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Résumé

Résumé

L’altération chimique des roches primaires et des minéraux dans les systémes naturels a un
impact majeur sur la formation des sols et leur composition. L’altération chimique est
largement pilotée par la dissolution des minéraux. Les éléments chimiques libérés dans les
eaux souterraines par la dissolution des minéraux réagissent facilement pour former des
minéraux secondaires comme les argiles, z€olites et carbonates. Les carbonates se forment par
réaction des cations divalents (Ca, Fe et Mg) avec CO, dissous tandis que la formation des
kaolins et de la gibbsite est attribuée a 1’altération des minéraux riches en aluminium, le plus
souvent les feldspaths.

Le projet Carbfix a Hellisheidi (sud-ouest de 1’Islande) a pour but d’utiliser les processus
d’altération naturelle pour former des minéraux carbonatés par réinjection dans les roches
basaltiques environnantes de CO, provenant d’une centrale géothermique. Ce processus
trouve son origine dans la dissolution des roches basaltiques riches en cations divalents (Ca,
Fe et Mg) qui se combinent au CO; injecté pour former des minéraux carbonatés.

Cette thése est centrée sur la dissolution du basalte cristallin de Stapafell qui est composé
essentiellement de trois phases minérales (plagioclase, pyroxéne et olivine) et qui est riche en
cations divalents. La vitesse de libération des éléments du basalte a ’état stationnaire et loin
de I’équilibre a ét¢ mesurée dans des réacteurs a circulation a des pH de 2 a 12 et des
températures de 5 a 75°C. Les vitesses de libération de Si et Ca a 1’état stationnaire présentent
une variation en fonction du pH en forme de U avec une diminution des vitesses lorsque le pH
augmente en conditions acides et une augmentation avec le pH en conditions alcalines. Les
vitesses de libération du silicium par le basalte cristallin sont comparables a celles par le verre
basaltique de méme composition chimique aux faibles pH et aux températures > 25°C mais
elles sont plus lentes aux pH alcalins et aux températures > 50°C. Par contre, les vitesses de
libération de Mg et Fe diminuent de maniere monotone avec 1’accroissement du pH a toutes
les températures. Ce comportement a pour cause les variations contrastées, en fonction du pH,
des vitesses de dissolution des trois minéraux constitutifs du basalte: plagioclase, olivine et
pyroxene. Les vitesses de libération des ¢léments déduites de la somme des vitesses de
dissolution du plagioclase, pyroxéne et olivine normalisées a la fraction volumique de ces
minéraux sont, a un ordre de grandeur pres, les mémes que celles mesurées dans cette étude.
En outre, les résultats expérimentaux montrent que, durant 1’injection d’eaux chargées en CO,
de pH proche de 3.6, le basalte cristallin libere préférentiellement Mg et Fe en solution par
rapport a Ca. L’injection de fluides acides chargés en CO, dans des roches cristallines
basaltiques peut donc favoriser la formation de carbonates de Mg et Fe aux dépends de la
calcite aux conditions de pH acides a neutres.

Le plagioclase, qui est la phase la plus abondante du basalte, influence fortement la
réactivité de ce dernier. La vitesse de dissolution du plagioclase, basée sur la libération de la
silice, présente une variation en forme de U en fonction du pH, diminuant lorsque le pH
augmente aux conditions acides mais augmentant avec le pH aux conditions alcalines. En
accord avec les données de la littérature, la vitesse de dissolution du plagioclase a pH
constant, en conditions acides, augmente avec sa teneur en anorthite. L’interprétation et le fit
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des données obtenues suggerent que la vitesse de dissolution du plagioclase est controlée par
la décomposition d’un complexe activé riche en silice, formé par le départ de Al de la
structure du minéral. Le plus remarquable, par comparaison aux hypothéses antérieures, est
que la vitesse de dissolution du plagioclase en conditions alcalines est indépendante de sa
teneur en anorthite — e.g. les vitesses de dissolution des plagioclases riches en anorthite
augmentent avec le pH aux conditions alcalines. A ces conditions, il est probable que la
vitesse de dissolution rapide du plagioclase domine, en raison de sa forte teneur en Ca, la
libération vers la phase fluide des cations divalents du basalte cristallin.

La gibbsite est généralement le premier minéral qui précipite lors de la dissolution du
plagioclase. C’est un hydroxyde d’aluminium que I’on trouve dans divers sols et qui est aussi
la phase principale des minerais de bauxite. Les vitesses de précipitation de la gibbsite ont été
mesurées dans des réacteurs fermés, en conditions alcalines a 25 et 80°C, en fonction de 1’état
de saturation du fluide. Les analyses des solides aprés réaction ont démontré que la
précipitation de gibbsite s’est produite dans toutes les expériences. L’interprétation de
I’évolution dans le temps de la chimie du fluide réactif fournit des vitesses de précipitation de
la gibbsite qui sont pres des vitesses de dissolution du plagioclase. En plus, des vitesses de
précipitation de la gibbsite diminuent plus rapidement que des vitesses de dissolution du
plagioclase quand le pH descende. Ceci suggere que [’étape limitant de 1’altération du
plagioclase sur la surface de la terre est plutdt la consommation d’Al par formation de la
gibbsite que la dissolution méme du plagioclase.

La kaolinite est en général le second minéral formé apres la gibbsite lors de la dissolution
du plagioclase a basse température. Les vitesses de précipitation de la kaolinite ont été
mesurées dans des réacteurs a circulation a pH = 4 et t = 25°C, en fonction de 1’état de
saturation du fluide. Au total, 8 expériences de précipitation de longues durées ont été
réalisées dans des fluides légeérement supersaturés par rapport a la kaolinite, en utilisant
comme germes pour la précipitation une quantité connue de de kaolinite de Géorgie (KGa-1b)
contenant peu de défauts et préalablement nettoyée. Les vitesses de précipitation de kaolinite
mesurées sont relativement lentes comparées aux vitesses de dissolution du plagioclase. Cette
observation suggere que la formation de kaolinite lors de 1’altération est limitée par sa vitesse
de précipitation plutdt que par que la disponibilité en Al et Si issus de la dissolution du
plagioclase.

L’ensemble des résultats de cette étude fournit un certain nombre de principes
scientifiques de base nécessaires a la prédiction des vitesses et des conséquences de la
dissolution du basalte cristallin et du plagioclase a la surface de la Terre et lors de I’injection
du CO; a proximité de la surface dans le cadre des efforts de stockage du carbone. Les
résultats obtenus indiquent, bien que les vitesses de précipitation de la gibbsite soient
relativement rapides, que la vitesse de précipitation relativement lente de la kaolinite peut étre
le processus controlant la formation de ce minéral a la surface de la Terre. Cette observation
souligne la nécessité de poursuivre la quantification de la précipitation de ce minéral
secondaire aux conditions typiques de la surface de la Terre. En outre, comme les proportions
des différents métaux divalents libérés par les basaltes cristallins varient sensiblement avec le
pH, la carbonatation des basaltes doit produire un changement systématique de 1’identité des
minéraux carbonatés et des z€olites précipités en fonction de la distance au puits d’injection.
Cette derniére conclusion pourra étre directement testée dans le cadre du projet CarbFix
actuellement conduit a Hellisheidi en Islande.

i



Abstract

Abstract

The chemical weathering of primary rocks and minerals in natural systems has a major impact
on soil development and its composition. Chemical weathering is driven to a large extent by
mineral dissolution. Through mineral dissolution, elements are released into groundwater and
can readily react to precipitate secondary minerals such as clays, zeolites, and carbonates.
Carbonates form from divalent cations (e.g. Ca, Fe and Mg) and CO,, and kaolin clay and
gibbsite formation is attributed to the weathering of aluminium-rich minerals, most notably
the feldspars.

The CarbFix Project in Hellisheidi SW-Iceland aims to use natural weathering processes
to form carbonate minerals by the re-injection of CO, from a geothermal power plant back
into surrounding basaltic rocks. This process is driven by the dissolution of basaltic rocks,
rich in divalent cations, which can combine with injected CO, to form and precipitate
carbonates.

This thesis focuses on the dissolution behaviour of Stapafell crystalline basalt, which
consists of three major phases (plagioclase, pyroxene, and olivine) and is rich in divalent
cations. Steady-state element release rates from crystalline basalt at far-from-equilibrium
conditions were measured at pH from 2 to 11 and temperatures from 5° to 75° C in mixed-
flow reactors. Steady-state Si and Ca release rates exhibit a U-shaped variation with pH,
where rates decrease with increasing pH at acid condition but increase with increasing pH at
alkaline conditions. Silicon release rates from crystalline basalt are comparable to Si release
rates from basaltic glass of the same chemical composition at low pH and temperatures >25°C
but slower at alkaline pH and temperatures >50°C. In contrast, Mg and Fe release rates
decrease continuously with increasing pH at all temperatures. This behaviour is interpreted to
stem from the contrasting dissolution behaviours of the three major minerals comprising the
basalt: plagioclase, pyroxene, and olivine. Element release rates estimated from the sum of the
volume fraction normalized dissolution rates of plagioclase, pyroxene, and olivine are within
one order of magnitude of those measured in this study. In addition, these experimental
results show that during injection of CO,-charged waters with pH close to 3.6, crystalline
basalt preferentially releases Mg and Fe relative to Ca to the fluid phase. The injection of
acidic CO;-charged fluids into crystalline basaltic rocks may therefore favour the formation of
Mg and Fe carbonates rather than calcite at acidic to neutral conditions.

Plagioclase is the most abundant phase in crystalline basalts and thus influences strongly
its reactivity. Plagioclase dissolution rates based on Si release show a common U-shaped
behaviour as a function of pH where rates decrease with increasing pH at acid condition but
increase with increasing pH at alkaline conditions. Constant pH plagioclase dissolution rates
increase with increasing anorthite content at acid conditions, in agreement with literature
findings. Interpretation and data fitting suggests that plagioclase dissolution rates are
consistent with their control by the detachment of Si-rich activated complexes formed by the
removal of Al from the mineral framework. Most notably, compared with previous
assumptions, plagioclase dissolution rates are independent of plagioclase composition at
alkaline conditions, e.g. anorthite-rich plagioclase dissolution rates increase with increasing
pH at alkaline conditions. At such conditions rapid plagioclase dissolution rates likely

il



Abstract

dominate divalent metal release from crystalline basalts to the fluids phase due to its high Ca
content.

Gibbsite is commonly the first mineral formed during low temperature dissolution of
plagioclase. Gibbsite is an aluminium-hydroxide that is found in various soils as well as the
dominant phase in many bauxite ores. Gibbsite precipitation rates were measured in closed
system reactors at alkaline condition, both at 25 °C and 80 °C as a function of fluid saturation
state.  Analyses of the solids demonstrate that gibbsite precipitation occurred in all
experiments. The comparison of gibbsite precipitation to the dissolution rates of plagioclase at
pH 11 shows that the rates are close to equal. The precipitation rates of gibbsite, however,
decrease faster with decreasing pH than plagioclase dissolution rates. As such it seem likely
that plagioclase dissolution is faster than gibbsite precipitation at near to neutral pH, and the
relatively slow rate of gibbsite precipitation influences plagioclase weathering in many Earth
surface systems.

Kaolinite is commonly the second secondary mineral formed during low temperature
dissolution of plagioclase. Kaolinite precipitation rates were measured in mixed flow reactors
as a function of fluid saturation state at pH=4 and 25 °C. In total eight long-term precipitation
experiments were performed in fluids mildly supersaturated with respect to kaolinite, together
with a known quantity of cleaned low defect Georgia Kaolinite as seeds. Measured kaolinite
precipitation rates are relatively slow compared with plagioclase dissolution rates. This
observation suggests that kaolinite formation during weathering is limited by its precipitation
rates rather than by the availability of aqueous species sourced from plagioclase dissolution.

Taken together the results of this study provide some of the fundamental scientific basic
for predicting the rates and consequences of crystalline basalt and plagioclase dissolution at
both the Earth’s surface and during the near surface injection of CO, as part of carbon storage
efforts. Results indicate that although gibbsite precipitation rates are relatively rapid, the
relatively slow precipitation rates of kaolinite may be the process controlling the formation of
this mineral at the Earth’s surface. This observation highlights the need to further quantify
this secondary mineral precipitation rates at conditions typical at the Earth’s surface.
Moreover, as the composition of divalent metals released from crystalline basalts varies
significantly with pH, CO, carbonation in basalt should yield a systematic variation in the
identity of carbonate and zeolite minerals precipitated with distance from the injection site.
This latter conclusion can be tested directly as part of the currently on-going CarbFix project
in Hellisheidi, Iceland.
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Leysing frumsteinda er einn meginpattur efnavedrunar bergs. Vid leysingu berast ymis efni ur
berginu i grunnvatn og yfirbordsvatn. Pessi uppleystu efni hafa ahrif a steindasamsetningu
ummyndads bergs og jardvegs, pvi pau mynda sidsteindir i berggrunninum, svo sem
geislasteina, leirsteindir og karbonot. Karbondt myndast oftast r tvigildum katjonum, einkum
kalsium (Ca), jarni (Fe) og magnesium (Mg), sem bindast koltvioxidi (CO,) ur lausn.
Alsteindirnar kaélinit og gibbsit myndast vid vedrun alrikra frumsteinda, einkum plagioklasa.

Losun koltvioxids til andramslofts er eitt alvarlegasta umhverfismal samtimans. Miklu
skiptir, ad unnt verdi ad proa adferdir til ad binda pad varanlega i jordu, pannig ad hverfandi
hatta sé 4 ad pad sleppi aftur til yfirbords. Markmid CarbFix verkefnisins, samstarfsverkefnis
Haskola fslands, Orkuveitu Reykjavikur, CNRS i Toulouse i Frakklandi og Columbia
haskolans i New York i Bandarikjunum, er einmitt ad deela CO, ur Hellisheidarvirkjun nidur i
basaltlog i ndgrenni virkjunarinnar. Par er pess venst, ad Fe, Mg og Ca leysist ur basaltinu og
felli karbonot ar vokvanum, og bindi pannig koltvioxidid til frambudar. Adferdin pykir
vaenleg vegna pess ad basalt leysist miklu hradar en kisilrikara berg, vegna pess hversu audugt
basalt er af tvigildum katjonum, og vegna pess hve holrymi er mikid i basalti.

[ pessari ritgerd er fjallad um leysnihrada kristallads basalts. Kristallad basalt er rikt af
tvigildum katjonum og samanstendur adallega af premur steindum, 6livini (Mg, Fe),
plagidklasi (Ca) og pyroxeni (Ca, Mg, Fe). Leysnihradi var akvardadur i hvarfakuti ur
titanmalmi vid pH-gildi fra 2 til 11 og hita fra 5° til 75°C. Leysniferill kisils (Si) og kalsiums
sem fall af pH-gildi i kristolludu basalti er U-laga, likt og leysniferlar basaltglers og albitriks
plagioklass. Leysnihradi minnkar med hakkandi pH-gildi i strri lausn (pH < 7), en eykst med
hakkandi pH-gildi i basiskri. Pessi hegdun synir, ad 6livin og pyroxen leysast mun hradar en
plagioklas ef vokvinn er sur. [ basiskum vokva er pessu 6fugt farid, og pa verdur leysing
plagioklass rikjandi, leysnihradi Ca og Al meiri, og pvi verdur hlutfallslegur styrkur Ca og Al
i lausn einnig meiri.

Nidurstodur rannsoknanna syna, ad i kolsyrdu vatni vid pH 3,6 er hlutfall leysni Fe og
Mg vid leysni Ca mun harra en sem nemur hlutfalli pessara méalma i basalti. Af peim s6kum
ma leida ad pvi likur, ad styrkur Mg og Fe verdi mikill i vokva med pessu pH-gildi, sem delt
yrdi nidur i kristallad basalt. Pessi efni gaetu pvi fallid Gt sem karbondt. Pessi rannsokn synir
einnig ad plagidklas, sem er rikjandi frumsteind (um 50%) i kristolludu basalti, leggur til
megnid af ali og alkali- og jardalkalimalmum vid myndun sidsteinda pegar basalt vedrast og
ummyndast vid hatt pH-gildi i grunnvatni og jarohitakerfum.

[ ritgerdinni eru birtar nidurstodur maelinga 4 leysnihrada plagioklasa med
efnasamsetningu sem spannar rodina fra albiti ad anortiti. Tilraunirnar voru gerdar i
hvarfakutum vid stofuhita (22°C) og pH-gildi fra 2 til 11. Nidurstddurnar syna ad plagioklas
leysist pvi hradar sem meira kalsium er i steindinni ef vokvinn er str. [ basiskri lausn leysast
hins vegar 61l plagioklds jafnhratt upp, 6had efnasamsetningu. Pessi nidurstada kann ad
virdast ovent, a0 Na:Ca hlutfall plagioklasa hafi engin ahrif & leysnihrada peirra i basiskri
lausn. Oll plagiokldsin syna somu hegdun og albit, en leysniferill allra er U-laga. betta er i
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samrami vid adur birt gdgn um Na-rik plagioklds og skyrist af pvi ad Si-jon losnar ur grind
steindarinnar eftir ad Al-jonin hefur losnad tr grindinni.

Gibbsit, sem er algeng alsteind i jarOvegi, er talid myndast vid efnavedrun plagioklass vid
lagan hita og naegan raka. Gibbsit er ein alsteindanna i baxiti, sem er helsta hraefni i
alframleidslu. Tilraunir voru gerdar med utfellingu gibbsits i lokudum hvarfakatum med
"kimi" gibbsitkristalla til ad hvetja utfellingu. Pessar tilraunir voru gerdar sem fall af
mettunarstigi vid 22°C og pH=11 annars vegar og vid 80°C og pH=9 hins vegar. Kénnun 4
kristalkiminu med rafeindasmasja leiddi i 1j6s utfellingar i 61lum tilraununum. Hradi
utfellingar gibbsits sem fall af mettun var akvardadur, og reyndist hann vera alika mikill og
leysnihradi plagioklas vid sama pH. A hinn boginn minnkar utfellingarhradi gibbsits meira
med leekkandi pH-gildi en leysnihradi plagioklass. Petta bendir til pess, a0 myndun gibbsits i
nattarunni vid hlutlaust pH stjornist fremur af litlum utfellingahrada gibbsits en af leysnihrada
plagidklasanna.

Kaolinit er algeng Al-sidsteind sem myndast ur plagioklasi vio laghitavedrun, likt og
gibbsit. Hlutfall Al vid Si er jafnt i kaoliniti (2:2), en pad er talid myndast 4 sidari stigum
plagioklasvedrunar pegar kisillinn stendur enn eftir. Gerdar voru tilraunir med utfellingu
kadlinits 1 hvarfakat vid 25°C og pH=4 me0 kristalkimi sem hvata, og var hradi meldur sem
fall af mettunarstigi. Alls voru gerdar atta tilraunir, en ekki reyndist unnt ad greina breytingar
a kiminu. Vatnslausninar gefa hins vegar til kynna, ad mjog hagar utfellingar eigi sér stad.
betta bendir til pess ad vid lagan hita sé pad i reynd utfellingahradi kaolinits sem stjorni vexti
pess fremur en leysnihradi plagioklasa.

Nidurstodur peirra rannsokna, sem hér eru kynntar, gefa ymsar visbendingar um leysingu
kristallads basalts og plagioklass, badi vid nattirulegar adstedur og pegar koltvioxidi er deelt
i basalt, eins og i CarbFix verkefninu & Hellisheidi. b6 ad plagioklds leysist hagt upp vid
hlutlaust pH, fellur gibbsit p6 liklega heegar t, og hid sama 4 vid um kaolinit vio pH=4.
Pannig er utfellingahradi alrikra siosteinda gildur pattur i proun jardvegs. bPessar nidurstodur
gefa til kynna, ad frekari rannsdkna a utfellingahrada alrikra sidsteinda sé porf til pess ad
0dlast dypri skilning & vedrun 4 yfirbordi jardar. Nidurstdournar syna einnig, ad liklega muni
karbonot, sem falla ut vid delingu & kolsyrou vatni med lagt pH-gildi nidur i basaltlog, verda
sundurleitari en pau sem finnast i nattrunni vegna pess hve leysing kristallads bergs er had
pH-gildi. Pessi sundurleitni mun liklega koma fram i CarbFix verkefninu 4 Hellisheidi.
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Introduction

1 Introduction

Weathering at Earth’s surface is largely divided into two mechanisms, depending on the
forces that are attributed:

1. Physical weathering, where the Earth’s surface is moulded by external factors such as
glaciations and bioprocesses that grind and break rocks into smaller pieces without
changing the mineral composition or the chemical attributes of the rock.

2. Chemical weathering where a rock or a mineral is chemically altered due to exposure
to water, gas, and/or pressure.

Over the past decades major efforts within the geochemistry community have been made to
measure the dissolution and precipitation rates of various minerals in the laboratory. This
effort has the aim of better understanding Earth’s surface chemical weathering processes.

In this dissertation I focus on two steps in the chemical weathering of primary rocks and
minerals:

a) The dissolution rates of multi-mineral rocks and plagioclase feldspars.
b) The precipitation rates of aluminium-rich secondary minerals.

This study was originally motivated by the lack of knowledge of chemical weathering
rates and mechanisms of multi-phase rocks, such as crystalline basalt, as a function of pH and
temperature. This information is essential to predict the fate and consequences of the CarbFix
carbon-storage project, which aims to inject CO, from the Hellisheidi Geothermal Power
plant into SW-Iceland basalts. As this thesis evolved, its emphasis evolved into a fundamental
experimental study, motivated by the apparent lack in published data on the dissolution
behaviour of plagioclases, the most abundant mineral in the Earth’s crust (Nesbitt and Young,
1984; Gudbrandsson et al., 2011) as well as a major component in crystalline basalts
(Gudbrandsson et al., 2011). These experiments were performed at the Earth Science Institute,
University of Iceland.

The second part of this thesis focuses on the experimental characterization of
precipitation rates of the aluminium rich secondary minerals: kaolinite and gibbsite. This
work was done within DELTA-MIN, a Marie Curie Initial Training Network of the EU
Seventh Framework Programme and performed at the GET/CNRS laboratory in Toulouse,
France. The overall research aim of DELTA-MIN was to better understand mineral
replacement reactions. Formation of both gibbsite and kaolinite is generally attributed to
plagioclase weathering and both phases are common on the Earth’s surface in soils. Each
mineral is also found in large economically important deposits: kaolinite in extensive kaolin
clay formations; and gibbsite in bauxite formations. The formation rates of aluminium-rich
secondary phases in nature are poorly defined and are still a scientific challenge owing to their
slow precipitation rates and limits of experimental/analytical methods.
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1.1 Research project

The chemical weathering of minerals is an on-going process that affects the daily lives of
Earth’s habitants and their future. For example, chemical weathering influences climate
through the CO, content of the atmosphere, the chemical composition of the oceans, ore
deposit formation, geothermal energy harvesting and exploration, secondary mineral
formation, and bedrock porosity. In recent times contamination from the mining industry and
CO; emission into atmosphere and its effect on the global climate have been of growing
concern to both the scientific community and the general public. Methods to control these
processes are being actively researched at present. Much of this effort is aimed at an
improved understanding of weathering cycles to provide insight into nature’s response to
anthropogenically induced hazards.

The CarbFix project is collaboration, originally between Reykjavik Energy, University of
Iceland, Centre National de la Recherche Scientifique, Paul Sabatier University in Toulouse,
France, and the Earth Institute at Columbia University in New York, USA. The project aim is
to find a long-term solution to re-inject CO, from the Hellisheidi Powerplant and store it as
carbonate minerals. Hellisheioi is a basaltic formation in SW-Iceland. The formations found
are both basaltic glass, as well as crystalline basalts. The alteration of the bedrock increases
with depth (Alfredsson et al., 2013). The area has been extensively researched for geothermal
exploration and over 100 boreholes have been drilled in the area, both for geothermal
harvesting as well as for re-injection of geothermal waters and cold water.

Annually more than 40,000 tons of CO; is released in a gas mixture from the power plant.
Other gases in the mixture include H,S, H,, Ar, CH4, and N,. The aim is to separate the CO,
from the mixture and re-inject, dissolved in water, into the groundwater aquifers in the area.
The COs-rich waters will form carbonic acid and have a pH close to 3.6, depending on the
partial pressure of CO, When injected into the basaltic terrain it will dissolve the basalt,
releasing divalent cations into solution making them available for secondary mineral
formation. Over time, the injected waters will react with the basalt and mix with present
groundwater causing the pH to rise from 3.6 to surrounding pH of close 8 - 10. This will
result in the following behaviour of the solution

1) Dissolution of basaltic glass:

SiyAlyz6Tig.02Fe(I11)o.02Fe(11)9.17Ca0.26Mgo.28N0.08Ko.0080336 + 6.72H"

— C;4+ 3+ 4+ 3+ 2+ 2+
= Sl(aq) + 036Al(aq) + OOZTl(aq) + OOZFe(aq) + 017Fe(aq) + 026Ca(aq)

+ O.28Mg(2;q) + 0.08Na?aq) + 0.008K(“;q) + 3.36H,0
2) Dissolution of crystalline basalt:
Forsterite: Mg,Si0, + 4H* = 2Mg(2;q) + Si0y4q) + 2H,0
Anorthite: CaAl,Si,Og() + 8H* = Calyyy + 24155, + 25i05qqy + 4H,0

Pyroxene: CaMgSi,0s + 4H* = Calyyy + Mgty + 25i05(qq) + 2H,0
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The divalent cations released during the injection are all potentially available for carbonate
precipitation, although one cannot neglect the possibility of other secondary phases, such as
clay minerals precipitating.

3) Precipitation of carbonates:
(Ca, Mg,Fe)%Jq) + HyCO3(qq) = (Ca,Mg,Fe)CO5(5) + 2H™

As suggested by Stockmann (2012), the crystal structure of primary minerals is important
for calcium carbonate growth. Apart from growing on calcite surface the preferred mineral
structure for carbonate growth in basalts, is found to be in the order: orthorhombic >
monoclinic > triclinic, suggesting that carbonates are likely to form on minerals in the order
olivine > pyroxene > plagioclase. The slowest calcite growth was found to be on basaltic
glass, the non-structured phase. This suggests that when injecting into fresh basalts it is more
efficient to target a crystalline structure rather than basaltic glass for formation of calcium
carbonates, assuming no calcite is present in the basalt. If carbonates are already present,
calcite precipitates readily from supersaturated solutions. After injecting the CO,-charged
water into the basaltic formations nature takes control of the process. What minerals form and
in which order and quantities is controlled by the abundance of constituent metallic aqueous
species in the groundwater after dissolution. Models have shown that possible minerals are
kaolinite and gibbsite along with other clay minerals and zeolites (Gysi and Stefansson, 2012;
Alfredsson et al., 2013).

The goal of this thesis is to improve our ability to quantify, in real time, the chemical
weathering rates and fluid-rock interactions occurring on and near to the Earth’s surface.
Towards this goal I have measured the dissolution rates of multi-phase rocks and minerals as
a function of fluid composition and the precipitation rates of common aluminium rich
secondary phases that are likely to form during weathering of silicate rocks (Helgeson et al.,
1984).

The dissolution experiments focused on the reactivity of crystalline basalt and plagioclase
feldspars as a function of fluid composition. Additionally, in the crystalline basalt
experiments the effects of temperature was assessed while in the plagioclase experiments
mineral composition effects were explored. These experiments were carried out within the
CarbFix project with the aim of better understanding the release of divalent cations for CO,
storage into basaltic formations.

The weathering reaction path of plagioclase feldspars to secondary minerals has been
suggested to follow the order gibbsite > kaolinite > clays > zeolites (e.g. Bricker and Garrels,
1967; Helgeson et al., 1969; Berner and Berner, 2012). The latter half of this thesis focuses on
gibbsite and kaolinite precipitation experiments, with the aim of assessing the influence of
precipitation kinetics on the overall rate of natural water-rock processes, which commonly
involve a close coupling of dissolution and precipitation reactions. The experiments were
compared to albite dissolution rates at equal pH to assess if the rate limiting mechanism in
nature is the dissolution of albite or the rates at which secondary minerals precipitate.

1.2 Chemical Weathering rates

Considerable experimental effort has been made to quantify the weathering rates of silicate
minerals (Brantley, 2003, and references therein) and glass (e.g. Oelkers and Gislason, 2001;
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Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2004; Stockmann et al., 2008) over the
last few decades. Numerous questions remain on the dissolution behaviour of minerals,
especially at alkaline conditions. This may be attributed to the fact that the majority of the
fluids on the Earths continents are somewhat acidic due to CO, dissolution and the presence
of organic acids. Also alkaline conditions are usually more difficult to control experimentally
due to the challenge of avoiding secondary mineral precipitation during experiments.

The plagioclase feldspars have been studied extensively at acid conditions (e.g. Chou and
Wollast, 1984; Chou and Wollast, 1985; Blum and Lasaga, 1991; Oxburgh et al., 1994; Blum
and Stillings, 1995; Stillings and Brantley, 1995; Brantley and Stillings, 1996; Hamilton et al.,
2000; Oelkers, 2001b; Ganor et al., 2005; Hellmann and Tisserand, 2006; Hellmann et al.,
2010). Dissolution rates of pyroxene have also been extensively studied in the laboratory (e.g.
Schott and Berner, 1985; Gislason and Arnorsson, 1993; Knauss et al., 1993; Brantley and
Chen, 1995; Chen and Brantley, 1998; Stockmann et al., 2008; Zakaznova-Herzog et al.,
2008) and so have olivines (e.g. Grandstaft, 1977; Wogelius and Walther, 1992; Wasklewicz
et al., 1993; Chen and Brantley, 2000; Pokrovsky and Schott, 2000a; Pokrovsky and Schott,
2000b; Rosso and Rimstidt, 2000; Kobayashi et al., 2001; Hanchen et al., 2006; Liu et al.,
2006; Stopar et al., 2006; Hanchen et al., 2007; Velbel, 2009; King et al. 2010; Daval et al.,
2011). Also available are several studies on basalt weathering (e.g. Eggleton et al., 1987;
Gislason and Eugster, 1987a; 1987b; Nesbitt and Wilson, 1992; Gislason et al., 1993;
Gislason et al., 1996; Daux et al., 1997; Oclkers and Gislason, 2001; Arnorsson et al., 2002;
Gislason and Oelkers, 2003; Eiriksdottir et al., 2008; Flaathen et al., 2008; Schaef and
McGrail, 2009).

However, little is known about precipitation rates and mechanisms of secondary
aluminium rich phases and experimental studies of the precipitation rates of secondary
aluminium rich phases are relatively rare. There are only three main studies on kaolinite
precipitation rates at temperatures below 100°C, (Nagy and Lasaga, 1990; Devidal et al.,
1997; Yang and Steefel, 2008). This contrasts to the numerous studies of kaolinite dissolution
rates (Nagy and Lasaga, 1990; Nagy et al., 1991; Oelkers et al., 1994; Ganor et al., 1995;
Maurice et al., 2001; Cama et al., 2002). Likewise, only a few experimental studies have
strived to determine gibbsite precipitation rates (e.g. Nagy and Lasaga, 1992; Nagy and
Lasaga, 1993; Nagy et al., 1999; Benezeth et al., 2001; Palmer et al., 2001; Bénézeth et al.,
2008; Wang et al., 2010).

Chemical weathering involves the breakdown of rocks and minerals via chemical
reactions driven by rainwater and/or biogenic processes. These processes can be enhanced by
the presence of natural or manmade pollutants and chemicals (Berner and Berner, 2012).
Chemical weathering of silicates involves mineral dissolution, where the mineral is leached of
its elements until the final Si-O bond is broken and the mineral destroyed (Oelkers, 2001b).
Mineral dissolution produces dissolved metals which can either form secondary phases or
remain dissolved in groundwater, where they can be transported by natural forces far from
their origin (Garrels and Mackenzie, 1971). Mineral replacement in situ is also a natural
phenomenon, e.g. albitisation (Putnis, 2009). The weathering reaction path of plagioclase
feldspars to secondary minerals has been suggested to follow the order gibbsite > kaolinite >
clays > zeolites (e.g. Bricker and Garrels, 1967; Helgeson et al., 1969; Berner and Bemner,
2012). Berner and Berner (2012) showed the reaction path of aqueous solution during
dissolution of albite feldspar (Fig. 1). The first phase to be supersaturated as albite dissolves
and as the concentration of released elements, Na, Al and Si increases is gibbsite. As the fluid
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becomes more concentrated other minerals can form. Due to the lack thermodynamic data on
zeolites, the clay - zeolites boundary in Fig. 1 is poorly constrained.

10 ~ " ' Figure 1 Stability diagram of the
Albite ! System Nazo-Alzog,-SiOz-HzO at

| ! 25°C. The logarithmic activities of
aqueous silica are displayed on the
horizontal axis and that of Na over
hydrogen on the vertical axis.
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Si and Na concentration increases.
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(line from gibbsite to montmorillonite). (Figure remade from Drever 1997).

The rates and mechanism of dissolution and precipitation are commonly described with
the aid of Transition State Theory. Although originally Transition State Theory was
developed to describe the mixing of gases it has also been used extensively to describe the
dissolution of silicate minerals (Aagaard and Helgeson, 1982; Oelkers, 2001b; Schott et al.,
2009). When applied to silicate mineral dissolution, the simplest assumption for single oxide
minerals that an adsorbed proton on a mineral surface will weaken the adjacent cation-oxygen
bonds. As more protons adsorb, the rate at which cations are released into solution will
increase. This can be described in two steps, where the first step shows the adsorption of the
proton to a metal surface:

=M-0H + H' <=>=M — 0OHj

where = is the mineral bond and M is a metal. This step is assumed to be fast and reversible
and is the first step of the mineral dissolution/precipitation process. The second step is the
slow and irreversible detachment of the metal to the fluid phase:

— +
=M - OHZ - Mdissolved

where again the = is the mineral bond, M is the metal and M ;0100 Stands for the dissolved
metal in solution. Minerals that contain a number of distinct metal-oxygen bonds are
dissolved by one or more steps (figure 2).

In agreement with the Transition State Theory dissolution or precipitation of minerals has
been described using (Aagaard and Helgeson, 1982):

r =1.(1 —exp(—A/oRT)) (1)
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where 7 refers to the overall rate, ry stands for the forward rate, 4 designates the chemical
affinity, o the Temkin’s average stoichiometric number equal to the number of moles of
mineral destroyed by one mole of each elementary reaction, and R and 7 refer to the gas
constant and temperature in Kelvin, respectively.

Chemical affinity is the driving force for the reaction and can be computed from this relation
between the equilibrium constant of a mineral and the activities of the aqueous species in
solution:

A =RTIn(Q/K.y) )

where the K stands for equilibrium constant and Q symbolizes the reaction quotient of the
chemical reaction.

At far from equilibrium 4 is much greater than oR7 and therefore the rate ris equal to
the forward dissolution rate r, as the reverse reaction is negligible. As (-4/0RT) approaches
0, the dissolution rate decreases to zero at equilibrium. At equilibrium A= @ and as K>Q the
solution is supersaturated with respect to the mineral and precipitation takes place, i.e. the
reaction is reversed.

1.2.1.1 Dissolution

Dissolution rates are commonly based on measurement of Si release from a silicate mineral or
glass (Chou and Wollast, 1985; Knauss and Wolery, 1986; Knauss et al., 1993; Gislason and
Oelkers, 2003). Si is used because most rock-forming minerals have a Si-O bonded
framework, and Si-O bonds are typically that which holds the mineral structure together. In
Fig. 2 the steps of dissolution leading to the destruction of some multi oxide minerals and
glasses are shown. The first step is the breaking of alkali-metal-H bonds, followed by Ca-H
bonds, Mg-H bonds, Al-H bonds, and finally Si-O bonds, with the latter destroying the
mineral. Dissolution is considered to be stoichiometric if the elemental ratio in the reactive
fluid increases in a proportion equivalent to that in the mineral; otherwise it is termed non-
stoichiometric. Non-stoichiometry can be due to several reasons, e.g. formation of secondary
phases, more than one mineral present or a formation of a surface layer enriched in an element
(Oclkers, 2001Db).
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1} The breaking of Si-O bonds most likely involves HaO absorption rather than an Si for H exchange reaction (see Dove and Crerar, 1990).

Figure 2: This figure displays the steps during dissolution towards complete destruction of the mineral/glass at
acid conditions. The number of steps depends on the structure of the mineral and composition (Oelkers, 2001b).

1.2.1.2 Precipitation

Precipitation can occur via a number of mechanisms. One is via mineral replacement where a
new mineral is formed directly on another (Putnis, 2009). Another mechanism is the
nucleation of a crystal phase from aqueous solution and its subsequent growth where elements
from solution are attached onto the nuclei composition (Benning and Waychunas, 2008). In
this study precipitation refers to the addition of material from supersaturated aqueous fluids
onto seed crystals of the same mineral.

In natural systems mineral dissolution is commonly coupled to secondary mineral
precipitation. During low grade metamorphism in the basaltic regions of Iceland the
dominating secondary minerals are clays, zeolites and calcite (Walker, 1960; Kristmannsdottir
and Tomasson, 1978; Neuhoff et al., 1997; Neuhoff et al., 2000; Fridriksson et al., 2001;
Neuhoff et al., 2006; Rogers et al., 2006; Amorsson and Neuhoff, 2007). Such secondary
minerals have chemical compositions that reflect the composition of the altered parent rock.
In geothermal areas, this is of interest because these secondary phases can be used as
indicators of alteration temperature (Kristmannsdottir and Tomasson, 1978) and can influence
the geothermal productivity of an area as secondary minerals can fill pore space and therefore
decrease rock permeability.

In large scale weathering, the parent rock can be altered into economically exploitable
deposits of secondary phases. For example, large kaolinite formations are likely to have
originated from the alteration of feldspar-rich parent rocks such as granite, where increasing
temperature and humidity promoted kaolinite rather than illite or smectite precipitation
(Sherman and Uehara, 1956; Hay and Jones, 1972). Bauxite is formed when large aluminium
rich formations are leached of silica leaving only aluminium to precipitate.

Mineral precipitation rates are commonly described as a function of fluid saturation state
using a variant of Eqn. (1):

r=r,(Q;-D" (3)
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where r+ represents the forward reaction rate which may itself depend on the fluid
composition (e.g. Saldi et al., 2009; Saldi et al., 2012) and Q; represents the saturation degree
with respect to the ith mineral.

Q; = Q/Keq: exp(-A/RT) “4)

The parameter 1 in Eqn. (3) is representative of the precipitation mechanism. When n=1
it is consistent with mineral surface growth by adsorption processes, 7= 2 is consistent with
mineral spiral growth and when 7> 2 mineral growth is controlled by nucleation (Gratz et al.,
1993; Nielsen, 1964; Nielsen, 1984; Shiraki and Brantley, 1995; Teng et al., 2000). As
emphasized by Temkin (1963), however, the chemical affinity of an overall reaction needs to
be normalized to that of the elementary reaction to accurately use reaction orders based on
these elementary reaction mechanisms. In the case of gibbsite the only metal is aluminium
and the chemical formula contains one mole of Al; it thus seems likely that the elementary
reaction for gibbsite precipitation contains one mole of gibbsite. In the case of kaolinite the
elemental formula has two Si and two Al moles per one mole of kaolinite. This suggests that
the elemental reaction for kaolinite precipitation contains less than one mole of kaolinite.

1.2.1.3 Rate expressions

Dissolution and precipitation rates are commonly reported in units of moles of mineral over
the normalized surface area and time, i.e. mol/m?/s. The rates refer to moles of the mineral
based on the release rates of a chosen element. Also found commonly in literature are rates
based on changes in concentration of an element. These rates can be referred to as elemental
release rates. The simplified formula of dissolution/precipitation rates for a flow-through
system can be expressed as:

r = (FRXACi> /o )

Sjm

where rjrepresents the rate based on the changes of the ith element, FR signifies the flow rate,
AG stands for the change of the ith element concentration between the inlet solution and the
reactive fluid, .S stands for the specific surface area of the mineral in denoted format, per mass
and m is the mass of the mineral, o is the stoichiometric coefficient of the ith element in the
mineral.

1.3 Primary rocks and minerals
1.3.1 Igneous rock

The textbook definition of igneous rock is that it forms when magma (or lava) solidifies. This
can either happen below the surface, where the magma intrusion will slowly cool and solidify
and form coarse grained rocks such as gabbros or at the surface where the cooling process is
faster and the rock will consist of smaller crystals and/or glass to form finer grained rocks
such as basalt or basaltic glass. Igneous rocks are commonly divided into groups from low to
high silica content from ultramafic, mafic, and intermediate to silicic (felsic), a generalized
overview of this can be seen in Figure 3. With changing chemical composition the mineral
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assemblage and compositions also change. For example plagioclase becomes Na-richer and
Al-poorer as the Si content increases in the parent magma. Forsterite olivine (Mg- rich) is
present in mafic rocks where as the fayalite (Fe-rich) is more common in felsic rocks. The
most abundant mineral in igneous rocks is plagioclase, which is present in all rock types.
Basalt is a mafic rock that forms as primitive magma cools. It is found on the Earth’s surface
as either basaltic glass that is formed by rapid cooling of the magma or as crystalline basalt
that forms by the slower cooling of the magma. Crystalline basalt tends to be dominated by
three main silicate-minerals: pyroxene, plagioclase and olivine. Minor minerals such as Fe-Ti-
oxides and glass are commonly present as interstitial components.

Proportions of
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(a) different rock types.

Figure 3: This figure shows the mineral composition, the silica percent and the element percent of crystalline
igneous rocks. The Stapafell basalt has the silica concentration of ~50% and the three main minerals present in
the crystalline basalt are Ca-rich plagioclases, olivine and pyroxene. (Figure from Marshak and Prothero, 2008)

1.3.1.1 Mid-Ocean Ridge Basalts (MORB)

The oceans cover approx. 70% of the Earth’s surface. They cover some of the most active
volcanic zones on Earth, e.g. Mid-Atlantic Ridge and The Pacific Ring (Ring of Fire) as well
as some of the most active onshore basaltic regions (Iceland and Hawaii). The igneous ocean
floor is basaltic with pillow basalts as well as lava flows in the top 1-2 km followed below by
mafic dykes (1-2 km) and then gabbroic formations. The oceans also cover some of the plate
boundaries, e.g. the Mid-Atlantic Ridge that is the rift between the Eurasian and N-American
plates. Perched on this rift sits Iceland. The average whole rock chemical formula of a MORB
is comparable to the Stapafell crystalline basalt of this study (Albaréde 2005; Gislason and
Oelkers, 2003; Gudbrandsson et al., 2011).
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1.3.1.2 Stapafell Basalt

Stapafell Mountain is one of the first formations in the rift zone between the North-American
and Eurasian plate after coming on shore in SW-Iceland. The formation is a hyaloclastite
made of basaltic glass that also features pillow basalts at lower elevations. Several dykes are
visible and easily accessible. This mountain is an exceptionally good location to access fresh
basaltic material for experiments for several reasons. First, the mountain has been used as a
quarry for several decades and therefore one can access material that has recently been
exposed, and has few visible alteration and weathering features. Second, the basaltic glass
from the location has been well characterized (Oelkers and Gislason, 2001; Gislason and
Oelkers, 2003; Wolff-Boenisch et al., 2004; Stockmann et al., 2011; Galeczka et al., 2013).
Third, Stapafell is chemically and mineralogically comparable to the basaltic formation at
Hellisheidi and therefore ideal to assess CO,-water-basalt interaction at the CarbFix injection
site (Gudbrandsson et al., 2011; Alfredsson et al., 2013). Fourth, it is chemically comparable
to Mid-Ocean-Ridge basalt (Albarede, 2005).

The bulk chemical composition of Stapafell basaltic glass and crystalline basalt is
comparable (Chapter 2, Table 1). The mineral composition of the Stapafell crystalline basalt
was analysed using XRD (see material and methods section below). The three main minerals
present are olivine (17%), clinopyroxene (39%) and plagioclase (44%). Other minor phases
are glass and iron oxides occurring interstitially.

Olivine is a common mineral in mafic igneous rocks (Fig 3). The general chemical formula of
olivine is (Mg,Fe),Si04. The crystal structure of olivine minerals is orthorhombic and they
appear igneous rocks such as gabbros and basalts as well as ultramafic. The olivine found in
the Stapafell crystalline basalt is 85% forsterite (Fogs), its dissolution can be described by:

(MgyFe_x))2Si04 + 4H* = H,Si0y(q) + ng(Z;q) +(1- x)Fe(Za;) (6)
where 0 <x <1

where x refers to the Mg content of the olivine. The dissolution rates of olivine have been
studies extensively (Pokrovsky and Schott, 2000b; Kobayashi et al., 2001; Oelkers, 2001a;
Giammar et al., 2005; Hanchen et al., 2006) and decrease with increasing pH.

The pyroxenes can be divided into two major groups based on their crystal structure:
orthopyroxenes, with orthorhombic structure and clinopyroxene with monoclinic crystal
structure. The pyroxene found in the Stapafell crystalline basalt is a clinopyroxene called
augite with the chemical formula of Mgy 73Cag 76Feo 38Nag.02Alp25511.790¢. Pyroxenes are an
important mineral in igneous rocks that have 40-60% Si0O, content and are a major mineral in
basalts such as that from Stapafell. The weathering of Fe-poor clinopyroxene can be described
by:

3CaMygSi,04 + 7H,0 + 6H* —
MgSSiZOS (OH)4 chrysotile + 3Caf;q) + 4H4Si04(aq) (7)
Pyroxene saturation state in natural waters and dissolution rates have also been

extensively studied and like olivine the dissolution rates decrease with increasing pH
(Gislason and Arnorsson, 1993; Knauss et al., 1993; Brantley and Chen, 1995; Chen and
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Brantley, 1998; Arnorsson et al., 2002). While proportionally clinopyroxene is the second
most abundant component in the studied crystalline basalt, its influence on dissolution at the
temperatures in this study, is likely to be minor as clinopyroxene is found to resist alteration.
During the dissolution of crystalline basalts in natural systems, the fast dissolution rates of
olivine releases Mg*" and Fe*" into the fluid leading it to become nearly saturated with respect
to pyroxene, 1.e. for Eqn (4), Qcpx < Kcpx While Qo <<K,j. (Arnorsson et al., 2002). This has
been observed in nature (Gustavson, 2006; Neuhoff et al., 2006) where the olivine and
plagioclases are altered or dissolved by weathering while the pyroxenes tend to be less
weathered.

The plagioclase present in the Stapafell basalt is a Ca-rich plagioclase of labradorite
composition (Angs).

1.3.1.3 Plagioclases

Plagioclase is part of the feldspar mineral-group. It is the most common mineral in the Earth’s
crust and present in nearly all crystalline crustal igneous rocks (Nesbitt and Young, 1984;
McBirney, 1993). Plagioclase range from a pure Na end-member, albite, (NaAlSi,Og), to a
pure Ca end-member called anorthite (CaAl,Si,0Oy).

The dissolution of the plagioclase can be described by:
NaxCa(l_x)Al(z_x)Si(2+x)08 + 4(2 - X)H+ -

XNafyg) + (1= x)Calyyy + (2 = X)AL ) + (2 + X)Si0zqq) + 2(2 = X)H,0 (8)

where 0 <x <1

1.3.1.3.1 Intermediate plagioclases

The plagioclase feldspars are arbitrarily divided into six compositional ranges: albite,
oligoclase, andesine, labradorite, bytownite and anorthite, with anorthite percentage of 0-10,
10-30, 30-50, 50-70, 70-90 and 90-100, respectively (Fig. 4).

KAISi30g

Andesine Biytownite
/ Labradorite \l Anuﬁh'rtg

1
Yo N YL NN
NaAiSiy0g CaAlsSiz0y
Plagioclase Feldspars

Figure 4: A ternary feldspar plot showing its chemical composition and classification. (McBirney, 1993)
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Plagioclases are present, both in igneous as well as metamorphic rock and are commonly
referred to their origin by high or low, for igneous and metamorphic respectively. The most
common metamorphism in plagioclases refers to albitization, that is, when the chemical
attributes of the plagioclase changes from more Ca rich to more Na rich (Ramseyer et al.,
1992). In many plagioclases intergrowths can be found. There are three well known regions of
plagioclase intergrowths: 1) Peristerite intergrowths, An-An;s with the lamella of Any and
Anys composition, i) Beggild intergrowths, Anss-Ansg, comprised of Anszg49 and Anss.es
intergrowths, and 1iii) Huttenlocher intergrowth, Ane;-Angy, composed of the intergrowths
having the composition Ang;.9s.(Smith and Brown, 1988). These intergrowths are commonly
not visible in optical microscope and in this study we assume that all plagioclases are a
homogeneous solid.

1.3.2 Secondary phases

1.3.2.1 Gibbsite

Gibbsite is an aluminium hydroxide and one of three main aluminium minerals that form
bauxite, the ore rock for aluminium production. It is named after American mineral collector
Col. George Gibbs. Gibbsite is commonly found in soils, especially in warm climates.
Gibbsite formation is found in nature, besides other minerals such as kaolinite and illite.
Gibbsite forms monoclinic crystals and can result from albite weathering according to the
equation:

NaAlSis0g + TH,0 + H* = AL(OH)3(gipsitey + Nafagy + 3HaSiO4 (aq) 9)

Bauxite formations are largely attributed to plagioclase weathering in wet and warm
climates where the Si of the parent rock is leached, leaving an Al-rich phase behind. The
largest bauxite deposits are found in East-Asia, S-America and W-Africa (see Fig. 6).
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Figure 5: Darkened areas show the location of major bauxite formations. Note these are mainly in warmer
regions of the world. The bauxite is mined and shipped to the aluminium smelters such as those located
throughout Iceland. Source: www.pinepacific.com.

More than 160 million tons of bauxite are mined annually for aluminium production
globally (European Aluminium Association webpage) making aluminium one of the most
important metal for industrial use on earth. The production of aluminium has increased since
1950 from approx. 2,000,000 tons per year in 1950 to close to 50,000,000 tons in the year
2012 (European Aluminium Association webpage). This increase can be attributed to several
reasons but one of the main reasons is that aluminium is a much lighter metal than previously
used in the auto and aviation industry. Aluminium is extracted from the crude material bauxite
by the Bayer Process and the Hall-Heroult process (Hind et al., 1999) wherein one step is
precipitation of gibbsite.

In Iceland, due to relatively cheap energy, there are three aluminium smelters. The total
production capacity in 2012 was approx. 800,000 tons or just over 1.5% of the world
production; this number has increased since 1990 by more than 700,000 tons. The production
of aluminium releases CO, into the atmosphere and the increased production resulted in
increased CO;-emission in Iceland by 71%, from 570,000 tons in 1991 to 978,000 tons in
2007. The CO, released per ton Al produced has decreased by approx 75% during the same
time (Davidsdottir et al., 2009). Although the production of aluminium releases CO; into the
atmosphere the metal is an important product to reduce global CO, emissions. Making
airplanes and automobiles from a lighter material makes the vehicles use less energy and
release less CO; into the atmosphere.

1.3.2.2 Kaolinite

Kaolinite is a clay mineral that consists of an octahedral aluminium layer similar to gibbsite
and a tetrahedral layer of silicon held together with van der Waals forces. It is named after the
Kao-Ling area in China and is also sometimes called China-Clay. Kaolinite is a common
natural clay and although the name kaolinite is not a household name, the mineral is probably
one of the most common minerals used for everyday products. It is widely used as filler for
cosmetics, toothpaste, paint and paper as well as being the china clay for porcelain
production. The clay is common on the Earth surface and has been mined for centuries. The
formation of economic kaolinite deposits can mainly be attributed to the weathering of large
granite intrusions in warm and wet areas. The weathering of albite to kaolinite can be
described with the formula:

2NaAlSiz0g + 9H,0 + 2H* — Al,Si;05(0H), + 4H,Si04 (aq) + 2Najyy, (10)

Kaolinite is sometimes associated with quartz and iron hydroxides but can also be very
pure and homogenous in big quarries, such as the Georgia kaolinite (Pruett and Webb, 1993).
Kaolinite rich soils are sometimes referred to as kaolisol (Ganssen, 1970). The volume of
kaolinite in soils generally decreases with decreasing temperature on Earth but is also found
in geothermal areas such as in Krysuvik SW-Iceland (Marktsson and Stefansson, 2011).
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1.4 Methods

1.4.1 Sample preparation

Solids used in the dissolution experiments reported in this thesis were either collected from
natural sites or obtained commercially from Ward’s Science, with the exception of one
anorthite sample, obtained from The Smithsonian Museum in Washington DC, USA.

The solids collected directly from natural locations include 1) basalts from Stapafell
Mountain, SW-Iceland, and 2) bytownite from an anorthosite formation in Hrappsey Island
W-Iceland (Kristmannsdottir, 1971). Samples chosen were to have no visible weathering,
alteration, fungi or other visible life forms. The samples where then cleaned with DI-water
and dried at 50°C for 24 hours at least.

The solids used in dissolution experiments were prepared in the same manner as in
comparable dissolution studies (e.g. Oclkers and Gislason, 2001; Wolff-Boenisch et al., 2004;
Stockmann et al., 2008). First any observed impurities were removed. The samples were then
crushed and dry sieved to the desired size fraction. This size fraction was cleaned and
gravitationally separated, then ultrasonically cleaned both with DI-water and finally with
acetone, then dried at 50°C for several days before being used in experiments.

The starting material for the crystal growth experiments was purchased from commercial
vendors. Kaolinite KGa-1b was acquired from the Clay Minerals Society. This kaolinite is
well characterized (Pruett and Webb, 1993) and has been commercially available for over a
decade. The kaolinite is well crystallized. Minor impurities were removed following the
protocol of Yang and Steefel (2008).

The gibbsite used in the precipitation experiments was only washed with DI-water before
being placed in the reactors. This gibbsite was previously characterized and used in
precipitation experiments by Bénézeth et al. (2008).

1.4.2 Characterisation of solids

The cleaned crystalline basalt from Mt. Stapafell was analysed for whole rock chemical
composition using X-ray Fluorescence (XRF) at the University of Edinburgh, UK. This
analysis showed that its chemical composition was comparable to its glassy counterpart as
well as MORB (Mid Ocean Ridge Basalt). The mineral abundance of the basalt was
determined by point counting a thin section and by XRD peak intensity analysis resulting in
plagioclase:pyroxene:olivine volume percentages of 44:39:17.

The chemical composition of the minerals in the basalt as well as the plagioclases was
determined using Electron Microprobe; the basalt was analysed at The University of
Copenhagen using a JEOL Superprobe JSL 8200. These analyses were performed using an
acceleration voltage of 15 kV, a beam current of 15 nA and a beam diameter of 2 micrometre.
Natural and synthetic minerals and glasses were used as standards to monitor potential drift.
The plagioclases were analysed at GET/CNRS, Toulouse, France using the same methods. A
minimum of 30 random grains were analysed per sample.

The gibbsite and kaolinite seeds both before and recovered after each precipitation
experiment were analysed by X-ray Diffraction (XRD) using an INEL CPS 120 Coka
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diffractometer, with a scanning speed of 0.02° per second, at GET/CNRS, Toulouse, France.
The surface composition of the kaolinite was determined using X-ray photoelectron
spectroscopy (XPS). These XPS measurements were performed using a Kratos Axis Ultra®™"
instrument, fitted with a monochromatic Alg, X-rays source (power = 150 W). The pressure
in the vacuum chamber never exceeded 5x10® Torr during a measurement. A charge
neutralizer was used to avoid surface charging. Pass energies of 160 eV and 10 eV were used
for wide scans and high resolution scans respectively. Analysis was carried out with the
software CasaXPS using a Shirley background. Binding energy calibration was done using
the carbon peak at 185 eV.

The surface areas of all solids were determined using 11 point BET analysis using a
Quantachrome Gas Sorption system at the GET/CNRS in Toulouse, France. The BET theory
assumes that a mono-layer of gas molecules of a non-reactive gas is absorbed on the surface
of the mineral and the relative drop in pressure shows the number of molecules absorbed and
therefore the surface area of the mineral (Brunauer et al., 1938). The area for small surfaces,
i.e. basalt, plagioclases and gibbsite were measured using krypton while those of large
surfaces i.e. kaolinite was measured using nitrogen.

1.4.3 Experimental methods

The dissolution experiments were performed in mixed flow reactor systems: either in a Ti-
mixed flow reactor system from Parr Industries, with a 300 mL reactor coupled to a magnetic
stirrer and furnace; or in a custom-made polypropylene reactor system with 250-300 mL
reactor and a floating magnetic stirring bar. These reactor systems have been extensively used
to measure dissolution rates in open system, flow-through experiments (Oelkers and Gislason,
2001; Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2004; Gudbrandsson et al., 2011;
Stockmann et al., 2011). These systems are rather simple in design and easy to use. A known
amount of solid is placed into the reactor which is then filled with reactive fluid. The solids
are kept in suspension by stirring fluid/solid mixture at a 400 rpm rotation speed, which also
eliminates diffusional gradients in the fluid phase (Guy and Schott, 1989; Gislason and
Oelkers, 2003). The experiments were either run in series, where the same mineral sample
was kept in the reactor while the temperature or fluid composition was changed, or
individually, were the solid was only used in a single experiment reacted in a single fluid.
Dissolution experiments are generally run until a steady-state is reached. Steady-state is
defined when the concentration of a given element i, is stable over ten resident times of the
reactor. As such most rates in this thesis can be considered steady-state rates making them
applicable to describing the behaviour of natural systems.

The crystal growth experiments on kaolinite were performed in custom-made mixed-flow
reactor systems stirred using a floating stirring bar. These systems have been described by
Mavromatis et al. (2012). A known amount of kaolinite seeds were placed into the reactor
with a reactive fluid that is initially slightly undersaturated with respect to kaolinite. Two inlet
tubes, one for injecting a Si-rich and one for injecting a Al-rich fluid, and one outlet fluid exit
tube were connected to the reactor. The inlet fluid entrance positions are physically separated
to prevent supersaturation from occurring before the fluids enter the reactor. The fluid flow
rate was kept low and the stirring speed just high enough to keep the kaolinite seeds in
suspension. The experiments were sampled daily and the reactive fluid mass in the reactor
was 500 + 20 ml during the experiment. The sampled reactive fluid was then acidified prior to
analysis of Al by Flame Atomic Absorption and of Si by Colorimetry.
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Gibbsite precipitation experiments were performed in a closed system reactor as
commonly used in such experiments, e.g. Roncal-Herrero and Oelkers (2011). Each
experiment was initiated by placing a known quantity of gibbsite seeds together with the
initial reactive fluid into the reactor. The starting fluids were supersaturated with respect to
gibbsite in all experiments. The initial aluminium concentrations were set to be supersaturated
by a factor of 2, 5, 10, and 25 at each pH and temperature to assess the effect of fluid
supersaturation on rates. The reactive fluids were regularly sampled, and rates determined
from the decrease in measured fluid Al concentrations as a function of time.

1.4.4 Fluid chemistry

The inlet fluid compositions for each experiment can be found in following thesis chapters.
The dissolution experiments were designed to run at far from equilibrium conditions and thus
the fluids were made from distilled deionised water with a pH buffer, HCI for acid input fluid
and NHy for basic input fluid. All input fluid ionic strengths were set at 10 mM using NH4CL

The precipitation experiments were designed to measure rates as a function of fluid
saturation state. The input fluids were prepared by pre-calculating the desired fluid
composition using the PHREEQC computer code and either its LLNL or Phreeqc database.
Prior to analyses all fluids were filtered and acidified with a suprapure HNOs. The pH
measurements were conducted on samples not used for chemical analysis.

The reactive and inlet fluids of all dissolution experiments were analysed using an
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) at the University of
Iceland standardized with a natural water standard that was calibrated against a standard
obtained from SPEXPrepTrep Ltd. The detection limits are in the order of 15 ppb for silica
(Si0,) and 5 ppb Al. The uncertainties on the ICP-OES analysis are estimated to be within
5%. However, at concentrations lower than 150 ppb SiO; and 50 pbb Al the uncertainties
increase dramatically, and are therefore treated as being 100% at the detection limit.

The aluminium concentration of fluids obtained from precipitation experiments was
analysed using Flame Atomic Absorption for concentrations as low as 1 ppm aluminium and
Furnace Atomic Absorption for concentrations as low as 20 ppb. The standards were
prepared prior to analysis by diluting Al standards to the desired concentration of aluminium.
Fluid silica concentrations from precipitation experiments were determined by colourimetry
using the Molybdate Blue method (Koroleff, 1976), calibrated to 1-10 ppm Si and
standardized with Canadian Water standard (Mississippi 03). The uncertainties associated
with the analysis are estimated to be within 5% for flame atomic absorption and 10% for
Furnace Atomic Absorption. The colourimetry carries close to 5% uncertainties. Detailed
analytical methods for each experiment can be found in the following thesis chapters.

Detailed description of experimental setup, sampling and analysing can be found in following
chapters.
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1.5 Thesis outline:

Chapter 1:  Introduction

Chapter 2: Snorri Gudbrandsson, Domenik Wolff-Boenisch, Sigurdur R. Gislason, Eric H.
Oelkers (2011) “An experimental study of crystalline basalt dissolution from 2
<pH <11 and temperatures from 5 to 75 °C” Geochimica Cosmochimica Acta
75, 5496-5509.

Chapter 3: Snorri Gudbrandsson, Domenik Wolff-Boenisch, Sigurdur R. Gislason, Eric H.
Oelkers (2013) “Experimental characterization of plagioclase dissolution rates
as a function of their composition and pH at 22° C” (Submitted to Geochimica
Cosmochimica Acta).

Chapter 4: Snorri  Gudbrandsson, Vasileios Mavromatis, Eric H. Oelkers (2013)
“Precipitation of gibbsite at pH 11 at 22°C and pH 9 at 80°C” (Draft
manuscript to be submitted upon completion of work).

Chapter 5: Snorri Gudbrandsson, Vasileios Mavromatis, Quentin Gautier, Nicolas Bovet,
Jacques Schott, Eric H. Oelkers (2013) “An experimental study of kaolinite
precipitation kinetics as a function of fluid saturation state at pH 4 and 25 °C”
(Manuscript to be submitted upon completion of work).

Chapter 6: Summary of results and remarks.

Chapters 2 and 3 were performed as a part of the CarbFix project. The aim of these studies
can be divided into two parts:

1) To explore the dissolution behaviour of primary rocks and minerals during carbon
storage in basalts and monitor the chemical release rates of divalent cations as a
function of pH to the fluid during CO; injection into basalts.

2)  To further improve our understanding of the dissolution rates of rocks and minerals as a
function of pH.

These studies were performed using mixed flow reactors at 5, 25, 50, and 75 °C for
crystalline basalt dissolution in Chapter 2 and at 22 °C for plagioclase dissolution in Chapter
3. The inlet fluid compositions, ranging from pH 2 to pH 11, were pre-calculated using the
PHREEQC computer code. The results from these experiments are used to improve the
kinetic databases of the dissolution of primary minerals and multi-phase rocks. Moreover,
these rates provide insight into the identity and composition of the secondary mineral formed
during low temperature geochemical water-rock processes. Dissolution rates of plagioclases
are reported in units of moles of plagioclase/cmz/s but the dissolution rates of crystalline
basalt are reported as elemental release rates based on silica (molgi/cm?/s). This is due to the
fact that crystalline basalt is multi-mineralic, and more than one mineral is dissolving at any
given moment. Elemental release rates of the divalent cations from the crystalline basalt were
also determined.
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Chapters 4 and 5 were performed as a part of the DELTA-MIN European Initial Training
Network. The aim of these studies can be divided into two parts:

1)  To quantify the precipitation rates of the aluminium rich secondary mineral gibbsite.
2)  To quantify the precipitation rates of the aluminium rich secondary mineral kaolinite.

In Chapter 4 gibbsite precipitation rates at alkaline conditions are explored. The
experiments were performed in Nalgene™ batch reactors at 25 °C and pH 11 and 80 °C and
pH 9. At each condition the rates were measured as a function of fluid saturation state by
preparing five batch reactors at different saturation states with respect to gibbsite. The
reactors were then sealed using Teflon tape and placed on a shaking table at room temperature
or in a thermostatic shaking table at 80 °C. All reactor fluids were sampled regularly and
analysed for Al concentration. The fluid chemistry as well as the solid analysis indicates that
precipitation took place in all experiments.

Chapter 5 focuses on kaolinite precipitation at pH 4 and at 25 °C. The experiments were
carried out in mixed-flow reactors with two separate inlets of one Si-rich solution at pH 4 and
another Al-rich solution at pH 4. These fluids were introduced separately into the reactor that
hosted kaolinite seeds in a reactive aqueous fluid with Si and Al concentrations close to
equilibrium with respect to kaolinite but undersaturated with respect to other Al and Si
phases. The concentrations of the reactor fluid reached supersaturation with respect to
kaolinite over time as the concentration in the reactors increased. Nevertheless, because of the
slow precipitation rates of kaolinite, results based on the fluid chemistry are highly uncertain.
Chemical analyses of the solids, however, indicate that the only phase present after
experiments is kaolinite.
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2 Chapter

An experimental study of crystalline basalt
dissolution from 2 < pH < 11 and temperatures
from S to 75 °C

Snorri Gudbrandsson, Domenik Wolff-Boenisch, Sigurdur R. Gislason and Eric H. Oelkers
Geochimica Cosmochimica Acta 75 (2011) 5496-5509

(Reprinted with permission by Elsevier Science Ldt)
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Abstract

Steady-state element release rates form crystalline basalt dissolution at far-from-
equilibrium were measured at pH from 2 to 11 and temperatures from 5° to 75° C in mixed-
flow reactors. Steady-state Si and Ca release rates exhibit a U-shaped variation with pH
where rates decrease with increasing pH at acid condition but increase with increasing pH at
alkaline conditions. Silicon release rates from crystalline basalt are comparable to Si release
rates from basaltic glass of same chemical composition at low pH and temperatures >25°C
but slower at alkaline pH and temperatures >50°C. In contrast, Mg and Fe release rates
decrease continuously with increasing pH at all temperatures. This behaviour is interpreted
to stem from the contrasting dissolution behaviours of the three major minerals comprising
the basalt: plagioclase, pyroxene, and olivine. Calcium is present in plagioclase, which
exhibits a synclinal dissolution rate dependence on pH. In contrast, Mg and Fe are contained
in pyroxene and olivine, minerals whose dissolution rates decrease monotonically with pH.
As a result, crystalline basalt preferentially releases Mg and Fe relative to Ca at acidic
conditions. The injection of acidic CO,-charged fluids into crystalline basaltic terrain may,
therefore, favour the formation of Mg and Fe carbonates rather than calcite. Element release
rates estimated from the sum of the volume fraction normalized dissolution rates of
plagioclase, pyroxene, and olivine are within one order of magnitude of those measured in

this study.
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Abstract

Steady-state element release rates from crystalline basalt dissolution at far-from-equilibrium were measured at pH from 2
to 11 and temperatures from 5 to 75 °C in mixed-flow reactors. Steady-state Si and Ca release rates exhibit a U-shaped var-
iation with pH where rates decrease with increasing pH at acid condition but increase with increasing pH at alkaline condi-
tions. Silicon release rates from crystalline basalt are comparable to Si release rates from basaltic glass of the same chemical
composition at low pH and temperatures >25 °C but slower at alkaline pH and temperatures =50 °C. In contrast, Mg and
Fe release rates decrease continuously with increasing pH at all temperatures. This behaviour is interpreted to stem from the
contrasting dissolution behaviours of the three major minerals comprising the basalt: plagioclase, pyroxene, and olivine. Cal-
cium is primarily present in plagioclase, which exhibits a U-shaped dissolution rate dependence on pH. In contrast, Mg and
Fe are contained in pyroxene and olivine, minerals whose dissolution rates decrease monotonically with pH. As a result, crys-
talline basalt preferentially releases Mg and Fe relative to Ca at acidic conditions. The injection of acidic CO,-charged fluids
into crystalline basaltic terrain may. therefore, favour the formation of Mg and Fe carbonates rather than calcite. Element
release rates estimated from the sum of the volume fraction normalized dissolution rates of plagioclase, pyroxene, and olivine
are within one order of magnitude of those measured in this study.

2011 Published by Elsevier Ltd.

1. INTRODUCTION overall rock dissolution rates. This study aims to validate

this geochemical modelling approach through experimental

A large number of studies have been performed to
determine the dissolution rates of individual minerals in
the laboratory as a function of temperature and reactive
fluid composition (e.g. Lasaga et al., 1994; Brantley and
Chen, 1995; Oelkers and Schott, 1995, 2001; Schott et al.,
2009). Natural rocks, however, consist of a number of dif-
ferent minerals and glasses, each with distinct reactivities
and surface areas. Geochemical modelling codes such as
PHREEQC (Parkhurst and Appelo, 1999) sums together
the dissolution rates of each mineral in a rock to estimate

* Corresponding author at: GET, CNRS/UMR 5563-Université
Paul Sabatier, 14 rue Edouard, Belin 31400 Toulouse Country,
France. Tel.: +33 5 61 33 25 75; fax: +33 5 61 33 25 60.

E-mail address: snorgud@hi.is (S. Gudbrandsson).

0016-7037/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.gca.2011.06.035

measurement of crystalline basalt dissolution. The present
communication presents the results of these experiments
and uses them to assess the application of individual min-
eral dissolution rates to describe those of a multi-phase
rock.

Crystalline basalt was chosen for this study for a number
of reasons. First, the selected basalt has a simple mineralogy,
consisting mostly of olivine, pyroxene, and plagioclase. The
dissolution rates of these minerals have been studied exten-
sively over the past two decades (e.g. Chou and Wollast,
1985; Blum and Lasaga, 1991; Blum and Stillings, 1995; Oel-
kers and Schott, 1995; Stillings and Brantley, 1995; Pokrov-
sky and Schott, 2000b; Hinchen et al., 2006). Secondly, the
composition of basalt can range from 100% glass to 100%
crystalline. Experimentally measured basaltic glass
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dissolution rates have been reported in the literature (e.g.
Qelkers and Gislason, 2001; Gislason and Oelkers, 2003;
Wolfi-Boenisch et al., 2004a,b, 2006; Flaathen et al., 2010;
Stockmann et al., 2011). This study which investigates the
reactivity of a basalt that contains 100% crystalline minerals
allows direct assessment of the role of crystallinity on rates.
Thirdly, a number of studies have considered the possibility
of carbon storage in basaltic rocks (Dessert et al., 2003; McG-
rail et al., 2006; Marini, 2007; Matter et al., 2007; Goldberg
et al., 2008; Kelemen and Matter, 2008; Oelkers et al.,
2008; Prigiobbe et al., 2009b; Gislason et al., 2010). This pro-
cess involves dissolution of basalt releasing divalent metal
cations such as Ca’", Mg?", and Fe®" to solution. These ions
can react with dissolved CO, and precipitate as carbonate
minerals. The rate limiting step for this reaction is commonly
assumed to be the release of divalent cations from basalts
(e.g. Marini, 2007; Oelkers et al., 2008). Knowledge of basalt
dissolution ratesis, therefore, paramount to assessing the effi-
ciency of this potential carbon sequestration method.
Fourthly, despite the large number of past studies on basalt
dissolution coupled to secondary mineral precipitation ( Gis-
lason and Eugster, 1987a,b; Gislason et al., 1993; Navarre-
Sitchler and Brantley, 2007; Wu et al., 2007; Gudbrandsson
et al., 2008; Hausrath et al., 2009; Schaef and McGrail,
2009) few studies have investigated basalt dissolution in the
dilute aqueous solutions relevant to continental surface
weathering processes. Fifthly, because of its high reactivity,
chemical weathering of basalt plays a significant role in the
global cycle of numerous elements (Gislason et al., 1996,
2006, 2009; Brady and Gislason, 1997; Louvat and Allegre,
1997; Moulton et al., 2000; Dessert et al., 2001; Stefansson
and Gislason, 2001; Neaman et al., 2005; Eirikdsdottir
et al., 2008; Hartmann et al., 2009; Allegre et al., 2010) and
may play a significant role in the weathering of the Martian
surface (e.g. Hausrath et al., 2008, 2009).

2. THEORETICAL BACKGROUND

The standard state adopted in this study is that of unit
activity of pure minerals and H,O at any temperature and
pressure. For aqueous species other than H,O, the standard
state is unit activity of species in a hypothetical 1 m solution
referenced to infinite dilution at any temperature and pres-
sure. All thermodynamic calculations reported in this study
were performed using the PHREEQC computer code
(Parkhurst and Appelo, 1999) together with its phreeqc.dat
database to which thermodynamic data have been added
for magnesite, siderite, thomsonite, scolecite, mesolite, lau-
montite, heulandite, analcime, Ca-stilbite, Ca-mordenite,
Ca-clinoptilolite, Fe-celadonite, antigorite, amorphous
Si0,, amorphous FeOOH, amorphous Al(OH), gibbsite,
allophane, and imogolite taken from Gysi and Stefansson
(2011).

The crystalline basalt dissolved in this study is com-
prised of three major mineral phases, the pyroxene augite,
the plagioclase labradorite, and a forsteritic olivine in addi-
tion to minor amounts of iron oxides. Pyroxene dissolution
rates and mechanisms have been reported by Knauss et al.
(1993), Brantley and Chen (1995), Oelkers and Schott
(2001), Golubev et al. (2005), Dixit and Carroll (2007),

and Daval et al. (2010). Pyroxene dissolution rates decrease
continuously with increasing pH and are mildly inhibited
by increasing divalent metal cation concentration. Oelkers
(2001b) suggested that far-from-equilibrium pyroxene dis-
solution rates (r+ ) can be described using

Tapy = kw(“%{*/“ml*)%y (n

where &, designates a rate constant, 4; corresponds to the
activity of the subscripted aqueous species, M>" refers to
the divalent metal present in the pyroxene and ny, stands
for a stoichiometric coefficient equal to 1/8. A large number
of studies have provided forsterite dissolution rates (e.g.
Grandstaff, 1977; Kuo and Kirkpatrick, 1985; de Leeuw
et al., 2000; Pokrovsky and Schott, 2000a,b; Rosso and
Rimstidt, 2000; Oelkers, 2001a; Morales and Herbert,
2002; Olsen and Rimstidt, 2008; Prigiobbe et al., 2009a;
Wimpenny et al., 2010). An equation describing far-from-
equilibrium forsterite dissolution rates (ry g, as a function
of pH and solution composition is given by Pokrovsky
and Schott (2000b)

- 0.5
X a
i go =Hsifo * = = =
(1 + K % ag; +E“Z—i:)
+ ke > MgOH;’} (2)

where kg o and kypg o correspond to rate constants, K7
and K, refer to equilibrium constants, and {> MgOH;}
stands for the concentration of the MgOH; surface species.
Most studies of plagioclase dissolution rates have focused
on the dissolution rates of the albite end member (e.g. Chou
and Wollast, 1984, 1985; Blum and Lasaga, 1991; Stillings
and Brantley, 1995). Fewer studies have measured the dis-
solution rates of more CafAl-rich plagioclases (Oxburgh
et al., 1994) and anorthite (Oelkers and Schott, 1995). Al-
bite dissolution rates exhibit a synclinal form, where rates
decrease with increasing pH at acidic conditions but in-
crease with increasing pH at alkaline conditions. The far-
from-equilibrium dissolution rates of An < 80 plagioclases
(74 plag) can be described using (Oelkers and Schott, 1995;
Oelkers, 2001b)

Fiplag = kplag{(“;?‘(/“:ﬁ)l(r/(l +KT(“;?EK/32E1))]

3)
where k., Tefers to a rate constant, n,,, is the stoichiom-
etry coefficient equal to 1/3, and K7 stands for an equilib-
rium constant. This rate behaviour is similar to that of
basaltic glass (Oelkers and Gislason, 2001) and other more
acidic volcanic glasses (Wolff-Boenisch et al., 2004b). Note
that a large body of experimental evidence indicates that n,
and np, in Egs. (1) and (3) are temperature independent
from at least 25 < T'< 200 °C (Oelkers and Schott, 2001;
Oelkers, 2001b; Schott et al., 2009). The variation of the
rate constants in Eqs. (1)~(3) with temperature can be esti-
mated using the Arrhenius equation given by

K, = A exp(—E,4/RT) (4a)
where E 4 designates an activation energy, 4 4 denotes a pre-

exponential factor, R stands for the gas constant, and T
represents absolute temperature in K. Similarly, in the



5498
-1
— Diopside
==+ Forsterite
A2 1 —-  Plagioclase

®  Bytownite
a Andesine

log (r, g; gr /(mol Silem?ls))

pH

Fig. 1. Si release rates of selected minerals at 25 °C as a function of
pH. The bytownite, andesine, forsterite, and diopside elemental
rates illustrated in this figure were taken from Oxburgh et al.
(1994), Pokrovsky and Schott (2000b), and Knauss et al. (1993),
respectively. The plagioclase curve was obtained by multiplying the
albite dissolution curve from Chou and Wollast (1985) by 4 to fit
the bytownite and andesine rate data. This plagioclase curve was
used to represent labradorite dissolution behaviour in this study.

absence of a mechanistic interpretation, apparent activation
energies can be generated from measured dissolution rates
using

r; = A, exp(—E! /RT) (4b)

where £', designates an apparent activation energy, 4/, de-
notes a pre-exponential factor.

A comparison of the specific, far-from-equilibrium disso-
lution rates of diopside, forsterite, and plagioclase normal-
ized to Si is shown as a function of pH at 25°C in Fig. 1.
The data sets chosen for this figure were those that covered
the complete range of pH considered in this study. For
example, diopside dissolution rates were chosen rather than
those of augite to represent the rates of pyroxene dissolution
as they are available for the full range of pH considered in
this study. The plagioclase rate curve in this figure was ob-
tained by adopting the albite dissolution curve from Chou
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and Wollast (1985) and fitting it to the measured dissolution
rates for andesine (Anug) and bytownite (An;g) reported by
Oxburgh et al. (1994). This dissolution rate curve was used
in this study rather than previously published rate curves
for plagioclase (e.g. Palandri and Kharaka, 2004) because
these previous curves do not provide a description of the dis-
solution rates of the intermediate feldspars at alkaline con-
ditions. Plagioclase dissolution rates are slower than those
of diopside at pH 4-6 and forsterite at pH < 9. This is in
concert with studies of weathering susceptibility of basaltic
minerals and glass in soils at mildly acid to neutral pH (Cro-
visier et al., 1992; Gislason et al., 1996); basalt alteration was
reported to proceed in the order olivine > pyroxene > pla-
gioclase > sanidine according to Craig and Loughnan
(1964), in the order glass > olivine > pyroxene > amphi-
bole > plagioclase > pyroxene > opaque minerals according
to Eggleton et al. (1987), and in the order glass, oliv-
ine > laihunite > clinopyroxene > orthopyroxene > plagio-
clase > K-feldspar according to Banfield et al. (1991).
Similarly, the alteration of tertiary basalts in Iceland is first
characterized by the hydrolysis of olivine and basaltic glass
to form mixed-layer chlorite/smectite (Neuhoff, 1999). The
latter stage of alteration is dominated by higher pH solu-
tions and the replacement of plagioclase by zeolites and al-
bite at high temperature (Neuhoff, 1999; Fridriksson et al.,
2001). In contrast, Nesbitt and Wilson (1992) suggested this
alteration order is olivine > glass > plagioclase > clinopy-
roxene > Fe-Ti-oxides. Taken together, these observations
suggest that at acidic to neutral pH crystalline basalt disso-
lution will exhibit the preferential release of those elements
that are present in olivine and pyroxene, such as Mg and
Fe, whereas at basic pH crystalline basalt dissolution will re-
lease preferentially elements present in plagioclase, such as
Ca and Al The degree to which this is the case can be as-
sessed by the experiments described below.

3. MATERIALS AND METHODS

Crystalline basalt was collected from a basaltic dyke on
Stapafell Mountain, SW-Iceland. The sampled dyke had no

Table 1

Composition of crystalline and glassy basalt from the Stapafell Mountain, obtained by XRF analysis.

Sample Si0, Al;0O4 Fe;05" MgO Ca0 Na,O K,O TiO, MnO P,05 LOI Total
Crystalline 47.9 134 123 10.0 122 135 0.3 1.6 0.2 0.2 -0.5 99.1
Glass® 48.1 14.6 10.9 9.1 118 2.0 0.3 1.6 0.2 0.2 98.8

# From Oelkers and Gislason (2001).
® Most iron in the +2 form (Oelkers and Gislason, 2001).

Table 2

Average composition of the major minerals present in the Stapafell crystalline basalt, determined with electron microprobe and reported as

weight percentage of oxides.

Sample # SiO, TiO, AlLO, FeO MnO MgO CaO Na,O KO Total

Plagioclase 46 52.10 0.00 28.36 1.68 0.00 0.71 13.57 3.74 013 100.28
Olivine 8 39.74 0.03 0.07 15.53 0.21 45.00 037 0.01 0.00 100.95
Pyroxene 44 47.74 213 5.64 12.10 0.26 12.94 18.85 032 0.00 99.97

#Number of analyses.
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visible alteration features. The composition of the sampled
crystalline basaltic rock is similar to that of mid-ocean ridge
basalts (MORB). This basalt was also chosen because
dissolution rates for basaltic glass obtained from this site
have been previously reported (Oelkers and Gislason,
2001; Gislason and Oelkers, 2003).

The bulk chemical composition of the sampled crystalline
basalt was analyzed using a Panalytical PW2404 wavelength-
dispersive sequential X-ray fluorescence spectrometer
located at the University of Edinburgh. The measured com-
position is reported in Table | and is consistent with Si;
Tigoos Aloszs Mgosio Fe(Ill)ogo Fe(Il)oass Caoors Nagoe
Ko.007 Os.394. This composition is nearly identical to that of
Stapafell basaltic glass (Oelkers and Gislason, 2001;
Gislason and Oelkers, 2003). The mineralogical composition
of the basalt was determined by point counting. Four hun-
dred points were counted from thin sections of the basalt; this
analysis shows the basalt to contain 41.3 vol.% plagioclase
(plag), 34.0vol.% pyroxene (py), 15.8 vol.% olivine (ol),
4.7 vol%iron oxides, and 4.2 vol.% glass. Such glass is likely
Na and Si-rich compared to the bulk rock (Meyer and
Sigurdsson, 1978). The volcanic glass was found in the sam-
ples collected close to the edge of the dyke, so experiments
were performed on samples collected from the dyke centres.
No volcanic glass was observed in the samples dissolved in
this study by scanning electron microscope (SEM) imaging.
The mineral composition of the basalt was also determined
using a Stoe Stadi P Transmission XRD. Scans were run
from 5° to 109.99° with a (.05° step. Mineral abundance
was determined by XRD peak intensity. This analysis sug-
gests that the relative volume proportion of plag:py:ol is
44:39:17.

The chemical composition of the minerals in the crystal-
line basalt was determined from standard wavelength
dispersive techniques using a JEOL Superprobe JSL 8200
located at the University of Copenhagen. These analyses
were performed using an acceleration voltage of 15kV, a

a) Orthoclase

1.0

0.0
Na oo 0.2 04 06 08 10 Ca

200pm

200pm

Fig. 3. SEM photomicrographs of the crystalline basalt. (a) The
crystalline basalt before dissolution experiments, (b) the basalt
after it was dissolved in dissolution experiments at pH 10 at 25, 50,
and 75 °C for total of 623 h. No secondary phases are observed and
the edges seem to be somewhat rounded by the dissolution.

b) Ca

A Pyroxene

0.2 ®  Olivine

Mg o0 0.2 04 06 0.8 10 Fe

Albite Anorthite

Fig. 2. Mineralogical compositions of the minerals in the basalt used in presented study plotted in ternary diagram. (a) The compositions of
46 analyzed plagioclase grains, (b) the compositions of 44 analyzed pyroxene and 8 analyzed olivine grains. Chemical analyses were performed

by microprobe.
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Fig. 4. Experimental design: (a) inlet solution container, (b) high
pressure liquid chromatography (HPLC) pump, (¢} temperature
and rotation speed control, (d) stirring motor, (e) 300 mL Ti-
reactor from Parr™ Instrument equipped with, from left, fluid inlet
tube, thermocouple, magnetic stirrer, and fluid outlet fixed with a
2Zpm Ti filier, (f) outlet solution goes through 0.2 pm cellulose
acetate filter before sampling and ICP analysis, (g) thermal
insulation and furnace.

beam current of 15nA and a beam diameter of 2 pm.
Natural and synthetic minerals and glasses were used as
standards to check for potential drift. The resulting miner-
alogical composition of the basalt is given in Table 2 and is
displayed graphically in Fig. 2. In total, 98 grains were

Table 3

Initial conditions and inlet solution compositions for all experiments.

analyzed, 46 plagioclase, 8 olivine, and 44 pyroxene. The
microprobe data show that the plagioclase is of labradoritic
composition (Angs), the olivine has a forsterite component
of Fogs and the pyroxene is of augite composition. The
measured density of the crystalline basalt is 3.03 g/em?, in
agreement with a calculated density of 3.11 g/em” using
the density of each mineral and its volume in the crystalline
basalt.

The crystalline basalt was dried at room temperature for
several days before it was ground using a jaw crusher. The
finely grained material was dry sieved to obtain the 45—
125 um size fraction. This size fraction was subjected to
gravitational settling to remove ultra-fine particles and sub-
sequently cleaned ultrasonically five times in deionized
water and then in acetone. The resulting powder was
oven-dried at 50 °C for several days. An SEM image of
the resulting crystalline basalt powder is shown in Fig. 3.
The surfaces are free of fine particles. Most individual
grains consist of single minerals, although some multi-min-
eral grains are evident. The specific surface area of the
cleaned and dried 45-125 pm size fraction was determined
to be 7030 cm?/g via 11 point krypton adsorption using a
Quantachrome Gas Sorption system. The geometric surface
area of the powder was calculated using Az, = 6/(p * deg)
(Tester et al., 1994) where p designates the particle density
(3.03 g/em®) and d.¢ represents the effective particle diame-
ter. The number 6 is based on the assumption that grains
have a smooth spherical shape. This calculation yields a
geometric surface area of 246 cm’/g. The ratio between
BET and geometric surface area (dpgr/d,e0) is the rough-
ness factor, which equals 28.6.

Experiment No. Experiments series pH HCI (mmol/kg)

NH,OH (mmol/kg) NH,Cl (mmol/kg) Mass of basalt (g)

02-05 A z 33.46
03-05 A 3 3.35
03-25 B 3 3.35
03-50 c 3 335
04-05 A 4 0.33
04-25 D 4 0.33
04-50 D 4 0.33
04-75 D 4 0.33
05-05 E 5 0.03
05-25 E 5 0.03
05-50 E 5 0.03
05-75 E 5 0.03
06-25 F 6 0
07-50 E 7 0
07-75 F 7 0
09-05 G 9 0
09-25 G 9 0
09-50 H 9 0
09-75 H 9 0
10-25 I 10 0
10-50 I 10 0
10-75 I 10 0
11-05 J 1 0
11-25 J 1 0
11-50 K 1 0
11-75 K 1 0

0 0 4.02

0 8.97 4.02

0 8.97 2.07

0 8.97 3.30

0 9.91 4.02

0 991 3.99

0 9.91 3.99

0 9.91 3.99

0 9.91 519

0 9.91 5.19

0 9.91 5419

0 9.91 519

0 9.91 6.00

0 9.91 6.00

0 9.91 6.00
5.04 9.98 4.51
5.04 9.98 4.51
5.04 9.98 5.05
5.04 9.98 5.05
50.04 9.85 4.38
50.04 9.85 4.38
50.04 9.85 4.38
502.04 8.96 4.50
502.04 8.96 4.50
502.04 8.96 4.50
502.04 8.96 4.50
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Crystalline basalt dissolution experiments were per-
formed at pH from 2 to 11 in a Parr™ mixed flow reactor
system, as illustrated in Fig. 4. This system consists of a
300 mL titanium reactor with external temperature and stir-
ring controls. Reactive fluids were injected into this reactor
via a high pressure liquid chromatography (HPLC) pump
allowing a constant flow rate from 0.5 to 4.5 mL/min.
The inlet fluids were made of deionized water and Merck
analytical grade NH4Cl, HCI, and NH,OH and had an io-
nic strength of 0.01 mol/kg. The compositions of all inlet
solutions used in this study are reported in Table 3. The in-
let solutions with neutral and alkaline pH were initially
bubbled with N, and then continuously kept under a N,
atmosphere to prevent CO, dissolution into this fluid.
The reactor was cleaned thoroughly, assembled, and run
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for at least 24 h with deionized water and then for another
24 h with the inlet solution to rinse the tubing and clean the
reactor prior to each experiment. At the end of this cleaning
cycle an outlet fluid sample was taken for chemical analysis.

Experiments were initiated by placing between 1 and 5 g
of dry basalt powder into the reactor. The reactor was then
filled with the inlet solution, sealed, and placed in a furnace
jacket. Reactive fluid flow, temperature, and stirring rates
wete adjusted to desired settings. The fluid/basalt powder
mixture was continuously stirred at approximately
400 rpm. Gislason and Oelkers (2003) observed that rota-
tion speeds in excess of 325 rpm was sufficient to maintain
surface reaction control of basaltic glass dissolution at pH
3.3. OQutlet solutions were regularly sampled, filtered using
0.2 um cellulose acetate filters, and then acidified with
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Fig. 5. Elemental release rates, r; ger during experiments performed at pH 4 and 25, 50, and 75 °C as part of a single experimental series. The
symbols correspond to measured 7, ger Whereas the dashed lines correspond to their steady state values.
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concentrated supra-pure HNOs prior to their analysis for
Si, Mg, Na, Al, Fe, and Ca by [CP-OES. As was the case
for a number of recent mineral dissolution rate studies
(e.g. Flaathen et al., 2010; Saldi et al., 2010; Oelkers
et al.,, 2011) experiments in this study were run in series.
Each series consisted of a set of dissolution experiments
performed on the same basalt powder. The experiments
performed in each experimental series are listed in Table
3. Each experiment was run until a constant Si release rate
was observed. Steady-state was confirmed by at least three
consecutive outlet solution Si measurements performed on
samples taken over a period of at least 10 residence times
(the residence time is the ratio of the reactor volume to
the fluid flow rate). This steady-state criterion was met for
all experiments. After reaching constant Si release rates,
temperature, flow rate or inlet fluid compositions were ad-
justed to new values and a new experiment began. Each
experimental series was stopped before 5% of the initial ba-
salt was dissolved.

4. RESULTS

Twenty six crystalline basalt dissolution experiments
were performed in this study. The reactive fluid concentra-
tions of Si, Al, Mg, Fe, Ca, and Na were regularly
measured. These concentrations were used to calculate
element release rates () using
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where ¢; represents the concentration of the ith element in
the outlet fluid, FR designates the fluid flow rate, 4; and
m refer to the specific surface area and mass of the solid
in the reactor, respectively. The surface area used through-
out this study was obtained from BET analysis (Appr).
Each dissolution experiment was run until steady-state
rates were attained. Steady-state Si and Al release rates
were rapidly attained in all experiments as illustrated by
the temporal evolution of r, grr values of experimental ser-
ies 04-25 to 04-75 shown in Fig. 5. This series included
experiments at three distinct steady-state conditions at pH
4 and 25, 50, and 75°C. Mg and Fe release rates appear
to take longer to attain steady-state; this may be a conse-
quence of divalent metal-proton exchange reactions occur-
ring on the mineral surfaces (cf. Oelkers et al., 2009).

A summary of all measured steady-state rg; ppr is given
in Table 4 and are shown as a function of pH in Fig. 6.
These rates exhibit the characteristic dissolution behaviour
exhibited by aluminosilicate minerals; rates decrease with
increasing pH at acidic conditions and increase with
increasing pH at basic conditions. The dashed curves in
Fig. 6 correspond to rs; per from basaltic glass for a con-
stant total dissolved Al concentration of 10 ° mol/kg as re-
ported by Gislason and Oelkers (2003). The aqueous AT
activity is close to that of the experiments performed in this
study. Rates measured in this study are compared to those
for glass dissolution reported by Gislason and Oelkers
(2003) because they were performed on glass samples col-

Py = CAR (5) lected from the same site, having the same chemical compo-
Am sition, age, and weathering history as the crystalline basalts
Table 4
Experimental results of Stapafell crystalline basalt dissolution experiments.
Experiment  Temperature  Samples* pH®  Flow rate® Run Cgimol/  Cy(mol/  Cu(mol/ Cp{mol/  Cpy(mol/ logrsper
No. °C) # (g/min) time (h) kg x 107%) kg 107%) kgx 1079 kgx107%  kgx 107%)  (molfcm’/s)
02-05 35 8 204 439 55.0 14.23 3.21 2.69 9.29 13.35 1344
03-05 5 8 3.05 271 155.0 4.11 0.85 1.49 2.7 4.03 14.12
03-25 25 11 294 134 481.5 9.92 1.02 1.72 4.07 10.85 13.77
03-50 50 9 316 313 166.0 82.30 5.40 6.87 37.75 88.63 12.76
04-05 3 11 406 1.61 2250 1.01 0.55 1.62 0.59 0.70 15.02
04-25 25 13 413 1.26 359.0 6.15 1.02 1.70 1.86 3.96 14.31
04-50 50 15 4.09 1.67 357.5 10.02 2.57 2.23 2.64 393 14.03
04-75 75 13 4.04 446 146.5 8.43 3.40 221 142 1.99 13.67
05-05 5 6 500 053 224.0 1.33 0.88 2.16 1.18 0.42 15.50
05-25 25 5 503 053 252.5 3.02 0.38 1.47 0.90 1.13 15.13
05-50 50 6 514 054 240.0 9.00 0.25 246 0.51 0.95 14.76
05-75 75 5 565 0.52 411.5 29.05 4.05 8.17 0.25 1.68 14.16
06-25 25 10 586 054 886.0 1.95 0.38 0.59 0.29 0.37 1545
07-50 50 6 689 0.54 261.0 6.09 0.69 1.41 0.10 0.31 14.95
07-75 75 5 6.59 0.54 190.0 35.22 0.66 10.13 n.g 1.20 14.13
09-05 5 8 9.24 087 431.0 1.43 0.43 0.33 0.13 0.20 15.26
09-25 25 5 922 084 190.0 2.78 0.81 0.57 0.19 0.37 1494
09-50 50 6 928 053 224.0 15.24 4.65 281 0.13 1.14 14.48
09-75 75 9 927 051 397.0 37.27 11:21 9.55 0.14 5.50 14.06
10-25 25 7 10.10 116 284.0 5.60 0.77 0.99 0.21 0.32 14.39
10-50 50 6 10,12 2.65 201.0 11.45 0.67 1.44 0.41 0.92 13.75
10-75 75 5 1009 297 1380 19.04 422 3.7 0.11 1.94 13.53
11-05 5 4 1074 1.94 75.0 6.39 0.59 9.77 0.01 0.12 14.24
11-25 25 4 1101 2.04 2.5 10.58 1.37 4.47 0.01 0.04 13.95
11-50 50 4 10.76  2.20 75.0 12.85 341 1.61 0.01 0.39 13.89
11-75 75 4 1096 323 72.5 31.71 11.67 5.14 0.02 0.84 1327

* Number of measured rates.
® Average value of all measured samples.
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Fig. 6. Steady-state Si release rates versus pH at the indicated temperatures. The symbols correspond to measured rg; ger from the crystalline
basalt while the dashed curves represent rg; ger from basaltic glass dissolution caleulated using the equation reported by Gislason and Oelkers

(2003) and an aqueous Al concentration of 10~° mol/kg.

dissolved in this study. Measured rg; ggr for the crystalline
basalts are in general equal to or lower than those of the
corresponding glass. The only exception is the 5 °C experi-
ments at high pH where crystalline basalt dissolution ap-
pears to be slightly faster than that of basaltic glass. The
observation that crystalline basalt dissolution rates are in
general slower than those of basaltic glass is consistent with
the conclusions of Wolff-Boenisch et al. (2006).

The ratio of the release rate of each element relative to Si
normalized to the corresponding ratio in the dissolving so-
lid is displayed as a function of pH in Fig. 7. If this ratio is
equal to one, the release rate of the element is stoichiome-
tric relative to Si, if it is greater than one the element is pref-
erentially released relative to Si, while if it is less than one
the element is preferentially retained in the solid phase rel-
ative to Si. Mg and Fe tend to be preferentially released
from the basalt at acid conditions and preferentially re-
tained at higher pH. Ca is somewhat retained by the solid
phase at low pH, but exhibits close to stoichiometric release
relative to Si at circum neutral pH. With few exceptions, Al
is retained by the solid phase at all temperatures and pH
conditions considered in this study.

Steady-state outlet fluid compositions were used to cal-
culate the saturation state of primary and potential second-
ary mineral phases in all experiments. The results of these
calculations are shown in Annex A. The pH 3 outlet fluids
were calculated to be undersaturated with respect to all pri-

mary and potential secondary minerals while the neutral to
high pH outlet fluids were calculated to be supersaturated
with respect to clinopyroxene, goethite, hematite, and gibb-
site. Note however that the results shown in Annex A were
calculated assuming the fluids were in equilibrium with
atmospheric O,, which is likely an overestimate of the oxy-
gen content of these fluids which were purged with N, prior
to their injection into the reactors. As such the saturation
state of oxidized iron bearing minerals (e.g. hematite and
goethite) is likely overestimated in these calculations. No
secondary minerals were observed in the outlet filter or
on the solids recovered following the experiments by
SEM analysis suggesting that these oxidized iron minerals
were in fact undersaturated in the reactive fluids.

5. DISCUSSION
5.1. Elemental release rates and CO, storage

The results in this study illustrate the contrasting disso-
lution behaviour of a multi-mineral silicate rock versus its
corresponding glass. Si release from both crystalline and
glassy basalt exhibits a similar pH dependency, though at
basic pH Si appears to be released somewhat faster from
glass at 5°C but slower at 75 °C (Fig. 6). Furthermore,
the Mg and Fe release rates decrease continuously with
increasing pH (see Fig. 8) while those of Si and Ca display
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a synclinal shaped pH dependence. It seems likely that the
distinet behaviour of crystalline basalt stems from the con-
trasting dissolution behaviours of its constituent minerals.
The bulk of the Mg and Fe in the crystalline basalt are con-
tained in olivine and pyroxene (see Table 2). In contrast to
the dissolution behaviour of basaltic glass, the dissolution
rates of olivine and pyroxene decrease monotonically with
increasing pH (see Fig. 1). The effect of the distinct mineral
dissolution behaviour also affects strongly the release rates
of calcium. As can be deduced from Fig. 1, crystalline
basalt dissolution at acid pH is dominated by the dissolu-

tion of olivine, which has a specific dissolution rate at least
one order of magnitude higher than that of diopside and
Ca-rich plagioclase. Olivine is Mg and Fe rich but Ca poor.
As a result Ca tends to be retained by the solid at acid
conditions.

The release of divalent metals to solution from sili-
cates is an essential and perhaps rate-limiting step for
the successful carbonatization of CO, during carbon
storage efforts (cf. Oelkers et al., 2008; Schaef and McG-
rail, 2009; Gislason et al., 2010; Schaef et al., 2010). A
significant observation presented above is that the relative
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divalent metal release rates from crystalline basalts vary
significantly with pH. The rate of Ca release from dis-
solving crystalline basalt as a fraction of the correspond-
ing total divalent metal release rate at 25°C is shown in
Fig. 9. At pH 2-3 only 6-20% of the divalent metals re-
leased from basalt are calcium. At these conditions the
divalent metal flux from crystalline basalt dissolution is
dominated by Mg and Fe release. The fraction of Ca re-
leased increases continuously with rising pH. At pH 11,
more than 80% of the divalent metal flux is Ca. Since
CO, charged waters are acidic, crystalline basalt dissolu-
tion will release far more Mg and Fe than Ca to solu-

tion, favouring the formation of magnesite, siderite, and
mixed Fe-Mg carbonates rather than calcite. This
assumption is corroborated by observations of secondary
carbonate formation during the alteration of basaltic la-
vas by CO,-rich fluids in West Greenland (Rogers
et al., 2006). Carbonates formed in this system in the ini-
tially COs-rich, low pH fluids are Fe and Mg-rich. Only
late stage carbonates are Ca-rich. The degree to which
such Mg-rich carbonates form in other systems, however,
depends on their nucleation and growth rates, which may
be sluggish, compared to that of calcite (Saldi et al.,
2009).
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Fig. 9. Ca release rates divided by the sum of the release rates of
the divalent cations from crystalline basalt at all pH and temper-
atures. Filled circles, open circles, filled triangle and open triangles
correspond to rates measured at 5, 25, 50, and 75 °C, respectively.

5.2. Modelling element release rates from mineral dissolution
rates

One of the great challenges in geochemistry is the success-
ful prediction of chemical mass transfer rates during water—
mineral interaction. Element release rates from the crystal-
line basalt dissolution experiments performed in this study
are dominated by the dissolution of its three major minerals:
olivine, pyroxene, and plagioclase. In the absence of second-
ary mineral precipitation and contributions from the dissolu-
tion of glass and minor minerals, the release rate of the ith
element from crystalline basalt (r,;) can be approximated by

N Aflk
Fy= Z A_Uukrj‘k
1

=0
A A A
_ “jpals S0l Jpy
= Vielagfipale +_A Vil + g Vievliey (6)
7 J i

where r;; refers to the dissolution rate of the Ath mineral
(plag, ol, py) normalized to the jth surface area, v;
designates the stoichiometric number of the ith element in
the kth mineral, 4;; symbolizes the jth specific surface area
of the kth mineral and A4; is the overall surface area. Eg. (6)
was used in the present study to model measured steady-
state element release rates from crystalline basalt by adopt-
ing the 25 °C dissolution rates as a function of pH of olivine
reported by Pokrovsky and Schott (2000b), those of diop-
side reported by Knauss et al. (1993), to correspond to that
of augite, and those of plagioclase taken from Fig. 1. Stoi-
chiometric coefficients in Eq. (6) were taken from the
mineral compositions listed in Table 2. To the first approx-
imation, it seems reasonable to assume that the relative sur-
face area of the three minerals comprising the crystalline
basalt is proportional to the relative volume percent of each
mineral in the dissolving basalt (e.g. 17%, 39%, and 44% for
ol, py, and plag, respectively). The results of this calculation
are plotted as curves and compared with measured element
release rates in Fig. 8a, ¢, and e. Although these calcula-
tions exhibit the correct rate trends with pH, calculated
steady-state release rates are approximately one order of
magnitude faster than (a) measured Si release rates at acid

pH, and (c) measured Ca release rates at intermediate pH.
It should be noted that the uncertainties in the rates
adopted to perform this calculation are significant and in-
clude such factors as variable mineral compositions and
the affect of reactive fluid composition other than pH on
rates. Differences between measured and computed rates
such that observed in Fig. 8a, c, and e, are therefore, likely
within the margin of error in the calculations. It seems un-
likely that the difference between the curves and data points
in Fig. 8 stem from contributions from the dissolution of
minor phases (e.g. interstitial glass) as measured rates are
slower than those computed using Eq. (6).

An improved fit of measured element release rates was
obtained by adjusting the relative surface areas of the min-
erals to 2.8% olivine, 13.9% pyroxene, and 83.3% plagio-
clase. The results of this fit are compared to measured
steady-state element release rates in Fig. 8b, d, and f. This
revised fit reproduces the measured element release rates
within (.5 log units at all pH. There are several reasons
why the relative surface area of the minerals of the best data
fit do not match the relative volume fraction of the miner-
als. First, pyroxene may be close to equilibrium (see the cal-
culated saturation state of various minerals at steady-state
in Annex A); rates slow as fluids approach equilibrium with
respect to dissolving mineral phases (cf. Schott and Oelkers,
1995). Secondly, the grinding of the crystalline basalt may
have created reactive surfaces in a heterogeneous way
among the mineral phases. This may lead to a higher rela-
tive surface area for plagioclase, which is commeonly com-
prised of fine-grained exsolution lamellae.

Apparent activation energies of Si release from crystal-
line basalt dissolution calculations using Eq. (4b) and the
rates listed in Table 4 are near to 30 kJ/mol at pH > 4
but increase to 54 kJ/mol at pH 3 (see Table 5). These
values are close to the activation energies reported in the lit-
erature for basaltic glass; Gislason and Oelkers (2003) re-
ported an activation energy for basaltic glass dissolution
of 25.5 kJ/mol and Wolfi-Boenisch et al. (2004a) reported
activation energies of 27 kJ/mol at pH 4 and 41 kJ/mol at
pH 10.6.

6. CONCLUSIONS
The results described above illustrate the contrasting

behaviour of crystalline basalt versus basaltic glass.
Although steady-state rg; ger of crystalline basalts and basal-
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tic glass exhibit similar pH dependencies the release rates of
the divalent metal cations differ significantly. Because of
the distinct dissolution behaviour of its constituent minerals,
Mg and Fe are preferentially removed from crystalline basalt
at acid conditions, whereas Ca is preferentially removed at
basic conditions. These observations suggest contrasting
alteration behaviours of glassy versus crystalline basalt both
during carbon sequestration and natural processes.
Element release rates estimated from the sum volume frac-
tion normalized dissolution rates of plagioclase, pyroxene,
and olivine are within one order of magnitude of those
measured in this study and reproduce the distinct behaviour
of the major elements. The degree to which this is an accept-
able approximation of the dissolution behaviour of a crystal-
line rock most certainly depends on the system and the
required accuracy. The critical parameter of such estimates,
’—;%5, the relative reactive surface area of each mineral that is
in contact with the reactive fluid, is impossible to predict a pri-
ori at present. Thus, although element release rate estimates
based on the assumption that reactive surface area of individ-
ual minerals is proportional to its volume fraction in a rock
can only present a crude approximation, it may provide some
insight into dissolution behaviour of multi-phase rocks.
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Abstract

The steady-state, far-from-equilibrium dissolution rates of nine distinct plagioclases
ranging in composition from An2 to An89 were measured in mixed flow reactors at 22+2° C
and pH from 2 to 11. The dissolution rates of all plagioclases based on silica release show a
common U-shaped behaviour as a function of pH, where rates decrease with increasing pH at
acid condition but increase with increasing pH at alkaline conditions. Consistent with
literature findings, constant pH plagioclase dissolution rates increase with increasing
anorthite content at acid conditions; measured anorthite dissolution rates are ~2.5 orders of
magnitude faster than those of albite at pH~2. Perhaps more significantly, rates are
independent of plagioclase composition at alkaline conditions. Interpretation and data fitting
suggests that plagioclase dissolution rates are consistent with their control by the detachment
of Si-rich activated complexes formed by the removal of Al from the mineral framework.
Taking account of this mechanism and transition state theory yields robust equations that
describe plagioclase dissolution rates as a function of both the mineral and fluid phase

compositons found in natural Earth surface systems.
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Abstract

The steady-state, far-from-equilibrium dissolution rates of nine distinct plagioclases
ranging in composition from An2 to An89 were measured in mixed flow reactors at 22+2° C
and pH from 2 to 11. The dissolution rates of all plagioclases based on silica release show a
common U-shaped behaviour as a function of pH, where rates decrease with increasing pH at
acid condition but increase with increasing pH at alkaline conditions. Consistent with
literature findings, constant pH plagioclase dissolution rates increase with increasing
anorthite content at acid conditions; measured anorthite dissolution rates are ~2.5 orders of
magnitude faster than those of albite at pH~2. Perhaps more significantly, rates are
independent of plagioclase composition at alkaline conditions. Interpretation and data fitting
suggests that plagioclase dissolution rates are consistent with their control by the detachment
of Si-rich activated complexes formed by the removal of Al from the mineral framework.
Taking account of this mechanism and transition state theory yields robust equations that
describe plagioclase dissolution rates as a function of both the mineral and fluid phase

compositons found in natural Earth surface systems.
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3.1 Introduction

Plagioclase is the most abundant mineral in the Earth’s crust. Plagioclase dissolution is
therefore a major contributor to global weathering rates, alteration and metamorphic reactions
in the Earth’s crust, the diagenesis of sedimentary rocks, and mass transfer in hydrothermal
systems (e.g. Marini et al., 2000; Putnis et al., 2007; Apollaro et al., 2009; Plumer and Putnis,
2009; Putnis and Austrheim, 2010). The significance of plagioclase in Earth surface
environments has provoked a large number of laboratory studies to characterize its
dissolution rates and mechanisms at ambient temperatures (Chou and Wollast, 1984, 1985;
Casey et al., 1988; Nesbitt and Muir, 1988; Casey et al., 1989a, b, 1991; Hellmann et al.,
1990; Blum and Lasaga, 1991; Nesbitt et al., 1991; Amrhein and Suarez, 1992; Welch and
Ullman, 1993, 1996, 2000; Oxburgh et al., 1994; Blum and Stillings, 1995; Oelkers and
Schott, 1995; Stillings and Brantley, 1995; Gout et al., 1997; Welch et al., 1999; Hamilton et
al., 2000; Beig and Liittge, 2006; Arvidson and Luttge, 2010). Additional studies have
focused on the rates and mechanisms of feldspar dissolution at elevated temperatures
(Lagache, 1965; Hellmann et al., 1990, 2010; Rose, 1991; Brady and Walther, 1992; Hwang
and Longo, 1992; Gautier et al., 1994; Hellmann, 1994, 1995, 1997; Oeclkers and Schott,
1995; Blake and Walter, 1996; Chen and Brantley, 1997; Murakami et al., 1998; Jordan et al.,
1999; Taylor et al., 2000; Arvidson et al., 2004; Harouiya and Oelkers, 2004; Carroll and
Knauss, 2005; Hellmann and Tisserand, 2006; Fu et al., 2009; Hangx and Spiers, 2009; Sorai
and Sasaki, 2010). One challenge to interpreting these rates to illuminate the dissolution
behaviour of the plagioclases as a function of their composition (e.g. anorthite content) is that
rates measured in different laboratories and using different techniques tend to be inconsistent
with one another; dissolution rates of identically compositioned plagioclases at 25°C and
constant pH measured in different laboratories commonly range over at least one order of
magnitude (Blum and Stillings, 1995; Marini, 2006). Such inconsistencies make attempts to
deduce the effect of plagioclase composition on their dissolution rates from literature data
ambiguous. This study was designed to overcome these ambiguities by systematically
measuring the dissolution rates of plagioclase feldspars, spanning the composition range from
albite to anorthite, in a single laboratory using mixed-flow reactor techniques at 22 °C and pH
from 2 to 12. Here we report these rates and use them to deduce how they are affected by the

plagioclase composition.
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Plagioclase dissolution rates have been of increasing interest due to their potential role in
carbon capture and storage. Plagioclase dissolution releases Ca’" which can react with
aqueous carbonate to store carbon dioxide as calcite (Carroll and Knauss, 2005; Metz et al.,
2005; Oelkers et al., 2008; Kampman et al. 2009; Pham et al., 2010; Munz et al., 2012;
Hellevang et al., 2013). The Ca-rich plagioclases are particularly abundant in basalts making
these rocks attractive targets for mineral carbon storage (Marini, 2006; McGrail et al., 2006;
Alfredsson et al., 2008; Goldberg et al., 2008; Kelemen and Matter, 2008; Oelkers and Cole,
2008; Oelkers et al., 2008; Flaathen et al., 2009; Matter and Kelemen, 2009; Prigiobbe et al.,
2009; Schaef and McGrail, 2009; Schaef et al., 2009; Gislason et al., 2010; Goldberg et al.,
2010; Aradottir et al., 2011; Gudbrandsson et al., 2011; Gysi and Stefansson, 2011; Matter et
al., 2011; Wolff-Boenisch et al., 2011; Aradottir et al., 2012; Broecker 2012). Moreover,
elements released from dissolving plagioclases serve as the source for secondary minerals
including zeolites that play an important role in controlling the porosity of natural rocks
(Kristmannsdottir and Tomasson, 1978; Gislason and Eugster, 1987a; Neuhoff, 1999;
Fridriksson et al., 2001). Plagioclase dissolution may also be significant during the
weathering of Martian crust (Banfield et al., 2000; McSween et al., 2010; McGlynn et al.,
2012).

3.2 Theoretical background

The standard state adopted in this study is that of unit activity of pure minerals, the
plagioclases, and H,O at any temperature and pressure; the activity of plagioclase was taken
as 1 regardless of its composition to estimate its saturation state in aqueous fluids (see
below). For aqueous species other than H,O, the standard state is unit activity of the species
in a hypothetical one molal solution referenced to infinite dilution at any temperature and
pressure. All thermodynamic calculations reported in this study were performed using the
PHREEQC computer code (Parkhurst and Appelo, 1999) together with its 1Inl.dat database to
which thermodynamic data have been added for magnesite, siderite, thomsonite, scolecite,
mesolite, laumontite, heulandite, analcime, Ca-stilbite, Ca-mordenite, Ca-clinoptilolite, Fe-
celadonite, antigorite, amorphous SiO,, amorphous FeOOH, amorphous AI(OH);, gibbsite,
allophane, and imogolite taken from Gysi and Stefansson (2011). Thermodynamic data from

Amorsson and Stefansson (1999) were used to calculate chemical affinities and saturation

43



125
126

127

128
129

130
131
132

133

134

135
136

137

138

139
140
141

142

143
144

145

146
147

Chapter 3 Gudbrandsson et al., 2013a

indexes of the various plagioclases used in this study. All thermodynamic parameters added

to the PHREEQC lInl.dat database in this study are provided in Table 1.

Plagioclase dissolution at acid conditions can be represented by the reaction

NaXCa(l_x)Al(z_x)Si(2+x)Og + 4(2-X) HJr
& xNa' + (1-x)Ca™ + 2-x)AP" + (2+%)Si050q + 2 (2-X)H,0 (1)

where x denotes the mole fraction of Na in the plagioclase such that when x=1, Eq. (1)
corresponds to the dissolution of pure albite end and when x=0, Eq. (1) corresponds to the

dissolution of pure anorthite.

Taking account of the standard state, the law of mass action for Eq. (1) can be written

x (1-x) (2=x) (2+x)
K _ MNat@cat2z 43 Csiog )
Plag — a4(2—x) ( )
HT

where Kpiag stands for the equilibrium constant of Eq. (1) and aj represents the activity of the

subscripted aqueous species. The chemical affinity for reaction (1), Arize can be expressed as

Kplag a;;(+2—X)
APlag = RTIn (%) (2—%) (212 3)
Nat%cqt2z ar+3 Ysio,

where R designates the gas constant, 7 signifies absolute temperature.

Within the context of Transition State Theory, surface reaction controlled dissolution
rates can be considered to be the difference between the forward rate (r+) and the reverse rate

() such that

r=r+—r_=r+(1—:—') 4)

+

Taking account of the law of detailed balancing, it can be shown that Eq. (4) is equivalent to

(Aagaard and Helgeson, 1977, 1982; Lasaga, 1981; Helgeson et al., 1984)
r= r+(1 — exp(—A/JRT)) (5)

where o stands for Temkin's average stoichiometric number equal to the ratio of the rate of

destruction of the activated or precursor complex relative to the overall rate. Experimental
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evidence suggests that the value of o in Eq. (5) is 1 for quartz (Berger et al., 1994) and 3 for
the alkali-feldspars (Gautier et al., 1994; Oelkers and Schott, 1995). The form of Eq. (5) is
such that overall rates (1) equal forward rates (r1) when A >> oRT. The dissolution rates in
the present study were measured at far-from-equilibrium conditions, such that A >> oRT. At
these conditions r-<<ry and thus r ~ ry. Dissolution rates in this study are thus symbolized
r+. Such experimental results can be used to assess the effect of aqueous solution

composition on forward dissolution rates independently from the effects of chemical affinity.

Within the formalism of Transition State Theory, r+ is proportional to the concentration
of an activated complex such that (Eyring, 1935)
ry = kyla] (6)
where ki refers to a rate constant and [a] designates the concentration of the activated
complex. The concentrations of activated complexes for mineral dissolution have been
demonstrated to be proportional to the concentration of rate controlling surface complexes in
accord with (c.f. Schott et al., 2009).
[a] = K,[O] (7
where Ky represents an equilibrium constant and [&] denotes the concentration of the rate

controlling surface complex. Combining Eq. (6) and (7) leads to

7 = ki K, [O] ®)

A number of past studies have attempted to describe the dissolution rates of the
plagioclase feldspars assuming that their dissolution is controlled by two or more distinct
activated complexes formed by the adsorption or desorption of protons, water, or hydroxide
ions on the mineral surface. Such an approach yields a rate equation describing the
dissolution rate of each plagioclase composition that is the sum of two or more linear
functions of pH (Palandri and Kharaka, 2004; Marini, 2006). An alternative approach stems
from the observation that multi-oxide silicate mineral dissolution occurs via a series of metal-
proton exchange reactions (e.g. Gautier et al., 1994; Oelkers et al., 1994; Carroll and Knauss,
2005; Dixit and Carroll, 2007; Oelkers et al., 2009). The rate at which each metal-oxygen
bond breaks via these reactions depends on the relative strength of the corresponding metal-

oxygen bond. This mechanism leads to the rate equation given by (c.f. Oelkers, 2001):
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ni n;
Zi
ut

W Lk | 9
P T K| " )
M.t M, L

where M; designates a metal removed from the mineral to form the rate controlling surface

re = kKo [O] = ki Ko [Ticy | K

complex, n; stands for the stoichiometric number of M; metal atoms that need to be removed
to form one rate controlling surface complex, z denotes the valence of the metal M;, and K;
designates the equilibrium constant for the Mi/proton exchange reaction. In the case where 1)
only a single metal-proton exchange reaction is involved in the formation of the precursor

complex and 2) there are relatively few precursors at the surface, Eq. (9) reduces to:

- (10)

where &’ denotes the product &+ KuKi. One of the advantages of this approach is that Eq. (10)
can be used to predict the effect of a variety of aqueous species on multi-oxide dissolution
rates including those of organic anions, fluoride, and sulphides. The effect of such aqueous

species on rates stems from a change in the aqueous activity of the metal M; (a ,+); the
M-l

1

formation of aqueous metal complexes lowers a 2 leading to higher rates as calculated
M,
1

using Eq. (10) (e.g. Oelkers and Schott, 2001; Harouiya and Oelkers, 2004; Wolff-Boenisch et
al., 2004; Flaathen et al., 2010).

Previous work on the feldspars (Oelkers et al., 1994; Gautier et al., 1994; Oeclkers and
Schott, 1995) suggests that the dissolution rates of the alkali rich plagioclases (<Angs) are
proportional to the concentration of a Si-rich surface complex formed by the Al-proton

exchange reactions leading to the following rate equation:
n

3
r, = Koy (225) (11)

Ap13+

The degree to which this equation can describe the dissolution rates as a function of pH and

plagioclase composition will be explored below.

Description of the dissolution behaviour of the intermediate plagioclases is confounded by

their structure. Exsolution on the micro scale is common in plagioclase feldspars and
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consists of fine albite-rich and anorthite-rich intergrowths (Grove, 1977; Holdren and Speyer,
1987; Inskeep et al., 1991). Intergrowths are most common in three compositional ranges,
An2-16, An43-58, and An67-90, named persterite, Bagghild, and Huttenlocher intergrowths,
respectively (Smith and Brown, 1988). These heterogeneities are commonly not detectable
by optical techniques, yet could influence the dissolution kinetics of the plagioclases.
Oxburgh et al. (1994) suggested that such heterogeneities including zoning and intergrowths,
may lead to significant variations in the rates of similarly compositional plagioclases. Such
ambiguities have led several to assume that the dissolution rates of intermediate feldspars can
be estimated by the sum of contributions of two distinct phases, e.g. albite and anorthite,
(White et al., 2005). The validity of such assumptions will be assessed below through the

interpretation of dissolution rates obtained over the full range of feldspar compositions.

3.3 Sample preperation and experimental methods

3.3.1 Plagioclase characterisation and preparation

The plagioclase feldspars used in this study where collected from various locations;
the sample localities are listed in Table 1. Most were purchased from Ward-Science. The
most anorthite rich plagioclase (An89) was acquired from the Smithsonian Institution. One
bytownite was collected from an anorthosite intrusion located on the Hrappsey Islands in
Breidafjordur, Western Iceland. The plagioclases were chosen to represent the entire
plagioclase compositional series from albite to anorthite. All of the plagioclases were of
metamorphic origin other than the anorthite and Hrappsey bytownite, which were of igneous

origin.

The chemical composition of the plagioclase minerals was determined from standard
wavelength dispersive techniques using a JEOL Superprobe JSL 8200 electron microprobe
located at the GET/CNRS in Toulouse, France. These analyses were performed using an
acceleration voltage of 15 kV, a beam current of 15 nA, and a beam diameter of 2 pum.
Natural and synthetic minerals and glasses were used as standards to check for potential drift.

The resulting chemical compositions of each plagioclase as oxide percent is given in Table 2.
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The anorthite percentage of each plagioclase and its corresponding chemical formula are

given in Table 1.

All feldspars were dried at room temperature for several days before being crushed
with a hammer and then an agate mortar. The ground material was dry sieved to obtain the
45-125 um size fraction. This size fraction was first gravitationally settled to remove fine
particles and subsequently cleaned ultrasonically 5 times in de-ionized water and then in
acetone. The resulting powder was oven-dried at 50° C for several days. SEM images of
some resulting powders are shown in Fig. 1. The surfaces are free of fine particles. The
specific surface area of the cleaned 45-125 pm size fraction was determined via 11 point
krypton adsorption, using a Quantachrome Gas Sorption system. These surface areas are
reported in Table 1. The uncertainties of these surface area measurements are estimated to be

+10% based on repeated analysis of standard materials.

3.3.2 Experimental methods

Plagioclase dissolution experiments were performed at pH from 2 to 12 in two distinct
reactor systems. The first is a Parr'™ mixed flow reactor system, shown in Fig. 2. This
system consists of a 300 mL titanium reactor with external temperature and stirring controls.
Reactive fluids were injected into this reactor via a High Pressure Liquid Chromatography
(HPLC) pump allowing a constant flow rate from 2 to 3 g/min. The fluid passed through a
0.2um titanium filter while leaving this reactor system. A detailed description of this reactor
system has been provided by Gudbrandsson et al. (2011). The second reactor system
consisted of 250 mL polyethylene reactors containing a Nalgene™ floating stirring bar and
placed in a temperature controlled water bath. Reactive fluids were injected into this reactor
using a peristaltic pump. The reactive fluid passed through a 2 um filter while exiting this
reactor system. This reactor system has been described in detail by Stockmann et al. (2011).
All inlet fluids were comprised of deionized water and Merck analytical grade NH4Cl, HCI,
and NH4OH. The ionic strength of all inlet fluids was 0.01 mol/kg; the compositions of these
fluids are listed in Table 3. The alkaline inlet fluids were initially bubbled with N, and then

continuously kept under a N, atmosphere to prevent CO, dissolution into the fluid. Each
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reactor was cleaned thoroughly, assembled, and run for at least 24 h with deionized water and
then for another 24 h with the inlet solution to rinse the tubing and clean the reactor prior to
each experiment. At the end of this cleaning cycle an outlet fluid sample was taken for

chemical analysis.

Experiments were initiated by placing between 3 and 4 g of dry plagioclase powder into
the reactor. The reactor was then filled with the initial inlet fluid and sealed. Reactive fluid
flow, temperature, and stirring rates were adjusted to desired settings. The fluid/plagioclase
powder mixture was continuously stirred at approximately 400 rpm. Gislason and Oelkers
(2003) observed that rotation speeds in excess of 325 rpm were sufficient to maintain surface
reaction control of basaltic glass dissolution at pH 3.3. Experiments performed in the
polyethylene reactors were run in series. An experimental series consisted of several distinct
steady-state rate measurements performed on a single plagioclase powder at several different
pH. In each series, a single inlet fluid was pumped through the reactor for 75 hours. After 75
hours the inlet fluid was replaced by the next inlet fluid in the series. In each experimental
series, the initial inlet fluid had a circum-neutral pH and subsequent inlet fluids were
progressively more acidic or more alkaline. Each experimental series is distinguished by the
prefix on the experiment number. For example, series ‘Ab-acid’ consists sequentially of
experiments Ab-acid-5, Ab-acid-4, Ab-acid-3, etc, where the last number denotes the
approximate inlet fluid pH. Each experimental series was stopped before 5% of the initial
mineral was dissolved. Further details on the experiments performed in each series are listed
in Table 4. Experiments performed in the titanium reactors were run individually. In these
individual experiments, a mineral powder was placed in the reactor and a reactive fluid of a
single composition was passed through the reactor for at least 250 hours. Once each
individual experiment was completed, the fluid and remaining mineral was removed and the
reactor cleaned in advance of initiating a new individual experiment. Further details on these

experiments are listed in Table 5.

Outlet fluids were regularly sampled and filtered using 0.2 um cellulose acetate filters.

Part of the fluid was used to measure pH at 22° C using a Eutech Instruments© Cyberscan
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pH 310 pH meter coupled to a Eutech Instruments© electrode with a 3 M KCI outer filling
solution. The electrode was calibrated with NBS standards at pH 4.01, 7, and 10 with an
average error less than 0.05 pH units. Part of sampled reactive fluids were then acidified with
concentrated supra-pure HNO3 prior to their analysis for Si, Mg, Na, Al, Fe, and Ca by
Specro Cirios Vision Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES), with detection limits for Si and Al of 24.8 ppb and 3.2 ppb. The uncertainties on

these measurements are estimated to be £10%.

3.4 Results

In total, 71 distinct plagioclase dissolution rate experiments were performed. Measured

outlet fluid Si and Al concentrations were used to calculate dissolution rates using

= (12)

where ¢ represents the concentration of the ith element in the outlet fluid, FR stands for the
fluid flow rate, 4 refers to the specific surface area of the plagioclase prior to the experiment,
and m denotes mass of plagioclase in the reactor. The surface area used in this calculation

was the measured BET surface area of the initial plagioclase prior to its dissolution.

The temporal variation of measured rates based on Si release during all experiments can
be seen in Annex A, corresponding rates based on Al are presented in Annex B. It can be
seen that measured rates based on Al and Si tend towards steady-state over the course of most
experiments. Steady-state is assumed if the rate calculated for three consecutive fluid
samples taken at least 3 residence times apart from one another are equal within experimental
uncertainty. The residence time is defined as the volume of the reactor divided by the reactive
fluid flow rate. Rates obtained from experiments that adhere to the steady-state criteria are

noted in bold font in Tables 4 and 5.

Outlet fluid compositions were used to calculate the saturation state of primary and
potential secondary mineral phases in all experiments. The results of these calculations are
shown in Annex C. The outlet fluids were calculated to be undersaturated with respect to all

primary and potential secondary minerals apart from the fluids at pH 5 to pH 9, which were
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calculated to be supersaturated with respect to the aluminium-oxyhydroxides gibbsite,
boehmite, and diaspore. No secondary minerals, however, were detected by SEM-EDS
analysis on the recovered solids following the experiments. Nevertheless, as described below,
the precipitation of secondary Al-rich phases are consistent with the observed Al/Si release

rates of experiments performed at basic pH.

Steady-state rates based on Si release obtained from the experiments performed in series
and individually are shown as a function of pH in Fig. 3. In general, rates based on Si release
decrease with increasing pH at acid pH and increase with increasing pH at basic pH. At acid
conditions, rates increase substantially with the An content of the plagioclase whilst there is
little to no dependence of rates on An content at basic conditions. Plagioclase dissolution
rates based on Al release are illustrated as a function of pH in Fig. 4. These rates exhibit
similar pH dependence as rates based on Si release with the exception of the high pH rates
obtained from the individual experiments which appear not to increase with increasing pH. A
possible explanation for this observation is the precipitation of Al-rich secondary phases
during the high pH experiments. The possibility that such phases precipitate during some
experiments is supported by the computed saturation states listed in Annex C. Diaspore and
boehmite are computed to be close to equilibrium or supersaturated in many of the high pH

experiments.

Rates obtained from the experimental series, tend to agree within uncertainty with those
obtained from the individual experiments performed over at least 250 hours Nevertheless,
rates obtained from the individually run experiments tend to exhibit more scatter and tend to
be less systematic than those obtained from the experiments run in series (see Figs. 3 and 4).
There are several potential reasons for this. First, as each rate was obtained from a distinct
plagioclase power in the individual experiments, heterogeneities in the powders may lead to
less consistent rates. In addition, by running experiments in series, fine particles and/or
rapidly dissolving impurities would be removed during the first steady-state attainment

leading to more consistent rates from the subsequent steady-state experiments in series.
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The stoichiometry of Al versus Si release at the end of all experiments can be assessed in
Fig. 5 which shows the ratio of steady-state plagioclase dissolution rates generated from Si
release to those generated from Al release. In general, the experiments exhibit a systematic
trend; the release rate of Al versus Si is close to stoichiometric at acidic pH for most
experiments. In contrast, Al release rates generally become slower than those of Si at basic
conditions. This observation is consistent with the possibility that an Al-rich secondary phase

precipitated during some of the experiments performed at alkaline conditions.

The variation of plagioclase dissolution rates as a function of their composition are
illustrated in Fig. 6. Rates appear to be independent of plagioclase composition at pH > 5.
At pH ~4, anorthite dissolution rates are approximately one order of magnitude faster than
those of albite. This rate difference increases with decreasing pH; at pH ~2 anorthite
dissolution rates are approximately two and one half orders of magnitude faster than those of
albite. Moreover, the bulk of the increased rates with anorthite content occur in the anorthite-
rich plagioclases. This observation is consistent with the conclusions of Blum and Lasaga
(1988) who suggested that the mechanism of plagioclase dissolution changes at an An
content of ~70% due to the increase in the percentage of Al in its tetrahedral framework. At
this concentration, it becomes possible to break this tetrahedral structure without breaking Si-

O bonds (c.f. Blum and Lasaga, 1988, Oelkers and Schott, 1995).

3.5 Discussion
3.5.1 Comparison with past work

This study builds upon past work on the experimental characterization of plagioclase
dissolution rates at ambient temperatures. Most past studies on the dissolution rates of
plagioclases have been performed on the albite end-member (e.g. Chou and Wollast, 1984,
1985; Knauss and Wolery, 1986; Holdren and Speyer, 1987; Blum and Stillings, 1995;
Stillings and Brantley, 1995; Stillings et al., 1996). Of these studies, Chou and Wollast
(1985) and Knauss and Wolery (1986) published measured albite dissolution rates as a
function of pH from acidic to alkaline conditions. Other studies have focused on the effect
of the presence of alkali metals (Stilling and Brantley, 1995) and organic ligands (Franklin et
al., 1994; Blake and Walter, 1996; Welch and Ullman, 1996; Ullman and Welch, 2002) on

albite dissolution rates. A detailed summary of these rates is provided by Blum and Stillings
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(1995), Brantley (2003, 2008), and Ganor et al. (2009). Some of these rates are illustrated in
Fig. 7. In the absence of complexing ligands, the pH variation of albite dissolution rates at
constant temperature exhibit a U-shaped dissolution behaviour, where rates decrease with
increasing pH at acid conditions and increase with increasing pH at alkaline conditions. Note
that there are significant inconsistencies among rates measured at identical conditions in
different laboratories. For example, rates reported by Chou and Wollast (1985) are from 0.5
to 1.5 orders of magnitude higher than corresponding rates reported by Knauss and Wolery
(1986). These inconsistencies have been attributed to differences in mineral composition,
mineral micro structure, the presence of exsolution boundaries, differences in sample
preparation, grain size, and aqueous solution saturation state (e.g. Holdren and Speyer, 1985,
1987; Inskeep et al., 1991). Oxburgh et al. (1994) showed that silica release rates decrease
with time during plagioclase dissolution experiments and suggested that several “steady-
states” could control the non-stoichiometric dissolution observed in experiments run over

shorter time spans.

Studies on intermediate feldspars have, as for other plagioclases, mainly focused on
characterising rates at acid conditions (e.g. Mast and Drever, 1987; Casey et al., 1988; 1989a;
1989b; Brantley and Stillings, 1994, 1996, Oxburgh et al., 1994; Stillings and Brantley, 1995;
Stillings et al., 1996). Some of these studies have been aimed at exploring the effects on rates
of organic ligands (Mast and Drever, 1987; Welch and Ullman, 1993; Stillings et al., 1996;
Oelkers and Schott, 1998) and alkali metals (Muir and Nesbitt, 1991; Stillings and Brantley,
1995). Plagioclase dissolution rates at alkaline conditions are rare in the literature; one
exception is Casey et al. (1988) who reported some plagioclase dissolution rates at pH 12.
Among the most comprehensive studies is that of Oxburgh et al. (1994) who reported the
dissolution rates of several plagioclases as a function of pH at acid conditions. Some of these
rates are illustrated in Figs. 7b and ¢. Similar to rates obtained in this study, plagioclase rates

increase with increasing An content at acidic solutions.

Far fewer studies have been published on the dissolution rates of anorthite-rich
plagioclase than on the albite end member. Anorthite dissolution rate measurements have
only been reported at acid to neutral pH (pH<7.8). Selected published anorthite dissolution
rates are shown as a function of pH in Fig. 7d. Steady-state anorthite dissolution rates

decrease with increasing pH at acid to neutral conditions. Rates reported by Holdren and
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Speyer (1987) are in close agreement with those from Amhrein and Suarez (1992) and
Oelkers and Schott (1995). Note that the rates from Oelkers and Schott (1995) shown in Fig
7d were extrapolated to 25°C using their reported rates at 45° C together with their reported
activations energies. The rates reported by Amhrein and Suarez (1992) at neutral conditions

scatter over approximately two orders of magnitude.

The rates obtained in this study are compared with some of the rates available in the
literature in Fig 7. Albite dissolution rates obtained in this study are 0.5 to 1 orders of
magnitude faster than corresponding rates reported by Chou and Wollast (1985), and 1 to 2
orders of magnitude faster than corresponding rates reported by Knauss and Wolery (1986).
Similarly, rates obtained for the intermediate plagioclases in this study are 0.5 to 1 order of
magnitude faster than those of Oxburgh et al. (1994). The major difference between rates
obtained in this study for anorthite and those obtained by Amrhein and Suarez (1992) is at
intermediate to basic pH. Rates in this study increase with pH at basic conditions, whereas
those of Amrhein and Suarez (1992) suggest these rates decrease continuously with

increasing pH.

There are several potential explanations why rates obtained in this study tend to be faster
than those of previous studies. First, various experimental studies have been performed over
different durations. Experiments in this study were performed from 75 to 600 hours, those of
Chou and Wollast (1985) were performed over 280 hours on average, those of Knauss and
Wolery (1986) were performed over ~1200 hours, those of Oxburgh et al. (1994) were
performed over 500-2000 hours, and those of Amrhein and Suarez (1992) were performed
over from 19,000-29,400 hours. Oxburgh et al. (1994) suggested that plagioclase dissolution
rates tend to decrease with time during laboratory experiments. Some of this effect might be
due to the formation of non-stoichiometric layers on the surfaces of the dissolving feldspars
(c.f. Chou and Wollast, 1985) or by a decrease in the reactive surface area as the mineral
dissolves (c.f. Kohler et al., 2005). Another explanation for differences in measured rates can
be the composition of the plagioclase samples. The albite used by Chou and Wollast (1985)
and Knauss and Wolery (1986) was collected from Amelia, Virginia, USA, and had an An
content of 1.5 to 3% whereas that used in the individual experiments reported in this study

was collected from Ontario Canada and had 9% An content. Other possible reasons for the
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observed differences in measured rates include differences in surface area measurements,

mineral preparation methods, and degree of heterogeneity of the studied plagioclase.

3.5.2 Stoichiometry of metal release during plagioclase dissolution.

One noteworthy observation in this study is that Si appears to be released at slightly
faster rates than Al from all plagioclases at pH>9 throughout our experiments as seen in Fig.
5. A preferential release of Si at basic conditions suggests the formation of an Al-rich surface
layer or secondary phase during these experiments. Geochemical calculations performed
using the PHREEQC computer code suggests that gibbsite and diaspore are close to
equilibrium during the experiments performed in alkali conditions and supersaturated in
experiments performed at near to neutral conditions. No secondary phases are evident in
SEM images of the grains recovered after each experiment. Nevertheless, as the Si to Al
release ratios suggest that Al was retained in the solid phase, and Al-hydroxide phases readily
precipitate from supersaturated aqueous solutions (e.g. Hellmann, 1995; Hellmann and
Tisserand, 2006), their precipitation during the experiments at basic conditions cannot be
excluded. A potential reason why Si rates appear to decrease with time during some of the
experiments performed at basic pH is due to the blocking of plagioclase surfaces by
secondary Al-rich phases. The formation of Al-rich phases may be promoted in cases where
the bulk fluid is slightly undersaturated by secondary Al-hydroxide growth along exsolution
boundaries where slow transport rates may increase fluid saturation states locally (i.e.

Hellmann, 1995; Putnis and Putnis, 2007).

An alternative explanation for the retention of Al in the solid phase during plagioclase
dissolution at basic conditions is the preferential Si release during the dissolution experiment.
This explanation, however, is inconsistent with the results of albite surface titration
experiments that indicate that Al is preferentially removed from albite during its initial
dissolution (c.f. Oelkers et al., 2009), and the observation that the relative Si to Al release rate
tends to be independent of time in most of the experiments performed at basic conditions in

this study.
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3.5.3 Quantitative description of plagioclase dissolution rates as a function of anorthite
content and aqueous fluid composition

The creation of a consistent set of dissolution rates spanning a wide range of plagioclase
compositions and pH enables retrieval of equations that can quantitatively describe these
rates. A critical question is determining the degree to which plagioclase dissolution occurs
via the dissolution of a single phase or two distinct end members, one albite and another
anorthite rich. The latter assumption has been adopted in a number of geochemical
modelling studies (e.g. Johnson et al., 1998, Gaus et al., 2005; Xu et al., 2005), and assumes
that the dissolution rates of intermediate plagioclase can be assumed to be a linear
combination of its end-members. A similar approach was used to describe the dissolution
behaviour of crystalline basalts (Gudbrandsson et al., 2011). Plagioclase dissolution rates at
acidic conditions, as shown in Fig. 6, however, exhibit a strongly non-linear dependence on
plagioclase composition, where rates increase dramatically with composition close to the
anorthite end-member. This strong non-linearity would only be consistent with the possibility
that plagioclase dissolved as two distinct end-member phases if the relative surface area of
the two distinct end-members varied hugely with plagioclase composition. As such, rates in
the present study were quantified assuming plagioclase dissolves as a single homogeneous

phase.

Logarithms of measured plagioclase dissolution rates based on Si release are depicted as
a function of the logarithm of the aqueous species activity ratio (afﬁ /a A13+) in Fig 8.
Several observations are apparent in this figure. First, the dissolution rates of the anorthite-
rich feldspars plot as a single linear function of (aa+ / aA13+), consistent with Eq. (11) at all
pH. It can be seen that the rates of all the plagioclases at basic conditions are consistent with
those of the plagioclase An89, for which a linear regression through the data points has been
added to Fig. 8b. The slope of the line passing through the anorthite-rich rates yields a value
of n of approximately -1/3, which itself is equal to that reported for albite at 150 °C and pH 9
by Oeclkers et al. (1994). Rates at acidic conditions depend significantly on plagioclase
composition, where the absolute values of the reaction order term n decreases systematically

with decreasing anorthite component. A similar decrease of the reaction order n at acidic
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conditions with increasing Si content of a solid was reported for the case of natural glasses by
Wolff-Boenisch et al. (2004). To a first approximation, the linear curves describing

plagioclase steady-state dissolution rates at acid conditions in Fig. 8a converge at a single

point of log (r+ /(mol/cm?*/s)) ~ -15.3 and log (a13_l+/aAlia+) ~-9.8.

An equation describing plagioclase dissolution rates at 22 °C can be obtained by

combining the observations summarized in Fig. 8 with Egs. (5) and (11) to yield for pH > 6

Log(ry/(mol/cm?/s)) = 0.35Log (a}+/ass+) — 11.53 (12)
and for pH <6
Log(ry/(mol/cm?/s)) = nacidLog(aer/aAlH) + 0.0334n% — 14.77 (13a)

where naciq refers to the value of the n generated from a linear fit of the slopes of the linear

correlations shown in Fig. 8b given by

Pacia = 0.004 An% + 0.05 (13b)

and An% represents the percent anorthite in the plagioclase solid solution. Note that Egs. (12)
and (13) account for the effects of the presence of various aqueous species on rates through

their affect on the activity of the aqueous AI’* species.

The degree to which Egs. (12) and (13) describe the measured plagioclase steady-state
dissolution rates can be assessed with the aid of Fig. 9. The average difference between
calculated rates and the 40 rates measured during the experiments run in series is 0.22 log
units. The corresponding difference between calculated and the 31 rates measured in the
individual experiments is 0.5 log units. It is evident that rates obtained from the experiments
run in series for approximately 75 hours are better described by these equations than those
obtained in the longer individual experiments, due to the better consistency of the former

dataset.

57



532

533
534
535
536
537
538
539
540
541
542
543

544

545

546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

Chapter 3 Gudbrandsson et al., 2013a

3.5.4 Effects in natural waters and regional metamorphism

The dissolution behaviour of primary minerals in basaltic rocks controls the availability
of cations for secondary mineral formation (Gislason and Eugster, 1987a; Neuhoff et al.,
2000; Fridriksson et al., 2001; Neuhoff and Ruhl, 2006; Rogers et al., 2006; Arnorsson and
Neuhoff, 2007). At acid conditions plagioclase dissolution rates increase with increasing
An% promoting Ca-rich secondary phase formation. At basic conditions the far-from-
equilibrium dissolution rates of all plagioclases are identical. It follows that, during the
weathering of basaltic terrains which results in high pH fluids, the cation availability reflects
the plagioclase composition (Gudbrandsson et al., 2011). This is evident in the low
temperature alteration of Iceland were the availability of Na, Ca, and Al results in the zeolites
phillipsite, thomsonite, and chabazite, and smectite clay layers (Walker, 1960;
Kristmannsdottir and Tomasson, 1978; Neuhoff et al., 2000; Fridriksson et al., 2001).

3.5.5 Consequences for subsurface carbon storage

Basaltic rocks are desirable targets for mineral carbon storage due to their high divalent
metal cation concentration (Oelkers et al., 2008; Assayag et al., 2009; Matter and Kelemen,
2009; Gislason et al., 2010; Matter et al., 2011). The dissolution of basalt by acidic CO,-rich
fluids both neutralizes the fluid and releases divalent metal cations. The released divalent
metals can promote mineral carbon storage through carbonate mineral precipitation. Much of
the divalent cations released by this process stems from anorthite-rich plagioclase dissolution.
The results presented in this study suggest that although the dissolution rates of the anorthite-
rich plagioclases decrease dramatically with increasing pH at acid conditions, these rates
minimize and increase with increasing pH at basic conditions. As such, divalent cation
release and basalt carbonation may be enhanced at elevated pH where Ca-release due to
plagioclase dissolution could promote calcite precipitation. This conclusion is consistent
with observations reported by Gudbrandsson et al. (2011) showing that the Ca percent of the
divalent metal cations released during the dissolution of crystalline basalt increases
continuously with increasing pH; at pH 11, >80% of the divalent metal flux stemming from
crystalline basalt dissolution was due to Ca release from plagioclase. Carbonation via calcite
precipitation at high pH conditions may be particularly favourable due to the low solubility of

carbonate minerals at these conditions.
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3.6 Conclusions

The results described above illuminate the dissolution behaviour of the plagioclase
feldspars as a function of their composition and fluid pH. Rates depend strongly on
plagioclase composition at acid conditions, where the dissolution rates increase with the
increasing anorthite content of the plagioclase. In contrast, at alkaline conditions plagioclase
dissolution rates are independent of its composition. Regression of the experimental results
generated in this study enabled generation of a simple equation describing plagioclase
dissolution rates. The success of this equation to describe rates over wide ranges of fluid
composition and plagioclase compositions suggests this equation can provide useful

dissolution rate estimates in a variety of natural and industrial systems.
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Figure captions.

Figure 1. SEM photomicrographs of anorthite (Ange, left) and albite (An, right) before
dissolution experiments (a, b), after experiments at acid conditions (c, d), and after
dissolution experiments at alkaline conditions (e, f). No secondary phases were observed and
the edges seem to be somewhat rounded by the dissolution.

Figure 2. Experimental design for the Parr™ Ti-reactor used in some of the individual
experiments performed in this study: a) inlet solution container, b) High Pressure Liquid
Chromatography (HPLC) pump, c) temperature and rotation speed control, d) stirring motor,
e) 300 mL Ti-reactor equipped with, from left, fluid inlet tube, thermocouple, magnetic
stirrer, and fluid outlet fixed with a 2 um Ti filter, f) outlet solution passes through a 0.2 um
cellulose acetate filter before sampling and ICP analysis, g) thermal insulation and furnace.

Figure 3. Steady-state plagioclase dissolution rates based on Si release for all experiments.
Open symbols represent rates obtained from experiments run in series for approximately 75
hours whereas filled symbols correspond to rates determined from individual experiments
that ran for more than 250 hours. The error bars correspond to 2 standard deviations of
steady-state rates based on Si concentrations.

Figure 4. Steady-state plagioclase dissolution rates based on Al release for all experiments.
Open symbols represent rates obtained from experiments run in series for approximately 75
hours whereas filled symbols correspond to rates determined from individual experiments
that ran for more than 250 hours. The error bars correspond to 2 standard deviations of rates
based on aluminium concentration at steady-state.

Figure 5. Ratio of plagioclase steady-state dissolution rates based on Al versus those based
on Si release. Open symbols represent rates obtained from experiments run in series for
approximately 75 hours, whereas filled symbols correspond to rates determined from
individual experiments that ran for minimum of 250 hours. The uncertainties on the ratios are
estimated to be 0.015 log units and are within the symbols in the figures.

Figure 6. Variation of measured plagioclase dissolution rates determined from experiments
run in series for approximately 75 hours as a function of plagioclase composition. Individual
plots groups results from within 0.3 pH units from those shown in the individual plots. The
error bars correspond to that of 2 standard deviations of steady-state plagioclase dissolution
rates based on Si concentrations.
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Figure 7. Comparison of measured plagioclase dissolution rates determined in this study with
selected values of plagioclases with comparable chemical compositions reported in the
literature. Open symbols represent rates obtained from experiments run in series for
approximately 75 hours, whereas filled symbols correspond to rates determined from
individual experiments that ran for more than 250 hours. The error bars correspond to 2¢ of
rates based on measured Si concentration.

Figure 8: Variation of the logarithm of plagioclase steady-state dissolution rates, based on Si
release, obtained from experiments run in series for approximately75 hours, as a function of

the logarithm of the aqueous fluid activity ratio (a,31+ /a Al_3+). Rates obtained at acidic and
i

alkaline conditions are shown in (a) and (b) respectively.

Figure 9. Comparison of measured steady-state plagioclase dissolution rates determined in
this study with corresponding rates calculated using Egs. (12) and (13). Open symbols
represent rates obtained from experiments run in series for approximately 75 hours whereas
filled symbols correspond to rates determined from individual experiments that ran for more
than 250 hours.
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Annex Captions:

Annex A: Temporal evolution of all plagioclase dissolution rates determined in the present

study based on Si release (r+.g;) reported in (mol/cm?/s). Open symbols represent rates
generated from experiments performed in series running for approximately 75 hours
each. The filled symbols correspond to rates obtained from individual experiments run
for minimum of 250 hours each. Dashed lines correspond to the final steady-state
values in each experiment. The error bars correspond to 2 standard deviations of the

steady state rates.

Annex B: Temporal evolution of all plagioclase dissolution rates determined in the present

study based on Al release (1) reported in (mol/cm?/s). Open symbols represent rates
generated from experiments performed in series running for approximately. 75 hours
each. The filled symbols correspond to rates obtained from individual experiments run
for minimum of 250 hours each. Dashed lines correspond to the final steady-state
values in each experiment. The error bars correspond to 2 standard deviations of the

steady state rates.

Annex C: Calculated saturation state of all steady-state reactive fluids with respect to the

62

indicated phases. Saturation states are negative if the mineral is undersaturated, but
positive if supersaturated. All saturation state values were calculated using the
PHREEQC computer code (Parkhurst and Appelo, 1999) using its lInl database together

with additions as noted in text.
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Table 1. Origin, chemical composition, and specific surface area of the plagioclases used in

this study.
Origin Chemical analysis BET General formula  Log K.
Mineral County, Country Ref. # of analysis An% o* (cm2 /9)
Albite® Virginia, USA 49-5851 35 16 0.6 911 Nag.g9Ca 01Al1 04Sizg70s  -20.15
Albite® Ontario, Canada 46 E 0233 41 8.9 41 1638 Nag g1Cag oAl 11Sir 5605  -20.10
Oligoclase® Ontario, Canada 49-5915 37 18.2 15 1124 Nag70Cag21Al1 21Si2760s  -20.05
Oligoclase® Ontario, Canada 46 E 5803 40 18.9 1.0 1159 Nag 76Cag 19Aly 19825105 -20.05
Labradorite® Oregon, USA Andesine 63 65.5 1.1 856 Nag3:Cagg6Al1 63Si2 3505  -19.96
Labradorite® Oregon, USA 49 E 5877 30 705 1.3 811 Nag 30Ca0.72Al 69Siz 2009  -19.97
Bytownite® Minnesota, USA 49 E 5859 35 75.5 3.2 1611 Nag24Cag77Al1 73812505  -19.98
Bytownite” Hrappsey, lceland Anorthosite 161 776 2.1 5310 Nag23Cag70Al1 718i250s  -19.17
Arorthite™* Pacaya, Guatemala  NMNH#122261 28 88.8 32 944 Nag 13Cag s7Al 835121405  -19.70

@ Used in experiments that were run in series
® Used in individual experiments

¢ Sample from The Smithsonian

" Standard deviation
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1061  Table 2. Chemical composition of the plagioclases used in this study as determined by
1062  microprobe analysis.

Albite’ Albite?>  Oligoclase’ Oligoclase?® Labradorite' Labradorite?> Bytownite! Bytownite? Anorthite

Wt % oxide

Sio, 67.5 65.1 62.7 63.1 51.0 497 48.5 485 46.4
AlLO; 20.0 212 231 228 30.1 31.0 316 31.3 33.6
Fe,O5 0.0 0.0 0.07 0.0 0.5 04 0.47 0.67 0.63
CaO 03 1.9 4.44 4.0 134 145 154 15.9 17.6
Na,O 116 10.5 9.23 9.1 3.9 33 272 251 1.47
K0 0.14 0.10 0.37 0.4 0.1 0.1 0.08 0.05 0.03

" Used in experiments run in series
1063 2 Used in experiments run individually
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1084  Table 3. Compositions of inlet fluids used in this study.

pH HCI NH,OH  NH,CI
mmol/kg mmol/kg mmol/kg
2 11.0 0 0
3 1.05 0 8.90
4 0.10 0 9.89
5 0.01 0 9.97
8 0 0.51 10.0
9 0 5.1 9.99
10 0 50.9 9.85
1085 11 0 510 8.88
1086
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1087  Table 4. Experimental results of all dissolution experiments run as series in polyethylene
1088  reactors for approximately 75 hours. Rates obtained from experiments that adhere to the
1089  steady-state criteria are noted in bold font.

Exp. pH Flow rate Surface area Cg Cca Cna Cal Al/Si  log Tpiag,si,8eT 108 Fpiag,alBeT
number g/min cm’ mol/kg *10° mol/kg *10° mol/kg *10® mol/kg *10° mol/ecm?/s mol/cm®/s

Ab-acid-5 4.8 2.48 3107 0.18 0.13 D.L. 0.12 1.97 -15.10 -14.80
Ab-acid-4 3.7 2.44 3107 0.33 0.05 D.L. 0.18 1.53 -14.84 -14.66
Ab-acid-3 2.6 2.43 3107 0.36 0.06 D.L. 0.21 1.69 -14.80 -14.57
Ab-acid-2 1.8 2.38 3107 0.91 0.25 D.L. 0.64 2.02 -14.41 -14.10
Ab-alk-8 7.9 2.45 3107 0.27 3.30 0.07 0.12 1.29 -14.92 -14.81
Ab-alk-9 8.7 2.41 3107 0.50 0.53 0.06 0.13 0.76 -14.66 -14.78
Ab-alk-10 10.1 2.45 3107 1.29 0.24 0.78 0.31 0.69 -14.24 -14.41
Ab-alk-11 11.3 2.40 3107 8.86 0.68 2.11 0.25 0.08 -13.42 -14.51
Ol-acid-5 5.0 2.07 3990 0.73 1.60 D.L. 0.12 0.38 -14.64 -15.06
Ol-acid-4 4.0 2.70 3990 0.70 0.27 D.L. 0.09 0.31 -14.55 -15.06
Ol-acid-3 3.0 2.69 3990 0.76 1.01 D.L. 0.14 0.43 -14.51 -14.88
Ol-acid-2 2.0 2.68 3990 1.20 0.78 D.L. 0.39 0.75 -14.32 -14.44
Ol-alk-8 7.6 2.42 3923 0.30 0.66 1.04 0.07 0.51 -14.96 -15.25
Ol-alk-9 8.7 2.55 3923 0.34 0.32 0.47 0.06 0.42 -14.88 -15.26
Ol-alk-10 10.3 2.54 3923 1.31 0.66 0.65 0.12 0.22 -14.30 -14.96
Ol-alk-11 111 2.52 3923 5.92 1.71 1.75 0.07 0.03 -13.64 -15.20
La-acid-5 5.0 2.34 3030 0.72 0.56 0.07 0.15 0.30 -14.41 -14.93
La-acid-4 4.1 2.42 3030 1.07 0.60 D.L. 0.53 0.70 -14.22 -14.38
La-acid-3 3.0 2.45 3030 2.37 2.02 0.11 2.97 1.75 -13.87 -13.62
La-acid-2 2.0 2.44 3030 8.65 8.27 2.27 15.9 2.58 -13.31 -12.90
La-alk-8 7.6 2.52 3099 0.41 1.22 0.68 0.17 0.57 -14.62 -14.86
La-alk-9 8.6 2.60 3099 0.42 0.82 0.57 0.18 0.61 -14.60 -14.82
La-alk-10 10.3 2.62 3099 1.84 2.35 0.72 0.41 0.31 -13.96 -14.47
La-alk-11 11.0 2.55 3099 4.88 0.99 1.43 0.56 0.16 -13.55 -14.35
By-acid-5 5.0 2.64 5655 1.19 0.75 0.48 0.24 0.26 -14.38 -14.97
By-acid-4 4.1 2.78 5655 7.41 2.07 1.47 5.13 0.90 -13.57 -13.61
By-acid-3 3.0 2.76 5655 213 9.84 4.83 16.8 1.02 -13.11 -13.10
By-acid-2 2.0 2.70 5655 51.7 221 8.88 50.1 1.26 -12.74 -12.64
By-alk-8 7.6 2.33 5558 0.44 51.5 1.05 0.09 0.25 -14.86 -15.46
By-alk-9 8.7 2.37 5558 0.60 9.44 0.71 0.27 0.58 -14.73 -14.96
By-alk-10 10.3 2.18 5558 2.20 4.30 1.14 0.71 0.42 -14.19 -14.57
By-alk-11 11.2 2.54 5558 5.93 2.70 1.67 0.64 0.14 -13.70 -14.55
An-acid-5 4.9 2.35 3313 0.44 0.22 D.L. 0.25 0.66 -14.62 -14.80
An-acid-4 3.7 2.35 3313 4.06 1.76 0.03 3.53 1.01 -13.65 -13.64
An-acid-3 2.6 2.40 3313 34.5 14.1 0.68 28.6 0.97 -12.71 -12.72
An-acid-2 1.8 2.36 3313 160 64.8 6.20 133 0.97 -12.05 -12.06
An-alk-8 7.8 2.41 3191 0.34 0.03 0.02 0.23 0.78 -14.70 -14.80
An-alk-9 8.7 2.38 3191 0.61 0.09 1.00 0.38 0.72 -14.45 -14.59
An-alk-10 10.1 2.36 3191 1.60 0.44 0.62 0.80 0.58 -14.04 -14.27

1090 An-alk-11 11.3 2.34 3191 7.75 1.25 2.20 0.78 0.12 -13.35 -14.28
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Table 5. Experimental results of all dissolution experiments run individually for more than
250 hours in titanium mixed flow reactors. Rates obtained from experiments that adhere to
the steady-state criteria are noted in bold font.

Exp. pH Flow rate Surface area Cg Cca Cna Cal Al/Si  log Ypiag,si,seT 108 piag Al BeT
number g/min cm’ mol/kg *10° mol/kg *10° mol/kg *10® mol/kg *10° mol/cm?/s mol/cm?®/s
Ab-2 2.04 2.04 6044 2.35 1.13 D.L. 1.69 1.87 -14.34 -14.07
Ab-3 2.74 1.94 5635 5.52 0.92 7.38 4.66 2.20 -13.96 -13.62
Ab-4 3.80 2.09 5799 0.82 0.26 0.33 0.90 2.87 -14.77 -14.31
Ab-4r 4.22 0.77 8206 6.77 3.03 4.39 6.80 2.62 -14.44 -14.02
Ab-8 8.37 2.38 5717 0.19 0.68 1.13 0.52 7.01 -15.33 -14.48
Ab-8r 8.15 0.93 7781 2.07 0.67 D.L. 1.51 1.90 -14.85 -14.57
Ab-9 9.17 2.45 6044 1.16 1.07 1.03 0.37 0.82 -14.57 -14.65
Ab-10 10.00 2.34 5733 3.61 1.28 1.80 0.46 0.33 -14.07 -14.55
0l-2 2.01 1.68 5123 2.00 0.79 D.L. 1.32 1.56 -14.41 -14.22
0l-3 2.95 1.77 5795 1.04 0.76 D.L. 1.11 2.54 -14.73 -14.32
Ol-4 3.76 0.80 5795 0.66 0.21 D.L. 0.33 1.20 -15.27 -15.19
0Ol-9 8.60 1.02 5818 0.39 0.94 D.L. 0.28 1.70 -15.39 -15.16
0Ol-10 10.03 1.75 4949 0.43 0.76 D.L. 0.34 1.86 -15.04 -14.77
ol-11 11.06 1.79 5007 3.96 0.59 D.L. 0.06 0.03 -14.08 -15.54
La-2 2.10 1.74 3236 6.22 5.73 2.35 12.5 2.72 -13.61 -13.18
La-3 2.95 1.69 3236 1.16 1.59 D.L. 2.07 2.43 -14.36 -13.97
La-4 4.22 0.84 4063 1.64 0.94 D.L. 1.37 1.13 -14.61 -14.55
La-9 8.71 1.26 3714 0.14 142 D.L. 0.30 2.93 -15.47 -15.00
La-10 10.13 1.75 3349 0.75 0.72 D.L. 0.31 0.57 -14.54 -14.79
La-11 10.77 1.67 3536 2.75 1.45 D.L. 0.06 0.03 -14.02 -15.57
By-2 2.06 2.05 19544 136 60.4 16.4 136 1.31 -12.98 -12.86
By-3 2.83 2.20 18744 12.1 5.49 0.74 12.4 1.35 -13.98 -13.85
By-4 3.76 2.11 19010 3.87 1.63 D.L. 2.86 0.97 -14.50 -14.51
By-8 8.41 2.36 18691 0.27 1.01 1.26 0.22 1.05 -15.59 -15.57
By-9 9.16 2.51 19859 1.27 1.77 1.15 0.33 0.34 -14.92 -15.39
By-10 10.02 2.46 18638 4.73 1.96 1.91 0.40 0.11 -14.34 -15.29
An-3 3.12 2.48 3616 85.1 34.7 4.88 70.7 0.97 -12.34 -12.35
An-4 4.14 2.59 3861 10.5 4.48 0.87 8.66 0.97 -13.26 -13.28
An-5 5.09 2.62 3493 0.74 0.51 2.33 0.53 0.84 -14.37 -14.44
An-9 9.03 2.53 3776 0.79 0.10 0.49 0.38 0.56 -14.38 -14.63
An-10 10.15 2.53 3776 1.93 0.81 D.L. 0.55 0.33 -14.00 -14.48
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4  Chapter

Precipitation of gibbsite at pH 11 at 22°C and pH 9 at
80 °C as a function of saturation degree

Snorri Gudbrandsson, Vasileios Mavromatis, Eric H. Oelkers

(To be submitted upon completion of work)
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Abstract

Gibbsite growth rates were measured in closed system reactors at pH 11 and 25 °C,
and pH 9 at 80 °C and 0.01M ionic strength. The experiments were carried out at close-to-
equilibrium conditions and reported as a function of fluid saturation state. Initial reactive
fluids were made of an AICI; stock solution, using NaOH to adjust pH and NaCl to fix ionic
strength. Gibbsite seeds were placed in the reactors to initiate precipitation.

The rates of gibbsite growth, in accord with the reaction
APP" + 3H,0 <=> AI(OH); + 3H"

at pH 11 and 25 °C are consistent with

Tyzoc = 2.06 X 1071%(mol/m?/s) (A — 1)

and those at pH ~9 and 80 °C are consistent with

Tgoec = 1.24 X 1077 (mol/m?/s)(moy-) (Q — 1)

These results are coherent with previous studies reporting that gibbsite growth is proportional
to the reactive fluid saturation state, consistent with growth being controlled by the addition
of material to step sites on existing gibbsite seeds. Compared to the far from equilibrium
dissolution rates of plagioclases at basic pH suggests that sluggish gibbsite precipitation rates
could influence weathering processes at the close to neutral conditions typical of many
natural Earth surface environments.
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Precipitation of gibbsite at pH 11 at 22°C and pH 9 at 80°C.

. % . . . .
Snorri Gudbrandsson'?, Vasileios Mavromatis' and Eric H. Oelkers'*

'Geosciences Environment Toulouse (GET), CNRS, UMRS5563, Obeservatoire Midi-
Pyrenees, 14 Avenue Edouard Belin, 31400, Toulouse, France.

’Institute of Earth Sciences, University of Iceland, Sturlugata 7, 101 Reykjavik, Iceland

Abstract

Gibbsite growth rates were measured in closed system reactors at pH 11 and 25 °C, and pH 9
at 80 °C and 0.01M ionic strength. The experiments were carried out at close-to-equilibrium
conditions and reported as a function of fluid saturation state. Initial reactive fluids were
made of an AICl; stock solution, using NaOH to adjust pH and NaCl to fix ionic strength.
Gibbsite seeds were placed in the reactors to initiate precipitation.

The rates of gibbsite growth, in accord with the reaction
AP+ 3H,0 <=> AI(OH); + 3H"

at pH 11 and 25 °C are consistent with

Tapoc = 2.06 X 1071%(mol/m?/s) (A — 1)

and those at pH ~9 and 80 °C are consistent with

Tgooc = 1.24 X 1077 (mol/m?/s)(moy-) (L — 1)

These results are coherent with previous studies reporting that gibbsite growth is proportional
to the reactive fluid saturation state, consistent with growth being controlled by the addition
of material to step sites on existing gibbsite seeds. Compared to the far from equilibrium
dissolution rates of plagioclases at basic pH suggests that sluggish gibbsite precipitation rates
could influence weathering processes at the close to neutral conditions typical of many
natural Earth surface environments.

Keywords: Gibbsite, Precipitation kinetics, chemical weathering, crystal growth, clay

minerals, aluminohydroxide
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4.1 Introduction

During the weathering of rocks and/or minerals, dissolution/precipitation reactions
proceed slowly, normally at close to equilibrium conditions. In laboratory experiments
however, the rates are usually measured at far from equilibrium conditions because at such
conditions the rates are faster and thus easier to measure. This study was designed to measure
gibbsite growth rates as a function of distance from equilibrium in an attempt to bridge this

knowledge gap.

Gibbsite is an aluminium hydroxide (Al(OH);) that is a common secondary mineral in
soils (Chadwick et al., 2003). It is also present in large bauxite deposits, the main source of
aluminium ore. Its formation in nature is attributed to the weathering of feldspars in warm
and humid areas, so that the Si from the feldspars is leached out of the system and gibbsite

remains. The weathering of plagioclase feldspars to gibbsite can be described by:

NaAlSiz0q + H* + 7THy0 = AL(OH)3(s) + 3H,ySi04aq) + Natsy, (1a)
and
CaAl,Si 05 + 2H* + 6H,0 = 2A1(0H)3(5) + 2H,Si04aq) + Caliy (1b)

for the albite and anorthite endmembers, respectively.

The mineralogy of the secondary aluminium phases is controlled by external factors
including humidity and temperature, as seen in Hawaiian weathering products, where the

weight percentage of secondary aluminium phases are smectite > kaolinite > gibbsite with
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increasing rainfall, suggesting that the rainfall controls Si leaching from soils (Sherman,

1952; Sherman and Uehara, 1956; Hay and Jones, 1972).

Numerous studies of the weathering of plagioclases into aluminium rich secondary
phases such as gibbsite are available in the literature (e.g. Bricker and Garrels, 1967,
Helgeson et al., 1969; Berner and Holdren Jr, 1979; Helgeson et al., 1984; Berner et al.,
1985; Berner and Berner, 1996, Chadwick et al., 2003). Additional efforts have been made to
understand the behaviour of gibbsite precipitation in the laboratory, both directly and as it co-
precipitates with kaolinite, boehmite or diaspore (Nagy and Lasaga, 1990; 1992; Verdes et
al.,, 1992; Nagy and Lasaga, 1993; Nagy et al., 1999; Bénézeth et al., 2008; Wang et al.,

2010).

Annually, more than 160 million tons of bauxite is mined for aluminium production
globally, making it one of the most important industrial metals. Aluminium production has
increased rapidly since 1950. This increase can be attributed to the metal’s light weight,
relative toughness, recyclability, and durability. Over the last decade, the emission of
greenhouse gases (i.e. CO,, NO,, CH4) has become of increasing concern due to their effect
on Earth’s climate. It is thus a scientific challenge to find ways to reduce the emission of
these gases into the atmosphere. Making airplanes and automobile from a lighter material
makes the vehicles more energy efficient and releases less CO, into atmosphere. Aluminium
is extracted from bauxite industrially by the Bayer and the Hall-Heroult process (Hind et al.,
1999) wherein one of the steps is gibbsite precipitation. As such a considerable effort has
been made to understand gibbsite’s reactivity during the Bayer process (e.g. Hind et al., 1999;

Verdes et al., 1992).

In this study, closed system experiments were performed at alkaline pH as a function of

reactive fluid saturation state to quantify gibbsite growth rates. One motivation for this work
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is the improved understanding of the plagioclase weathering process; in particular to
determine the rate limiting processes controlling gibbsite formation from plagioclase during

natural Earth surface processes.

4.2 Theoretical background

The standard state adopted in this study is that of unit activity of pure minerals and H,O
at any temperature and pressure. For aqueous species other than H,O, the standard state is
unit activity of species in a hypothetical one molal solution referenced to infinite dilution at
any temperature and pressure. All thermodynamic calculations reported in this study were
performed using the PHREEQC computer code (Parkhurst and Appelo, 1999). Several
available databases were used in these calculations, as explained below.

The gibbsite structure consists of octahedrally co-ordinated Al’* ions with every third
spot in the octahedral structure left vacant (Drever, 1997). The dissolution/precipitation of
gibbsite can be described by the reaction:

Al(OH); + 3H" « AI’" + 3H,0 )

For which the law of mass action is given by

Keq = A313+ 3)

where K., represents the equilibrium constant for gibbsite and a; refers to the activity of ith
aqueous species. The chemical affinity for reaction (2), Agibbsite can be expressed as

Agippsite = RTIn (KEZ:#H) = RT Inf (4)

Ht

where R designates the gas constant, 7" signifies absolute temperature, and (2 refers to the
saturation degree of the fluid with respect to gibbsite (2=K.,/Q, where O symbolizes the

reaction quotient).
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Experiments were performed in this study using closed-system reactors. Gibbsite growth
rates (7) are calculated from these experiments using

aca (v,
r = Al < reactor) (5)
Otsec \ABETMyg
AC 41 . . . .. . . .
where represents the rate change in reactive fluid aluminium concentration with time,

sec

Vreactor refers to the reactor fluid volume at the time of sampling, Azezr denotes the specific

surface area in m?/g, and my,designates the mass of gibbsite seeds placed into the reactor. The

oC,
ot

value of in Eqn. 5 is calculated directly from a fit of measured reactive fluid

concentrations (see below).

The variation of mineral growth rates with the saturation state of its co-existing fluid

phase is commonly described using

r=r-1" (6)

r+ represents the forward reaction rate constant, which may itself depend on the fluid
composition (e.g. Saldi et al., 2009; Saldi et al., 2012). The parameter n in Eqn. (8) is often
related to the precipitation mechanism. It has been argued that, for elementary reactions, n =
1 is consistent with transport or adsorption controlled growth on existing mineral surfaces
and n = 2 is consistent with a spiral growth mechanism. If growth is controlled by surface
nucleation, rates tend to vary as an exponential function of saturation state, i.e. n > 2 (Gratz et
al., 1993; Nielsen, 1964; Nielsen, 1984; Shiraki and Brantley, 1995; Teng et al., 2000). As
emphasized by Temkin (1963), however, the chemical affinity of an overall reaction needs to
be normalized to that of the elementary reaction to accurately use reaction orders based on
these elementary reaction mechanisms. As can be observed from Eqn. 2, each mole of
gibbsite contains one mole of Al. It seems likely, therefore, that the elementary reaction for

gibbsite precipitation contains one mole of aluminium.

4.3 Methods and materials

Gibbsite powder was acquired commercially from Riedel-De Haen AG in Seelze,

Hannover (Benezeth, 2008). The gibbsite powder was washed in ultra pure H,O (18.2 MQ
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cm) prior to the experiments and dried for 48 hours at 50 °C. The gibbsite powder was
analyzed by X-ray Diffraction (XRD) using an INEL CPS 120 Coxka diffractometer, with a
scanning speed of 0.02° per second, both prior to and after experiments. The resulting
diffraction patters are shown in Fig. 1, and compared to well crystallize gibbsite powder.

A photomicrograph obtained using a JEOL JSM-6360LV Scanning Electron Microscope
(SEM) of the gibbsite powder is shown in Fig. 2a and Fig 3a. The gibbsite grains are
relatively clean and the trenches between the octahedral structures are free of particles. The
surface area of the cleaned gibbsite was determined to be 0.1254 m*/g £10% using an 11
point Krypton adsorption using a Quantachrome Gas Sorption system and the BET method
(Brunauer et al., 1938).

Experiments were performed in closed system reactors, using acid-washed
polypropylene Nalgene© vessels, as described by Roncal-Herrero and Oelkers (2011).
Experiments were initiated by placing from 2.57 to 4.55 g of gibbsite powder into the reactor
and then adding ~500 mL of the initial reactive fluid. The reactors were then closed and
sealed with Teflon tape to avoid evaporation.

Two distinct experimental series were carried out. R-series was performed at 22 °C and
pH 11 and H-series was performed at 80 °C and pH 9. The initial reactive fluids were
prepared by adding Merck aluminium chloride to 18 Q cm™' Milli-Q water. NaOH was
added to this solution to fix pH and NaCl was added to fix the ionic strength at 10 mM. For
each experiment, the initial reactive fluid was supersaturated with respect to gibbsite. The
saturation states of the inlet fluids were set to be 2x, 5x, 10x and 25x higher than gibbsite
solubility. The compositions of these fluids were calculated using PHREQC 2.17.4799
(Parkhurst and Appelo, 1990). The fluid compositions are provided in Table 1.

The reactors were placed on a shaking table at 22 °C or into a custom made temperature

controlled shaking bath with an automatic water level control at 80 °C. The reactors were
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sampled regularly through a 0.22 um cellulose acetate filter using syringes. Prior to sampling,
the reactors were removed from the shaking equipment and solids allowed to settle. Part of
the reactive fluid sample was used to measure pH at 25°C using a 713 Metrohm pH meter
coupled to a Mettler Toledo Inlab® 422. The remaining fluid sample was acidified
immediately with 30ul of 16 M bi-distilled HNOs; prior to Al analysis. Reactive fluids were
analyzed for aluminium via flame Atomic Absorption Spectroscopy (AAS) using a Perkin
Elmer AAnalyst 400. The reproducibility was 4 percent for Al concentrations greater than

4x10™ mmol/L, but on the order of +10 percent for lower concentrations.

4.4 Results

Figure 1 displays the XRD results for all experiments, displayed together with the
corresponding initial gibbsite seed XRD pattern. As can be seen, there are no changes in the
XRD-pattern during the experiments, indicating that gibbsite is the only mineral phase
present in all experiments, or that if alternative minerals have precipitated they comprise less
than ~3% volume percent of the total solid.

Photomicrographs of the gibbsite prior to and after the 22 °C experiments can be seen in
Fig. 2. The initial gibbsite is shown in Fig. 2a and Fig. 2b — 2f display the SEM
photomicrographs from experiments R1 — RS respectively. Precipitation is apparent on solids
recovered from all experiments. Most growth appears to have been located in the “trenches”
between the octahedral crystals of the initial powder. The same can be seen in Fig. 3 where
photomicrographs of the gibbsite prior to and after the 80 °C experiments are displayed. The
SEM photomicrographs show clear evidence of a precipitated phase in all experiments.

The temporal evolution of reactive fluid Al concentrations during all the experiments
performed in this study is presented in Fig. 4 and Annex A. Reactive fluid Al concentrations

decrease continuously in each experiment. Experiments R1, H6, and H7 had the lowest initial
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Al concentrations, and were just barely supersaturated with respect to gibbsite. Experiments
H6 and H7 had not attained a steady-state Al concentration (Fig. 4) nor did they have
constant pH prior to stopping the experiment (see below and Fig 5). All other experiments
had attained a steady state Al and pH prior to the end of the experiment.

The fluid concentrations shown in Fig. 4 were used to calculate gibbsite growth rates as a
function of fluid composition using Eqn. (5). To overcome ambiguities associated with the
minor analytical scatter apparent in Fig. 4 measured Al concentrations were fit to
Car= Cas,0 —aexp (-bt) (7
where Cuj0 refers to the concentration of Al at the beginning of the experiment, respectively,
and « and b represent fit parameters and t is time in hours. The measured values of Al
concentration and pH as a function of time are provided in Annex A; corresponding
calculated values are provided in Annex B. Resulting fit parameters are listed in Table 2. A
comparison of fit and measured Al concentrations for all experiments is provided in Fig. 4.

The temporal evolution of pH in all experiments is shown in Fig 5. During experimental
series R- at 22 °C, the pH is stable during all experiments with the possible exception of the
last 1000 hours of R1 (see Figure 5a). The fluctuations in the pH observed in all experiments
are comparable and are likely within the uncertainties of the measurements. The pH in H-
series is not as stable as for R-series, and the pH in the two experiments with the lowest
initial Al concentration dropped significantly after 3000 hours. It is worth mentioning that
after 4000 hours some of the reactor lids opened slightly, but there was no evidence of
evaporation from the reactors. The observed stability in pH could be due to the influence of
atmospheric CO; on reactive fluid compositions.

The time derivative of Eqn. (7) was determined analytically and used generate &.

These values were then used together with Eqn. (5) to generate rates. Resulting rates are
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shown as a function of saturation state ({2-1) in Fig. 6. In both the R-series and the H-series,
growth rates increase linearly with increasing saturation state and are thus consistent with
previous gibbsite precipitation studies (Nagy and Lasaga, 1992; Nagy et al., 1999; Bénézeth
et al., 2008).

The symbols in Fig. 6 display measured gibbsite growth rates at as a function of (Q2-1),
the degree of fluid supersaturation at pH 11 and 22 °C and pH 9 at 80 °C. The line passing
through the results from 22 °experiments in Fig 6a is consistent with
Tapoc = 2.06 X 1071%(mol/m?/s) (A — 1) (8a)

As the pH differed somewhat among the experiments performed at 80 °C, it is possible to
assess the effects of pH on these rates. The lines drawn through the measured rates in Fig 6b
are consistent with

Tgooc = 1.24 X 1077 (mol/m?/s)(moy-) (@ — 1) (8b)

4.5 Discussion

The results from this study, shown in figure 6, indicate that measured Al concentrations
are consistent with the linear rate equation presented above (Eqn. 6) where n=1. Such
behaviour is consistent with gibbsite growth occurring via the attachment of material on steps
present on existing gibbsite surfaces. These results are in agreement with Bénézeth et al.
(2008) who suggested that the precipitation of gibbsite, measured using surface relaxation
techniques at pH 10.3 — 8.4, can be described using Eqn. (6) at 50°C and pH between 8.2-9.7
and 4G, 0.7-3.7 kJ mol”.

Various thermodynamic databases report different equilibrium constants for the gibbsite
solubility reaction. Some of these constants are illustrated as a function of pH in figures 7a
and 7b. It can be seen that the various databases yield equilibrium constants for the Reaction
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2 that range over approximately an order of magnitude at both 22 and 80 °C. Gibbsite
solubilities generated in this study appear to be most consistent with the minteq database for

experiments at 22 °C and wateq4f database at 80 °C.

4.5.1 What controls feldspar dissolution rates during weathering?

I’ in the

As mentioned above, the feldspars are thought to be the primary source for A
weathering process because their abundance in the Earth’s crust (Nesbitt and Young, 1984) as
well as for their relatively high weathering rates (Gudbrandsson et al., 2011). A number of
past studies suggested that the relatively slow rates of clay mineral precipitation could limit
the overall rates of this reaction (Emmanuel and Ague, 2011; Ganor et al., 2007; Maher et al.,
2009; Zhu, 2005; Zhu and Lu, 2009). At steady-state, reaction (la) requires that the rate of
gibbsite precipitation three times more rapid than the rate of albite dissolution. Gibbsite
precipitation rates from this study and measured plagioclase dissolution rates, at far from
equilibrium as reported by Gudbrandsson et al. (submitted 2013) are compared in Fig. 8.
Note the precipitation rates of gibbsite are measured at mildly supersaturated conditions
(€2<3) while the dissolution rates of plagioclases are at far from equilibrium (Q<1*10'20). It
can be seen in this figure that gibbsite precipitation rates are similar to those of plagioclase at
pH 11. Gibbsite precipitation rates, however, decrease faster with decreasing pH than those
of plagioclase. As such gibbsite precipitation rates are likely far slower than those of
plagioclase at the closer to neutral conditions, typical of Earth surface weathering. It seems
likely therefore that the slow rates of gibbsite precipitation, at least influences plagioclase
weathering rates at near to neutral conditions. This slowing, may, however be mitigates

somewhat if the surface area of the secondary gibbsite is far greater than that of the

dissolving plagioclase, as rates are proportional to these surface areas.
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During plagioclase and crystalline basalt dissolution experiments (Gudbrandsson et al
2011, submitted) the reactive fluids are supersaturated, or close to equilibrium with respect to
gibbsite at intermediate pH and up to pH 9. Although the reactive fluids in these dissolution
experiments are supersaturated with respect to gibbsite, no aluminium rich phases were
detected on the surface of the solids from those experiments using SEM and SEM-EDS. This
indicates that although gibbsite appears to readily grow at the near to equilibrium conditions
considered in this study, its nucleation may be sluggish preventing its precipitation, at least

over the short term in some systems.

4.6 Summary

Measured gibbsite growth rates in seeded experiments at 25 °C and pH 11, and 80 °C
and pH ~9 are found to vary linearly with the saturation state of the reactive aqueous fluid.
This observation suggests that gibbsite growth in these experiments proceeded by the direct
incorporation of Al to step sites available on the seeds. This suggestion, consistent with the
results of some previously reported studies, was confirmed by SEM analysis of post
experiment solids. Measured gibbsite growth rate constants are similar to those of
plagioclase dissolution at pH 11 and 25°C, but decrease more rapidly with decreasing pH.
These observations suggest that sluggish gibbsite precipitation rates could influence
weathering processes at the close to neutral conditions typical of many natural Earth surface

environments.
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Figure captions:

Figure 1  X-Ray powder diffraction pattern of the gibbsite used in this study, prior to and
after each experiment compared the gibbsite reference powder diffraction pattern.

Figure 2  SEM images of the gibbsite powder before and after experiments at 25 °C. Figure
la, displays the gibbsite prior to experiments. Figures 1b-1f show the gibbsite
after experiments at 25 °C (R-series) from low supersaturation (b) increasing to
high supersaturation (f). In figure a, small particles can be seen on big gibbsite
crystals, with the “trenches” clean and no precipitation or dissolution features. At
low supersaturation (b) there are likely some dissolution forms on the edges but
also gibbsite has accumulated in the trenches. With increasing supersaturation,
figures c-f, the dissolution features are not found but the grains found on the
gibbsite crystals increase in size with increasing supersaturation.

Figure 3  Gibbsite powder before and after experiments at 80 °C. Figure 2a displays the
gibbsite prior to experiments. Figures 1b-1f show the gibbsite after experiments at
80 °C (series H) from low supersaturation (b) increasing to high supersaturation
(). In Fig a, small particles on big gibbsite crystals, with the “trenches” clean and
no precipitation or dissolution features. At low supersaturation (b) there are no
visible precipitation nor dissolution features. With increasing supersaturation,
figures c-f, the precipitation increases and the grain size as well as in experiments
at 25°C.

Figure 4  The reactive fluid Al concentrations of all experiments plotted against elapsed
over time. Plots on the left display Al concentrations of R-series and plots on the
left from H-series. The filled circles represent measured Al concentrations and the
solid lines represent the fit of these results to Eqn. (7). Aluminium concentration
decrease with time in all experiments. All attain a steady state, with the exception
of experiments R1, H6, and H7.

Figure 5 The temporal reactive fluid pH evolution during all experiments. The left figure
shows results of the R-series and the right figure the H-series. The filled circles,
open circles, filled triangles, open triangles and filled squares represent
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Figure 6

Figure 7

Figure 8

200

experiments from low saturation to high, respectively. In R-series experiments at
22 °C, the pH variation is within analytical uncertainty. In H-series experiments
at 80 °C, experiments at low saturation show a pH that systematically decreases
with time.

The precipitation rates from gibbsite experiments as a function of reactive fluid
saturation state. Figure 6a displays the rates from R-series and figure 6b displays
the rates from H-series experiments. The symbols represent measured rates,
whereas the lines correspond to a fit of these data consistent with Eqns. (8a) and
(8Db).

Solubility of gibbsite at 25 and 80 °C and 0.01M ionic strength, as a function of
pH figure a and b respectively. The curves display the saturation curve calculated
using the denoted databases. The disagreement between the databases is constant
between temperatures as the Llnl database and the Minteq, with the Phreeqc
database between. The symbols represent the final steady state Al concentrations
of the reactive fluids in this study. At 22°C these steady states are consistent
with the Minteq database but at 80 °C these steady-states are consistent with the
Phreeqc database.

Rates of plagioclase dissolution and gibbsite precipitation as a function of pH at
alkaline conditions and at 22 °C. The dissolution rates of plagioclases dissolution
are shown as open circles, but the precipitation rates of gibbsite are shown as
filled circles.
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474

475  Table 1. Experimental values at t=0 in each of the experiments, temperature (7), reactive
476  surface area of gibbsite seeds (m?), saturation degree () and pH.

Exp Inital values
# T°C m’ Q pH
R1 22 0.41 2.19 10.90
R2 22 0.41 3.55 10.88
R3 22 0.38 7.59 10.87
R4 22 0.37 13.8 10.92
R5 22 0.32 31.6 10.91
H6 80 0.57 1.23 9.38
H7 80 0.43 1.70 9.43
H8 80 0.38 3.63 9.39
H9 80 0.42 6.31 9.39
477 H10 80 0.40 12.9 9.38
478
479

480  Table 2. Fit parameters of concentration evolution as a function of time. The C4;0 stands for
481 the initial concentration at the beginning of experiments (mmol/kg), @ and b represent fit
482  parameters and R and R® stands for the quality of the fit.

Exp Cao a b R R
# mmol/kg  mmol/kg t**10"
R1 0.05 0.05 4 0.99 0.97
R2 0.06 0.10 14 0.99 0.98
R3 0.10 0.23 24 0.99 0.98
R4 0.15 0.52 27 1.00 0.99
R5 0.32 1.19 30 1.00 0.99
H6 -0.14 0.40 2 0.99 0.98
H7 0.05 0.31 4 0.97 0.94
H8 0.27 0.44 7 0.96 0.92
H9 0.54 0.74 12 0.97 0.93
483 H10 1.30 1.36 6 0.97 0.95

484
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Abstract

Kaolinite precipitation rates were measured in mixed flow reactors as a function of
fluid saturation state at pH=4 and 25 °C. In total 8 long-term precipitation experiments were
performed in fluids mildly supersaturated with respect to kaolinite, together with a known
quantity of cleaned low defect Georgia Kaolinite, KGa-1b, as seeds. The inlet fluids, one
aluminium and one silica rich, were added separately into the reactor at constant flow rates.

The kaolinite precipitation rates (Fiao1) from this study can be described using

I kao= 7.632x107* mol/m?/s*(Q-1)"%

where () refers to the fluid saturation state with respect to the precipitating kaolinite.

Elemental and mineralogic analyses of the solids suggest that the only phase present after
experiments is kaolinite, with two exceptions. In two cases, the post-experiment solids are Al
rich, suggesting precipitation of a gibbsite composition phase. Measured kaolinite
precipitation rates are relatively slow compared with plagioclase dissolution rates reported in
the literature. This observation suggests that kaolinite formation during weathering is limited
by its precipitation rates rather than by the availability of aqueous species sourced from

plagioclase dissolution.
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An experimental study of kaolinite precipitation kinetics as a function
of fluid saturation state at pH 4 and 25 °C

Snorri Gudbrandsson'?’, Vasileios Mavromatis', Quentin Gautier', Nicolas
Bovet’, Jacques Schott', Eric H. Oelkers'~

'Geosciences Environnment Toulouse (GET), CNRS, UMR5563, Observatoire Midi-Pyrenees,
14 Avenue Edouard Belin, 31400, Toulouse, France.

*Institute of Earth Sciences, University of Iceland, Sturlugata 7, 101 Reykjavik, Iceland
INano-Science Center, Department of Chemistry, University of Copehagen, Denmark.

ABSTRACT

Kaolinite precipitation rates were measured in mixed flow reactors as a function of fluid
saturation state at pH=4 and 25 °C. In total 8 long-term precipitation experiments were
performed in fluids mildly supersaturated with respect to kaolinite, together with a known
quantity of cleaned low defect Georgia Kaolinite, KGa-1b, as seeds. The inlet fluids, one
aluminium and one silica rich, were added separately into the reactor at constant flow rates.

The kaolinite precipitation rates (Fiao1) from this study can be described using

I o= 7.632x10™"* mol/m*/s*(Q-1)"%

where () refers to the fluid saturation state with respect to the precipitating kaolinite.

Elemental and mineralogic analyses of the solids suggest that the only phase present after
experiments is kaolinite, with two exceptions. In two cases, the post-experiment solids are Al
rich, suggesting precipitation of a gibbsite composition phase. Measured kaolinite
precipitation rates are relatively slow compared with plagioclase dissolution rates reported in
the literature. This observation suggests that kaolinite formation during weathering is limited
by its precipitation rates rather than by the availability of aqueous species sourced from

plagioclase dissolution.

Keywords: Kaolinite, Precipitation kinetics, chemical weathering, crystal growth, clay

minerals, aluminosilicates
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5.1 Introduction

This study focuses on the precipitation rates of kaolinite, a common silicate weathering
product; with a chemical formula that can be represented by Al,S1,0(OH),. The rates and
mechanism of kaolinite dissolution have been studied for almost 50 years (Polzer, 1965;
Carroll and Walther, 1990; Nagy and Lasaga, 1990; Nagy et al., 1991; Oelkers et al., 1994;
Ganor et al., 1995; Devidal et al., 1997; Huertas et al., 1999; Cama et al., 2002; Yang and
Steefel, 2008) while far fewer kaolinite precipitation rate measurements have been reported
(Nagy et al., 1991; Soong, 1992; Nagy and Lasaga, 1993; Devidal et al., 1997; Yang and
Steefel, 2008; Yang et al., 2009). Building upon these past studies, we have measured

kaolinite precipitation rates as a function of fluid saturation state at 25 °C and pH 4.

Kaolinite is among the most important minerals produced by weathering at the Earth’s
surface both due to its importance in soil and subsurface interaction with water (Yang and
Steefel, 2008) as well as for its commercial values and the wide range of products kaolinite is
used for. Its formation is commonly associated to the weathering of primary feldspar minerals

according for example (Helgeson et al., 1984), by substituting K-feldspar for albite

2NaAlSi;03 + 2H +H,0 = ALSiL,Os(OH); + 2Na' +4 SiO, (1)

Albite Kaolinite
where the resulting aqueous sodium and silica can be removed from the system by fluid flow.
The overall rate of this weathering reaction is controlled by the coupling of the rates of
feldspar dissolution and kaolinite precipitation. A large number of feldspar dissolution rates
have been measured as a function of pH, aqueous fluid composition, and the saturation state
of the fluid phase (Chou and Wollast, 1984; Chou and Wollast, 1985; Blum and Lasaga,

1991; Oxburgh et al., 1994; Blum and Stillings, 1995; Oelkers and Schott, 1995; Stillings and

114



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Chapter 5 Gudbrandsson et al., 2013c

Brantley, 1995; Brantley and Stillings, 1996, Gudbrandsson et al., 2013). Comparison of the
results from reactive transport calculations performed using these feldspar dissolution rates
with field weathering rates suggest that rates measured in the laboratory are faster than those
found in natural systems (White and Brantley, 2003). A number of studies suggested that this
difference stems from the effect of slow clay mineral precipitation, on the overall rate of the
natural weathering reactions (Zhu, 2005; Ganor et al., 2007; Maher et al., 2009; Zhu and Lu,
2009; Emmanuel and Ague, 2011). This study has been motivated in part to assess this
possibility quantitatively, through the measurement of kaolinite precipitation rates as a
function of fluid saturation state at conditions typical of natural weathering environments and
to use them to assess the role of kaolinite precipitation kinetics in controlling weathering rates

at the Earth’s surface.

5.2 Theoretical background

The standard state adopted in this study is that of unit activity of pure minerals and H,O
at any temperature and pressure. For aqueous species other than H,O, the standard state is unit
activity of species in a hypothetical one molal solution referenced to infinite dilution at any
temperature and pressure. All thermodynamic calculations reported in this study were
performed using the PHREEQC computer code (Parkhurst and Appelo, 1999) together with

its phreeqc.dat database.

Kaolinite is a sheet mineral consisting of tetrahedral silicon layer and an octahedral
aluminium layer that is similar to gibbsite (Drever, 1997). The dissolution/precipitation of
kaolinite can be described using the reaction

ALSi,Os(OH), + 6H — 2AP" +2Si0, + 5H,0 )
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Taking account of the standard state, the law of mass action for Eqn. (2) can be expressed

2 2
A3+ H,Si04
Ky = St husoy ®
a
Ht

where K., represents the equilibrium constant for kaolinite and o; refers to the activity of ith

aqueous species. The chemical affinity, Akaol, for reaction (2), can be expressed as

Keqaz+
AKaOl = RTIn (ﬁ) = RT Inf (4)

a3+ 4500,

where R designates the gas constant, 7" signifies absolute temperature, Q refers to the
saturation degree of the fluid with respect to kaolinite (2=K,,/O, where O symbolizes the
reaction quotient).

Kaolinite precipitation rates are measured in this study with the aid of flow through

reactors and are calculated based on mass balance considerations. Mass balance requires that

Omy,in _ Moy _ OMifuid + OM; precip (5)

Jat at Jat at

where mjin, Mjour, Miguia, and m; precip designate the mass of the ith metal injected into the
reactor, flowing out of the reactor, being added to the reactor fluid, and precipitating as a solid

phase, and ¢ refers to time. The fluxes in Eqn. (5) are given by

am. .
—a;‘m = Ci,in -FR (63)
IMiout _ - FR 6b
ot = Cjout ( )
Om; rruia __ 9Ci fluid
at ot 4 (6¢)
and

OM precip OMgaol s
ot = ot Vikaol = Tkaoli " SkaolMkaolVikaol (6d)
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where ¢;in, Ciow, and c;miq, Tepresent the concentration of the ith metal in the fluid injected

into the reactor, flowing out of the reactor, present in the reactor, FR refers to the fluid flow

OMyaol

rate, V denotes the volume of fluid in the reactor, o

signifies the change in the mass of

kaolinite in the reactor with time, v; 40, Symbolizes the stoichiometric number of moles of
the ith metal in one mole of kaolinite, 7y44;; corresponds to the surface area normalized
precipitation rate of kaolinite based on the consumption of the ith metal, and A4,; and Myqo;
represent the specific surface area and mass of kaolinite present in the reactor. Combining

Eqns. (5) and (6) and rearranging leads to

9¢; Fluid
_ (ciin—ciout) FR——5—V
Tkaol,i -

(7

AkaolMkaolVikaol

which allows calculation of kaolinite precipitation rates as a function of time from mixed flow
experiments from the knowledge of the temporal evolution of the fluid concentration of the
ith metal.

The variation of mineral precipitation rates with the saturation state of its co-existing
fluid phase is commonly expressed by the relation
r=n@2-0" (®)
where 7, represents the forward reaction rate which may itself depend on the fluid
composition (e.g. Saldi et al., 2009; Saldi et al., 2012) and Q refers to the saturation degree of
the fluid with respect to kaolinite. The parameter n in Eqn. (8) is often related to the
precipitation mechanism. It has been argued that, for elementary reactions, n = 1 is consistent
with transport or adsorption controlled growth on existing mineral surfaces and n = 2 is
consistent with spiral growth (Nielsen, 1964; Nielsen, 1984; Gratz et al., 1993; Shiraki and
Brantley, 1995; Teng et al., 2000). If growth is controlled by surface nucleation, rates are
quantified via an exponential function of saturation state, i.e. n > 2. As emphasized by

Temkin (1963), however, the chemical affinity of an overall reaction needs to be normalized
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to that of the elementary reaction to accurately use reaction orders based on these elementary
reaction mechanisms. In the case of kaolinite which has a chemical formula containing 2 Al
and 2 Si, it seems likely that the elementary reaction for kaolinite precipitation contains less

than a mole of kaolinite.

5.3 Materials and Methods

Low defect Georgia Kaolinite, KGa-1b, supplied from The Clay Mineral Society (Pruett
and Webb, 1993) was used as seed material in the experiments. This kaolinite was cleaned
according to (Yang and Steefel, 2008). To remove any possible iron oxy-hydroxide phases the
kaolinite was placed in an aqueous pH 3 HCI solution until the supernatant reattained a pH of
3. The kaolinite seeds were subsequently washed in ultra pure H,O (18.2 MQ cm) until the
fluid attained a pH > 5 and the recovered kaolinite was dried for 48 hours at 50 °C. A
photomicrograph obtained with scanning electron microscope (SEM) of the resulting cleaned
kaolinite powder is shown in Fig. 2a. The kaolinite seeds appear as agglomerated clusters.
The surface area for the cleaned kaolinite was 13.2 m*/g +10% as determined using a via 11
point nitrogen adsorption using a Quantachrome Gas Sorption system and the BET method
(Brunauer et al., 1938). These kaolinite seeds as well as the kaolinite recovered after each
experiment were analyzed by X-ray Diffraction (XRD) using an INEL CPS 120 Coka
diffractometer, with a scanning speed of 0.02° per second; resulting diffraction patters are
shown in Fig. 3. The surface composition of the kaolinite was determined using X-ray
photoelectron spectroscopy (XPS). These XPS measurements were performed in a Kratos
Axis UltraP™P instrument, fitted with a monochromatic Alg, X-rays source (power = 150 W).
The pressure in the vacuum chamber never exceeded 5x10™ Torr during a measurement. A

charge neutralizer was used to avoid surface charging. Pass energies of 160 eV and 10 eV
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were used for wide scans and high resolution scans respectively. Analysis was carried out
with the software CasaXPS using a Shirley background. Binding energy calibration was done
using the adventitious carbon peak at 185 eV. The results show that the surface atomic ratio
Si/Al is 1.15 for the cleaned kaolinite.

Precipitation experiments were performed at 25 °C and pH~4 at atmospheric pressure.
The reactor system used has been previously described in by Mavromatis et al., (2013) and
can be seen in Fig. 1. The reactors consist of 1000 ml polypropylene containers placed in a
thermostated water bath. These reactors were equipped with floating magnetic stirring bars,
which rotated at approximately 100 rpm to maintain kaolinite seeds in suspension.

At the beginning of each experiment, 500 ml of an initial fluid of initial pH of 4 was
placed in the reactor together with a known quantity of cleaned kaolinite seeds. Initial reactor
fluids contained Al and Si at various concentrations, close to kaolinite saturation.

Two distinct inlet fluids were injected into the reactors, using Gilson Minipuls 3
peristaltic pumps, to provoke kaolinite precipitation. One of these inlet fluids was Al-rich,
prepared by adding the selected quantity of AICl; to HyO. The second was Si-rich, prepared
by adding Baker (experiment FKB) or Maerk (all other experiments) silicic acid to pure
water. The pH of the initial and inlet fluids were adjusted to 4 by adding HCI and the ionic
strength of these fluids was adjusted to 0.01 by adding NaCl. The concentrations of the inlet
fluids were chosen such that most would remain undersaturated after mixing with respect to
gibbsite and amorphous Si, respectively. Mixing of these fluids creates a supersaturated
aqueous solution with respect to kaolinite in the reactor and precipitation occurs. The
experiments were sampled daily and the mass of fluid sampled each day was equal to that
added to the reactors since the previous sampling, such that the volume of the reactive fluid in
the reactor remained 500ml (£4%) throughout each experiment. The flow rate for both inlet

solutions was monitored every fortnight and adjusted if needed, no major changes where
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observed in the fluid flow rate during the experiments. The kaolinite was allowed to settle for
30 to 60 minutes prior to sampling; each fluid sample was taken with a syringe through a
0.22um cellulose acetate filter. If any kaolinite particles were found in the filter, they were
replaced back into the reactor. This sampling procedure aims to minimize the possibility of
removing kaolinite seeds from the reactor, maintaining a constant kaolinite surface area in the
reactor throughout the duration of the experiments.

The compositions of these initial fluids and the initial surface areas of kaolinite are listed
in Table 1. The saturation state of the reactor fluids with respect to kaolinite varied during
each experiment as Si and Al were added to the reactor and kaolinite precipitated. Reactor
fluids were sampled daily. Part of this sample was used to measure pH at 25 °C using a 713
Metrohm pH meter coupled to a Mettler Toledo Inlab™ 422. The remaining fluid sample was
acidified immediately with 30ul bi-distilled HNO;3 16 M prior to Al and Si analysis. Both inlet
and outlet fluids were analyzed for aluminium via flame Atomic Absorption Spectroscopy
(AAS) using a Perkin Elmer AAnalyst 400. Fluid silica concentrations were determined by
colorimetry using the Molybdate Blue method (Koroleff, 1976), calibrated to 0,036-0,36
mmol/L Si, quality checked with Canadian Water standard analytical reference material
(Mississippi 03). The reproducibility of pH was +0.02 pH units. The corresponding
reproducibility of Si and Al concentrations was +4 % for Si concentrations greater than 0,018
mmol/L and Al concentrations greater than 4x10™* mmol/L, but on the order of +10 percent
for lower concentrations. Selected fluid samples were also analyzed for Si and Al using ICP-
OES. These analyses were consistent within uncertainty to those measured by colorimetry and

AAS.
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5.4 Results

The temporal evolution of reactive fluid Al and Si concentrations during all experiments
performed in this study is presented in Fig. 4 and Annex A. Reactive fluid Al and Si
concentrations increase continuously in each experiment. Experiments FKB and KFC were
performed at the highest kaolinite saturation state. Some of the reactive fluids in these
experiments were supersaturated with respect to gibbsite. In addition, the Al/Si of the reactive
fluids in these experiments is less than 1 suggesting precipitation of an Al-rich phase. The
precipitation of an Al-hydroxide phase during these two experiments is also suggested by the
results of XRD and XPS analysis of the solids recovered following the experiments (see
below).

A SEM photomicrograph of the kaolinite after precipitation experiment FKC is shown in
Fig. 2b. No distinct surface features are evident on these grains, suggesting that growth
occurred by adding material to kaolinite edges rather than growing new kaolinite sheets. The
XRD patterns of the solids recovered after each experiment are presented in Fig. 3. The
diffraction pattern for all solids apart from those recovered from experiments FKB and FKC
are consistent with the presence of only pure kaolinite. An additional peak at around 21° (26),
consistent with the presence of an aluminium hydroxide phase, is apparent in the solids
recovered after experiments FKB and FKC. The Si/Al surface ratios of the solids recovered
after each experiment and measured by XPS are listed in Table 2. The Si/Al surface ratios of
all solids other than that of FKB were, within uncertainty, the same as that of the initial solid.
The Si/Al ratio of FKB was relatively low consistent with the precipitation of some Al-rich
phase. The measured specific surface areas, of the solids recovered after each experiment, are
presented in Table 2. These surface areas are 10 to 15% lower than that of the initial kaolinite,

other than that recovered after experiment FKB, which was ~20% lower.
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The fluid concentrations shown in Fig. 4 were used to calculate kaolinite precipitation
rates as a function of fluid composition using Eqn. (7). To overcome ambiguities associated
with the analytical scatter apparent in Fig. 4 measured Si and Al concentrations were fit to
[{] = [i]o —a exp (-t/b) ©)
where [7] and [{]o refer to the concentration of the ith element at time t and time 0, where time
zero refers to the time the experiments began, and a and b represent fit parameters, as
discussed in detail in 5.4. The measured values of Al and Si concentration, pH and time are
provided in Annex A. A comparison of the fit and measured concentration values for all
experiments is provided in Fig. 4.

The fitted Al and Si concentration with time were used to generate kaolinite precipitation
rates using Eqn. (7) and the resulting rates are shown as a function of saturation state (VQ-1)
in Fig. 5a. The rates based on Al precipitation in experiment FKB and FKC are substantially
higher than other measured rates and substantially higher than those based on Si release. This
behaviour may be due to the precipitation of an Al-rich phase as suggested by the XRD
pattern of solids recovered after this experiment and the saturation index of some of the
reactive fluids with respect to gibbsite. In Fig. 5b we have removed precipitation rates from
fluids that were calculated to have been undersaturated with respect to kaolinite and those
which did not exhibit dependence with fluid saturation state. Rates based on Si consumption
from FKB and those based on Al consumption from experiments FKD and FKJ vary
systematically with increasing saturation state (Figure 5b). By considering only these results,
kaolinite precipitation rates vary systematically as a function of saturation state as illustrated
in Fig. 6. The symbols in this figure plot linearly consistent with
Teaor = 7.632 X 10~ Mmol/m? /s (Qyqe; — 1)%2° (10)

The error bars in Fig. 6 correspond to a +1.5x10™"° mol/m*/s uncertainty of measured rates.

These uncertainties are described in detail below. It can be seen in Fig. 6 that most of the
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experiments performed at near to equilibrium conditions (2<10) have rates that are equal to

zero with experimental uncertainty.

5.5 Discussion
5.5.1 Comparison with previous studies

Kaolinite precipitation rates have been previously reported by Yang and Steefel (2008)
and Nagy et al. (1991). A comparison of these values with those of the present study can be
made with the aid of Fig. 6. The experiments from Yang and Steefel (2008) were performed
at the same pH and temperature as this study as well as the same kaolinite seeds where used.
Three of the four kaolinite precipitation rates reported by Yang and Steefel (2008) are equal
or within uncertainty to those generated in the present study, whereas the fourth rate that they
report is considerably lower than those obtained in this study. Nagy et al. (1991) reported
kaolinite precipitation rates at pH 3 and 80 °C. As can be seen in Fig. 6 these 80 °C rates, in

general plot above those measured at 25 °C and pH 4 in the present study.

5.5.2 Significance of the kaolinite reaction order

The variation of measured kaolinite precipitation rates as a function of saturation state
suggests that the reaction order for the kaolinite precipitation reaction is Y4. A reaction order
of 74 would be consistent with kaolinite growth controlled by the adsorption of material to
steps present at kaolinite edges, if 4 elementary adsorption steps were required to form each
kaolinite atom. As the chemical kaolinite formula contains 2 Al and 2 Si, this elementary

reaction could consist of the attachment of either Al or Si to steps located at kaolinite edges.
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5.5.3 The role of clay mineral precipitation in controlling weathering rates.

Kaolinite formation is widely attributed to the weathering of primary rocks, such as
feldspars (Veizer and Mackenzie, 2003; Markusson and Stefansson, 2011) as described in Eq.
(1) for K-feldspars weathering into kaolinite (Helgeson and Murphy, 1984). As mentioned
above, the feldspars are thought to be the primary source for AI** during terrestrial weathering
because their abundance in the Earth’s crust (Nesbitt and Young, 1984). A number of past
studies suggested that the relatively slow rates of clay mineral precipitation could limit the
overall rates of this reaction (Zhu, 2005; Ganor et al., 2007; Maher et al., 2009; Zhu and Lu,
2009; Emmanuel and Ague, 2011). At steady-state reaction (1) requires that the rate of
kaolinite precipitation equals twice the rate of albite dissolution. Taking account of the
kaolinite precipitation rates generated above, Eqn. (9), and those for albite dissolution
reported by Gudbrandsson et al. (submitted 2013) one can write

Tkaol = Tap = 7.632 X 10_14Akaol(Qkaol - 1)0'25

3 (0.1

a
= 6.0x 10714, < HY > (1— Q)33
aAl3+

where r; represents the rates of denoted mineral in mol/m*/s and A, the specific surface are of
the denoted mineral, in m?. Figure 7 displays Ty, a» and Iy, raor @s a function of aluminium
concentration at pH 4 and 25 °C and assuming an equal surface area of kaolinite and K-
feldspar. At conditions just supersaturated with respect to kaolinite, the dissolution rates of
albite are fast but rapidly decrease with increasing Al concentration until reaching equilibrium
at concentration close to 0.126 mol/kg. On the other hand, kaolinite precipitation rates
increase steadily with increasing aluminium concentration and show a behaviour that is likely
to reach a plateau in precipitation rates at close to 5%10712 molkaol/mz/s. The albite dissolution
rates and kaolinite precipitation rates are equal when aluminium concentrations are approx

0.04 mol/kg. At these conditions, the albite dissolution rate is approximately 7 times lower
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than it’s far from equilibrium dissolution rate, confirming, at least in part the possibility that
slow clay mineral precipitation rates limit weathering in natural Earth surface systems. At
lower concentrations gibbsite is supersaturated and likely to form at much lower aluminium
concentrations. This is in agreement with Helgeson and Murphy (1983) where the evolution
of secondary minerals forming during K-feldspar weathering is shown to enter first the
stability of gibbsite and with time and increasing AI’* and SiO, activity, kaolinite becomes

supersaturated.

5.5.4 Error and uncertainties

A large amount of scatter was observed in the kaolinite precipitation experiments
described above. Much of this scatter derives from the large experimental uncertainties
associated with these measurements. The reactor design used in this study was a reactor
originally designed to measure the precipitation rates of carbonate minerals (Mavromatis et
al., 2013). The precipitation rates of carbonate minerals are, however, on average several
orders of magnitude faster than those of kaolinite.

Uncertainties in laboratory rate experiments are commonly attributed to several sources.
The measurement of the fluid-mineral surface area surface by the BET method is typically on
the order of 10%, and this surface area can vary somewhat during fluid-mineral interaction
experiments. The uncertainties associated with the measurement of fluid concentrations are
~4%, the measurement of sampling volume are ~2% and the measurement of fluid flow-rate
is estimated ~5%. Of these individual uncertainties, the most significant to the results of this
study is the uncertainties in measured fluid concentrations. The significance of this
uncertainty is due to the fact that the rates in this study are calculated from 1) the difference
the inlet and outlet fluid concentrations (ci,in — ci,out) and 2) the temporal variation in the

reactor fluid as determined from the outlet fluid concentration. The concentration of the
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outlet fluids (c; o) varied from 0 to ~90% of c;;, during the experiments performed in the
present study. As such the uncertainties in the (¢, -Ciow) term in Eqn. (7) due to a 4%
uncertainty in measured concentrations increased from ~10% to 80% as each flow experiment
progressed. Uncertainties in the temporal variation in reactive fluid concentrations may be
even larger. As can be seen in Annex A, the concentrations of consecutively sampled outlet
fluids in general vary by less than a few percent, which is less than the uncertainties in the
measured concentrations themselves. It is for this reason that rates in the present study were
estimated by first fitting the temporal reactor fluid concentrations to a power function.

Although this limits somewhat the uncertainties associated with the estimation of the %

term in Eqn. (7) these uncertainties are nevertheless large. An additional source of
uncertainty in measured rates may stem from the pH stability of the reactive fluid; the pH
during the experiments performed in this study varies within £0.1 pH units over the course of
the experiments (see Annex A). The variation of kaolinite precipitation rates with fluid pH is
currently unknown. Taking account of the important uncertainties described above suggests
that the overall uncertainties on the kaolinite dissolution rates generated in this study are
large and likely exceeds 100%. This conclusion could explain why some of the experiments
performed in this study yielded negative kaolinite precipitation rates (suggesting kaolinite
dissolution) in experiments performed in fluids calculated to be supersaturated with respect to
kaolinite, and the large scatter in the rates illustrated in Fig. 5. It should also be noted that the
uncertainties of kaolinite precipitation rates reported in the literature are also high. Nagy et al.
(1991) reported that the kaolinite precipitation rates generated in their study had an
uncertainty of £30%. Similarly, Yang and Steefel (2008) that the kaolinite precipitation rates

generated in their study based on Al release had an uncertainty of +30%.
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5.6 Conclusions

In this study kaolinite precipitation rates are reported as a function of fluid saturation
state. Although the precipitation rates of kaolinite from this study are in good agreement with
corresponding precipitation rates reported by Yang and Steefel (2008) and Nagy et al. (1991)
all rates have high uncertainties so these rates should be viewed as provisional estimated until
more precise values are available.

The precipitation rates of kaolinite are also considerably slower than the dissolution rates
of the plagioclase, the main aluminium source during weathering for kaolinite formation. It is
therefore likely that the slow rates of kaolinite precipitation rather than the dissolution rates of
the aluminium bearing primary rock, is the limiting factor in kaolinite formation in many

natural systems.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Design of the reactor system used in this study: a) Peristaltic pump for inlet
solutions, b) 1000 mL constant temperature vessel , with 500 mL of reactive fluid,
equipped with, from left, fluid inlet tubes, floating stirring bar, and fluid outlet, c)
Outlet sampled with a syringe and filtered through a 0.22 um cellulose acetate
filter.

SEM photomicrographs of the kaolinite used in this study. Image a) depicts the
pristine kaolinite before precipitation experiments, whereas image b shows the
kaolinite after precipitation experiment FKC.

XRD patterns of the initial seed kaolinite and the kaolinite recovered after all
experiments, noted by the last name of the experiment. All patterns indicate that
the solid is pure kaolinite, apart from KFB (B) and FKC (C). In these samples a
peak at ~20° is present likely due to the presence of an aluminium-rich phase.

Temporal evolution of reactive fluid composition in all experiments. During
experiments FKB and FKC, the aluminium concentration is lower than that of the
Si suggesting the precipitation of an Al-rich phase.

Measured instantaneous kaolinite precipitation rates versus (\/0-1)0-5 are shown
in figure a). Filled and open circles represent precipitation rates based on fluid
aluminium and silica concentrations, respectively. The rates based on aluminium
precipitations from experiments FKB and FKC are higher than those based on
silica in the same experiments, likely because of and aluminium-rich phase is also
forming in these experiments. Figure 5b displays selected rates from the
experiments, specifically Si rates from FKB, open squares, and aluminium rates
from FKD, filled triangles and aluminium rates from FKJ, filled hexagons.

Precipitation rates of kaolinite from selected experiments versus (2"*-1). The
open circles represent the selected precipitation rates from this study. Red filled
circles represent measured precipitation rates from Yang and Steefel (2008) and
yellow filled circles represent measured precipitation rates from Nagy and Lasaga
(1988).

Rates of albite plagioclase dissolution and kaolinite precipitation as a function of
aluminium concentration at pH 4 and Si concentration set to be in equilibrium
with quartz. The dissolution rate of albite decreases with increasing aluminium
concentration in solution whereas the precipitation rate of kaolinite is likely to
increase.
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SEM photomicrographs of the kaolinite used in this study. Image a) depicts the
pristine kaolinite before precipitation experiments, whereas image b shows the

kaolinite after precipitation experiment FKC.
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570  Figure4 Temporal evolution of reactive fluid composition in all experiments. During
571 experiments FKB and FKC, the aluminium concentration is lower than that of the
572 Si suggesting the precipitation of an Al-rich phase.
573
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in figure a). Filled and open circles represent precipitation rates based on fluid
aluminium and silica concentrations, respectively. The rates based on aluminium
precipitations from experiments FKB and FKC are higher than those based on
silica in the same experiments, likely because of and aluminium-rich phase is also
forming in these experiments. Figure 5b displays selected rates from the
experiments, specifically Si rates from FKB, open squares, and aluminium rates
from FKD, filled triangles and aluminium rates from FKJ, filled hexagons.
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Table 1. Initial concentrations and surface are for kaolinite flow-through experiments.

Experiment Initial (mmol/I) Inlet (mmol/I) Kaolinite
Name Al Si Al Si gr m?
FKB 0.19 0.06 3.45 3.14 2.06 27.1
FKC 0.13 0.14 1.56 1.39 2.01 26.6
FKE 0.17 0.16 1.78 1.49 2.66 35.1
FKF 0.10 0.09 1.11 0.87 2.58 34.0
FKG 0.10 0.09 1.11 0.87 5.13 67.7
FKH 0.10 0.09 1.11 0.87 7.78 103
FKI 0.15 0.13 0.54 0.37 2.99 39.5
FKJ 0.15 0.12 0.57 0.37 8.07 107
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633  Table 2. Experimental runtime and surface measurements and Si/Al ratios from the solids,
634  prior to and after experiments.

Experiment | Experiment Surface change
Name Runtime Si/Al A% BET A%
Initial 1.15 13.20
FKB 2215 0.97 84% 10.64 81%
FKC 1971 1.13 98% 11.96 91%
FKE 1584 1.19 103% 11.81 89%
FKF 1584 1.14 99% 11.34 86%
FKG 1584 1.14 99% 11.12 84%
FKH 1584 1.16 101%  11.43 87%
FKI 1288 1.13 98% 12.86 97%
635 FKJ 1288 1.15 100% 11.84 90%
636
637
638

140



Chapter 6 Conclusions

6 Conclusions and implications

In this thesis I combined experimental studies on the dissolution behaviour of primary silicate
rocks and minerals with measured precipitation rates of common aluminium rich secondary
clay minerals. Each study has major implications, both for experimental and natural systems.
Below I list the main conclusions of this study in the same order as the chapters presented in
this thesis:

e The dissolution of crystalline basalt is temperature dependent, with dissolution rates
increasing with increasing temperature.

e The dissolution of crystalline basalt at acid conditions is dominated by olivine and
pyroxene dissolution but at alkaline conditions, it is dominated by plagioclase
dissolution. This results in the preferential release of Fe™ and Mg cations at acid
condition but Ca™ at alkaline conditions.

e The dissolution of all plagioclases shows the same pH dependence as observed by
Chou and Wollast (1985) and Knauss and Wolery (1986) for albite and also for
basaltic glass (Gislason and Oelkers , 2003) where the rates decrease with increasing
pH at acid conditions and increase with increasing pH at alkaline conditions for rates
based on Si release.

e At acid conditions plagioclase dissolution rates increase with increasing An content
1.e. the anorthite dissolves fastest and the albite slowest.

e There is no effect of plagioclase An content on dissolution rates at alkaline conditions.

e A simple equation describing plagioclase dissolution rates as a function of temperature
and the composition of the fluid and the solid phase was proposed.

e Gibbsite precipitates readily at supersaturated conditions in the reactor at both 25 and
80 °C.

e At pH 11 and 22 °C the precipitation rates of gibbsite at measured saturation are equal
to the far from equilibrium dissolution rates of plagioclases.

e Precipitation rates of gibbsite decrease faster with decreasing pH then the plagioclase
dissolution rates. That implies that at pH close to natural environments slow gibbsite
precipitation rates are the limiting factor to clay mineral formation, rather than slow
aluminium release rates from plagioclase.

e Fluid chemistry as well as solid analysis suggests that kaolinite precipitation took
place during most experiments performed at 22 ° C. This was, however, not confirmed
by SEM analysis as the precipitation features are hard to detect due to the
agglomeration of the kaolinite sheets.

e Reported kaolinite precipitation rates are in agreement with previously published rates.

e Kaolinite precipitation rates are significantly slower than the dissolution rates of Al-
bearing primary minerals such as plagioclase.
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6.1 Implications

The CarbFix project in Iceland where the aim is to inject CO;, from a geothermal power plant
into basalts for carbon mineral storage started in the year 2007 (Loose et al., 2009; Gislason
et al., 2009; Gislason et al., 2010; Matter et al., 2009, 2011). The behaviour of crystalline
basalt elemental release vs. that of basaltic glass observed in this thesis suggests differing
behaviour depending on crystallinity.
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Figure 7 The fraction of Ca versus total divalent metal cation release as a function of pH. At acid conditions the
dissolution of Fe and Mg bearing minerals dominate the dissolution while as the pH increases the role of Ca
bearing minerals in dissolution increases. Source: Gudbrandsson et al. (2011)

During the CO; injection the divalent cations, Ca, Mg, and Fe are released from the basalt
to the fluid phase and are available to form carbonates according to:

(Ca,Mg,Fe)7},y + H,CO3qq) = (Ca,Mg, Fe)CO3(5) + 2H*

were the supply of divalent cations when injecting into crystalline basalts varies with pH
because of the distinct dissolution rates of the constituent minerals (Fig 7). At alkaline
conditions, plagioclase is the main dissolving mineral in crystalline basalt. This is consistent
with observation in nature, where in basaltic terrains such as Iceland the pH of the
groundwater is alkaline and the dominant secondary minerals are Fe and Ca rich clays,
calcium carbonates and zeolites that are usually Na, Ca, and Al rich (Fig 8) (Walker, 1960;
Kristmannsdottir and Tomasson, 1978; Johnson et al., 1983; Neuhoff et al., 1997; Neuhoff,
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1999; Neuhoff et al., 2000; Gustavson, 2006; Neuhoff et al., 2006; Rogers et al., 2006;
Arnorsson and Neuhoff, 2007; Stockmann et al., 2008).
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Figure 8. Diagram showing the secondary minerals found in low grade metamorphism of igneous provinces.
The solid line indicates the temperatures where each mineral is commonly observed, whereas the dashed lines
show where each mineral is only occasionally observed. The grey horizontal bars note the zeolite zones as listed
on the right of the figure. Source: Gustavson (2006).

In geothermal areas the secondary minerals can be used as a thermometer to identify the
rock alteration temperature (Kristmannsdottir and Tomasson, 1978) and the zeolites zones
described by Walker (1960). The thermometer indicates that basalts alter to zeolites >
chabazite > thomsonite > analcime > scolecitie > heulandite > laumontite > prehnite > epidote
with increasing temperature (Figure 8). In the acid surface alteration on top of the high
temperature geothermal system located at Krysuvik, SW-Iceland, the secondary phases found
include kaolinite, montmorillonite, and goethite. This suggests that kaolinite can also be
found as a secondary phase in basaltic formations where the pH is acidic (Marktsson and
Stefansson, 2011).

6.2 The future

As is the case with all scientific research, each study provokes further work. In the case of
carbon storage, it remains to be determined where carbonate minerals precipitate and how this
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affects reservoir properties. In steam from geothermal fields sulphur is commonly a major
component of the gas phase. In the next few years there will be legislation to limit the sulphur
released into atmosphere from geothermal power plants. Sulphur is found in several common
secondary phases formed during basalt alteration, i.e. pyrite (FeS) as well as in some zeolites.
It is therefore interesting to investigate if and what effects sulphur has on the
dissolution/precipitation behaviour of basalts. Similar to the work done on carbon coating
effect on basaltic glass and diopside by Stockmann et al. (2011), as well as work done by
Gysi and Stefansson (2011) where the CO, effect on basaltic glass dissolution was
investigated. Some previous work on the effect of SO4 on basaltic glass reactivity has been
published (Flaathen et al., 2010) suggesting sulphur has minimum effects. The effect of
temperature on crystalline basalt dissolution rates suggests that there is a smaller effect of
temperature on rates at alkaline condition than at acidic conditions. Does this stem from
plagioclase dissolution behaviour? This question remains unanswered.

Still there are only few published precipitation rates of secondary aluminium phases
available despite this thesis. Although the indication is that gibbsite readily precipitates at low
temperature and alkaline pH, many conditions are experimentally challenging i.e. at
intermediate pH where the aqueous solution Al concentration is low or at conditions where
rates are extremely slow. Such is also the case for kaolinite where the precipitation rates are
so slow that the uncertainties in measured rates are high. These uncertainties can possibly be
decreased by increasing the reaction temperature where the rates are faster.
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Figure 9. The stability diagrams of Na,0-Al,0;-Si0,-H,0 in figure a) and CaO-Al,053-Si0,-H,0 in figure b). In
both cases when the Si activity is low the likely phase to precipitate due to plagioclase dissolution is gibbsite.
But with increasing aqueous Si activity the fluid becomes supersaturated with respect to kaolinite. (Figure
remade from Drever 1997)

In this thesis I focused on the solution chemistry and the saturation states of the reactive
fluids with respect to the minerals dissolving and that were likely to precipitate and those
commonly found in nature. Analysis of the solids, by SEM and EDS were used prior to and
after experiments have be to determine if there are any evidence of secondary phases present
after experiments. Such techniques are somewhat limited and cannot detect small quantities of
surface alteration. Future studies can better emphasize more novel surface techniques such as
X-ray Photoelectron spectroscopy (XPS) where the ratios of elements can be analysed in the
surface layer of a mineral prior and after experiments, and Atomic Force Microscopy (AFM).
The XPS and AFM have been widely used in dissolution and precipitation experiments on
single phase systems such as basaltic glass and calcite (e.g. Ruiz-Agudo et al., 2009;
Stockmann et al., 2012; Klasa et al., 2013; Renard et al., 2013). Such techniques have the
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potential to provide a more realistic view of natural processes such as those suggested by i.e.
Bricker and Garrels (1967) and Helgeson et al (1969) and is shown in Figure 9.

It is still fresh in my memory when just couple of months after I started my PhD-work, at
my first international meeting in La Palma in the Canary Islands, Professor Jacques Schott
and Professor Andrew Putnis had a heated debate about what chemical weathering is and the
terms dissolution and precipitation. I was unfortunate enough to sit right between them and I
did not understand a single word. 1 think that they were debating about the question: Do
things dissolve and then move places and precipitate as something else or is the dominating
mechanism mineral replacement? 1 am still not sure if I understand the arguments and I have
not solved it in this thesis nor have they solved it yet. I would still like to believe that I have
contributed a little bit towards the answer, but my feeling is that the truth is somewhere
between and we are getting closer.
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ABSTRACT

Far-from-equilibrium dissolution rates of crystalline basalt were measured in a mixed-flow reactor at
pH 4 and 10, and at temperatures from 25 to 75°C. The material used was obtained from a dyke on
Stapafell Mountain on Reykjanes penmnsula in Iceland because of its similarity with previous
experiments on dissolution rates on basaltic glass by Oelkers and Gislason (2001) and Gislason and
Oelkers (2003). Comparison of dissolution rates of basaltic glass and of crystalline basalt of similar
chemical composition (from Gislason and Oelkers, 2003) indicates lower rates for crystalline material.

Introduction

Repucing CO; emission into the atmosphere is
one of the most important environmental chal-
lenges of the 21* century. The search for a
permanent solution for large-scale CO, storage,
with low risk of leakage, has become an important
geochemical issue. Injecting CO,-charged waters
into basaltic rock formations may be a wviable
solution given the large amount of Ca, Mg and Fe
in basalt and the relatively fast dissolution of the
host rock compared to silicic rocks (e.g. Wolff-
Boenmisch er al., 2004). In the process, the
dissolved CO, will react with the basalt to form
Ca-, Mg-, and Fe-carbonates. The dissolution rate
of basaltic glass has been extensively studied
under controlled conditions in the laboratory
(Oelkers and Gislason, 2001; Gislason and
Oelkers, 2003). These rates can be used in
reactive transport modelling of the reaction of
dissolved CO, with basaltic glass at varlous
temperatures and solution compositions. No
such general dissolution rate is awvailable for
crystalline basalt dissolution. The owverall
purpose of this study is to fill this gap. Here we
present the dissolution rates of crystalline basalt at
varying pH and temperatures.

* E-mail: snorgud@hi.is
DOI: 10.1180/minmag.2008.072.1.159

© 2008 The Mineralogical Society

Methods and material

Crystalline basalt was collected from a basaltic
dyke on Stapafell Mountain, SW-Iceland.
Stapafell is the first mountain on the Reykjanes
peninsula where the Mid-Atlantic Ridge appears
onshore in Iceland. The composition of the rocks
in Stapafell is similar to that of mid-ocean ridge
basalts (MORB; e.g. Oelkers and Gislason, 2001).
This location was also chosen because the
dissolution rates for basaltic glass were deter-
mined with material from the same location
(Oelkers and Gislason, 2001; Gislason and
Oelkers, 2003). Stapafell is a hyaloclastite
(broken glass) formation, consisting mostly of
basaltic glass, crystalline rock fragments and
pillow lavas. The hyaloclastite formation at
Stapafell is crossed by wvarious dykes. The
sampled dyke had no wvisible alteration features
on the surface.

The material was dried at room temperature for
several days before it was crushed with a jaw
crusher. The fine-grained material was dry sieved
to yield the 45—125 pm size fraction. This size
fraction was cleaned ultrasonically five times in
de-ionized water and then in acetone.
Subsequently, the sample was dried at ~50°C for
several days. The chemical composition of the
dyke was analysed by XRF and is shown mn
Table 1. Its composition is comparable to basaltic
glass used to determine glass-dissolution rates.
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TasLe 1. Chemical analyses of the basaltic rocks of this comparative study.

Major elements  Si0, ALO; Fe,0;° MgO (a0 Na,0 K,0 TiO, MnO P05

Sample

Stapafell dyke 479 134 12.3
Stapafell glass® 48.1 146 10.9
Krafla glass” 498 134 14.6

LOI Total
100 122 15 0.3 1.6 0.2 02 —05 991
9.1 118 20 0.3 1.6 0.2 0.2 98.8
57 102 24 0.3 2.0 0.2 02 -09 989

* Qelkers and Gislason (2001)
b Wolff-Boenisch et al. (2004)

¢ most Fe is in the form Fe*" (Oelkers and Gislason, 2001)

These glasses will serve as points of reference in
the discussion section and therefore their
chemical composition was added to Table 1.

Based on CIPW norm calculations, the crystal-
line basalt is composed of the following minerals
(mol. %): hypersthene 28.15%, diopside 22.20%,
anorthite 21%, olivine 13.53%, albite 9.82%,
ilmenite 4.04%, orthoclase 1.09% and apatite
0.15%. The specific surface area of the cleaned
and dried 45—125 pm size fraction was deter-
mined via 11 point krypton adsorption using a
Quantachrome Gas Sorption system. The
measured BET surface of the crystalline basalt
was 7030 em?/g. The dissolution experiments
were performed in a Parr™ mixed-flow reactor
shown in Fig. 1, consisting of a 300 mL titanium
container with temperature and stirring controller
(e.g. Wolff-Boenisch er al., 2004).

magnetic filter

-
slirrer l

b
fluid exit and sampling

titanium filter

heater and insulation

propeller

pump HP.L.C. titanium reactor

Fis. 1. Mixed-flow reactor for dissolution experiments.

The solution was delivered using an HPLC
pump at a constant flow rate between 1 and 4.5
ml/min. The reactor was vigorously and continu-
ously stirred at ~400 rpm and the outlet solution
was filtered with 0.2 pm cellulose acetate filter,
acidified with HNO; and subsequently analysed
by means of ICP-OES.

These experiments were performed at pH 4 and
10 with an 1onic strength of 10 mM. The acid inlet
solution was made of de-ionized water and Merck
analytical grade NH4Cl and HCI, whereas
ammonia replaced HCI at pH 10. The composi-
tions of the solutions were pre-defined using
PHREQC 2.14 (Parkhurst and Appelo, 1990) to
yield the desired ionic strength and pH. The inlet
solution with alkaline pH was purged with N,
during the experiment to prevent dissolved
carbonate precipitation due to CO, entering the
reactor. At the beginning of each experiment the
reactor was cleaned thoroughly, assembled and
run for at least 24 h with de-ionized water and
another 24 hour with solution to rinse the tubing
and clean the reactor.

Results and discussion

For experiments conducted far-from-equilibrium,
the dissolution rate (r. ) is calculated using the
formula:

Cy fr

T o =
+, BET
Appr Xm

where Cg; is the silica content in the outlet solution,

fr 1s the flow rate, Aggr 1s the spectfic surface area

and m is the mass of sample in the solution.
Figure 2 shows the pH-dependent dissolution
of basaltic glass, reported by Gislason and
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DISSOLUTION RATES OF CRYSTALLINE BASALT
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Fig. 2. Dissolution rates of crystalline basalt (symbols) are compared to modelled dissolution rates (curves) of

basaltic glass from the same location (Gislason and Oelkers, 2003).

Oelkers (2003). Our own data have been added to
these modelled curves to illustrate that the
dissolution rate of crystalline basalt is consider-
ably slower than its glassy counterpart, in acid
and alkaline conditions. For example, the dissolu-
tion rate for crystalline basalt at pH 4 and 75°C
falls on the 25°C isothermal line for basaltic glass
dissolution. From the experimental results we can
obtain apparent activation energies (E,):

_ 51“’;:51;?

R
CYAN
/T

a

where R is the gas constant, T is the temperature
in Kelvin and r; ggr is the forward rate. At pH 4
we find an E, of 26 kl/mol, m wvery good
agreement with the £, = 27 kl/mol that Wolff-
Boenisch ef al. (2004) reported for a basaltic glass
of similar composition (Krafla, cf. Table 1). At
pH 10, the calculated E, is 35 kJ/mol compared to
41 kJ/mol for Krafla at pH 10.6 (Wolff-Boenisch
et al., 2004). Overall, the temperature dependence
of the dissolution mechanisms seems slightly
greater at pH 10 than at pH 4. This observation is
consistent with the curves in Fig. | which hLe
more closely together at acidic pH and start to
spread when the conditions become more alka-
line.

eventually be used in reactive-transport modelling
of the reaction of dissolved CO, with crystalline
MORB basaltic at various temperatures and
solution compositions. Dissolution rates have
been obtained by similar methods for basaltic
glass from the same volcanic formation. The
preliminary results indicate lower rates for
crystalline basalt than for basaltic glass of
comparable chemical composition under same
experimental conditions. This is in concert with
previous studies on the effect of crystallinity on
dissolution rates (Gislason and Eugster, 1987,
Wolff-Boenisch er al., 2006). Further investiga-
tions are required to probe the reasons for this
phenomenon.
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5°C

02-05 03-05 04-05 05-05 09-05 11-05
Albite -23.74 -22.19 -20.71 -17.69 -10.36 -11.18
An70 -37.13 -32.72 -28.10 -22.23 -11.64 -11.18
Anorthite -44.97 -39.36 -33.40 -24.36 -14.33 -13.31
Diopside -24.97 -22.72 -20.91 -16.89 0.53 6.95
Enstatite -18.73 -17.73 -17.20 -15.47 -6.49 -4.18
Fayalite -28.82 -26.33 -24.52 -19.45 -13.97 -23.30
Fo80Fa20 -36.11 -33.59 -31.84 -28.17 -12.59 -11.10
Forsterite -32.12 -29.59 -27.85 -24.46 -6.41 -1.31
Ferrosilite -14.73 -13.75 -13.17 -10.74 -7.94 -12.86
Stapafell -6.11 -5.74 -5.45 -4.21 -3.97 -4.79
AI(OH)3 amorph -11.80 -9.36 -6.70 -3.40 -2.50 -3.86
Analcime -21.91 -19.89 -17.70 -14.70 -7.37 -7.82
Allophane AVSi=1.26 -21.62 -17.54 -13.29 -6.48 -4.89 -8.20
Allophane AlSi=1.64 -21.68 -17.42 -12.91 -6.13 -4.52 -7.68
Allophane AVSi=2.02 -21.94 -17.57 -12.92 -6.15 -4.52 -7.61
Ca-Montmorillonite -29.28 -25.11 -21.08 -12.61 -9.50 -13.32
Ca-stilbite -41.24 -38.01 -35.52 -26.12 -16.33 -17.28
Chalcedony -1.00 -1.52 -2.18 -2.12 -2.22 -2.55
Chabacite-Ca -9.43 -4.78 -0.20 8.98 18.91 19.15
Clinopyroxene -25.88 -23.70 -22.10 -17.92 -3.17 -1.06
Gibbsite -9.56 -7.12 -4.47 -1.17 -0.27 -1.62
Goethite -8.29 -5.81 -3.57 -0.14 7.36 4.27
analcime 0.96 -21.41 -19.52 -17.50 -14.65 -7.59 -8.06
Hematite -14.66 -9.69 -5.21 1.96 16.69 10.69
Heulandite -41.33 -38.10 -35.60 -26.20 -16.42 -17.36
Kaolinite -18.26 -14.38 -10.41 -3.57 -2.01 -5.47
Laumondite -39.03 -34.38 -29.80 -20.62 -10.69 -10.45
mic-gibbsite -10.32 -7.88 -5.23 -1.93 -1.03 -2.38
Pyrite -15.34 NA NA NA NA -175.12
Thomsonite -93.80 -80.07 -65.00 -47.13 -16.64 -14.81
Sulfur -9.09 NA NA NA NA -81.15
Scolecite -36.21 -31.08 -25.81 -16.70 -6.72 -6.09
Quartz -1.09 -1.61 -2.27 -2.21 -2.31 NA

NA: Data not available
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25°C

03-25 04-25 05-25 06-25 09-25 10-25 11-25
Albite -20.34  -15.62 NA -11.65  -10.16  -10.44  -11.08
An70 -29.04  -21.32 NA -13.39  -10.83  -11.07  -10.66
Anorthite -31.05  -22.13  -17.81 -12.56 -9.53 -9.77 -8.90
Diopside -20.14  -16.08  -14.22  -10.89 1.15 5.26 7.29
Enstatite -1599  -1424  -13.60  -12.05 -5.94 -4.13 -3.86
Fayalite -24.05  -20.07 -17.96 -1485 -1405 -17.10  -23.67
Fo80Fa20 -30.20  -26.42 2470  -21.23  -11.55 -9.39 -9.80
Forsterite -31.96  -28.23  -26.61 -23.02  -11.13 -7.40 -6.53
Ferrosilite -12.58  -10.71 -9.82 -8.44 -7.94 -9.75 -12.97
Stapafell -5.02 -4.05 -3.76 -3.32 -3.75 -4.31 -4.70
Al(OH)3 amorph -7.83 -4.47 -2.70 -0.83 -2.31 -3.50 -3.82
Analcime -18.25  -13.26 NA -8.81 -7.30 -7.45 -7.82
Allophane AV/Si=1.26 -14.19 -7.81 -4.82 -1.35 -4.32 -6.90 -7.98
Allophane Al/Si=1.64 -14.10 -7.62 -4.50 -0.98 -3.96 -6.49 -1.47
Allophane_AVSi=2.02 -14.23 -7.69 -4.50 -0.94 -3.93 -6.43 -7.35
Ca-Montmorillonite -21.40  -14.02  -10.92 -6.78 -9.32 -12.18  -13.57
Ca-stilbite -3329 2586  -23.36  -18.56  -15.77  -16.65  -17.17
Chalcedony -1.39 -1.61 -1.97 -2.21 -2.11 -2.24 -2.52
Chabacite-Ca 1.14 9.48 13.12 18.16 21.12 20.62 20.93
Clinopyroxene -19.61 -15.68  -13.88  -10.62 -1.18 0.93 1.08
Gibbsite -5.60 -2.23 -0.47 1.41 -0.07 -1.26 -1.58
Goethite -4.74 -1.39 0.62 3.31 6.77 6.20 3.91
analcime_0.96 -17.91 -13.15 NA -8.94 -7.48 -7.64 -8.03
Hematite -7.44 -0.67 3.27 8.81 15.55 14.83 9.87
Heulandite -3347  -26.04 2354  -1874  -1595  -16.83  -17.35
Kaolinite -11.82 -5.54 -2.69 0.72 -2.25 -4.89 -6.07
Laumondite -30.29  -21.95  -1830  -13.26  -10.31 -10.80  -10.49
mic-gibbsite -6.37 -3.00 -1.24 0.63 -0.84 -2.03 -2.35
Pyrite NA -55.00 NA NA -139.21  -161.84 -176.09
Thomsonite -70.91 -47.32 NA -23.00 -1630 -16.84  -15.22
Sulfur NA -28.12 NA NA -66.90  -76.16  -81.16
Scolecite -27.17  -18.53  -14.55 -9.40 -6.41 -6.77 -6.19
Quartz -1.52 -1.74 -2.11 -2.35 -2.25 -2.38 NA

NA: Data not available
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50°C

03-50 04-50 05-50 07-50 09-50 10-50 11-50
Albite -13.24  -13.92 -13.18 -11.41 -8.36 -11.52 -10.50
An70 -1876  -17.42 -14.73 -12.45 -8.17 -11.87 -9.95
Anorthite -15.55 -13.35 -9.67 -7.33 -2.53 -6.46 -4.14
Diopside -13.24  -13.88 -11.09 -10.11 3.09 8.51 7.05
Enstatite -12.31 -13.03 -12.08 -11.59 -4.92 -2.14 -3.03
Fayalite -17.58 -17.80  -15.48 -15.21 -13.81 -21.48 -22.61
Fo80Fa20 -23.18 -23.68 -21.49 -20.62 -9.99 -6.37 -8.35
Forsterite -31.31 -31.88 -29.72 -28.70  -15.73 -9.31 -11.34
Ferrosilite -9.11 -9.64 -8.59 -8.49 -7.64 -11.91 -12.53
Stapafell -3.09 -3.42 -3.23 -3.00 -3.01 -4.85 -4.14
Al(OH)3_amorph -4.46 -2.68 -1.67 -0.69 -1.73 -4.63 -3.27
Analcime -11.99  -11.58 -10.85 -8.77 -6.09 -8.44 -7.65
Allophane Al/Si=1.26 -6.06 -4.44 -2.64 -0.92 -2.43 -9.47 -6.43
Allophane Al/Si=1.64 -6.25 -4.22 -2.36 -0.59 -2.24 -8.98 -6.02
Allophane Al/Si=2.02 -6.50 -4.22 -2.33 -0.53 -2.26 -8.83 -5.91
Ca-Montmorillonite -10.62  -10.70 -8.56 -6.69 -6.77 -15.85 -12.05
Ca-stilbite -18.94  -22.38 -19.47 -17.82 -11.18 -19.12  -15.74
Chalcedony -0.73 -1.70 -1.86 -1.99 -1.63 -2.43 -2.21
Chabacite-Ca 15.31 15.25 18.63 20.70 26.23 20.70 23.44
Clinopyroxene -11.00  -11.87 -9.27 -8.50 2.05 4.31 2.80
Gibbsite -2.22 -0.44 0.56 1.55 0.50 -2.40 -1.04
Goethite -1.52 -0.19 1.97 2.69 6.09 4.39 3.19
analcime_0.96 -11.81 -11.53 -10.86 -8.87 -6.26 -8.61 -7.82
Hematite -0.74 1.74 6.22 7.51 14.36 11.03 8.97
Heulandite -18.98 -22.43 -19.51 -17.86  -11.23 -19.16  -15.78
Kaolinite -4.40 -3.23 -1.50 0.17 -1.20 -8.56 -5.43
Laumondite -18.12  -18.18 -14.80  -12.73 -7.20 -12.73 -9.98
mic-gibbsite -3.14 -1.36 -0.35 0.63 -0.41 -3.31 -1.95
Pyrite NA NA NA NA -138.12  -173.14  -168.37
Thomsonite -42.90  -38.31 -29.96  -23.14  -11.23 -20.38 -15.47
Sulfur NA NA NA NA -65.56  -79.38 -76.91
Scolecite -15.79  -14.71 -11.18 -8.98 -3.81 -8.54 -6.01
Quartz -0.92 -1.89 -2.05 -2.18 -1.82 -2.62 NA

NA: Data not available
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75° C

04-75 05-75 07-75 09-75 10-75 11-75
Albite -13.35 -9.92 -8.94 -7.35 -11.31 -9.05
An70 -15.10 -10.61 -9.59 -6.61 -10.19 -8.05
Anorthite -6.86 -1.92 -0.89 2.70 -0.73 1.36
Diopside -12.84 -6.92 -5.21 4.68 10.15 9.37
Enstatite -12.49 -9.86 -9.09 -3.79 -1.30 -1.83
Fayalite -16.82 -13.55 -12.53 -13.67 -24.11 -22.50
Fo80Fa20 -22.10 -17.71 -16.34 -8.10 -5.23 -6.30
Forsterite -35.72 -31.04 -29.59 -18.99 -12.81 -14.49
Ferrosilite -9.36 -7.44 -6.89 -7.47 -13.27 -12.17
Stapafell -3.25 -2.49 -2.42 -2.58 -4.72 -3.76
AI(OH)3_amorph -1.39 -0.90 -0.85 -1.33 -3.94 -3.05
Analcime -10.77 -7.96 -7.00 -5.41 -8.16 -6.54
Allophane AVSi=1.26 -2.50 -0.52 -0.40 -1.37 -8.50 -5.71
Allophane AlSi=1.64 -2.14 -0.40 -0.28 -1.25 -7.93 -5.38
Allophane AlVSi=2.02 -2.03 -0.42 -0.31 -1.28 -7.70 -5.29
Ca-Montmorillonite -9.40 -5.50 -5.21 -5.60 -15.39 -11.14
Ca-stilbite -21.72 -13.66 -12.65 -9.06 -18.48 -13.23
Chalcedony -2.04 -1.45 -1.40 -1.39 -2.59 -1.96
Chabacite-Ca 18.64 24.83 25.86 29.45 23.62 26.97
Clinopyroxene -9.54 -4.14 -2.60 4.78 6.31 6.14
Gibbsite 0.85 1.34 1.39 0.91 -1.70 -0.82
Goethite 0.51 2.87 3.82 5.52 3.21 3.13
analcime 0.96 -10.81 -8.04 -7.11 -5.59 -8.38 -6.74
Hematite 3.25 7.98 9.85 13.30 8.63 8.49
Heulandite -21.41 -13.35 -12.34 -8.76 -18.18 -12.92
Kaolinite -2.39 -0.16 -0.03 -1.00 -8.62 -5.56
Laumondite -16.53 -10.33 -9.30 -5.71 -11.54 -8.19
mic-gibbsite -0.28 0.21 0.26 -0.22 -2.83 -1.95
Pyrite -68.99 NA -92.16  -135.02 -179.95 -169.94
Thomsonite -32.20 -19.80 -17.03 -8.62 -17.03 -11.86
Sulfur -33.96 NA -44.58 -63.71 -81.28 -77.12
Scolecite -12.74 -7.17 -6.14 -2.55 -7.18 -4.46
Quartz -2.27 -1.69 -1.63 -1.62 -2.82 NA

NA: Data not available
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8.2 Appendix 3

Snorri Gudbrandsson, Domenik Wolff-Boenisch, Sigurdur R. Gislason, Eric H.
Oclkers (2013) “Experimental characterization of plagioclase dissolution rates as
a function of their composition and pH at 22° C” (submitted to Geochimica
Cosmochimica Acta).

Supporting information, eighteen pages, containing fourteen figures and five tables.
Annex A
Rates vs. time based on Si concentrations
Annex B
Rates vs. time based on Al concentrations
Annex C

Saturation indexes of noted minerals in fluids from all experiments
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Annex A: Temporal evolution of all plagioclase dissolution rates determined in the present
study based on Si release (r+s;) reported in (mol/cm?/s). Open symbols represent rates
generated from experiments performed in series running for approximately. 75 hours
each. The filled symbols correspond to rates obtained from individual experiments run
for minimum of 250 hours each. Dashed lines correspond to the final steady-state
values in each experiment. The error bars correspond to the standard deviation of
measured rates at steady-state multiplied by two.
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Annex B: Temporal evolution of all plagioclase dissolution rates determined in the present
study based on Al release (7)) reported in (mol/cm?/s). Open symbols represent rates
generated from experiments performed in series running for approximately. 75 hours
each. The filled symbols correspond to rates obtained from individual experiments run
for minimum of 250 hours each. Dashed lines correspond to the final steady-state
values in each experiment. The error bars correspond to the standard deviation of
measured rates at steady-state multiplied by two.
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Annex C: Saturation state of all steady state reactive fluids with respect to the indicated
phases. Saturation states are negative if the mineral is undersaturated, but positive if
supersaturated.  All saturation state values were calculated using the PHREEQC

computer code (Parkhurst and Appelo, 1999) — with additions as noted in text.
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8.3 Appendix 4

Snorri  Gudbrandsson, Vasileios Mavromatis, FEric H. Oelkers (2013)
“Precipitation of gibbsite at pH 11 at 22°C and pH 9 at 8§0°C” (Manuscript to be
submitted upon completion of work).

Supporting information, thirteen pages, containing four tables.
Annex A

S1: Measured values from R-series

S2: Measured values from H-series
Annex B

S3: Calculated values from R-series

S4: Calculated values from H-series

187



Chapter 8 Appendices

Annex A

Table S1 - Time, Al conc., pH, reactive fluid mass and saturation indexes for selected phases
during experiments at 22 °C.

Elapsed M, Cai
pH time (k) x10° SI
Exp. No 22°C (hours) molkg Gibbsite Boehmite Diaspore Log (I4P)
G-R1-01 10.90 1 0.498 0.10 -0.05 1.14 1.55 8.9
G-R1-02 10.70 291 0.488 0.09 0.08 1.27 1.68 9.0
G-R1-03 10.68 623 0.477 0.08 0.09 1.27 1.68 9.0
G-R1-04 10.69 1175 0.467 0.08 0.05 1.24 1.65 9.0
G-R1-05 10.62 1535 0.457 0.07 0.09 1.28 1.69 9.0
G-R1-06 10.56 1970 0.446 0.07 0.14 1.33 1.74 9.1
G-R1-07 10.69 2352 0.435 0.07 -0.02 1.17 1.58 8.9
G-R1-08 10.39 2979 0.425 0.06 0.26 1.45 1.86 9.2
G-R1-09 10.43 3483 0.414 0.06 0.19 1.38 1.79 9.1
G-R1-10 10.53 3815 0.404 0.06 0.07 1.25 1.66 9.0
G-R1-11 10.30 4466 0.394 0.06 0.29 1.48 1.89 9.2
G-R1-12 10.46 5139 0.383 0.05 0.12 1.30 1.71 9.1
G-R2-1 10.88 1 0.497 0.16 0.16 1.35 1.76 9.1
G-R2-2 10.81 291 0.487 0.14 0.17 1.36 1.77 9.1
G-R2-3 10.77 623 0.476 0.10 0.06 1.25 1.65 9.0
G-R2-4 10.86 1175 0.466 0.08 -0.11 1.08 1.48 8.8
G-R2-5 10.84 1535 0.456 0.07 -0.14 1.05 1.46 8.8
G-R2-6 10.79 1970 0.446 0.07 -0.13 1.06 1.47 8.8
G-R2-7 10.73 2352 0.435 0.06 -0.09 1.10 1.50 8.9
G-R2-8 10.62 2979 0.425 n.m. n.a. n.a. n.a. n.c.
G-R2-9 10.58 3483 0.415 0.07 0.10 1.29 1.69 9.0
G-R2-10 10.57 3815 0.404 0.06 0.07 1.26 1.67 9.0
G-R2-11 10.46 4466 0.394 0.06 0.16 1.35 1.76 9.1
G-R2-12 10.54 5139 0.383 0.05 0.05 1.23 1.64 9.0
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Table S1 (continued) - Time, Al conc., pH, reactive fluid mass and saturation indexes for selected

phases during experiments at 22 °C.
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Elapsed M, Cal
pH time (kg) x10° SL
Exp. No 22°C (hours) mol/kg Gibbsite Bochmite Diaspore Log (I4P)
G-R3-1 10.87 1 0.495 0.33 0.75 1.94 2.34 9.4
G-R3-2 10.92 291 0.485 0.22 0.33 1.52 1.93 9.2
G-R3-3 10.91 623 0.474 0.14 0.15 1.34 1.75 9.0
G-R3-4 11.00 1175 0.464 0.12 -0.07 1.12 1.52 8.9
G-R3-5 10.99 1535 0.454 0.11 -0.08 1.11 1.52 8.8
G-R3-6 11.11 1970 0.443 0.11 -0.07 1.12 1.52 8.7
G-R3-7 10.88 2352 0.432 0.10 -0.03 1.16 1.57 8.9
G-R3-8 10.79 2979 0.422 0.10 n.a. n.a. n.a. 9.0
G-R3-9 10.76 3483 0.411 0.10 0.05 1.24 1.65 9.0
G-R3-10 10.83 3815 0.401 0.10 -0.04 1.15 1.56 9.0
G-R3-11 10.63 4466 0.390 0.08 0.19 1.37 1.78 9.1
G-R3-12 10.73 5139 0.380 0.08 0.03 1.22 1.63 9.0
G-R4-1 10.92 1 0.497 0.67 0.49 1.67 2.08 9.7
G-R4-2 11.08 291 0.487 0.37 0.26 1.44 1.85 9.3
G-R4-3 11.08 623 0.476 0.24 0.08 1.26 1.67 9.1
G-R4-4 11.17 1175 0.466 0.18 -0.06 1.13 1.53 8.9
G-R4-5 11.16 1535 0.456 0.17 -0.12 1.07 1.47 8.9
G-R4-6 11.12 1970 0.445 0.16 -0.23 0.96 1.36 8.9
G-R4-7 11.06 2352 0.435 0.15 -0.03 1.16 1.57 8.9
G-R4-8 10.97 2979 0.424 n.m. 0.06 1.25 1.66 n.c.
G-R4-9 10.94 3483 0.413 0.14 0.10 1.29 1.69 9.0
G-R4-10 10.99 3815 0.403 0.13 0.02 1.21 1.62 8.9
G-R4-11 10.82 4466 0.392 0.14 0.12 1.30 1.71 9.1
G-R4-12 10.93 5139 0.381 0.13 0.01 1.19 1.60 9.0
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Table S1 (continued) - Time, Al conc., pH, reactive fluid mass and saturation indexes for selected
phases during experiments at 22 °C.

Elapsed M, Cal
pH time (kg) x10° S
Exp. No 22°C (hours) mol/kg Gibbsite Boehmite Diaspore Log (I4P)
G-R5-1 10.91 1 0.498 1.51 1.11 2.30 2.71 10.1
G-R5-2 11.33 291 0.488 0.80 0.41 1.60 2.01 9.4
G-R5-3 11.33 623 0.477 0.51 0.22 1.41 1.82 9.2
G-R5-4 11.45 1175 0.467 0.39 -0.02 1.17 1.58 8.9
G-R5-5 11.41 1535 0.456 0.35 -0.02 1.17 1.58 8.9
G-R5-6 11.32 1970 0.446 0.36 0.08 1.26 1.67 9.0
G-R5-7 11.33 2352 0.436 0.33 0.03 1.21 1.62 9.0
G-R5-8 11.22 2979 0.425 n.m. 0.13 1.32 1.73 9.1
G-R5-9 11.21 3483 0.414 0.32 0.14 1.33 1.74 9.1
G-R5-10 11.27 3815 0.404 0.32 0.07 1.26 1.67 9.0
G-R5-11 11.09 4466 0.393 0.31 0.24 1.43 1.83 9.2
G-R5-12 11.20 5139 0.383 0.29 0.10 1.29 1.69 9.0
G-R5-13 11.33 5737 0.373 0.25 -0.09 1.10 1.51 9.1
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Table S2 -Time, Al conc., pH, reactive fluid mass and saturation indexes for selected phases
during experiments at 80 °C.

Elapsed M, Cal
pH time (kg) x10° S
Exp. No 80 °C (hours) mol/kg Gibbsite Boehmite Diaspore Log (/4P)
G-H6-1 9.38 1 0.395 0.25 -0.33 0.73 1.05 5.2
G-H6-2 8.92 291 0.384 0.23 0.09 1.15 1.48 5.6
G-H6-3 8.98 623 0.373 0.21 0.00 1.06 1.38 5.5
G-Ho6-4 8.84 1175 0.362 0.18 0.06 1.12 1.44 5.6
G-H6-5 8.72 1535 0.352 0.17 0.17 1.23 1.55 5.7
G-H6-6 7.96 1970 0.341 0.16 0.87 1.94 2.26 6.4
G-H6-7 7.99 2352 0.330 0.13 0.75 1.81 2.13 6.3
G-H6-8 6.73 2979 0.319 0.12 1.71 2.77 3.09 7.2
G-H6-9 6.18 3483 0.308 0.07 1.93 2.99 3.31 7.4
G-H6-10 5.26 3815 0.298 0.09 2.62 3.68 4.00 8.1
G-He-11 6.34 4466 0.286 0.05 1.67 2.73 3.05 7.2
G-H6-12 6.41 5139 0.274 0.04 1.56 2.62 2.94 7.1
G-H7-1 9.43 1 0.401 0.39 -0.19 0.87 1.19 53
G-H7-2 9.19 291 0.390 0.28 -0.09 0.98 1.30 5.4
G-H7-3 9.21 623 0.379 0.26 -0.14 0.92 1.24 5.4
G-H7-4 9.16 1175 0.368 0.23 -0.15 091 1.23 5.4
G-H7-5 9.01 1535 0.358 0.21 -0.04 1.02 1.34 5.5
G-H7-6 8.83 1970 0.347 0.21 0.14 1.20 1.52 5.7
G-H7-7 8.63 2352 0.336 0.17 0.26 1.32 1.64 5.8
G-H7-8 8.30 2979 0.325 0.17 0.58 1.64 1.96 6.1
G-H7-9 8.08 3483 0.314 0.12 0.66 1.72 2.04 6.2
G-H7-10 7.96 3815 0.304 0.12 0.75 1.81 2.13 6.3
G-H7-11 7.53 4466 0.293 0.10 1.05 2.11 2.43 6.6
G-H7-12 7.37 5139 0.281 0.08 1.10 2.16 2.48 6.6
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Table S2 (continued) -Time, Al conc., pH, reactive fluid mass and saturation indexes for selected
phases during experiments at 80 °C.

Elapsed M, Cal
pH time (kg) x10° SL
Exp. No 80 °C (hours) mol/kg Gibbsite Bocehmite Diaspore Log(/4P)
G-H8-1 9.39 1 0.399 0.77 0.14 1.20 1.52 5.7
G-H8-2 10.1 291 0.388 0.55 -0.73 0.33 0.65 4.8
G-H8-3 9.49 623 0.377 0.49 -0.15 0.91 1.23 5.4
G-H8-4 9.47 1175 0.366 0.44 -0.18 0.88 1.20 5.3
G-H8-5 9.34 1535 0.356 0.43 -0.06 1.00 1.32 5.4
G-H8-6 9.30 1970 0.345 0.41 -0.03 1.03 1.35 5.5
G-H8-7 9.18 2352 0.334 0.34 -0.01 1.05 1.37 5.5
G-H8-8 8.98 2979 0.324 0.37 0.23 1.29 1.61 5.7
G-H8-9 8.91 3483 0.305 0.31 0.23 1.29 1.61 5.7
G-H8-10 8.73 3815 0.302 0.29 0.38 1.44 1.76 5.9
G-H8-11 8.58 4466 0.291 0.26 0.49 1.55 1.87 6.0
G-H8-12 8.40 5139 0.280 0.23 0.61 1.67 1.99 6.1
G-H9-1 9.39 1 0.399 1.34 0.38 1.44 1.76 5.9
G-H9-2 9.65 291 0.388 1.00 -0.01 1.05 1.37 5.5
G-H9-3 9.73 623 0.378 0.81 -0.17 0.89 1.21 5.3
G-H9-4 9.74 1175 0.366 0.79 -0.19 0.87 1.19 5.3
G-H9-5 9.62 1535 0.356 0.64 -0.17 0.89 1.21 53
G-H9-6 9.61 1970 0.345 0.75 -0.09 0.97 1.29 5.4
G-H9-7 9.49 2352 0.334 0.59 -0.07 0.99 1.31 5.4
G-H9-8 9.35 2979 0.323 0.57 0.05 1.12 1.44 5.6
G-H9-9 9.36 3483 0.312 0.56 0.03 1.10 1.42 5.5
G-H9-10 9.19 3815 0.301 0.54 0.19 1.25 1.57 5.7
G-H9-11 9.09 4466 0.290 0.52 0.27 1.33 1.65 5.8
G-H9-12 8.99 5139 0.279 0.47 0.33 1.39 1.71 5.8
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Table S2 (continued) -Time, Al conc., pH, reactive fluid mass and saturation indexes for selected

phases during experiments at 80 °C.
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Elapsed M, Cal
pH time (kg x10° S.IL
Exp. No 80 °C (hours) mol/kg Gibbsite Bochmite Diaspore Log (/4P)
G-H10-1 9.38 1 0.408 2.68 0.69 1.75 2.07 6.2
G-H10-2 9.42 291 0.397 2.40 0.60 1.66 1.98 6.1
G-H10-3 10.0 623 0.386 2.23 -0.06 1.00 1.33 5.5
G-H10-4 10.1 1175 0.375 1.99 -0.14 0.92 1.24 5.4
G-H10-5 9.99 1535 0.364 1.54 -0.16 0.90 1.22 5.4
G-H10-6 10.0 1970 0.353 1.90 -0.10 0.96 1.28 5.4
G-H10-7 9.91 2352 0.342 1.58 -0.08 0.99 1.31 5.4
G-H10-8 9.82 2979 0.332 1.53 0.01 1.07 1.39 5.5
G-H10-9 9.82 3483 0.321 1.44 -0.02 1.04 1.36 5.5
G-H10-10 9.72 3815 0.310 1.42 0.08 1.14 1.46 5.6
G-H10-11 9.66 4466 0.300 1.38 0.12 1.19 1.51 5.6
G-H10-12 9.63 5139 0.288 1.31 0.13 1.19 1.51 5.6
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Annex B

Table S3 - Time, calculated conc., av. pH and saturation indexes for selected phases during
experiments at 22 °c.

Elapsed M, Cal
pH time (kg) x10° SL
Exp. No 22°C (hours) molkg Gibbsite Boehmite Diaspore Log (IAP)
G-R1-01 10.58 1 0.498 0.10 0.25 1.44 1.85 8.6
G-R1-02 10.58 291 0.488 0.09 0.23 1.42 1.83 8.6
G-R1-03 10.58 623 0.477 0.09 0.21 1.40 1.80 8.5
G-R1-04 10.58 1175 0.467 0.08 0.17 1.36 1.76 8.5
G-R1-05 10.58 1535 0.457 0.08 0.15 1.33 1.74 8.5
G-R1-06 10.58 1970 0.446 0.07 0.12 1.31 1.72 8.4
G-R1-07 10.58 2352 0.435 0.07 0.10 1.29 1.70 8.4
G-R1-08 10.58 2979 0.425 0.06 0.07 1.26 1.67 8.4
G-R1-09 10.58 3483 0.414 0.06 0.05 1.24 1.65 8.4
G-R1-10 10.58 3815 0.404 0.06 0.04 1.23 1.64 8.4
G-R1-11 10.58 4466 0.394 0.06 0.03 1.21 1.62 8.3
G-R1-12 10.58 5139 0.383 0.06 0.01 1.20 1.61 8.3
G-R2-1 10.70 1 0.497 0.16 0.35 1.53 1.94 8.7
G-R2-2 10.70 291 0.487 0.13 0.24 1.43 1.84 8.6
G-R2-3 10.70 623 0.476 0.10 0.15 1.34 1.75 8.5
G-R2-4 10.70 1175 0.466 0.08 0.04 1.23 1.64 8.4
G-R2-5 10.70 1535 0.456 0.07 0.00 1.19 1.59 8.3
G-R2-6 10.70 1970 0.446 0.07 -0.04 1.15 1.56 8.3
G-R2-7 10.70 2352 0.435 0.06 -0.05 1.13 1.54 8.3
G-R2-8 10.70 2979 0.425 0.06 -0.07 1.12 1.53 8.3
G-R2-9 10.70 3483 0.415 0.06 -0.08 1.11 1.52 8.2
G-R2-10 10.70 3815 0.404 0.06 -0.08 1.11 1.52 82
G-R2-11 10.70 4466 0.394 0.06 -0.08 1.11 1.52 8.2
G-R2-12 10.70 5139 0.383 0.06 -0.08 1.11 1.52 8.2
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Table S3 (continued) - Time, calculated conc., av. pH and saturation indexes for selected phases
during experiments at 22 °c.

Elapsed M, Cal
pH time (kg) x10° S
Exp. No 22°C (hours) mol/kg Gibbsite Boehmite Diaspore Log (/4P)
G-R3-1 10.87 1 0.495 0.33 0.49 1.67 2.08 8.8
G-R3-2 10.87 291 0.485 0.21 0.30 1.48 1.89 8.6
G-R3-3 10.87 623 0.474 0.15 0.14 1.33 1.74 8.5
G-R3-4 10.87 1175 0.464 0.11 0.01 1.20 1.61 8.3
G-R3-5 10.87 1535 0.454 0.10 -0.02 1.17 1.58 8.3
G-R3-6 10.87 1970 0.443 0.10 -0.03 1.15 1.56 8.3
G-R3-7 10.87 2352 0.432 0.10 -0.04 1.15 1.56 8.3
G-R3-8 10.87 2979 0.422 0.10 -0.04 1.15 1.55 8.3
G-R3-9 10.87 3483 0.411 0.10 -0.04 1.15 1.55 8.3
G-R3-10 10.87 3815 0.401 0.10 -0.04 1.15 1.55 8.3
G-R3-11 10.87 4466 0.390 0.10 -0.04 1.15 1.55 8.3
G-R3-12 10.87 5139 0.380 0.10 -0.04 1.15 1.55 8.3
G-R4-1 11.02 1 0.497 0.66 0.64 1.83 2.24 9.0
G-R4-2 11.02 291 0.487 0.38 0.41 1.59 2.00 8.7
G-R4-3 11.02 623 0.476 0.24 0.21 1.40 1.81 8.5
G-R4-4 11.02 1175 0.466 0.17 0.05 1.24 1.65 8.4
G-R4-5 11.02 1535 0.456 0.16 0.01 1.20 1.61 8.3
G-R4-6 11.02 1970 0.445 0.15 0.00 1.19 1.60 8.3
G-R4-7 11.02 2352 0.435 0.15 -0.01 1.18 1.59 8.3
G-R4-8 11.02 2979 0.424 0.15 -0.01 1.18 1.59 8.3
G-R4-9 11.02 3483 0.413 0.15 -0.01 1.18 1.59 8.3
G-R4-10 11.02 3815 0.403 0.15 -0.01 1.18 1.59 8.3
G-R4-11 11.02 4466 0.392 0.15 -0.01 1.18 1.59 8.3
G-R4-12 11.02 5139 0.381 0.15 -0.01 1.18 1.59 8.3

Table S3 (continued) - Time, calculated conc., av. pH and saturation indexes for selected phases
during experiments at 22 °c.

Elapsed M, Cal
pH time (kg) x10° S
Exp. No 22°C (hours) mol/kg Gibbsite Boehmite Diaspore Log (I4P)
G-R5-1 11.26 1 0.498 1.50 0.75 1.94 2.35 9.07
G-R5-2 11.26 291 0.488 0.81 0.49 1.68 2.09 8.81
G-R5-3 11.26 623 0.477 0.50 0.28 1.47 1.88 8.6
G-R5-4 11.26 1175 0.467 0.35 0.13 1.31 1.72 8.44
G-R5-5 11.26 1535 0.456 0.33 0.10 1.28 1.69 8.41
G-R5-6 11.26 1970 0.446 0.32 0.08 1.27 1.68 8.4
G-R5-7 11.26 2352 0.436 0.32 0.08 1.27 1.68 8.4
G-R5-8 11.26 2979 0.425 0.32 0.08 1.27 1.68 8.4
G-R5-9 11.26 3483 0.414 0.32 0.08 1.27 1.68 8.4
G-R5-10 11.26 3815 0.404 0.32 0.08 1.27 1.68 8.4
G-R5-11 11.26 4466 0.393 0.32 0.08 1.27 1.68 8.4
G-R5-12 11.26 5139 0.383 0.32 0.08 1.27 1.68 8.4
G-R5-13 11.26 5737 0.373 0.32 0.08 1.27 1.68 8.4
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Table S4 - Time, calculated conc., av. pH and saturation indexes for selected phases during

experiments at 80 °c.

Elapsed M, Cal
pH time (kg) x10° S
Exp. No 80 °C (hours) mol/kg Gibbsite Boehmite Diaspore Log (/4P)
G-H6-1 7.70 1 0.395 0.25 1.36 2.42 2.74 6.6
G-H6-2 7.70 291 0.384 0.23 1.32 2.38 2.70 6.6
G-H6-3 7.70 623 0.373 0.21 1.27 2.33 2.65 6.6
G-Ho6-4 7.70 1175 0.362 0.17 1.18 2.24 2.56 6.5
G-H6-5 7.70 1535 0.352 0.15 1.12 2.18 2.50 6.4
G-H6-6 7.70 1970 0.341 0.12 1.04 2.11 243 6.3
G-H6-7 7.70 2352 0.330 0.10 0.97 2.03 2.35 6.3
G-H6-8 7.70 2979 0.319 0.07 0.82 1.89 2.21 6.1
G-H6-9 7.70 3483 0.308 0.05 0.68 1.74 2.06 6.0
G-H6-10 7.70 3815 0.298 0.04 0.56 1.62 1.94 5.8
G-He-11 7.70 4466 0.286 0.02 0.20 1.27 1.59 5.5
G-H6-12 7.70 5139 0.274 0.00 n.a. n.a. n.a. nv.
G-H7-1 8.80 1 0.401 0.35 0.40 1.46 1.78 5.7
G-H7-2 8.80 291 0.390 0.32 0.36 1.42 1.74 5.6
G-H7-3 8.80 623 0.379 0.28 0.31 1.37 1.69 5.6
G-H7-4 8.80 1175 0.368 0.24 0.23 1.29 1.61 5.5
G-H7-5 8.80 1535 0.358 0.21 0.18 1.24 1.56 5.5
G-H7-6 8.80 1970 0.347 0.18 0.12 1.19 1.51 5.5
G-H7-7 8.80 2352 0.336 0.16 0.08 1.14 1.46 54
G-H7-8 8.80 2979 0.325 0.14 0.00 1.06 1.38 53
G-H7-9 8.80 3483 0.314 0.12 -0.06 1.00 1.32 52
G-H7-10 8.80 3815 0.304 0.11 -0.09 0.97 1.29 5.2
G-H7-11 8.80 4466 0.293 0.10 -0.16 0.90 1.22 5.1
G-H7-12 8.80 5139 0.281 0.08 -0.21 0.85 1.17 5.1
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Elapsed M, Cal
pH time (kg) x10° S
Exp. No 80 °C (hours) mol/kg Gibbsite Boehmite Diaspore Log (/4P)
G-H8-1 9.10 1 0.399 0.70 0.41 1.47 1.79 5.7
G-H8-2 9.1 291 0.388 0.62 0.35 1.42 1.74 5.6
G-H8-3 9.10 623 0.377 0.55 0.30 1.36 1.68 5.6
G-H8-4 9.10 1175 0.366 0.46 0.22 1.28 1.60 5.5
G-H8-5 9.10 1535 0.356 0.42 0.18 1.24 1.56 5.5
G-H8-6 9.10 1970 0.345 0.38 0.14 1.20 1.52 54
G-H8-7 9.10 2352 0.334 0.35 0.11 1.17 1.49 54
G-H8-8 9.10 2979 0.324 0.32 0.07 1.13 1.45 5.4
G-H8-9 9.10 3483 0.305 0.31 0.05 1.11 1.43 53
G-H8-10 9.10 3815 0.302 0.30 0.03 1.09 1.41 53
G-H8-11 9.10 4466 0.291 0.29 0.02 1.08 1.40 53
G-H8-12 9.10 5139 0.280 0.28 0.01 1.07 1.39 5.3
G-H9-1 9.43 1 0.399 1.28 0.33 1.39 1.71 5.6
G-H9-2 9.43 291 0.388 1.06 0.25 1.31 1.63 5.5
G-H9-3 9.43 623 0.378 0.89 0.17 1.23 1.55 5.5
G-H9-4 9.43 1175 0.366 0.72 0.08 1.14 1.46 5.4
G-H9-5 9.43 1535 0.356 0.66 0.04 1.10 1.42 5.3
G-H9-6 9.43 1970 0.345 0.61 0.01 1.07 1.39 5.3
G-H9-7 9.43 2352 0.334 0.59 -0.01 1.05 1.37 53
G-H9-8 9.43 2979 0.323 0.56 -0.03 1.03 1.35 53
G-H9-9 9.43 3483 0.312 0.55 -0.03 1.03 1.35 52
G-H9-10 9.43 3815 0.301 0.55 -0.04 1.02 1.34 5.2
G-H9-11 9.43 4466 0.290 0.55 -0.04 1.02 1.34 5.2
G-H9-12 9.43 5139 0.279 0.54 -0.04 1.02 1.34 5.2

Table S4 (continued) - Time, calculated conc., av. pH and saturation indexes for selected phases

during experiments at 80 °c.

Elapsed M, Cal
pH time (kg x10° S.I.
Exp. No 80 °C (hours) mol/kg Gibbsite Bochmite Diaspore Log (I4P)
G-H10-1 9.79 1 0.408 2.660 0.29 1.35 1.67 5.6
G-H10-2 9.79 291 0.397 2.444 0.25 1.32 1.64 5.5
G-H10-3 9.8 623 0.386 2.238 0.22 1.28 1.60 5.5
G-H10-4 9.8 1175 0.375 1.975 0.16 1.22 1.54 5.4
G-H10-5 9.79 1535 0.364 1.844 0.13 1.19 1.51 5.4
G-H10-6 9.8 1970 0.353 1.720 0.10 1.16 1.48 5.4
G-H10-7 9.79 2352 0.342 1.635 0.08 1.14 1.46 54
G-H10-8 9.79 2979 0.332 1.531 0.05 1.11 1.43 53
G-H10-9 9.79 3483 0.321 1.472 0.04 1.10 1.42 5.3
G-H10-10 9.79 3815 0.310 1.442 0.03 1.09 1.41 5.3
G-H10-11 9.79 4466 0.300 1.397 0.01 1.07 1.39 5.3
G-H10-12 9.79 5139 0.288 1.366 0.00 1.06 1.38 53
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8.4 Appendix 5

Snorri Gudbrandsson, Vasileios Mavromatis, Quentin Gautier, Nicolas Bovet,
Jacques Schott, Eric H. Oelkers (2013) “An experimental study of kaolinite
precipitation kinetics as a function of fluid saturation state at pH 4 and 25 °C”
(Manuscript to be submitted upon completion of work).

Supporting information, thirteen pages, containing sixteen tables.
Annex A

Measured values from published experiments.
Annex B

Calculated values from published experiments given at 120 hours interval with
calculated saturation states of noted minerals.
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Annex A: Measured values from published experiments.

Sample Time Conc. mmol/Kg Sample Time Conc. mmol/Kg
name (h) Al Si pH name (h) Al Si pH
FKB-0 0 0.18 0.11 4.3 FKC-0 0 0.13 0.14 4.0
FKB-1 27 0.24 0.17 4.0 FKC-1 44 0.11 0.16 4.1
FKB-2 51 0.29 0.19 4.0 FKC-2 120 0.17 0.23 4.0
FKB-3 77 0.36 0.25 4.0 FKC-3 146 0.18 0.25 4.0
FKB-4 101 0.45 3.9 FKC-4 169 0.20 0.27 4.0
FKB-5 123 0.41 0.36 3.9 FKC-5 191 0.21 0.29 4.1
FKB-6 151 0.51 0.41 3.9 FKC-6 214 0.23 0.30 4.0
FKB-7 173 0.53 0.46 3.9 FKC-7 243 0.23 0.30 4.0
FKB-8 196 0.56 0.51 3.9 FKC-8 269 0.24 0.33 4.0
FKB-9 222 0.58 0.56 3.9 FKC-9 291 0.28 0.33 4.0
FKB-10 245 0.59 0.59 4.0 FKC-10 315 0.29 0.35 4.0
FKB-11 268 0.60 0.63 3.9 FKC-11 333 0.29 0.36 4.0
FKB-12 293 0.62 0.67 3.9 FKC-12 362 0.31 0.38 4.0
FKB-13 320 0.63 0.72 3.9 FKC-13 385 0.32 0.39 4.0
FKB-14 342 0.64 0.75 3.9 FKC-14 411 0.33 0.40 4.0
FKB-15 366 0.67 0.78 4.0 FKC-15 435 0.34 0.42 4.0
FKB-16 416 0.68 0.83 4.0 FKC-16 457 0.35 0.43 4.0
FKB-17 440 0.69 0.85 4.0 FKC-17 481 0.36 0.44 4.0
FKB-18 463 0.70 0.87 4.0 FKC-18 502 0.38 0.45 4.0
FKB-19 488 0.69 0.89 4.0 FKC-19 526 0.39 0.46 4.0
FKB-20 511 0.65 0.88 4.0 FKC-20 550 0.40 0.48
FKB-21 536 0.59 0.87 4.1 FKC-21 575 0.40 0.47 4.0
FKB-22 560 0.46 0.86 4.2 FKC-22 595 0.43 0.48 3.9
FKB-23 584 0.54 0.86 4.2 FKC-23 633 0.42 0.50
FKB-24 604 0.55 0.88 4.1 FKC-24 648 0.42 0.51 3.8
FKB-25 632 0.58 0.90 4.1 FKC-25 672 0.43 0.51 39
FKB-26 656 0.59 0.92 4.0 FKC-26 698 0.43 0.52 3.7
FKB-27 680 0.60 0.95 4.0 FKC-27 718 0.45 0.53
FKB-28 727 0.64 0.92 4.0 FKC-28 749 0.45 0.58 3.7
FKB-29 753 0.56 1.02 4.0 FKC-29 765 0.46 0.54 3.7
FKB-30 776 0.67 1.04 4.0 FKC-30 793 0.47 0.76
FKB-31 795 0.64 1.03 4.1 FKC-31 817 0.47 0.56 3.6
FKB-32 825 0.57 1.07 4.1 FKC-32 845 0.47 0.57
FKB-33 848 0.62 1.07 4.1 FKC-33 868 0.48 0.58
FKB-34 873 0.52 1.10 4.0 FKC-34 891 0.48 0.58
FKB-35 892 0.65 111 4.0 FKC-35 912 0.48 0.59 3.8
FKB-36 914 0.68 1.13 4.0 FKC-36 941 0.49 0.59
FKB-37 943 0.74 1.14 3.9 FKC-37 980 0.48 0.61
FKB-38 969 0.61 1.15 3.9 FKC-38 989 0.49 0.60
FKB-39 992 0.80 1.17 3.9 FKC-39 1036 0.49 0.61 35
FKB-40 1016 0.83 1.12 3.9 FKC-40 1063 0.50 0.62
FKB-41 1040 0.74 1.08 3.8 FKC-41 1107 0.51 0.63 3.7
FKB-42 1113 0.96 1.22 3.9 FKC-42 1132 0.51 0.63
FKB-43 1151 0.97 1.27 3.8 FKC-43 1174 0.51 0.64 4.0
FKB-44 1179 0.98 1.24 3.8 FKC-44 1223 0.62 3.9
FKB-45 1280 1.00 1.27 3.9 FKC-45 1267 0.64 3.9
FKB-46 1304 1.00 1.30 3.8 FKC-46 1324 0.51 0.63 3.9
FKB-47 1325 1.10 1.28 3.8 FKC-47 1347 0.51 0.63 3.9
FKB-48 1377 1.06 1.28 3.9 FKC-48 1370 0.51 0.64 3.9
FKB-49 1470 1.09 1.30 3.9 FKC-49 1419 0.43 0.64 3.9
FKB-50 1639 1.16 1.25 3.8 FKC-50 1466 0.42 0.64 3.9
FKB-51 1664 1.17 1.23 3.8 FKC-51 1510 0.49 0.65 3.9
FKB-52 1713 0.90 1.30 3.8 FKC-52 1588 0.49 0.64 3.9
FKB-53 1783 1.18 1.26 3.8 FKC-53 1659 0.45 0.66 3.9
FKB-54 1896 1.22 1.28 3.8 FKC-54 1771 0.53 0.68 3.9
FKB-55 2190 1.22 1.23 3.8 FKC-55 1853 0.54 0.67 3.9
FKB-56 2215 1.21 1.31 3.8 FKC-56 1925 0.45 0.69 3.9
FKC-57 1947 0.55 0.70 4.0
FKC-58 1971 0.54 0.68 3.9
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Sample Time Conc. mmol/Kg Sample Time Conc. mmol/Kg

name (h) Al Si pH name (h) Al Si pH
FKE-O 0 0.17 0.16 4.0 FKF-0 0 0.10 0.09 4.0
FKE-1 30 0.18 0.19 4.0 FKF-1 30 0.10 0.11 4.0
FKE-2 55 0.19 0.20 3.9 FKF-2 55 0.11 0.12 3.9
FKE-3 78 0.22 0.22 3.9 FKF-3 78 0.13 0.13 3.9
FKE-4 101 0.24 0.24 3.9 FKF-4 101 0.14 0.14 3.9
FKE-5 127 0.27 0.26 3.9 FKF-5 127 0.16 0.16 3.9
FKE-6 152 0.29 0.28 3.8 FKF-6 152 0.17 0.17 7.2
FKE-7 171 0.31 0.30 4.0 FKF-7 171 0.19 0.17 3.9
FKE-8 196 0.33 0.31 0.0 FKF-8 196 0.20 0.18
FKE-9 217 0.35 0.33 3.9 FKF-9 217 0.21 0.19 3.9
FKE-10 244 0.37 0.32 FKF-10 244 0.20 0.19
FKE-11 287 0.39 0.35 3.8 FKF-11 287 0.23 0.20 3.9
FKE-12 315 0.41 0.36 FKF-12 315 0.24 0.21
FKE-13 342 0.43 0.38 3.8 FKF-13 342 0.25 0.22 3.9
FKE-14 383 0.45 0.39 3.8 FKF-14 383 0.27 0.23 3.8
FKE-15 406 0.46 0.41 3.8 FKF-15 406 0.28 0.24 3.8
FKE-16 430 0.47 0.42 3.8 FKF-16 430 0.30 0.24 3.8
FKE-17 459 0.49 0.43 FKF-17 459 0.31 0.25
FKE-18 478 0.50 0.44 FKF-18 478 0.31 0.26
FKE-19 511 0.52 0.46 3.9 FKF-19 511 0.32 0.27 3.9
FKE-20 534 0.53 0.46 3.8 FKF-20 534 0.32 0.27 3.9
FKE-21 554 0.49 0.48 3.8 FKF-21 554 0.31 0.29 3.9
FKE-22 577 0.51 0.48 3.8 FKF-22 577 0.32 0.30 4.0
FKE-23 602 0.52 0.49 3.9 FKF-23 602 0.33 0.30 3.9
FKE-24 624 0.53 0.50 3.8 FKF-24 624 0.34 0.31 3.9
FKE-25 649 0.52 0.52 3.8 FKF-25 649 0.34 0.31 3.9
FKE-26 675 0.53 0.52 3.8 FKF-26 675 0.35 0.32 3.9
FKE-27 697 0.72 0.69 3.8 FKF-27 697 0.36 0.32 3.8
FKE-28 721 0.73 0.69 3.8 FKF-28 721 0.36 0.33 3.8
FKE-29 750 FKF-29 750 0.38 0.34
FKE-30 794 0.77 0.73 3.8 FKF-30 794 0.38 0.34 3.9
FKE-31 822 0.77 0.74 FKF-31 822 0.39 0.34 0.0
FKE-32 842 0.78 0.75 3.8 FKF-32 842 0.39 0.35 3.9
FKE-33 869 0.80 0.76 3.8 FKF-33 869 0.41 0.37 3.9
FKE-34 891 0.80 0.76 3.8 FKF-34 891 0.41 0.37 3.9
FKE-35 918 0.81 0.77 FKF-35 918 0.42 0.38
FKE-36 939 0.83 0.78 3.8 FKF-36 939 0.42 0.37 3.9
FKE-37 962 0.84 0.79 3.8 FKF-37 962 0.43 0.38 3.9
FKE-38 986 0.83 0.79 3.8 FKF-38 986 0.43 0.38 3.9
FKE-39 1010 FKF-39 1010 7.1
FKE-40 1034 0.85 0.80 3.8 FKF-40 1034 0.43 0.39 3.9
FKE-41 1058 0.85 0.80 3.8 FKF-41 1058 0.44 0.39 3.9
FKE-42 1079 0.88 0.82 3.8 FKF-42 1079
FKE-43 1108 0.89 0.83 FKF-43 1108 0.43 0.36
FKE-44 1136 0.90 0.84 FKF-44 1136
FKE-45 1162 0.91 0.85 FKF-45 1162 0.45 0.40
FKE-46 1182 0.90 0.83 FKF-46 1182 0.46 0.41
FKE-47 1207 FKF-47 1207
FKE-48 1223 0.89 0.83 3.8 FKF-48 1223 0.46 0.41 3.9
FKE-49 1253 0.91 0.85 FKF-49 1253 0.47 0.41 0.0
FKE-50 1273 0.94 0.87 3.8 FKF-50 1273 0.47 0.42 3.9
FKE-51 1297 0.94 0.92 FKF-51 1297 0.47 0.42
FKE-52 1325 0.91 0.85 3.8 FKF-52 1325 0.47 0.42 3.9
FKE-53 1345 0.93 0.88 3.8 FKF-53 1345 0.47 0.42 3.9
FKE-54 1376 0.92 0.86 FKF-54 1376 0.47 0.42
FKE-55 1393 0.93 0.87 3.7 FKF-55 1393 0.48 0.42 3.8
FKE-56 1417 0.93 0.87 FKF-56 1417 0.48 0.42
FKE-57 1441 0.94 0.88 3.8 FKF-57 1441 0.48 0.43 3.9
FKE-58 1493 0.94 0.88 3.8 FKF-58 1493 0.48 0.43 39
FKE-59 1514 0.96 0.89 FKF-59 1514 0.49 0.43
FKE-60 1542 0.95 0.89 FKF-60 1542 0.49 0.43
FKE-61 1563 0.94 0.89 3.8 FKF-61 1563 0.49 0.44 3.9
FKE-62 1584 0.95 0.90 3.8 FKF-62 1584 0.49 0.44 3.9
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Sample  Time Conc. mmol/Kg Sample  Time Conc. mmol/Kg

name (h) Al Si pH name (h) Al Si pH
FKG-0 0 0.10 0.09 4.0 FKH-0 0 0.10 0.09 4.0
FKG-1 30 0.08 0.11 3.9 FKH-1 30 0.08 0.12 4.1
FKG-2 55 0.10 0.13 4.0 FKH-2 55 0.09 0.14 4.0
FKG-3 78 0.12 0.14 3.9 FKH-3 78 0.10 0.15 4.0
FKG-4 101 0.13 0.15 4.0 FKH-4 101 0.11 0.17 4.0
FKG-5 127 0.15 0.17 3.9 FKH-5 127 0.13 0.18 4.0
FKG-6 152 0.16 0.18 3.9 FKH-6 152 0.14 0.19 3.9
FKG-7 171 0.17 0.19 3.9 FKH-7 171 0.16 0.20 3.9
FKG-8 196 0.19 0.20 3.9 FKH-8 196 0.17 0.21 3.9
FKG-9 217 0.20 0.21 3.9 FKH-9 217 0.19 0.22 3.9
FKG-10 244 0.20 0.20 3.9 FKH-10 244 0.18 0.21 3.9
FKG-11 287 0.22 0.22 3.9 FKH-11 287 0.21 0.21 3.9
FKG-12 315 0.25 0.23 3.9 FKH-12 315 0.23 0.21 3.8
FKG-13 342 0.25 0.23 3.9 FKH-13 342 0.24 0.22 3.9
FKG-14 383 0.26 0.24 3.8 FKH-14 383 0.26 0.23 3.8
FKG-15 406 0.28 0.25 3.8 FKH-15 406 0.28 0.25 3.9
FKG-16 430 0.29 0.26 3.8 FKH-16 430 0.29 0.25 3.8
FKG-17 459 0.30 0.26 3.8 FKH-17 459 0.31 0.25 3.8
FKG-18 478 0.30 0.27 3.8 FKH-18 478 0.31 0.26 3.8
FKG-19 511 0.33 0.28 3.9 FKH-19 511 0.33 0.27 3.9
FKG-20 534 0.33 0.28 3.9 FKH-20 534 0.34 0.27 3.8
FKG-21 554 0.32 0.29 3.9 FKH-21 554 0.33 0.28 3.8
FKG-22 577 0.33 0.30 3.8 FKH-22 577 0.33 0.30 3.8
FKG-23 602 0.33 0.30 3.9 FKH-23 602 0.34 0.28 3.8
FKG-24 624 0.34 0.30 3.8 FKH-24 624 0.35 0.29 3.8
FKG-25 649 0.34 0.31 3.9 FKH-25 649 0.35 0.29 3.8
FKG-26 675 0.34 0.32 3.9 FKH-26 675 0.33 0.30 3.8
FKG-27 697 0.38 0.34 3.8 FKH-27 697 0.37 0.33 3.8
FKG-28 721 0.38 0.34 3.8 FKH-28 721 0.38 0.33 3.8
FKG-29 750 0.39 0.35 3.8 FKH-29 750 0.39 0.34 3.8
FKG-30 794 0.40 0.36 3.8 FKH-30 794 0.40 0.35 3.8
FKG-31 822 0.40 0.36 3.8 FKH-31 822 0.40 0.35 3.8
FKG-32 842 0.41 0.36 3.8 FKH-32 842 0.40 0.36 3.8
FKG-33 869 0.41 0.37 3.8 FKH-33 869 0.41 0.36 3.8
FKG-34 891 0.44 0.40 4.0 FKH-34 891 0.41 0.36 3.8
FKG-35 918 0.42 0.37 4.0 FKH-35 918 0.42 0.36 3.8
FKG-36 939 0.42 0.37 3.9 FKH-36 939 0.42 0.37 3.8
FKG-37 962 0.43 0.38 3.8 FKH-37 962 0.43 0.37 3.8
FKG-38 986 0.43 0.38 3.8 FKH-38 986 0.43 0.38 3.8
FKG-39 1010 0.43 0.38 3.8 FKH-39 1010 0.44 0.38 3.8
FKG-40 1034 0.44 0.38 3.8 FKH-40 1034 0.44 0.38 3.8
FKG-41 1058 0.44 0.39 3.9 FKH-41 1058 0.44 0.38 3.8
FKG-42 1079 0.44 0.39 3.9 FKH-42 1079 0.44 0.38 3.8
FKG-43 1108 0.45 0.39 3.9 FKH-43 1108 0.45 0.39 3.8
FKG-44 1136 0.45 0.40 3.9 FKH-44 1136 0.45 0.39 3.8
FKG-45 1162 0.45 0.40 3.9 FKH-45 1162 0.45 0.39 3.8
FKG-46 1182 0.46 0.41 3.9 FKH-46 1182 0.46 0.40 3.8
FKG-47 1207 3.9 FKH-47 1207 3.8
FKG-48 1223 0.46 0.40 3.9 FKH-48 1223 0.46 0.40 3.8
FKG-49 1253 0.46 0.40 3.9 FKH-49 1253 0.46 0.40 3.8
FKG-50 1273 0.47 0.41 3.9 FKH-50 1273 0.47 0.40 3.8
FKG-51 1297 0.47 0.41 3.9 FKH-51 1297 0.47 0.41 3.8
FKG-52 1325 0.47 0.41 3.8 FKH-52 1325 0.47 0.41 3.8
FKG-53 1345 0.47 0.41 3.8 FKH-53 1345 0.48 0.41 3.8
FKG-54 1376 0.48 0.42 3.8 FKH-54 1376 0.48 0.41 3.8
FKG-55 1393 0.48 0.42 3.8 FKH-55 1393 0.47 0.41 3.7
FKG-56 1417 0.48 0.42 3.8 FKH-56 1417 0.48 0.41 3.7
FKG-57 1441 0.49 0.42 3.8 FKH-57 1441 0.49 0.42 3.8
FKG-58 1493 0.49 0.42 3.9 FKH-58 1493 0.49 0.42 4.0
FKG-59 1514 0.48 0.43 3.9 FKH-59 1514 0.49 0.42 4.0
FKG-60 1542 0.49 0.43 3.9 FKH-60 1542 0.49 0.42 4.0
FKG-61 1563 0.49 0.43 3.9 FKH-61 1563 0.49 0.42 4.0
FKG-62 1584 0.49 0.43 3.9 FKH-62 1584 0.49 0.42 4.0
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Sample Time Conc. mmol/Kg

name (h) Al Si pH
FKI-0 0 0.15 0.13 4.0
FKI-1 43 0.13 0.13 4.0
FKI-2 71 0.14 0.14 4.0
FKI-3 98 0.14 0.14 4.0
FKI-4 139 0.15 0.14 3.9
FKI-5 162 0.15 0.14 4.0
FKI-6 186 0.16 0.15 4.0
FKI-7 215 0.17 0.15 3.9
FKI-8 234 0.17 0.15 3.9
FKI-9 267 0.18 0.15 4.0
FKI-10 290 0.18 0.15 4.0
FKI-11 309 0.20 0.16 4.0
FKI-12 334 0.20 0.16 4.0
FKI-13 356 0.20 0.16 3.9
FKI-14 381 0.21 0.16 4.0
FKI-15 407 0.20 0.16 4.0
FKI-16 429 0.21 0.18 3.9
FKI-17 453 0.21 0.18 4.0
FKI-18 478 0.22 0.18 4.0
FKI-19 526 0.22 0.18 3.9
FKI-20 554 0.00 0.18 4.0
FKI-21 574 0.22 0.18 3.9
FKI-22 601 0.22 0.18 4.0
FKI-23 623 0.22 0.18 3.9
FKI-24 650 0.23 0.19 4.0
FKI-25 671 0.24 0.20 4.0
FKI-26 694 0.23 0.18 3.9
FKI-27 718 0.24 0.19 4.0
FKI-28 742 0.24 0.19 3.9
FKI-29 766 0.24 0.17 3.9
FKI-30 790 0.25 0.17 4.0
FKI-31 811 0.24 0.19 4.0
FKI-32 840 0.24 0.19 4.0
FKI-33 868 0.25 0.19 4.0
FKI-34 894 0.27 0.18 4.0
FKI-35 914 0.26 0.18 3.9
FKI-36 939 0.25 0.19 3.9
FKI-37 955 0.25 0.20 3.9
FKI-38 985 0.26 0.18 4.0
FKI-39 1005 0.00 0.00 4.0
FKI-40 1029 0.27 0.18 4.0
FKI-41 1057 0.26 0.20 3.9
FKI-42 1077 0.26 0.20 3.9
FKI-43 1108 0.27 0.18 3.9
FKI-44 1125 0.26 0.19 3.9
FKI-45 1149 0.00 0.18 3.9
FKI-46 1173 0.26 0.19 3.9
FKI-47 1225 0.26 0.19 4.0
FKI-48 1246 0.27 0.20 4.0
FKI-49 1274 0.26 0.19 4.0
FKI-50 1295 0.27 0.20 4.0
FKI-51 1316 0.27 0.19 4.0

Sample Time Conc. mmol/Kg

name (h) Al Si pH
FKJ-0 0 0.15 0.12 4.0
FKJ-1 43 0.09 0.13 4.0
FKJ-2 71 0.07 0.13 4.0
FKJ-3 98 0.11 0.13 4.0
FKJ-4 139 0.13 0.13 3.9
FKJ-5 162 0.10 0.13 3.9
FKJ-6 234 0.12 0.14 4.0
FKJ-7 267 0.16 0.14 4.0
FKJ-8 290 0.16 0.14 4.0
FKJ-9 309 0.18 0.15 4.0
FKJ-10 334 0.18 0.15 4.0
FKJ-11 356 0.18 0.15 3.9
FKJ-12 381 0.18 0.15 3.9
FKJ-13 407 0.19 0.15 4.0
FKJ-14 429 0.00 0.15 4.0
FKJ-15 453 0.20 0.15 39
FKJ-16 502 0.21 0.16 3.9
FKJ-17 530 0.21 0.16 3.9
FKJ-18 550 0.21 0.16 3.9
FKJ-19 577 0.22 0.16 3.9
FKJ-20 599 0.22 0.17 4.0
FKJ-21 626 0.22 0.18 3.9
FKJ-22 647 0.22 0.18 3.9
FKJ-23 670 0.23 0.18 3.9
FKJ-24 694 0.25 0.17 4.0
FKJ-25 718 0.25 0.17 3.9
FKJ-26 742 0.24 0.19 3.9
FKJ-27 766 0.24 0.18 3.9
FKJ-28 787 0.00 0.00 4.0
FKJ-29 816 0.24 0.18 4.1
FKJ-30 844 0.24 0.19 4.1
FKJ-31 870 0.25 0.19 4.0
FKJ-32 890 0.25 0.19 4.0
FKJ-33 915 0.24 0.19 4.0
FKJ-34 931 0.26 0.18 4.0
FKJ-35 961 0.24 0.19 4.0
FKJ-36 981 0.26 0.19 4.0
FKJ-37 1005 0.25 0.19 4.0
FKJ-38 1033 0.25 0.19 4.0
FKJ-39 1053 0.26 0.18 4.0
FKJ-40 1084 0.25 0.19 4.0
FKJ-41 1101 0.26 0.20 4.0
FKJ-42 1125 0.25 0.20 4.0
FKJ-43 1149 0.25 0.19 3.9
FKJ-44 1173 0.26 0.20 4.0
FKJ-45 1225 0.25 0.00 4.0
FKJ-46 1246 0.26 0.20 4.0
FKJ-47 1274 0.26 0.20 4.0
FKJ-48 1295 0.26 0.20 4.0
FKJ-49 1316 0.26 0.20 4.0
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Annex B. Calculated values of elemental concentration given at 120 hours interval. Best line
pH, best fit concentration curve in mmol/kg. From these calculations saturation indexes for
Gibbsite, Kaolinite and amorphous silica.

FKB conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO; ,m)
0 4.0 0.27 0.08 0.3 1.2 -1.4
120 3.9 0.41 0.37 0.3 2.4 -0.7
240 4.0 0.54 0.59 0.5 3.2 -0.5
360 4.0 0.64 0.76 0.6 3.7 -0.4
480 4.0 0.73 0.89 0.8 4.2 -0.3
600 4.1 0.80 0.99 1.0 4.7 -0.3
720 4.0 0.87 1.07 0.8 4.5 -0.2
840 4.0 0.92 1.13 0.7 4.3 -0.2
960 3.9 0.97 1.18 0.6 4.2 -0.2
1080 3.9 1.01 1.22 0.6 4.0 -0.2
1200 3.9 1.04 1.24 0.5 4.0 -0.2
1320 3.9 1.07 1.27 0.5 3.9 -0.2
1440 3.8 1.09 1.28 0.4 3.8 -0.1
1560 3.8 1.11 1.30 0.4 3.8 -0.1
1680 3.8 1.13 131 0.4 3.7 -0.1
1800 3.8 1.15 1.31 0.3 3.7 -0.1
1920 3.8 1.16 1.32 0.3 3.7 -0.1
2040 3.8 1.17 1.32 0.3 3.7 -0.1
2160 3.8 1.18 1.33 0.3 3.6 -0.1
2232 3.8 1.18 1.33 0.3 3.6 -0.1
FKC conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO; (o)
0 4.1 0.04 0.13 -0.4 0.3 -1.1
120 4.0 0.15 0.23 0.1 1.8 -0.9
240 4.0 0.24 0.32 0.3 2.3 -0.8
360 4.0 0.31 0.39 0.3 2.6 -0.7
480 4.0 0.37 0.45 0.4 2.8 -0.6
600 4.0 0.41 0.49 0.4 2.9 -0.6
720 4.0 0.44 0.53 0.4 3.0 -0.5
840 4.0 0.47 0.56 0.4 3.0 -0.5
960 3.9 0.49 0.59 0.4 3.1 -0.5
1080 3.9 0.50 0.61 0.4 3.1 -0.5
1200 3.9 0.52 0.63 0.4 3.1 -0.5
1320 3.9 0.53 0.64 0.4 3.1 -04
1440 3.9 0.53 0.66 0.4 3.1 -0.4
1560 3.9 0.54 0.67 0.4 3.2 -0.4
1680 3.9 0.54 0.67 0.4 3.2 -0.4
1800 3.9 0.55 0.68 0.4 3.2 -04
1920 3.9 0.55 0.69 0.4 3.2 -0.4
2040 3.9 0.55 0.69 0.4 3.2 -04
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FKE conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO, ()
0 4.0 0.12 0.12 -0.1 0.7 -1.2
120 3.9 0.27 0.26 0.0 1.5 -0.8
240 3.8 0.39 0.38 0.0 1.9 -0.7
360 3.8 0.50 0.48 0.0 2.2 -0.6
480 3.8 0.59 0.56 0.1 2.4 -0.5
600 3.8 0.66 0.63 0.1 2.6 -0.5
720 3.8 0.73 0.69 0.2 2.8 -04
840 3.8 0.78 0.74 0.2 2.9 -04
960 3.8 0.82 0.78 0.2 3.0 -04
1080 3.8 0.86 0.81 0.2 3.0 -0.3
1200 3.8 0.89 0.84 0.2 3.1 -0.3
1320 3.8 0.92 0.86 0.3 3.1 -0.3
1440 3.8 0.94 0.88 0.3 3.2 -0.3
1560 3.8 0.96 0.90 0.3 3.2 -0.3
FKF conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO, ()
0 4.0 0.09 0.10 -0.2 0.3 -1.3
120 3.9 0.16 0.16 -0.3 0.6 -11
240 3.9 0.21 0.20 -0.2 1.1 -1.0
360 3.9 0.26 0.24 -0.1 14 -0.9
480 3.9 0.30 0.28 0.0 1.6 -0.8
600 3.9 0.34 0.31 0.0 1.8 -0.8
720 3.9 0.37 0.34 0.1 1.9 -0.7
840 3.9 0.40 0.36 0.1 2.1 -0.7
960 3.9 0.42 0.38 0.1 2.1 -0.7
1080 3.9 0.44 0.39 0.1 2.2 -0.7
1200 3.9 0.45 0.41 0.1 2.3 -0.6
1320 3.9 0.47 0.42 0.2 2.3 -0.6
1440 3.9 0.48 0.43 0.2 2.4 -0.6
1560 3.9 0.49 0.44 0.2 2.4 -0.6
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FKG conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO, ()
0 4.0 0.06 0.10 -0.3 0.1 -1.3
120 3.9 0.14 0.16 -0.2 0.7 -1.0
240 3.9 0.20 0.21 -0.2 1.0 -0.9
360 3.9 0.26 0.26 -0.1 13 -0.8
480 3.9 0.30 0.29 -0.1 15 -0.8
600 3.9 0.34 0.32 0.0 1.7 -0.8
720 3.9 0.37 0.34 0.0 1.8 -0.7
840 3.8 0.40 0.36 0.0 1.9 -0.7
960 3.8 0.42 0.38 0.0 2.0 -0.7
1080 3.8 0.44 0.39 0.1 2.1 -0.7
1200 3.8 0.46 0.40 0.1 2.1 -0.7
1320 3.8 0.47 0.41 0.1 2.2 -0.6
1440 3.8 0.48 0.42 0.1 2.2 -0.6
1560 3.8 0.49 0.42 0.1 2.2 -0.6
FKH conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO, ()
0 4.1 0.04 0.11 -0.3 0.2 -1.2
120 4.0 0.12 0.17 -0.2 0.8 -1.0
240 3.9 0.19 0.21 -0.2 1.1 -0.9
360 3.9 0.25 0.25 -0.2 1.2 -0.9
480 3.8 0.30 0.28 -0.2 14 -0.8
600 3.8 0.34 0.31 -0.1 15 -0.8
720 3.8 0.37 0.33 -0.1 1.6 -0.7
840 3.8 0.40 0.35 -0.1 1.7 -0.7
960 3.8 0.42 0.37 -0.1 1.7 -0.7
1080 3.8 0.44 0.38 -0.1 1.8 -0.7
1200 3.8 0.46 0.39 -0.1 1.8 -0.7
1320 3.8 0.47 0.40 0.0 1.9 -0.7
1440 3.8 0.48 0.41 0.0 1.9 -0.6
1560 3.8 0.49 0.42 0.0 1.9 -0.6
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FKI conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO, ()
0 4.0 0.11 0.13 -0.1 0.8 -1.1
120 4.0 0.14 0.14 -0.1 0.9 -1.1
240 4.0 0.17 0.15 0.0 1.1 -1.1
360 4.0 0.19 0.16 0.0 1.2 -1.0
480 4.0 0.21 0.17 0.1 13 -1.0
600 4.0 0.22 0.18 0.1 14 -1.0
720 4.0 0.24 0.18 0.1 15 -1.0
840 4.0 0.24 0.18 0.1 1.5 -1.0
960 4.0 0.25 0.19 0.1 1.6 -1.0
1080 4.0 0.26 0.19 0.1 1.6 -1.0
1200 4.0 0.26 0.19 0.1 1.6 -1.0
1320 4.0 0.27 0.20 0.2 1.7 -1.0
FKJ conc. mmol/kg Saturation index
Time pH Al Si Gibbsite Kaolinite SiO; ()
0 4.0 0.07 0.12 -04 0.2 -1.2
120 4.0 0.12 0.13 -0.1 0.7 -11
240 4.0 0.16 0.14 0.0 1.0 -1.1
360 4.0 0.19 0.15 0.0 1.2 -1.1
480 4.0 0.21 0.16 0.1 13 -1.1
600 4.0 0.22 0.17 0.1 1.4 -1.0
720 4.0 0.23 0.17 0.1 1.5 -1.0
840 4.0 0.24 0.18 0.2 1.6 -1.0
960 4.0 0.25 0.19 0.2 1.6 -1.0
1080 4.0 0.26 0.19 0.2 1.7 -1.0
1200 4.0 0.26 0.20 0.2 1.7 -1.0
1320 4.0 0.26 0.20 0.2 1.7 -1.0
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