelinesh
0.0790

06HE010 0.329 0.974 0.0330 0.180 0.120 0.991 0.982 0.123 0.109 0.213d 0.0304d

88-3001 0.296 1.02 0.0320 0.184 0.121 0.916 0.901 0.133 0.233 0.029

91-3014 0.325 0.979 0.0240 0.180 0.120 1.07 1.05 0.139 0.246 0.0

91-3096 0.318 0.944 0.0241 0.178 0.123 1.06 1.05 0.123 0.238 0.029

91-3147 0.305 0.837 0.0242 0.169 0.116 1.01 1.00 0.131 0.253 0.030

06HE012 0.438 1.84 0.0501 0.494 0.671 3.32 2.95 0.221 0.218 0.348
d

0.0548
d

88-3013 0.408 2.35 0.0616 0.668 0.752 3.88 3.57 0.439 0.646 0.0557

91-3013 0.431 2.14 0.0478 0.577 0.671 3.46 3.23 0.383 0.577 0.0530

91-3143 0.437 2.17 0.0453 0.652 0.791 3.82 3.50 0.419 0.714 0.0518

91-3172 0.437 2.09 0.0427 0.609 0.743 3.64 3.40 0.416 0.659 0.0499

91-3173 0.424 2.17 0.0436 0.626 0.758 3.72 3.44 0.424 0.680 0.0495

92-3026 3.34

06HE009 0.377 1.18 0.0353 0.259 0.230 1.39 1.34 0.150 0.134 0.226d 0.0381d

88-3002 0.308 1.06 0.031 0.194 0.137 1.09 1.069 0.147 0.241 0.0341

91-3015 0.328 0.99 0.0225 0.176 0.122 1.04 1.02 0.159 0.246 0.0322

91-3095 0.303 0.84 0.0212 0.163 0.119 1.041 1.03 0.141 0.254 0.0311

91-3146 0.308 0.86 0.0234 0.172 0.128 1.07 1.05 0.148 0.261 0.0318

88-3003 0.332 1.25 0.0379 0.303 0.258 1.74 1.71 0.182 0.285 0.0377

91-3016 0.347 1.06 0.0243 0.219 0.181 1.29 1.25 0.173 0.268 0.0370

91-3094 0.326 0.90 0.0233 0.212 0.180 1.28 1.25 0.148 0.271 0.0354

91-3145 0.333 0.99 0.0282 0.241 0.202 1.42 1.38 0.156 0.302 0.0357

06HE011 0.384 1.39 0.0391 0.334 0.353 1.99 1.88 0.161 0.157 0.257d 0.0426d

88-3004 0.366 1.82 0.0496 0.521 0.506 2.75 2.61 0.310 0.454 0.0364

88-3005 0.386 2.22 0.0573 0.647 0.687 0.424 0.623 0.0432

88-3014 0.369 1.90 0.0527 0.532 0.535 2.92 2.75 0.329 0.491 0.0417

91-3017 0.357 1.20 0.0264 0.274 0.252 1.63 1.57 0.174 0.285 0.0395

91-3093 0.348 1.06 0.0245 0.261 0.241 1.58 1.53 0.169 0.559 0.038

91-3144 0.347 1.16 0.0290 0.295 0.270 1.77 1.72 0.177 0.333 0.038

88-3015 0.323 0.96 0.0371 0.167 0.122 1.05 1.040 0.108 0.240 0.0280

88-3016 0.314 0.93 0.0368 0.156 0.112 0.99 0.98 0.103 0.229 0.0278

88-3018 0.320 0.98 0.0379 0.161 0.121 1.02 1.00 0.103 0.234 0.0278

88-3020 0.341 1.01 0.0417 0.190 0.141 1.08 1.07 0.122 0.258 0.0302

91-3012 0.371 1.01 0.0264 0.180 0.125 1.04 1.03 0.120 0.274 0.0337

91-3084 0.371 0.82 0.0230 0.163 0.120 0.96 0.95 0.088 0.271 0.0295

91-3148 0.343 0.81 0.0274 0.174 0.131 1.07 1.06 0.112 0.283 0.0317

88-3017 0.311 0.89 0.0348 0.149 0.109 0.93 0.91 0.101 0.246 0.0252

88-3022 0.348 1.17 0.0350 0.399 0.224 1.67 1.64 0.187 0.321 0.0626

88-3032 0.339 1.14 0.0361 0.412 0.240 1.72 1.67 0.199 0.336 0.0748

91-3010 0.367 1.21 0.0280 0.458 0.253 1.61 1.57 0.279 0.428 0.0653

88-3021 0.333 1.31 0.0396 0.386 0.232 1.69 1.64 0.023 0.389 0.0551

91-3011 0.341 1.29 0.0300 0.398 0.229 1.60 1.56 0.257 0.428 0.0554

91-3083 0.348 1.19 0.0269 0.399 0.239 1.58 1.54 0.248 0.411 0.0520

91-3142 0.343 1.19 0.0305 0.4019 0.242 1.62 1.58 0.261 0.471 0.0540

06HE007 0.352 1.23 0.0368 0.367 0.208 1.34 1.30 0.230 0.216 0.378d 0.0599d

91-3082 0.356 1.11 0.0274 0.432 0.233 1.48 1.45 0.258 0.431 0.0569

91-3141 0.359 1.20 0.0290 0.4902 0.267 1.68 1.63 0.313 0.513 0.0653

06HE005 0.289 1.27 0.0358 0.297 0.176 1.39 1.36 0.204 0.192 0.393d 0.0383d

88-3031 0.268 1.36 0.0381 0.313 0.191 1.37 1.33 0.175 0.401 0.0382

91-3002 0.277 1.28 0.029 0.304 0.184 1.484 1.45 0.165 0.377 0.0365

91-3085 0.291 1.19 0.0270 0.303 0.189 1.39 1.36 0.156 0.369 0.0345

91-3140 0.277 1.18 0.0293 0.3061 0.188 1.44 1.40 0.173 0.410 0.0367

92-3010 0.269 1.14 0.0233 0.2796 0.178 3.53 3.46 0.151

06HE004 0.417 1.46 0.0437 0.546 0.347 2.08 2.02 0.346 0.327 0.415
d

0.0662
d

88-3033 0.390 1.56 0.0491 0.615 0.400 2.37 2.29 0.374 0.511 0.0693

91-3001 0.415 1.50 0.037 0.601 0.395 2.320 2.27 0.361 0.457 0.0584

91-3086 0.407 1.36 0.0334 0.582 0.385 2.20 2.13 0.329 0.4690 0.0563

91-3139 0.400 1.37 0.0360 0.6127 0.396 2.40 2.33 0.356 0.460 0.0595

92-3009 0.382 1.28 0.0291 0.5313 0.350 1.40 1.35 0.298

06HE006 0.491 2.11 0.0629 0.731 0.485 2.93 2.82 0.552 0.531 0.500d 0.0822d
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Sample SiO2 Na K Ca Mg DIC Alk S SO4-2 Cl F

number (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (meq./kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg)

(ICP-AES)
b

(ICP-AES)
b

(ICP-AES)
b

(ICP-AES)
b

(ICP-AES)
b

(PHREEQC)
a

(Titration)
c

(ICP-AES)
b

(IC)
d

(Ion-selective (Ion-selective

electrode) electrode)

88-3023 0.480 2.37 0.0726 0.846 0.590 3.33 3.03 0.692 0.697 0.0728

90-3001 0.479 2.39 0.0760 0.886 0.606 3.41 3.04 0.726 0.678 0.0742

90-3027 0.459 2.32 0.0755 0.861 0.573 3.41 2.94 0.661 0.670 0.0721

91-3008 0.479 2.23 0.0575 0.810 0.554 3.46 3.10 0.642 0.602 0.0754

91-3088 0.472 2.13 0.055 0.845 0.589 3.50 3.23 0.652 0.623 0.0716

91-3124 0.455 2.08 0.0564 0.8059 0.581 3.54 3.25 0.615 0.666 0.0747

91-3125 0.451 2.05 0.0557 0.7992 0.583 3.59 3.32 0.629 0.671 0.0745

91-3126 0.469 2.15 0.0570 0.8455 0.591 3.52 3.30 0.627 0.674 0.0747

91-3127 0.469 2.14 0.0550 0.8436 0.587 3.57 3.29 0.621 0.681 0.0745

91-3128 0.465 2.13 0.0555 0.8493 0.594 3.60 3.30 0.631 0.678 0.0742

91-3129 0.464 2.18 0.0550 0.8530 0.596 3.57 3.39 0.631 0.683 0.0737

91-3138 0.458 2.13 0.0523 0.8337 0.588 3.56 3.28 0.619 0.606 0.0745

91-3213 0.454 2.19 0.0554 0.8246 0.584 3.38 3.04 0.626 0.612 0.0759

92-3011 0.448 2.16 0.0539 0.8402 0.591 2.65 2.42 0.599

92-3012 0.410 1.72 0.0415 0.5879 0.417 3.54 3.36 0.438

92-3013 0.476 2.09 0.0540 0.8173 0.572 3.53 3.23 0.637

92-3014 0.466 2.04 0.0532 0.8235 0.569 3.52 3.23 0.611

92-3015 0.468 2.08 0.0545 0.8298 0.570 3.56 3.30 0.591

92-3016 0.477 2.05 0.0535 0.8021 0.571 1.53 1.39 0.585

88-3024 0.440 2.50 0.0806 0.771 0.579 3.37 3.11 0.702 0.700 0.0763

91-3009 0.438 2.46 0.0617 0.755 0.545 3.40 3.16 0.633 0.602 0.0705

91-3089 0.426 2.325 0.0582 0.764 0.566 3.36 3.19 0.623 0.597 0.0684

91-3137 0.421 2.31 0.0550 0.7288 0.540 3.39 3.22 0.596 0.590 0.0724

06HE008 0.367 1.01 0.0345 0.187 0.134 1.05 1.04 0.109 0.102 0.226
d

0.0326
d

88-3030 0.369 1.26 0.0463 0.580 0.472 2.54 2.49 0.206 0.378 0.0340

91-3003 0.400 0.965 0.0311 0.435 0.357 1.918 1.87 0.147 0.377 0.0314

91-3081 0.393 1.04 0.0333 0.460 0.369 2.00 1.96 0.166 0.377 0.0331

91-3136 0.369 0.984 0.0326 0.4569 0.376 2.02 1.97 0.160 0.395 0.0330

92-3008 0.377 0.939 0.0275 0.4425 0.379 2.14 2.08 0.154

88-3029 0.460 0.86 0.0427 0.440 0.347 1.89 1.74 0.145 0.330 0.0315

91-3004 0.464 0.841 0.0304 0.457 0.357 2.008 1.85 0.150 0.346 0.0305

91-3080 0.440 0.77 0.0293 0.415 0.310 1.71 1.61 0.134 0.354 0.0277

91-3135 0.447 0.817 0.0301 0.4729 0.375 2.05 1.93 0.155 0.360 0.0300

92-3007 0.408 0.730 0.0242 0.397 0.331 1.99 1.89 0.131

88-3028 0.495 0.79 0.0391 0.343 0.277 1.58 1.42 0.117 0.273 0.0358

91-3005 0.498 0.736 0.0279 0.326 0.247 1.550 1.39 0.113 0.279 0.0372

91-3079 0.509 0.72 0.0289 0.334 0.248 1.53 1.36 0.112 0.278 0.0346

91-3134 0.487 0.691 0.0299 0.322 0.252 1.60 1.41 0.113 0.281 0.0351

88-3027 0.398 0.75 0.0368 0.280 0.275 1.42 1.36 0.084 0.253 0.0366

91-3006 0.412 0.70 0.0244 0.282 0.268 1.54 1.45 0.087 0.279 0.0352

91-3078 0.427 0.67 0.0238 0.266 0.261 1.32 1.25 0.084 0.278 0.0329

91-3133 0.402 0.700 0.0270 0.296 0.289 1.58 1.51 0.0879 0.303 0.0345

92-3006 0.398 0.585 0.0198 0.224 0.226 1.78 1.68 0.0751

06HE003 0.441 0.800 0.0381 0.364 0.341 1.63 1.57 0.139 0.135 0.288d 0.0283d

06HE002 0.344 0.683 0.0312 0.314 0.205 0.931 0.902 0.204 0.187 0.357d 0.0235d

88-3026 0.347 0.58 0.0292 0.206 0.143 0.94 0.909 0.0661 0.228 0.0249

91-3007 0.332 0.54 0.0189 0.207 0.139 1.01 0.967 0.0753 0.241 0.0266

91-3076 0.347 0.54 0.0189 0.211 0.143 0.880 0.85 0.0699 0.238 0.0249

91-3132 0.327 0.523 0.0184 0.2148 0.145 0.928 0.898 0.0709 0.280 0.0255

92-3005 0.320 0.496 0.0172 0.2116 0.150 1.21 1.13 0.0586

06HE001 0.324 0.448 0.0248 0.172 0.136 0.746 0.736 0.0337 0.0292 0.203d 0.0134d

91-3130 0.299 0.417 0.0170 0.1777 0.147 0.788 0.776 0.0406 0.263 0.0157
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Sample Al Fe P PO4 Sr Mn Ti B As Ba

number (µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (nmol/kg) (nmol/kg) µmol/kg µmol/kg nmol/kg

(ICP-AES)b (ICP-AES)b (ICP-SFMS)e
(Spectro- (ICP-AES)b (ICP-SFMS)e

(ICP-AES) (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e

photometer)

Drinking water guidelinesh
7.43 3.58 7291 46.3 0.133 5980

06HE010 0.326 0.0240 2.644 0.143 1.11 1.19 2.06 b.d 0.874

88-3001 b.d b.d 2.63 0.1674 28.8

91-3014 b.d b.d 2.43 0.153 36.7

91-3096 b.d b.d 2.65 0.191 57.9

91-3147 b.d b.d 1.90 0.159 123

06HE012 0.123 0.018 1.840 0.490 2.44 9.12 3.12 0.0228 6.61

88-3013 b.d b.d 2.06 0.663 8.25

91-3013 b.d b.d 2.07 0.577 26.7

91-3143 b.d b.d 1.51 0.622 35.5

91-3172 b.d b.d 1.49 0.628 17.4

91-3173 b.d b.d 1.69 0.650 22.7

92-3026

06HE009 0.143 0.014 2.079 0.251 1.09 2.28 1.74 b.d 1.93

88-3002 b.d b.d 2.14 0.1899 b.d.

91-3015 b.d b.d 2.79 0.155 29.5

91-3095 b.d b.d 2.61 0.159 20.3

91-3146 b.d b.d 2.98 0.171 49.8

88-3003 b.d b.d 1.88 0.310 b.d

91-3016 b.d b.d 2.70 0.226 46.8

91-3094 b.d b.d 2.45 0.206 11.2

91-3145 b.d b.d 1.81 0.239 74.0

06HE011 0.101 0.115 1.595 0.323 2.28 3.72 2.06 b.d 3.11

88-3004 b.d b.d 1.77 0.514 22.6

88-3005 b.d b.d 1.85 0.650 32.0

88-3014 b.d b.d 1.87 0.531 23.2

91-3017 b.d b.d 2.27 0.268 39.0

91-3093 b.d b.d 2.19 0.249 13.8

91-3144 b.d b.d 1.45 0.289 26.3

88-3015 b.d b.d 3.06 0.135 3.81

88-3016 b.d b.d 3.12 0.123 9.60

88-3018 b.d b.d 2.74 0.134 b.d

88-3020 b.d b.d 2.68 0.163 b.d

91-3012 b.d b.d 2.46 0.142 18

91-3084 b.d 0.104 2.81 0.124 20.3

91-3148 b.d b.d 2.88 0.146 22.8

88-3017 b.d b.d 2.93 0.118 b.d

88-3022 b.d b.d 3.54 0.296 b.d

88-3032 b.d b.d 3.30 0.305 5.53

91-3010 b.d b.d 2.72 0.330 26.2

88-3021 b.d b.d 2.37 0.344 b.d

91-3011 b.d b.d 2.10 0.352 48.2

91-3083 b.d b.d 2.10 0.326 46.3

91-3142 b.d b.d 2.12 0.321 92.9

06HE007 0.152 0.007 2.58 0.289 1.93 0.188 1.11 b.d 2.13

91-3082 b.d b.d 2.29 0.303 46.1

91-3141 b.d b.d 2.42 0.346 48.1

06HE005 0.408 0.009 1.81 0.227 2.64 1.06 b.d b.d 0.837

88-3031 b.d b.d 1.81 0.267 b.d

91-3002 b.d b.d 1.68 0.243 19.0

91-3085 b.d 0.139 1.64 0.233 94.9

91-3140 b.d b.d 1.95 0.241 41.4

92-3010 b.d b.d 2.46 0.226 3.91

06HE004 0.123 0.0119 2.20 0.445 3.09 1.17 b.d b.d 2.53

88-3033 b.d b.d 2.08 0.538 b.d

91-3001 b.d b.d 2.11 0.526 23.8

91-3086 b.d b.d 1.92 0.488 14.5

91-3139 b.d b.d 2.01 0.512 22.8

92-3009 b.d b.d 1.97 0.452 6.63

06HE006 0.0764 0.00759 2.13 0.735 2.73 0.180 2.78 b.d 2.44
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Sample Al Fe P PO4 Sr Mn Ti B As Ba

number (µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (nmol/kg) (nmol/kg) µmol/kg µmol/kg nmol/kg

(ICP-AES)
b

(ICP-AES)
b

(ICP-SFMS)
e

(Spectro- (ICP-AES)
b

(ICP-SFMS)
e

(ICP-AES) (ICP-SFMS)
e

(ICP-SFMS)
e

(ICP-SFMS)
e

photometer)

88-3023 b.d b.d 3.55 0.938 b.d

90-3001 1.70 0.458 2.06 0.961 209

90-3027 b.d b.d 1.82 0.947 62.6

91-3008 b.d b.d 2.23 0.888 19.0

91-3088 b.d 0.133 2.14 0.953 275

91-3124 b.d b.d 1.60 0.948 14.2

91-3125 b.d b.d 1.57 0.934 b.d

91-3126 b.d b.d 1.69 0.919 24.9

91-3127 b.d b.d 1.34 0.914 8.40

91-3128 b.d b.d 2.02 0.910 131

91-3129 b.d b.d 1.09 0.903 14.9

91-3138 b.d b.d 1.27 0.820 b.d

91-3213 b.d b.d 1.24 0.918 59.4

92-3011 b.d b.d 1.83 0.884 9.08

92-3012 b.d b.d 2.04 0.675 64.0

92-3013 b.d b.d 1.87 0.880 88.0

92-3014 b.d b.d 1.75 0.872 35.8

92-3015 b.d b.d 1.88 0.870 45.6

92-3016 b.d b.d 1.48 0.876 139

88-3024 b.d b.d 2.22 0.957 b.d

91-3009 b.d b.d 2.20 0.899 48.5

91-3089 b.d b.d 2.09 0.908 54.8

91-3137 b.d b.d 1.96 0.807 b.d

06HE008 0.229 0.00886 2.693 0.143 1.19 0.537 2.17 b.d 1.02

88-3030 b.d b.d 2.58 0.369 b.d

91-3003 b.d b.d 3.06 0.294 19.5

91-3081 2.19 0.863 2.93 0.285 60.1

91-3136 b.d b.d 2.22 0.277 32.2

92-3008 b.d b.d 2.49 0.289 8.04

88-3029 b.d b.d 1.26 0.397 b.d

91-3004 1.30 0.397 26.4

91-3080 1.04 0.401 1.23 0.342 44.5

91-3135 b.d b.d 0.795 0.378 74.5

92-3007 b.d b.d 1.39 0.351 51.7

88-3028 b.d b.d 1.21 0.331 b.d

91-3005 b.d b.d 1.22 0.294 11.3

91-3079 b.d b.d 1.04 0.319 114

91-3134 b.d b.d 0.369 0.275 24.2

88-3027 b.d b.d 1.47 0.249 b.d

91-3006 b.d b.d 1.25 0.263 31.9

91-3078 0.791 b.d 0.975 0.220 59.4

91-3133 b.d b.d 0.594 0.235 53.0

92-3006 b.d b.d 1.06 0.198 91.0

06HE003 0.0956 0.00618 1.19 0.290 3.02 2.03 0.882 b.d 3.57

06HE002 0.139 0.00562 1.52 0.240 4.40 0.850 0.588 b.d 1.94

88-3026 b.d b.d 1.38 0.180 b.d

91-3007 b.d b.d 1.88 0.174 26.2

91-3076 b.d b.d 1.93 0.167 35.3

91-3132 b.d b.d 1.35 0.164 16.9

92-3005 b.d b.d 1.23 0.177 26.7

06HE001 0.393 0.00634 2.25 0.138 4.08 0.451 0.517 b.d 1.26

91-3130 b.d b.d 1.87 0.126 b.d 13.0
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Sample Cd Co Cr Cu Ni Pb Zn Hg Mo

number nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg µmol/kg

(ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e

Drinking water guidelinesh
26.7 962 31473 1193 48.3 45886 30.0 0.730

06HE010 b.d 3.37 2.55 1.86 b.d 5.29 b.d 0.0169

88-3001

91-3014

91-3096

91-3147

06HE012 b.d b.d 3.54 7.79 1.49 5.37 0.0130 0.0278

88-3013

91-3013

91-3143

91-3172

91-3173

92-3026

06HE009 b.d b.d 3.13 7.52 1.75 b.d 13.6 b.d 0.0175

88-3002

91-3015

91-3095

91-3146

88-3003

91-3016

91-3094

91-3145

06HE011 b.d 0.115 3.54 6.78 1.79 b.d 5.86 b.d 0.0198

88-3004

88-3005

88-3014

91-3017

91-3093

91-3144

88-3015

88-3016

88-3018

88-3020

91-3012

91-3084

91-3148

88-3017

88-3022

88-3032

91-3010

88-3021

91-3011

91-3083

91-3142

06HE007 0.02 b.d 6.06 4.56 2.57 b.d 7.31 b.d 0.0624

91-3082

91-3141

06HE005 b.d 0.156 7.65 2.91 1.94 b.d b.d b.d 0.0458

88-3031

91-3002

91-3085

91-3140

92-3010

06HE004 b.d 0.200 4.33 5.43 3.17 0.0632 8.14 b.d 0.0753

88-3033

91-3001

91-3086

91-3139

92-3009

06HE006 0.04 b.d 4.67 2.75 3.70 b.d 8.47 b.d 0.0818
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Sample Cd Co Cr Cu Ni Pb Zn Hg Mo

number nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg nmol/kg µmol/kg

(ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e (ICP-SFMS)e

88-3023

90-3001

90-3027

91-3008

91-3088

91-3124

91-3125

91-3126

91-3127

91-3128

91-3129

91-3138

91-3213

92-3011

92-3012

92-3013

92-3014

92-3015

92-3016

88-3024

91-3009

91-3089

91-3137

06HE008 b.d b.d 4.35 4.34 1.72 b.d 6.13 <0.00997 0.0166

88-3030

91-3003

91-3081

91-3136

92-3008

88-3029

91-3004

91-3080

91-3135

92-3007

88-3028

91-3005

91-3079

91-3134

88-3027

91-3006

91-3078

91-3133

92-3006

06HE003 0.0196 b.d 4.06 20.1 1.79 b.d 12.5 <0.00997 0.0167

06HE002 0.0898 0.202 4.87 7.63 2.62 b.d 29.5 <0.00997 0.0254

88-3026

91-3007

91-3076

91-3132

92-3005

06HE001 b.d 0.378 3.58 4.47 2.98 b.d 12.5 <0.00997 0.00664

91-3130



T.K. Flaathen 2009                                                           Appendix II – Chemistry of spring water (Flaathen et al., 2009) 

 

- 133 - 
 

Sample Li Se V δ2H δ18O

number µmol/kg nmol/kg µmol/kg

(ICP-SFMS)e (AFS)f (ICP-AES)b (MS)g (MS)g

Drinking water guidelinesh
127

06HE010 <0.576 b.d 0.518

88-3001 -77.15 -10.93

91-3014

91-3096

91-3147

06HE012 2.56 b.d 0.650

88-3013 -71.86 -10.51

91-3013

91-3143

91-3172

91-3173

92-3026

06HE009 0.599 b.d 0.493

88-3002 -76.12 -10.87

91-3015

91-3095

91-3146

88-3003 -74.05 -10.51

91-3016

91-3094

91-3145

06HE011 0.906 b.d 0.520

88-3004 -74.55 -10.71

88-3005

88-3014 -74.23 -10.7

91-3017

91-3093

91-3144

88-3015 -74.23 -10.75

88-3016 -76.15 -10.78

88-3018

88-3020 -72.62 -10.47

91-3012

91-3084

91-3148

88-3017 -76.44 -10.81

88-3022

88-3032 -67.56 -9.83

91-3010

88-3021 -66.89 -9.33

91-3011

91-3083

91-3142

06HE007 2.90 b.d 0.591

91-3082

91-3141

06HE005 b.d b.d 1.01

88-3031 -66.89 -9.33

91-3002

91-3085

91-3140

92-3010

06HE004 1.70 b.d 0.636

88-3033 -65.8 -9.48

91-3001

91-3086

91-3139

92-3009

06HE006 1.44 b.d 0.648
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Sample Li Se V δ
2
H δ

18
O

number µmol/kg nmol/kg µmol/kg

(ICP-SFMS)
e

(AFS)
f

(ICP-AES)
b

(MS)
g

(MS)
g

88-3023 -64.42 -9.57

90-3001

90-3027

91-3008

91-3088

91-3124

91-3125

91-3126

91-3127

91-3128

91-3129

91-3138

91-3213

92-3011

92-3012

92-3013

92-3014

92-3015

92-3016

88-3024 -63.61 -9.39

91-3009

91-3089

91-3137

06HE008 b.d b.d 0.446

88-3030 -61.37 -8.86

91-3003

91-3081

91-3136

92-3008

88-3029 -60.73 -9.42

91-3004

91-3080

91-3135

92-3007

88-3028 -69.96 -10.14

91-3005

91-3079

91-3134

88-3027

91-3006

91-3078

91-3133

92-3006

06HE003 0.744 b.d 0.506

06HE002 0.895 b.d 0.524

88-3026 -67.55 -10.02

91-3007

91-3076

91-3132

92-3005

06HE001 0.303 b.d 0.469

91-3130  
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