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Abstract

Basalts play a substantial role in the cycling of the elements, notably in the natural drawdown of carbon from the atmosphere due to their higher reactivity compared to other silicate rocks. In recent years, basalts have received increased attention for their potential in engineered carbon storage through mineralization for the permanent disposal of CO2, as demonstrated by the CarbFix and Wallula projects.

To date, most research on mineral storage in basalts have focused on basaltic glass and fresh basalts due to their higher reactivity. However, the availability of such highly reactive fresh basalts is limited to active volcanic areas, and the bulk of basalts formations at the Earth's surface and in the crust have been altered.

To assess the potential of altered basalts to promote carbon storage through their carbonation, 23 distinct altered basalts were collected, representing a wide range of alteration states ranging from surface altered basalts with ages from 0.3 to 13 Myr to hydrothermally altered basalts of zeolite up to actinolite alteration facies. The chemical and mineralogical characterization of the samples confirmed the diversity of their alteration, with relatively fresh rocks dominated by primary phases, and others by low and high temperature alteration phases. All samples were reacted in batch dissolution experiments at 27 °C in aqueous fluids having an initial pH of 3. Regressions of the fluid phase compositions were used to retrieve the surface area normalized element release rates of all the samples and to recalculate the release rates to a constant pH of 4. These results were verified using several complimentary mixedflow reactor experiments. Nine of the altered basalts were dissolved in mixed-flow experiments at 120°C and pH 3 to assess their release rates at higher temperatures. All results indicate that altered basalts reacted one to two orders of magnitude slower than fresh basalt or basaltic glass at corresponding conditions, confirming a decrease in reactivity due to rock alteration. Another observation is that the studied altered basalts all exhibited similar release rates despite having contrasting origins and mineralogy. This observation is attributed to the rapid removal of highly reactive phases such as olivine and basaltic glass by the initial alteration, and to the similarity of the dissolution rates of the remaining plagioclase, pyroxene and most reactive secondary phases such as zeolite and epidote. The presence of secondary minerals like chlorite and clays, with low reactivity and high surface area, likely explains part of the reduced surface area normalized release rates. All experiments showed a preferential release of Ca and to a lesser extent Mg. This effect, most pronounced during the initial part of the experiments is attributed to rapid metal for protons exchange reactions. The preferential release was sustained over time for most of hydrothermally altered basalts and attributed to the presence of Ca and Mg bearing secondary phases such as zeolite and epidote. Experimental results were modelled in PHREEQC, together with the recently published kinetic database from [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] and the carbonation of altered basalts was simulated. The model was able to replicate the experimental data and confirmed the carbonation potential of altered basalts at temperatures higher than 100 °C.

The reduction of the reactivity of basalt due to alteration is not a linear process. Rates decrease rapidly as glass and olivine are preferentially removed during early alteration and then remain largely similar, controlled by the slow removal of plagioclase, pyroxene and some similarly reactive secondary phases from the rock. For subsurface mineralization, this lower reactivity is somehow compensated by the preferential release of Ca and Mg by zeolite and epidote. Taken together these results favor the use of altered basalts for mineral carbon storage, particularly at temperatures higher than 100 °C.

Résumé

Les basaltes sont des roches abondantes et plus réactives que la plupart des roches silicatées. Ils contribuent fortement à la consommation de CO2 due à l'altération des silicates. Ils font l'objet d'une attention croissante en raison de leur potentiel pour la séquestration du CO2 par minéralisation notamment démontré par les projets CarbFix et Wallula. La plupart des études et des démonstrateurs de minéralisation du carbone se sont concentrés sur des basaltes frais ou le verre basaltique pour profiter de leur haute réactivité. Cependant, les basaltes frais n'existent que dans les zones volcaniques actives, et la majeure partie des basaltes exposés à l'altération de surface ou accessibles pour la minéralisation in-situ sont anciens et ont été plus ou moins altérés.

Pour caractériser la réactivité des basaltes en fonction de leur degré d'altération et évaluer leur potentiel de minéralisation, 23 basaltes ont été sélectionnés pour représenter une large gamme d'altération avec des roches de surfaces âgées de 0 à 13 Ma et des roches de profondeur avec des facies d'altération hydrothermale allant des zéolites à l'actinote. Les caractérisations chimique et minéralogique des échantillons confirment la diversité des facies d'altération, allant de roches principalement composées de minéraux primaires, jusqu'à d'autres dominées par les minéraux d'altération. Tous les échantillons ont d'abord été dissouts en réacteurs fermés à 27 °C avec une solution initiale de pH 3. Une méthode de régression, validée par quatre expériences en réacteurs ouverts, a permis de recalculer les vitesses de libération des éléments majeurs à pH 4 pour comparer les roches.

Neuf autres expériences en réacteurs ouverts à 120 °C et pH 3 ont permis d'évaluer la dissolution à plus haute température. Les résultats montrent que la dissolution des basaltes altérés est 10 à 100 fois plus lente que celle des basaltes frais ou du verre basaltique, ce qui confirme l'impact de l'altération. On observe aussi que les basaltes altérés libèrent les éléments majeurs à des vitesse similaires malgré leurs origines et minéralogies très différentes. L'altération élimine rapidement l'olivine et le verre basaltique, et les plagioclases et pyroxènes ont des vitesses de dissolution semblables à celles des minéraux secondaires comme les zéolites ou l'épidote, ce qui peut expliquer cette observation. Les minéraux secondaires comme les chlorites ou les argiles sont peu réactifs et on des surfaces spécifiques considérables, ce qui impacte aussi la mesure des vitesses de libération des basaltes altérés. La libération préférentielle du Ca et dans une moindre mesure du Mg a été observée pour tous les échantillons, notamment en début de réaction, probablement due à des réactions rapides d'échange métaux-protons.

Pour les basaltes d'altération hydrothermale, la présence de minéraux d'altération riches en Ca et Mg et réactifs comme les zéolites et l'épidote permet de maintenir cet effet dans le temps. Les expériences menées ainsi que la carbonatation des roches étudiées ont été simulées sous PHREEQC en utilisant la base de données cinétiques récemment publiée par [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. Le modèle a pu reproduire les données expérimentales et a confirmé le potentiel de minéralisation des basaltes altérés à des températures supérieures à 100 °C.

La perte de réactivité des basaltes n'est pas un processus linéaire. Elle est d'abord rapide avec la dissolution préférentielle de l'olivine et du verre basaltique, puis se stabilise une fois contrôlée par la dissolution plus lente des plagioclases, pyroxènes et de minéraux secondaires de réactivités similaires.

Pour la minéralisation in-situ, cette réactivité plus faible est partiellement compensée par la libération préférentielle de Ca et Mg par les zéolite et l'épidote. L'efficacité des basaltes altérés pour la minéralisation du carbone est confirmée par cette étude, en particulier à des températures supérieures à 100°C. Boxes within the red dashed outlined region represent reservoirs within the exogenic system: the atmosphere, oceans, and the biosphere. All other boxes represent Earth's interior reservoirs and refer to the endogenic system. Reproduced from [START_REF] Lee | A Framework for Understanding Whole-Earth Carbon Cycling[END_REF].
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As can be seen in Figure 1.1, the residence time of carbon in distinct reservoirs ranges from years to billions of years. Therefore, Earth's carbon cycle is commonly divided into two different cycles:

the short and the long-term carbon cycle as illustrated in Figure 2.1 [START_REF] Berner | A new look at the long-term carbon cycle[END_REF][START_REF] Ciais | The physical science basis. Contribution of working group I to the fifth assessment report of the intergovernmental panel on climate change[END_REF].

Figure 1.2: Box model diagrams illustrating the short-and long-term carbon cycle. (A)

The long-term carbon cycle. The sum of all input fluxes to the surficial reservoir must be very close to the sum of all output fluxes because storage of appreciable carbon in the surficial reservoir over millions of years is impossible [START_REF] Berner | The need for mass balance and feedback in the geochemical carbon cycle[END_REF]. (B) The short-term carbon cycle. Human effects are not shown; deforestation accelerates terrestrial respiration, and fossil fuel accelerates sedimentary organic matter weathering, a flux from the long-term carbon cycle to the short cycle. Reproduced from [START_REF] Berner | A new look at the long-term carbon cycle[END_REF].

The short-term carbon cycle involves the Earth surface systems including the biosphere, the atmosphere and the oceans. Carbon cycles through this short-term cycle over a human lifespan. The atmosphere and the oceans are close to chemical equilibrium [START_REF] Woolf | On the calculation of air-sea fluxes of CO2 in the presence of temperature and salinity gradients[END_REF], which means that if more carbon is added to one of the two, it will readily exchange and be added to the other as well. The main driver of the short-term carbon cycle is the biological activity that transforms CO2 into organic compounds used as energy vehicles for living organisms. Plants, algae and some bacteria perform photosynthesis allowing them to combine water, CO2 from the atmosphere, and energy from the sun into complex organic molecules such as sugars. These molecules are used by the photosynthetic organisms to transport and store energy. There are also exchanged between living organisms across long trophic chains. Eventually, they are oxidized by respiration and the carbon returns to the atmosphere.

While the atmosphere contains approximately 829±10 GtC (IPCC, 2013), the biologically driven shortterm carbon cycle moves approximately 10-100 GtC per year [START_REF] Berner | Biogeochemical cycles of carbon and sulfur and their effect on atmospheric oxygen over phanerozoic time[END_REF], sufficient to cause a variation of several ppm variation of atmospheric CO2 each year that can be observed on the seasonal oscillation of the atmospheric CO2 concentration, as measured at the Manua Loa Observatory (Keeling curve, Figure 1.3) . [START_REF] Keeling | Atmospheric carbon dioxide variations at Mauna Loa Observatory[END_REF]. Source: National Oceanic and Atmospheric Administration.

The long-term carbon cycle operates over millions of years and involves the exchange of carbon between Earth crust's rocks and the surface [START_REF] Berner | The long-term carbon cycle, fossil fuels and atmospheric composition[END_REF]. Here, mantle carbon is injected into the atmosphere through subaerial and submarine volcanism. Fresh igneous rocks contain little carbon. The carbon present in the uplifted mantle material is mostly degassed as the lava reaches the surface and is vented to the atmosphere. It is estimated that, on average, volcanic activity adds between 0.13 and 0.44 GtCO2 yr -1 to the atmosphere [START_REF] Gerlach | Volcanic versus anthropogenic carbon dioxide[END_REF]. Over Earth's history, episodes of intense volcanic activity responsible for the emplacement of large igneous provinces, like the Central Atlantic Magmatic Province (CAMP) or the Deccan traps, have been corelated to a significant increase in atmospheric CO2 concentrations and mass extinctions [START_REF] Bond | Large igneous provinces and mass extinctions: An update, in: Volcanism, Impacts, and Mass Extinctions: Causes and Effects[END_REF][START_REF] Ernst | How Large Igneous Provinces affect global climate, sometimes cause mass extinctions, and represent natural markers in the geological record[END_REF][START_REF] Clapham | Flood Basalts and Mass Extinctions[END_REF][START_REF] Capriolo | Deep CO2 in the end-Triassic Central Atlantic Magmatic Province[END_REF]. The reverse pathway of CO2 back to the mantle involves biomass burial, silicates weathering, carbon mineralization and plates tectonic.

The long-term carbon cycle moves approximately 0.1-1 GtC annually [START_REF] Lee | A Framework for Understanding Whole-Earth Carbon Cycling[END_REF]. As can be seen in Figure 1.4, carbonate mineral weathering and precipitation compensate each other, making the silicates weathering the dominant net negative process. [START_REF] Lee | A Framework for Understanding Whole-Earth Carbon Cycling[END_REF].

Silicate mineral weathering starts with the dissolution of atmospheric CO2 into water to form a slightly acidic solution. The process turns creates bicarbonate ions (HCO3 -), releasing one proton to the aqueous phase:

CO2 + H2O = H2CO3 (1.1)

H2CO3 = H + + HCO3 - (1.2)
At present, the pH of rain water is commonly ~5.6 due to CO2 input from the atmosphere [START_REF] Charlson | Factors controlling the acidity of natural rainwater[END_REF]. The rain falls onto land and its acidity triggers rock dissolution. The dissolution of silicate minerals, or silicates weathering, results in a net enrichment of the water in different elements, among them calcium, magnesium and iron. The dissolution of the silicate minerals consumes protons and therefore increases the pH of the aqueous solution. This stabilizes the carbon initially dissolved from the atmosphere in solution as bicarbonate ions, and creates alkalinity. The identity of carbonate species is determined by the pH of the solution as represented in Figure 1.5. Once it reacted with surface rocks, the water makes its way towards the oceans through the riverine network [START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF][START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and Brazil[END_REF]. Numerous studies have focused on the chemistry of rivers to estimate the global weathering rates of silicates [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and Brazil[END_REF][START_REF] Gaillardet | Global silicate weathering and CO2 consumption rates deduced from the chemistry of large rivers[END_REF][START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF][START_REF] Eiriksdottir | Temporal variation of chemical and mechanical weathering in NE Iceland: Evaluation of a steady-state model of erosion[END_REF]. In the oceans, the transported elements accumulate over time. This creates a favorable situation for carbonate mineral precipitation, where the ocean water is constantly enriched in cations and alkalinity with an average pH of 8.1 [START_REF] Jiang | Surface ocean pH and buffer capacity: past, present and future[END_REF], which makes it supersaturated for carbonate minerals [START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF].

Natural carbon mineralization

In the oceans, carbonate mineral precipitation can occur abiotically since most of open and coastal oceans are supersaturated for calcite [START_REF] Wurgaft | Particle Triggered Reactions as an Important Mechanism of Alkalinity and Inorganic Carbon Removal in River Plumes[END_REF][START_REF] Turchyn | Controls on the Precipitation of Carbonate Minerals Within Marine Sediments[END_REF]. This reaction can proceed by Ca 2+ + 2HCO3 -= CaCO3 + CO2 + H2O (1.3) However, in modern oceans, the large majority of calcite precipitation is due to the biological activity of microorganisms such as foraminifera, coccolithophores and corals [START_REF] Milliman | Production and accumulation of calcium carbonate in the ocean: Budget of a nonsteady state[END_REF][START_REF] Zondervan | Decreasing marine biogenic calcification: A negative feedback on rising atmospheric pCO2[END_REF]. These organisms actively precipitate calcium carbonates to build their skeleton/shells. When they die, some of the solid mineral part of their bodies remains in the ocean and tends to sink. Its fate depends on the saturation state of the ocean waters it is sinking in.

The saturation state of the ocean waters depends on a number of factors, but mostly on depth.

Surface waters are mostly supersaturated, which means that in most shallow oceans, the calcium precipitates will accumulate at the bottom of the ocean and progressively form sedimentary carbonate rocks through diagenesis. Where oceans are deeper, the precipitates can reach the lysocline which corresponds to the depth at which oceans waters become undersaturated with calcite due to the combined effects of increased pressure and lower temperatures. Once below the lysocline, which is on average 3.5 km deep, the carbonates are no longer supersaturated and may dissolve. Further below, the calcium compensation depth corresponds to the depth below which almost all carbonates have dissolved. That depth varies across oceans, but is estimated to be between 4.2 and 4.5 km deep in the Pacific Ocean and approximately 5km deep in the Atlantic [START_REF] Woosley | Carbonate Compensation Depth, in: Encyclopedia of Paleoclimatology and Ancient Environments[END_REF].

By forming carbonates, mineralization durably removes CO2 from the atmosphere by moving it from the short to the long-term carbon cycle. Calcite, once formed in the Earth's crust, is the most secure form of geologic storage [START_REF] Lackner | Reaction mechanisms in swelling clays under ionizing radiation: influence of the water amount and of the nature of the clay mineral[END_REF][START_REF] Lackner | A guide to CO2 sequestration[END_REF][START_REF] Sipilä | Carbon dioxide sequestration by mineral carbonation Literature review update 2005-2007[END_REF]. The average residence time of carbonate minerals in Earth's crust is ~200 million years or more [START_REF] Berner | The Phanerozoic Carbon Cycle[END_REF]. Large bodies of calcite, commonly in the form of limestone, are found throughout the world as evidence of scale of this process; some examples are shown in Figure 1.6. In total, there are approximately 64,000,000 Gt of carbon present in carbonate minerals in the Earth's crust [START_REF] Hunt | Distribution of Carbon in Crust of Earth[END_REF][START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF]. This compares with 829±10 Gt of carbon presently in the Earth's atmosphere (IPCC, 2013). c) "Ladder cracks" filled with secondary carbonates visible on an outcrop of partially serpentinized peridotites in Oman; these are a natural example of the spontaneous carbonation of basic silicate rocks due to hydrothermal activity. Reproduced from [START_REF] Evans | A Poroelastic Model of Serpentinization: Exploring the Interplay Between Rheology, Surface Energy, Reaction, and Fluid Flow[END_REF].

(a) (b) (c)

Natural carbon mineralization does not occur only in the oceans. Evidences of spontaneous mineralization can be found in closed lakes, geothermal fields and in mafic rocks deposits exposed to hydrothermal alteration (Figure 1.6, b and c).

Earth's global thermostat

Volcanic activity and silicate weathering have opposing effects on Earth's climate. While they are not always perfectly balanced, these paired processes have allowed planet Earth's climate to remain relatively stable over geological times [START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF]. A feedback exists between the atmospheric CO2 concentration, the surface temperatures and the rate of rock weathering. When CO2 atmospheric concentrations increase, so does the greenhouse effect and the surface temperatures. Higher surface temperatures increase silicate weathering rates and CO2 drawdown [START_REF] Brady | Direct effects of CO2 and temperature on silicate weathering: Possible implications for climate control[END_REF][START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF]. Conversely, when volcanism is low, continuous silicate weathering lowers the surface temperature, which in turn slows the silicates weathering rates. This feedback regulates the Earth's temperature. This process has been called the Earth's thermostat (Figure 1.7), which according to [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of earth's surface temperature[END_REF], regulates atmospheric CO2 concentrations and surface temperatures over hundreds of thousands years time-scales [START_REF] Archer | Carbon cycle: Checking the thermostat[END_REF].

Figure 1.7:

A correlation between atmospheric partial pressure of CO2 (pCO2) and isotopic (δD) temperature anomalies as recorded in the Vostok ice core. The figure shows that climate variations over the past 420,000 years operated within a relatively constrained domain. Data are from [START_REF] Petit | Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica[END_REF]. Figure from [START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF] At human timescales, this process has negligible effect on CO2 atmospheric concentrations.

Modern climate change is caused by anthropogenic emissions of greenhouse gases due to the combustion of considerable amounts of fossil fuels (IPCC, 2021). At present, humans have added so much carbon so quickly into the atmosphere that they have become a geologic force. This means that humans have the capacity to alter the geochemical equilibrium of the planet. A new era, called the Anthropocene [START_REF] Ruddiman | The anthropocene[END_REF] is the geologic age defined by its major force: anthropogenic activities.

The need for geologic carbon storage 1.2.1. Anthropogenic influences on the carbon-climate system

The extensive use of fossil fuel energy to power human activities has transferred massive amounts of carbon from stable geological reservoirs to the Earth surficial systems over a short period of time. The speed and magnitude of this carbon transfer largely outpaces the capacity of natural carbon drawdown mechanisms, thus creating a carbon build up in surficial pools. It is estimated that the annual greenhouse gases (GHG) emissions were 59±6.6 GtCO2-eq in 2019, with fossil fuels combustion and industry representing 38±3 GtCO2-eq (IPCC, 2022). It is interesting to note that during the COVID-19 pandemic, with large parts of the world forced to stop their activities, global emissions related to fossil fuels and industry only fell by 5.4% to 34.8 GtCO2 for the year 2020 (Friedlingstein et al., 2022) and subsequently rebounded to pre pandemic levels in 2021. The oceans and the biosphere each absorb approximately 25% of the fossil CO2, with the remaining 50% remaining in the atmosphere (Friedlingstein et al., 2022). As a result, the oceanic and atmospheric CO2 concentrations have been rising steadily for more than a century (Figure 1.8 and 1.9). and observed (from 1850 to 2020). Reproduced from (IPCC, 2021).

In the atmosphere, CO2 acts as a heat trapping or greenhouse gas, preventing the heat from leaving the atmosphere to the space. It creates a forcing on the radiative balance of planet earth causing global warming. Approximately 90% of the excess heat trapped at Earth surface is absorbed by the oceans, and 5% in land warming [START_REF] Von Schuckmann | Heat stored in the Earth system: Where does the energy go?[END_REF]. As a result, both ocean and surface temperatures have risen closely tracking the trend in increasing atmospheric CO2 concentrations.

The data recovered from ice cores have provided valuable insights on the historical variation of paleo climates [START_REF] Petit | Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica[END_REF]. When compared to the times series obtained from ice cores, the higher rate and magnitude of the recent anthropogenic global warming make it clearly distinct from the previous nature induced Earth's warmings (Figure 1.10) and shows that humans have pushed the Earth system into uncharted territory.

The Paris agreement and Net Zero targets by 2050

In an effort to control global warming and avoid a societal collapse, the international community agreed in 2015 to an international treaty to coordinate the emissions reductions. The Paris agreement signed during the 21 st conference of parties of the United Nations framework Convention on Climate Change (UNFCCC, 2015) aims at holding the global temperature increase well below 2 °C and pursue efforts to keep it below 1.5 °C. To meet this target, countries agreed to engage on a continuous emissions reduction, formalized in Nationally Determined Contributions (NDC) updated every five years. The IPCC assessed a series of possible scenarios to achieve the required emissions reductions. These were compiled in a 2018 special report [START_REF] Ipcc | Summary for Policymakers[END_REF]. This report defines the concept of the remaining carbon budget, which represents the volume of GHG emissions humans can still afford to emit before hitting the target of 1.5 °C global warming. In its sixth assessment report, the IPCC estimates that the remaining carbon budget to have a 67% chance of staying below the 1.5 °C target is ~400 GtCO2 beginning in 2020 (IPCC, 2021). The ratio of this remaining carbon budget divided by the current rate of GHG emissions provides a good estimate of the time window humans have to transition away from fossil fuels. It has been nicknamed the climate clock and at the time this thesis is being written, only 6 years and 346 days are left3 .

On this basis, most countries and organizations have embraced the goal of net zero emissions by 2050. Net zero is a state in which carbon emissions have been reduced as much as possible, and residual, hard to abate emissions are compensated for by negative emissions so that the net addition of CO2 to the atmosphere is zero [START_REF] Rogelj | Net-zero emissions targets are vague: three ways to fix[END_REF]. To be on track for Net Zero by 2050, the world needs to reduce emissions by 0.4GtC (equal to 1.4GtCO2) per year, which is close to the levels achieved during the pandemic (Friedlingstein et al., 2022).

It is worth mentioning though that the Net Zero by 2050 target is increasingly questioned by scientists and experts (Climate Crisis Advisory Group, 2021). It is considered too far in the future, while action is required now to bring back climate to safer and stable levels. Also, there is an implicit hypothesis embedded in this target as it is framed. The distribution of the emissions worldwide will remain roughly the same as today with developed countries emitting 10 to 20 time more per capita than developing countries. This may make it more difficult for developing countries to grow. Indeed, the economic development of countries is strongly correlated to the consumption of fossil fuels and the associated emissions [START_REF] Smil | Energy and civilization: a history[END_REF]. The remaining carbon budget could, however, be allocated much more equally. In their proposal, [START_REF] Ollikainen | An approach to nationally determined contributions consistent with the Paris climate agreement and climate science: application to Finland and the EU[END_REF] examined how the remaining carbon budget can be distributed between nations according to three principles: flat equality, ability to pay and historic responsibility. In the less stringent scenario, flat equality, Finland needs to reach net zero no later than late 2040. The other two scenarios, that are much more aligned with climate justice, require Finland to reach net zero by early or mid-2030's. Considering those results, Finland updated its national target to reach net zero by 2035 and become net negative by 2040 4 .

According IPCC's AR6 assessment, all credible emissions pathways to Net Zero by 2050 require substantial amounts of both Carbon Capture and Sequestration (CCS) and Carbon Dioxide Removal (CDR). It means that reducing carbon emissions is no longer sufficient and that humans now need to decarbonize actively as well as capture and store CO2 that is already in the atmosphere.

The need for CCS, CDR and geologic storage

Carbon management engineered technologies fall into distinct groups. The defining criteria of these groups are the origin and the destination of the carbon.

CCS consists of the capturing of CO2 from point-sources such as cement factories before it enters the atmosphere, and storing it in secure repositories. CCS thus avoids carbon emissions: the carbon comes from fossil fuels and it returns back into geological reservoirs. This approach may prove useful to decarbonize at an accelerated pace fossil fuel powered industries and power generation. CCS could also avoid stranded assets by allowing those plants to be used until the end of their service life, while making them effectively climate neutral. CCS, however, does not produce negative emissions.

CDR methods generate negative emissions by capturing CO2 already present in the atmosphere and storing it securely. In a sense it reverses the process of fossil fuels combustion. CDR consists of an expanding family of approaches ranging from nature-based solutions such as afforestation, carbon farming, or improved management of seagrasses, to engineered techniques such as biochar, Bio-Energy production with Carbon Capture and Storage (termed BECCS) or Direct Air Carbon Capture and Storage (termed DACCS). A detailed summary of these techniques can be found in [START_REF] Wilcox | CDR Primer[END_REF] and De [START_REF] De Rochette | Understanding carbon dioxide removal[END_REF]. Note that CDR cannot and should never become a substitute for delayed emissions reductions. Indeed, CDR needs more energy and cost more than known decarbonation alternatives. So recapturing carbon that could have been avoided or captured at point source does not make economic sense, nor is it energy efficient.

The IPCC identifies three main roles for CDR in global emissions pathways consistent with the 1.5 °C target (IPCC, 2022):

• Over the near-term: Reduce net emissions before net zero. The early implementation of CDR can increase the carbon sinks and take us to net zero in a shorter time. This is important since the sooner we reach net zero the lower the risk of a large overshoot and its associated tipping points.

• Over medium-term: Balance residual emissions from hard to abate sectors, such as agriculture, and aviation. With current technologies, some sectors have no clear pathways to full decarbonation and are therefore anticipated to keep emitting CO2 beyond 2050. These emissions must be compensated to reach net zero and stop the accumulation of CO2 in the atmosphere.

• Over the longer-term:Deliver net-negative emissions to bring atmospheric CO2 concentrations back to safer levels. After net zero is achieved, humans will still need to drawdown significant amounts of CO2 to restore a stable and safe climate. Finally, Carbon Capture and Utilization (CCU) refers to the recycling of carbon either directly, for example to fertilize greenhouses, or make carbonated drinks, or transformed into new products, such as plastic, sustainable fuels or raw chemicals. The carbon can be captured from a smokestack of fossil fuel powered industry or directly from the air. In most utilization efforts, the carbon is eventually emitted to the atmosphere when the products are used or reach the end of their service life. A summary of the families of carbon management technologies is shown on Figure 1.11.

The technology of CCS is well known and has been used for decades in the oil and gas industry.

A comprehensive review of the existing and planned CCS projects is published annually by the CCS Institute [START_REF] Turan | Global status of CCS 2021[END_REF]. The technologies supporting engineered CDR are less mature [START_REF] Lomax | Investing in negative emissions[END_REF][START_REF] Minx | Negative emissions -Part 1: Research landscape and synthesis[END_REF] and still require significant research and development before their large scale deployment.

The IPCC scenarios holding global warming below 1.5 °C require on average 3 GtCO2 yr -1 CCS and 6 GtCO2 yr -1 CDR the year 2050. By 2100 the cumulated amounts of CO2 required to be captured amount to 208 GtCO2 by CCS and 687 GtCO2 by CDR (IPCC, 2022). In the 2022 BP Energy Outlook, scenarios 'Accelerated and Net Zero' require 4 and 6 GtCO2 yr -1 of CCS by 2050 respectively (British Petroleum, 2022). This is similar to International Energy Agency estimates of 4 GtCO2 yr -1 CCS in 2030 and 7.6 GtCO2 yr -1 CCS in 2050 required for its net zero scenario with low reliance on negative emissions (International Energy Agency, 2021). If all developed countries would raise their ambition to similar targets as Finland's, the above-mentioned volumes of CO2 to be captured and stored would need be higher.

To date progress towards these goals has been limited. As of 2020, only 26 commercial CCS facilities were operating globally and these facilities had an estimated CO2 capture capacity of 40 MtCO2

yr -1 (Global CCS Institute, 2020). In their review of the data from the CCS Institute, [START_REF] Zhang | An Estimate of the Amount of Geological CO2 Storage over the Period of 1996-2020[END_REF] show that there is still confusion between the capture rate capacity and the actual number of tons effectively stored. According to their analysis, a better estimate of the capture rate is 36 MtCO2 yr -1 with only 29 MtCO2 yr -1 stored long-term. This difference is partly explained by the fact that most of the existing CCS projects are dedicated to enhanced oil recovery (EOR), which release a significant percentage of the injected CO2 with the extracted oil [START_REF] Jaramillo | Life cycle inventory of CO2 in an enhanced oil recovery system[END_REF]. Indeed, the permanence of the carbon storage largely defines the value of the climate outcomes of CCS, CCU or CDR. The current volumes of engineered CDR are even lower, with approximately 2.6 MtCO2 of removals purchased, but only 1.1% of this (28,900 tCO2) have been delivered to date5 .

One of the major challenges of upscaling substantially CCS and CDR is the storage of large volumes of carbon dioxide. At ambient pressure and temperature, one Gt of CO2 occupies 560 km 3 of volume. This decreases to 2.6 km 3 at the supercritical temperature and pressure conditions of 50 °C and 100 bars. If this carbon-dioxide reacts with subsurface minerals to form calcite (CaCO3), 0.84 km 3 of space is required to store 1 Gt of CO2. Such large volumes are not practically stored at the surface of the Earth, but available in the subsurface, where higher pressure will help compact the injected gas [START_REF] Oelkers | The subsurface carbonation potential of basaltic rocks from the Jizan region of Southwest Saudi Arabia[END_REF].

Geologic storage of carbon dioxide

Geologic storage addresses the need for the large volumes of storage space required for the global scale application of CCS and CDR. Geologic storage requires the injection of CO2 into the pore space of subsurface rock formations, typically at depth of several hundred meters or more. The longterm success of geologic storage requires that the injected CO2 remains in the subsurface over timescales of at least thousands of years. [START_REF] Miocic | 000 Year Assessment of Fault Leakage Rates Shows Geological Carbon Storage Is Secure[END_REF] argued that to be effective as a climate change mitigation tool, carbon-dioxide must be securely retained for 10,000 years with a leakage rate of less than 0.01% per year. As pure CO2 is less dense than aqueous formation fluids, injected carbon dioxide naturally tends to migrate from underground storage sites back to the surface through boreholes, poor caprocks or faults and fractures. Most CO2 leakage will be gradual and may go undetected for prolonged periods of time [START_REF] Damen | Identification of early opportunities for CO2 sequestration-worldwide screening for CO2 -EOR and CO2 -ECBM projects[END_REF][START_REF] Bachu | CO2 storage in geological media: Role, means, status and barriers to deployment[END_REF]. In a study of carbon leakage from the Green River (Utah formation), [START_REF] Burnside | Man-made versus natural CO2 leakage: A 400 k.y. history of an analogue for engineered geological storage of CO2[END_REF] concluded that fault-focused leakage tends to be twice as great as diffusive leakage through confined aquifers, but that leakage through poorly completed boreholes was 13 times greater than that of leakage through faults. Such conclusions suggest that CO2 leakage via abandoned wells poses the greatest risk to the integrity of geologic carbon storage reservoirs. In each case, leakage risk may be lessened over time by the various trapping mechanisms that progressively occur within the subsurface reservoirs.

The trapping of CO2 injected into the subsurface has been reported by numerous sources to follow the sequence illustrated in Figure1.12 and described in more detail below [START_REF] Gunter | The role of hydrogeological and geochemical trapping in sedimentary basins for secure geological storage of carbon dioxide[END_REF][START_REF] Johnson | Reactive transport modelling of CO2 storage in saline aquifers to elucidate fundamental processes, trapping mechanisms and sequestration partitioning[END_REF][START_REF] Bradshaw | CO2 storage capacity estimation: Issues and development of standards[END_REF][START_REF] Benson | CO2 sequestration in deep sedimentary formations[END_REF]. 2020) building on the original figure from [START_REF] Benson | Underground geological storage[END_REF].

Structural or stratigraphic trapping refers to the emplacement of CO2 below an impermeable rock formation (called a caprock) that will act as a seal to counter the natural buoyancy of the injected CO2. This mechanism can be used for long-term storage in saline aquifers, or temporarily in basalt or other reactive rock formations below the seabed surface as described by [START_REF] Goldberg | A global assessment of deep-sea basalt sites for carbon sequestration[END_REF].

Stratigraphic trapping relies heavily on both the available porosity of the reservoir formation, and the integrity of a low permeability caprock over extended time periods.

Residual trapping refers to the immobilization of CO2 by capillary forces within the pore space [START_REF] Burnside | International Journal of Greenhouse Gas Control Review and implications of relative permeability of CO2 / brine systems and residual trapping of CO2[END_REF]. It has been shown that residual trapping in limestones and sandstones efficiently retains CO2 in more than two thirds of the total saturation of the pore space [START_REF] Andrew | Pore-scale imaging of trapped supercritical carbon dioxide in sandstones and carbonates[END_REF]. In turn, [START_REF] Rahman | Journal of Colloid and Interface Science Residual trapping of supercritical CO2 in oil-wet sandstone[END_REF] showed that the efficiency of this trapping mechanism is reduced by half in the case of oil wet rocks, for example in depleted oil fields.

Solubility trapping occurs as the injected CO2 dissolves into formation fluids. The efficiency of solubility trapping depends strongly on the solubility of CO2 in water. This solubility is reviewed in section 3.1. Carbon dioxide solubility increases with increasing carbon dioxide partial pressure [START_REF] Portier | Modelling CO2 solubility in pure water and NaCl-type waters from 0 to 300 °C and from 1 to 300 bar. Application to the Utsira Formation at Sleipner[END_REF][START_REF] Zhang | Review of integrity of existing wells in relation to CO2 geological storage: What do we know?[END_REF], and decreases as the salinity of the formation fluid increases. The latter is called the salting-out effect [START_REF] Gunter | Aquifer disposal of CO2 -rich greenhouse gases: Extension of the time scale of experiment for CO2 -sequestering reactions by geochemical modelling[END_REF]. Once dissolved, CO2 will be expected to remain in the aqueous phase unless a significant pressure drop occurs, for example if the fluid moves upward towards the Earth's surface. Similarly, as CO2 solubility decreases with increasing temperature to at least 100°C, it could be released from the fluid phase if the fluid is substantially heated.

As CO2 enriched fluid is denser than the original water itself, its dissolution into water can trigger convective cells where CO2 enriched fluid sinks and fresh water lifts [START_REF] House | Permanent carbon dioxide storage in deep-sea sediments[END_REF]. This phenomenon can also enhance the storage capacity of a reservoir given that, as the CO2 enriched fluid sinks, it reaches parts of the reservoir that would otherwise never been reached via CO2 injection.

Solubility trapping can be an effective storage process in the field. For example, through the application of noble gas geochemistry, [START_REF] Zhou | Identifying and quantifying natural CO2 sequestration processes over geological timescales: The Jackson Dome CO2 Deposit, USA[END_REF] concluded that 75% of the CO2 originally present in the Jackson Dome structure dissolved into groundwater over 60 million years.

Mineral trapping occurs as the result of the interaction of injected CO2 dissolved in formation waters with minerals present in the storage reservoir. Divalent metals liberated from solid phases present in the host rock formation can combine, if the pH is high enough, with bicarbonate ions to form stable carbonate minerals, such as calcite, magnesite or siderite [START_REF] Seifritz | CO2 disposal by means of silicates[END_REF][START_REF] Oelkers | Mineral carbonation of CO2[END_REF][START_REF] Bénézeth | CO2 geological storage: Integrating geochemical, hydrodynamical, mechanical and biological processes from the pore to the reservoir scale[END_REF] as detailed in section 1.1.2. The precipitation of carbonate is exothermic and carbonates are thermodynamically stable at temperature below 250°C, such conditions being found in most geologic reservoirs. This confers to mineral trapping extra safety and reduced risk of leakage which translates into reduced long-term monitoring needs and costs.

All these processes occur simultaneously in geologic reservoirs, but depending on the nature of the targeted rock formation, the timing and the overall significance of each will vary. Two main categories of storage projects are commonly found. The first consists in injecting pure CO2 as a supercritical phase into porous rocks and/or saline aquifers overlain by a gas tight caprock. This approach mostly relies on stratigraphic and solubility trapping as it is commonly used in sedimentary formations where host rocks are almost unreactive. The second approach harnesses mineral trapping by targeting reactive porous rocks with the aim of converting the injected CO2 into stable carbonates. The targeted formations include mafic and ultramafic rocks such as basalts and peridotites.

Storage capacity estimates

Quantifying the potential storage capacity of any subsurface storage reservoirs is challenging as many parameters need to be accounted for [START_REF] Bachu | CO2 storage capacity estimation: Methodology and gaps[END_REF]. In the case of saline aquifers and former oil & gas reservoirs, the main parameters are the formation volume, the porosity, the permeability, and the salinity of the brines. In the case of subsurface mineralization, one must also account for the reactivity of the host rock. This defines the volume of rock needed to mineralize each ton of injected CO2, as well as the time required to complete the mineralization process.

Estimates usually fall in one of three categories. The (i) theoretical capacity is calculated based on the main parameters of the target storage formation, such as volume, porosity, and depth, but does not consider the actual performance of the reservoir rock. The estimation of the (ii) effective capacity of a reservoir uses local data and considers the technical/geological limitations and thus represents the technically usable capacity of the reservoir. Finally, the (iii) practical capacity corresponds to portion of the reservoir capacity that can actually be exploited under current economic and regulatory constraints [START_REF] Bradshaw | CO2 storage capacity estimation: Issues and development of standards[END_REF]. Due to the lack of data, most of currently available estimates are theoretical.

Estimates of the storage capacity in global sedimentary formations range between 8,000 and 35,000 GtCO2 [START_REF] Kelemen | An Overview of the Status and Challenges of CO2 Storage in Minerals and Geological Formations[END_REF] with saline aquifers accounting for 4,000 to 23,000 GtCO2. 2019). Near surface peridotites have an estimated storage potential of more than 100,000 GtCO2 [START_REF] Kelemen | An Overview of the Status and Challenges of CO2 Storage in Minerals and Geological Formations[END_REF], while submarine basalts (mainly oceanic ridges) have an estimated capacity of 100,000 to 250,000 GtCO2 [START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. In spite of large uncertainties, it is clear that the CO2 storage capacity exceeds the global needs by several orders of magnitudes.

The geologic CO2 storage industry will have to adapt to the spatial distribution of the suitable geologic formations. At present, the proximity to point source emissions is considered a criterion to develop a reservoir for subsurface carbon storage to limit the transportation of the of CO2. In the future, this might be less of a criterion with the rise of direct air capture. Onshore operations are easier and thus cheaper, but onshore geologic reservoirs are often close to densely populated areas, and such projects have faced fierce public opposition in the past, with projects being withdrawn on public opposition in Germany (Jänschwalde European demonstrator, [START_REF] Kapetaki | Highlights and Lessons from the EU CCS Demonstration Project Network[END_REF] and the Netherlands (Project Barendrecht, [START_REF] Feenstra | What happened in Barendrecht? Case study on the planned onshore carbon dioxide storage in Barendrecht , the Netherlands[END_REF]. In contrast, offshore operations are more complex and expensive, but have the advantage of being located far from communities and avoiding the public acceptance issue.

Oil and gas depleted reservoirs are limited to hydrocarbon-rich regions of the world, but have the advantage of the existing subsurface characterization and currently available infrastructure.

Carbon mineralization for CO2 storage 1.3.1. Carbonation reaction rates

Using carbon mineralization to fight climate change mimics the natural process. The abiotic mineralization of carbon dioxide involves three main steps. The first step is the dissolution of CO2 into water. This creates an acidic solution when the water is saturated with CO2, depending on the temperature and the partial pressure of CO2 (see section 3.1.). The interaction of this acidic CO2-charged water with a host rock triggers the dissolution of the rock, releasing divalent cations, and increasing the pH to higher values. Finally, as both the concentration of divalent cations and the pH increase, the fluid reaches supersaturation with carbonate minerals triggering their precipitation [START_REF] Benezeth | Mineral Solubility and Aqueous Speciation Under Hydrothermal Conditions to 300 °C -The Carbonate System as an Example[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF].

A representative chemical reaction of an overall reaction forming calcite from the interaction of CO2 with a rock can be written as:

CaAl2Si2O8 + CO2(g) + 2H2O = CaCO3 + Al2Si2O5(OH)4 (1.4) (Anorthite) (Water) (Calcite) (Kaolinite)
where the anorthite component of plagioclase reacts with injected CO2 and water to form the carbonate mineral calcite and the clay mineral kaolinite. This reaction is chemically spontaneous; it liberates 15.15 kcal/mole of energy at 25°C and a CO2 partial pressure of 10 bars in the standard state [START_REF] Johnson | SUPCRT92: A software package for calculating the standard molal thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000[END_REF]. The fact that this and similar reactions are thermodynamically favorable does not mean they are rapid. The rates of such reactions are generally slow at ambient temperatures, and it can take tens to hundreds of years to carbonate the injected CO2.

In many geologic systems little to no mineralization may occur. Carbon mineralization requires the availability of divalent cations present in silicate minerals, notably Ca 2+ , Mg 2+ , and Fe 2+ that can combine with the injected CO2 to form stable carbonate minerals, such as represented in reaction (1.4).

Divalent metal-bearing silicates are rare in sandstones and limestones, limiting greatly the potential for mineralization in such systems [START_REF] Gunter | Aquifer disposal of CO2 -rich greenhouse gases: Extension of the time scale of experiment for CO2 -sequestering reactions by geochemical modelling[END_REF][START_REF] Moore | Mineralogical and geochemical consequences of the long-term presence of CO2 in natural reservoirs: An example from the Springerville-St. Johns Field, Arizona, and New Mexico[END_REF][START_REF] Wilkinson | CO2mineral reaction in a natural analogue for CO2 storage -Implications for modeling[END_REF][START_REF] Han | Evaluation of trapping mechanisms in geologic CO2 sequestration: case study of SACROC notrhern platform, a 35-years CO2 injection site[END_REF]. For example, [START_REF] Gilfillan | Solubility trapping in formation water as dominant CO2 sink in natural gas fields[END_REF] investigated the mechanisms of carbon storage in nine natural gas fields in sedimentary host rocks located in North America, China and Europe, and found no evidence of mineral trapping in seven of them. In the two remaining gas fields, they concluded that no more than 18% of the original CO2 in the reservoir was trapped through the formation of carbonate minerals. Similarly, [START_REF] Heinemann | CO2 sequestration in a UK North Sea analogue for geological carbon storage[END_REF] concluded that no more than 11% of the CO2 in the Fizzy discovery of the southern North Sea was trapped in carbonate minerals over ~50 Myr of CO2-water-rock interaction.

The reason why carbon mineralization within sedimentary rocks during geologic storage is limited is that these rocks are formed by the weathering of primary rocks. The process of forming sedimentary rocks is very efficient at dissolving divalent metal-bearing silicates and precipitating carbonate minerals during diagenesis; approximately 90% of the calcium in sedimentary rocks is present within carbonate or evaporite minerals [START_REF] Turekian | Distribution of the Elements in Some Major Units of the Earth's Crust[END_REF]. Such processes leave little remaining input material for the formation of stable carbonate minerals during geologic storage efforts.

Due to the initial focus of mineral storage in sedimentary basins, where Ca bearing silicates are rare, it was assumed that carbon storage through its mineralization in the subsurface was slow. This is reflected in some earlier work describing carbon trapping mechanisms. A plot often cited to summarize the CO2 trapping mechanisms, originally from [START_REF] Benson | Underground geological storage[END_REF], is shown in Figure 1.12a. This figure suggests that as time passes, the bulk of the injected CO2 is stored, first by structural, then residual, then solubility, and then eventually by mineral trapping (by CO2 mineralization). As this sequence is followed, the security of the storage is enhanced. Although there is a qualitative timescale in this figure, it is misleading as the time required for residual, solubility, and mineral trapping can vary dramatically depending on the geologic system and the selected method of injection. For example, CO2 can be dissolved into an aqueous phase before or during its injection into the subsurface leading to essentially instantaneous solubility trapping and more rapid mineralization [START_REF] Sigfusson | Solving the carbon-dioxide buoyancy challenge: The design and field testing of a dissolved CO2 injection system[END_REF]Gunnarsson et al., 2018). This more rapid approach is shown Figure 1.12b.

Carbon dioxide storage though its mineralization, or mineral trapping, can be accelerated by the injection of CO2 into reactive igneous rocks, such as basalts or ultramafic rocks [START_REF] Kelemen | In situ carbonation of peridotite for CO2 storage[END_REF][START_REF] Gislason | Carbon storage in basalt[END_REF]National Academies of Sciences Engineering and Medicine, 2019;[START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. Notably, more than 90% of the CO2 injected into subsurface fresh basalts at a temperature of ~35°C near the Hellisheiði power plant in Iceland was found to be mineralized as calcite within two years of its injection (see below and [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]; [START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2 S at the CarbFix site in SW-Iceland[END_REF][START_REF] Snaebjörnsdóttir | The geology and hydrology of the CarbFix2 site, SW-Iceland[END_REF]).

It is clear that the success of carbon mineralization depends on numerous factors. The type of the host rocks and its reactivity to CO2 charged water largely determine the rate of the reaction, and therefore its feasibility on human timescales. The rates of these reactions depend on the accessible mineral-fluid interfacial surface area, the mineralogy, the temperature and the flow rate. Finally, the saturation of the fluids with respect to carbonates must be achieve to trigger the precipitation while avoiding undesired reactions such as the precipitation of clays.

In the following sections, I summarize some of the past carbon mineralization projects, which demonstrated that it is possible to successfully mineralize large amounts of CO2 rapidly in the subsurface.

Projects demonstrating carbon mineralization

1.3.2.1.

Subsurface mineralization

The implementation of geological carbon storage and subsurface mineralization comes with specific challenges and advantages.

Compared to other long-term carbon storage approaches, subsurface mineralization provides access to potentially large reservoirs capacities (see section 1.2.5). Basalts and other suitable lithologies are also common and well distributed on Earth, opening opportunities in many parts of the world. The pressures and temperatures found in the subsurface can help accelerate CO2 dissolution into water and the mineralization reactions of the injected carbon. Finally, and as demonstrated with CarbFix, there exists a strong synergy between subsurface mineralization and geothermal activities. This might improve the economic attractiveness of subsurface mineralization in some parts of the word, including, for example, the Great Rift Valley in Kenya6 [START_REF] Okoko | Can East African rift basalts sequester CO2? Case study of the Kenya rift[END_REF].

In practice, several challenges must be overcome for the large-scale deployment of subsurface mineralization. First, the implementation of this approach requires detailed knowledge of the targeted underground formations including its volume, geometry, reactivity, porosity permeability of the rock, and the flow paths of the injected fluid. This characterization requires significant upfront capital expenditures for subsurface carbon mineralization projects, with the risk that the target reservoir may eventually prove unsuitable. When no pre-existing infrastructure can be used, new wells need to be drilled with the associated permitting processes. The CO2 can be injected in different ways, each having specific advantages and downsides that we will explore in the examples. But in the case of the CarbFix approach, where the CO2 is dissolved in water during the injection, large amounts of water are needed.

Finally, robust monitoring and verification programs need to be implemented to track the fate of the injected CO2, to guarantee safety and public acceptance and to be able to demonstrate the mineralization of the injected CO2.

CarbFix

The CarbFix carbon storage project is focused on promoting mineral carbonation in the subsurface by injecting CO2 into reactive basaltic rocks [START_REF] Gislason | A brief history of CarbFix: Challenges and victories of the project's pilot phase[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. The CarbFix injections to date have been located in Iceland near the Hellisheidi geothermal power plant (Figure 1.13), which is owned and operated by Reykjavik Energy. The CarbFix project has performed injections at two distinct locations. The first effort, CarbFix1 injected ~200 tons of CO2 dissolved in fresh water into relatively unaltered basalts at a depth of ~500 m, and at a temperature of 20-50 °C [START_REF] Alfredsson | The geology and water chemistry of the Hellisheidi, SW-Iceland carbon storage site[END_REF][START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF][START_REF] Snaebjörnsdóttir | The geology and hydrology of the CarbFix2 site, SW-Iceland[END_REF]. The second effort, CarbFix2 has injected 12,000+ tons/year of CO2 dissolved in fresh water into strongly altered basalts since 2014, at a depth below 700 m [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF][START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. This current effort also co-injects hydrogen sulphide (H2S) with CO2, mineralizing it as solid sulphide minerals, such as pyrite, for additional cost benefit (Marieni et al., 2018). In both the injection cases, CO2 and H2S are dissolved in water prior to their arrival in the subsurface, leading to essentially instantaneous solubility trapping [START_REF] Sigfusson | Solving the carbon-dioxide buoyancy challenge: The design and field testing of a dissolved CO2 injection system[END_REF][START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF]. To assess the fate of the injected CO2, inert chemical tracers were co-injected at a fixed proportion to the gas-charged water, and fluid samples were collected from monitoring wells located downstream from the injection well and analysed chemically. through mineral reactions in less than 1 year after the injection [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]. Similarly, in the injection at the CarbFix2 site, an increase in measured and calculated DIC is observed in the monitoring wells located 984, 1356, and 1482 m, respectively, from the HN-16 injection well, within 2-4 months and ~50% of the injected carbon is fixed by mineral reactions during the 4 months it takes for the injected plume to migrate from the injection to the monitoring wells [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

CarbFix2 Site

CarbFix1 [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

The measured fluid compositions of all monitoring well fluids were interpreted using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] The SI of these mineral in the injected gas-charged waters, after mixing with geothermal effluent water and heating to 260 °C, but prior to their interaction with the rock, are depicted by horizontal red lines. Reproduced from [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

Calculations show that approximately 100 days after the start of the CarbFix1 injection the monitoring fluid samples became supersaturated with respect to calcite with a saturation index of 0.6, which would be sufficient to grow calcite on the surfaces of the silicate minerals present in the reservoir.

Moreover, calcite was observed to have precipitated within the monitoring well following the injection.

The saturation state of the monitoring fluid samples with respect to the carbonate phases magnesite and dolomite followed a similar pattern as calcite, but these were not identified in the field. Similarly, siderite was calculated to be supersaturated in the sampled monitoring well fluids, but this mineral has not been found in the field. Such results are consistent with the fixation of the injected CO2 as the mineral calcite.

Analogous results were found for the CarbFix2 injections, as shown in Figure 1.17, where the sampled monitoring well fluids were determined to be at equilibrium or supersaturated with respect to calcite and dolomite during the continuous CarbFix2 CO2 injections.

The results of such calculations show that much of the CO2 injected during CarbFix injections was fixed through mineralization reactions. Notably, the tracer calculations demonstrate the quantity of CO2 removed from the injected fluid phase, and the chemical analyses of the monitoring well fluids through geochemical calculations demonstrate that this CO2 was fixed as carbonate minerals, largely as calcite. Such findings highlight the potential for subsurface storage through mineral reactions at other sites containing reactive minerals throughout the world.

At the end of 2019, CarbFix became a commercial company with a diverse portfolio of projects to upscale the technology of subsurface mineralization and to couple this with direct air capture (in partnership with ClimeWorks7 ), explore the implementation of subsurface mineralization using seawater8 and connect Iceland's storage capacity to Europe via the development of a dedicated CO2 transport terminal9 .

The Wallula research project

The Wallula basalt pilot demonstration project located in the state of Washington (USA) was initially funded under the U.S. Department of Energy's Big Sky Regional Carbon Partnership program.

It started in 2009 with the drilling of an injection well, targeting two permeable basalt interflow reservoir zones of the Columbia River basalt. During the summer of 2013, close to 1,000 tons of CO2

were injected as scCO2 into the subsurface [START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF]. Since scCO2 is buoyant the system required an impermeable basaltic layer as caprock. The concept for this system is that the CO2 is initially stratigraphically trapped by the caprock, and it then reacts with the host rock over time by dissolving into the water already present in the reservoir to permanently trap the CO2 into carbonates (Figure 1.18).

Comparing pre and post injection data, the research team was able to demonstrate the carbonation of some of the injected CO2 as ankerite, a calcium-iron carbonate [START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF].

In a recent paper, [START_REF] White | Quantification of CO2 Mineralization at the Wallula Basalt Pilot Project[END_REF] estimated that 65% of the injected CO2 was mineralized in less than two years, a performance comparable to Carbfix2. The Wallula project was stopped in 2015 and the well was closed as the funding was exhausted.

Nevertheless, the project demonstrated that significant subsurface mineralization can be achieved in less than two years also when CO2 is injected as a scCO2 phase, thus offering more technical possibilities for the implementation of subsurface carbon mineralization.

These flagship projects successfully demonstrated the feasibility of subsurface carbonation with two different injection methods, as depicted in Figure 1.18. Each injection method has its specific advantages. Injecting CO2 in supercritical state maximizes the injection rates, but requires higher pressures, with the associated compression costs and risks of induced seismicity and fracking of the caprock. The injection of CO2 dissolved in water operates at lower pressures for which the wells a cheaper and the compression costs are reduced. It also solves the buoyancy issue as there is no free phase CO2 and the CO2 charged water are denser than water. But this method requires on average 25t of water per tons of CO2 injected [START_REF] Gislason | Mineral sequestration of carbon dioxide in basalt: A pre-injection overview of the CarbFix project[END_REF], which can be a strong limitation in some regions.

An alternative approach is currently being researched where the CO2 and water are injected alternatively in pulses. This method has already been developed and used in the oil and gas industry for tertiary enhanced oil recovery and is known as WAG for water alternating gas [START_REF] Afzali | A comprehensive review on Enhanced Oil Recovery by Water Alternating Gas (WAG) injection[END_REF][START_REF] Pancholi | Experimental and simulation studies for optimization of water-alternating-gas (CO2) flooding for enhanced oil recovery[END_REF]. For coastal projects, another approach would be to use seawater instead of freshwater. Indeed, [START_REF] Voigt | An experimental study of basalt-seawater-CO2 interaction at 130 °C[END_REF] showed the mineralization efficiency is not significantly affected by such replacement.

The choice of injection method may be influenced by the properties of the subsurface reservoir rocks. Each reservoir rock has intrinsic limitations on the pressure they can withstand before cracking and generating both induced seismicity. Having different options to inject the CO2 is therefore highly valuable to increase the versatility of subsurface carbon mineralization be able to adjust the approach to local specificities.

Carbon mineralization offers numerous opportunities for engineered geochemical negative emissions technologies [START_REF] Campbell | Geochemical Negative Emissions Technologies : Part I[END_REF]Maesano et al., 2022). The field is rapidly evolving with new companies following CarbFix's pioneering work such as 44.01 which builds on Peter Kelemen's extensive work on Oman's peridotites or Cella which aims at harnessing the potential of the Kenyan great rift valley.

Enhanced weathering and surface mineralization

Carbon mineralization occurs at surface conditions. Different approaches have been proposed

to accelerate these mineralization processes to generate a cost-effective method for the direct drawdown of and storage of CO2.

One approach consists in grinding mafic material to a fine powder and spreading this on land.

The idea is to enhanced natural silicate weathering and its ability to drawdown CO2 directly from the atmosphere by artificially increasing the surface area of reactive material exposed to weathering. It has been proposed that fine grained basalts could be plowed into croplands with co-benefits such as fertilization and enhanced soil performance [START_REF] Renforth | The dissolution of olivine added to soil: Implications for enhanced weathering[END_REF][START_REF] Kantola | Potential of global croplands and bioenergy crops for climate change mitigation through deployment for enhanced weathering[END_REF][START_REF] Beerling | Potential for large-scale CO2 removal via enhanced rock weathering with croplands[END_REF]. Olivine, a highly reactive magnesium silicate has also received a fair bit of attention. Fine grained olivine could be spread on land [START_REF] Renforth | The dissolution of olivine added to soil: Implications for enhanced weathering[END_REF] or on the seashore [START_REF] Köhler | Geoengineering potential of artificially enhanced silicate weathering of olivine[END_REF][START_REF] Meysman | Negative CO2 emissions via enhanced silicate weathering in coastal environments[END_REF][START_REF] Montserrat | Olivine Dissolution in Seawater: Implications for CO2 Sequestration through Enhanced Weathering in Coastal Environments[END_REF][START_REF] Romaniello | Progress toward small-scale field trials of coastal enhanced weathering of olivine[END_REF]. Though the idea appears simple, a huge challenge with this approach has been to quantify the amount of carbon removed from the atmosphere to complete a proper life cycle analysis [START_REF] Fuhr | Kinetics of Olivine Weathering in Seawater: An Experimental Study[END_REF]. Notably, the mining, grinding and transportation of the mafic rock comes at a significant cost and energy expense. These processes also release significant CO2 to the atmosphere. So, it is critical to quantify the CO2 sequestered to assess if the approach does have a net negative balance.

Other enhanced weathering efforts are focused on the carbonation of mine tailings. The mining process generates large amounts of ground rock residues worldwide. Some of this waste is mafic or ultramafic, notably the waste from mining diamond [START_REF] Stubbs | Direct measurement of CO2 drawdown in mine wastes and rock powders: Implications for enhanced rock weathering[END_REF], nickel [START_REF] Wilson | Offsetting of CO2 emissions by air capture in mine tailings at the Mount Keith Nickel Mine, Western Australia: Rates, controls and prospects for carbon neutral mining[END_REF] or chrysotile [START_REF] Oskierski | Sequestration of atmospheric CO2 in chrysotile mine tailings of the Woodsreef Asbestos Mine, Australia: Quantitative mineralogy, isotopic fingerprinting and carbonation rates[END_REF]. Steel slags are also alkaline and could provide feedstock for enhanced weathering efforts [START_REF] Huijgen | Mineral CO2 sequestration by steel slag carbonation[END_REF][START_REF] Pan | CO2 Mineralization and Utilization using Steel Slag for Establishing a Waste-to-Resource Supply Chain[END_REF][START_REF] Mayes | Atmospheric CO2 Sequestration in Iron and Steel Slag: Consett, County Durham, United Kingdom[END_REF].

Objectives of the study

Carbon mineralization research and implementation has been largely focused on highly reactive mafic materials such as fresh basalts, olivine, and brucite. The feasibility of this process is unclear, however, in the more commonly found altered basalts due to their lower reactivity. Altered basalts are far more available on Earth's surface than fresh basaltic rocks, which are only found in specific places such as active volcanic systems and rift zones. The main objective of this thesis is to assess the feasibility to use altered basaltic rocks for the subsurface mineral storage of carbon dioxide. By exploring how alteration affects the reactivity of basalts, this study aims to determine whether altered basalts are less reactive than fresh basalts and if yes, by how much. It also aims to compare altered basalts between them to relate the observed reactivity to their characteristics and evaluate if specific alteration facies are more favorable than others for subsurface mineralization.

Towards [START_REF] Berner | Biogeochemical cycles of carbon and sulfur and their effect on atmospheric oxygen over phanerozoic time[END_REF], ce qui est suffisant pour causer une variation saisonnière de quelques ppm de la concentration atmosphérique de CO2, observable sur les enregistrements effectués à l'observatoire de Manua Loa (courbe de Keeling, Figure 1.3).

Le cycle long, ou géologique, décrit les échanges entre la croûte terrestre et la surface [START_REF] Berner | The long-term carbon cycle, fossil fuels and atmospheric composition[END_REF]. Il se déroule sur plusieurs millions d'années et déplace environ 0.1-1 GtC par an [START_REF] Lee | A Framework for Understanding Whole-Earth Carbon Cycling[END_REF]. Le volcanisme injecte du carbone dans les réservoirs de surface depuis géosphère [START_REF] Gerlach | Volcanic versus anthropogenic carbon dioxide[END_REF]. A l'inverse, l'altération des silicates consomme du CO2 et libère des ions bicarbonates et des cations qui migrent vers les océans via le réseau hydrographique [START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF][START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and Brazil[END_REF]. Ces éléments s'accumulent dans les océans dont les eaux ont un pH moyen d'environ 8.1 [START_REF] Jiang | Surface ocean pH and buffer capacity: past, present and future[END_REF], et sont majoritairement sursaturées en minéraux carbonatés [START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF][START_REF] Turchyn | Controls on the Precipitation of Carbonate Minerals Within Marine Sediments[END_REF][START_REF] Wurgaft | Particle Triggered Reactions as an Important Mechanism of Alkalinity and Inorganic Carbon Removal in River Plumes[END_REF]. La minéralisation abiotique du carbone est donc possible dans les océans selon la réaction :

Ca 2+ + 2HCO3 -= CaCO3 + CO2 + H2O (1.3)
Cependant, la majeure partie de la précipitation de calcite dans les océans modernes est due à l'activité biologique de microorganismes comme les foraminifères, les coccolithophores et les coraux [START_REF] Milliman | Production and accumulation of calcium carbonate in the ocean: Budget of a nonsteady state[END_REF][START_REF] Zondervan | Decreasing marine biogenic calcification: A negative feedback on rising atmospheric pCO2[END_REF]. Ils précipitent activement du carbonate de calcium pour former leur squelettes et coquilles. Après leur mort, cette composante solide de leur corps sédimente et s'accumule au fond des océans puis produit des roches sédimentaires carbonatées par le processus de diagénèse. A terme, ces roches retournent vers le manteau terrestre par le processus de subduction.

Les processus combinés de l'altération des silicates et de la précipitation de carbonates dans les océans permettent la minéralisation naturelle du carbone et le retrait durable de CO2 en le déplaçant de l'atmosphère vers la géosphère. La calcite est une des formes de stockage du carbone les plus durables [START_REF] Lackner | Reaction mechanisms in swelling clays under ionizing radiation: influence of the water amount and of the nature of the clay mineral[END_REF][START_REF] Lackner | A guide to CO2 sequestration[END_REF][START_REF] Sipilä | Carbon dioxide sequestration by mineral carbonation Literature review update 2005-2007[END_REF]. Le temps de résidence moyen des carbonates dans la croûte terrestre est d'environ 200 millions d'années [START_REF] Berner | The Phanerozoic Carbon Cycle[END_REF]. Les formations géologiques de roches carbonatées sont fréquentes à la surface et témoignent de l'ampleur de ce processus. Des exemples sont présentés dans la Figure 1.6. On estime qu'environ 64,000,000 Gt de carbone sont stockées dans les minéraux de la croûte terrestre [START_REF] Hunt | Distribution of Carbon in Crust of Earth[END_REF][START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF] alors que l'atmosphère ne contient qu'environ 829±10 Gt de carbone (IPCC, 2013). La minéralisation naturelle du carbone peut également se faire dans les lacs d'évaporation, les systèmes géothermaux et au sein de grandes formations de roches mafiques exposées à l'altération hydrothermale (Figure 1.6, b and c).

L'équilibre entre l'activité volcanique et la minéralisation naturelle a permis de maintenir le climat terrestre relativement stable au fil des temps géologiques [START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF]. En effet, il existe un rétrocontrôle entre la concentration atmosphérique de CO2, la température de surface et la vitesse d'altération des silicates. En périodes de forte activité volcanique, la concentration atmosphérique de CO2 augmente, ce qui augmente les températures et accélère l'altération des silicates, et vice-versa [START_REF] Brady | Direct effects of CO2 and temperature on silicate weathering: Possible implications for climate control[END_REF][START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF]. Ce "thermostat" régule les températures de surface dans un intervalle contraint (Figure 1.7) [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of earth's surface temperature[END_REF][START_REF] Archer | Carbon cycle: Checking the thermostat[END_REF]. [START_REF] Seifritz | CO2 disposal by means of silicates[END_REF][START_REF] Oelkers | Mineral carbonation of CO2[END_REF][START_REF] Bénézeth | CO2 geological storage: Integrating geochemical, hydrodynamical, mechanical and biological processes from the pore to the reservoir scale[END_REF] (voir section 1.1.2). Tous ces mécanismes interviennent dans le stockage géologique du CO2 mais à différents degrés selon le type de roches du réservoir, et généralement selon la séquence décrite dans la Figure 1.12. Les estimations des capacités de stockage vont de 8,000 à 35,000 GtCO2 [START_REF] Kelemen | An Overview of the Status and Challenges of CO2 Storage in Minerals and Geological Formations[END_REF] dans les formations sédimentaires, dont 4,000 à 23,000 GtCO2 dans les aquifères salins, et environ 1,000 GtCO2 dans les réservoirs déplétés de gaz et pétrole [START_REF] De Coninck | Carbon dioxide capture and storage: Issues and prospects[END_REF]. Côté minéralisation souterraine, de 25,000 à 250,000 GtCO2 pourraient être stockées dans les basaltes émergés (National Academies of Sciences Engineering and Medicine, 2019). Les péridotites proches de la surface offrent un potentiel d'environ 100,000 GtCO2 [START_REF] Kelemen | An Overview of the Status and Challenges of CO2 Storage in Minerals and Geological Formations[END_REF], et les basaltes sous-marins de 100,000 à 250,000 GtCO2 [START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. Malgré l'importante marge d'erreur de ces estimations, il est clair que les capacités de stockage disponibles dépassent largement les besoins identifiés pour respecter l'Accord de Paris.

Le stockage par minéralisation

Le stockage géologique du CO2 par minéralisation imite le processus naturel et comporte trois principales étapes. Le CO2 doit d'abord se dissoudre dans de l'eau, ce qui créé une solution légèrement acide (voir chapitre 3 section 3.1.). Celle-ci va provoquer la dissolution de la roche hôte qui libère des cations divalents et permet d'augmenter le pH de la solution. Lorsque les concentrations de Ca, Mg ou Fe et le pH sont suffisamment haut, la solution devient sursaturée pour les minéraux carbonatés qui commencent à précipiter [START_REF] Benezeth | Mineral Solubility and Aqueous Speciation Under Hydrothermal Conditions to 300 °C -The Carbonate System as an Example[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF] [START_REF] Johnson | SUPCRT92: A software package for calculating the standard molal thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000[END_REF].

Cependant, même si les réactions de minéralisation sont thermodynamiquement favorisées, certaines peuvent être extrêmement lentes. Dans beaucoup de formations géologiques, comme les grès ou les calcaires, la minéralisation est négligeable [START_REF] Gunter | Aquifer disposal of CO2 -rich greenhouse gases: Extension of the time scale of experiment for CO2 -sequestering reactions by geochemical modelling[END_REF][START_REF] Moore | Mineralogical and geochemical consequences of the long-term presence of CO2 in natural reservoirs: An example from the Springerville-St. Johns Field, Arizona, and New Mexico[END_REF][START_REF] Wilkinson | CO2mineral reaction in a natural analogue for CO2 storage -Implications for modeling[END_REF][START_REF] Han | Evaluation of trapping mechanisms in geologic CO2 sequestration: case study of SACROC notrhern platform, a 35-years CO2 injection site[END_REF]. Au contraire, les roches magmatiques mafiques et ultramafiques permettent la minéralisation rapide du CO2 [START_REF] Kelemen | In situ carbonation of peridotite for CO2 storage[END_REF][START_REF] Gislason | Carbon storage in basalt[END_REF]National Academies of Sciences Engineering and Medicine, 2019;[START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF], comme démontré lors de la première injection du projet CarbFix, en Islande, où plus de 90% du CO2 injecté fut minéralisé en moins de deux ans [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF][START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2 S at the CarbFix site in SW-Iceland[END_REF][START_REF] Snaebjörnsdóttir | The geology and hydrology of the CarbFix2 site, SW-Iceland[END_REF])) (Figure 1.14).

A la différence de CarbFix, le projet Walula, aux États-Unis, a démontré l'efficacité de la minéralisation dans les basaltes en injectant du CO2 pur sous forme supercritique [START_REF] White | Quantification of CO2 Mineralization at the Wallula Basalt Pilot Project[END_REF] (Figure 1.18). Transportation, and Storage. Gulf Professional Publishing, pp. 423-477. (Delerce et al., 2022). Only part of the entire text is reproduced here.

Objectifs de l'étude

Geologic storage consists of the injection of CO2, as either a pure phase or dissolved in water, into the pore spaces of subsurface rocks. The injection of CO2 into the subsurface alters significantly the chemistry of the subsurface fluid. When pure CO2 is injected into the subsurface some of this CO2 will dissolve into the aqueous pore fluids. Carbon-dioxide charged water is acidic and will react chemically with the coexisting rocks altering the rock permeability and porosity, as well as distributing chemical components and minerals in the subsurface [START_REF] Gaus | Role and impact of CO2-rock interactions during CO2 storage in sedimentary rocks[END_REF]. Of the mineral reactions that occur in the subsurface in response to CO2 injection, the dissolution and precipitation of calcite and other carbonate minerals may be the most significant due to: 1) their ubiquity in most target injection systems, and 2)

their relatively rapid reaction rates [START_REF] Chou | Comparative study of the kinetics and mechanisms of dissolution of carbonate minerals[END_REF]. Indeed, the dissolution rate of calcite is sufficiently rapid that this mineral will promptly attain chemical equilibrium with adjacent CO2-charged aqueous fluids. Such reactions have the potential to alter significantly reservoir properties, as well as to neutralize the acidic CO2-rich aqueous phase. The purpose of the present communication is to review geologic carbon storage with a focus on the carbonate-water reactions occurring in response to the injection of CO2 into the subsurface.

The CO2 system

The properties of pure CO2 depend strongly on the temperature and pressure of this phase as illustrated in Figure 3.1. The critical point of CO2 is located at a temperature of 31.1°C and a pressure of 73.9 bars. At this critical pressure and below the critical temperature CO2 is in a liquid form. At the critical temperature but below the critical pressures, CO2 is a gas phase. Beyond the critical point, carbon dioxide behaves as a supercritical fluid. At such conditions the density of CO2 is far greater than at lower pressures, such that it will occupy less pore space, and be somewhat less buoyant than it would be in the gaseous state. The density of CO2 is illustrated as a function of pressure at various temperatures in Figure 3.2.

The density increases dramatically as the phase changes from gas to liquid but decreases substantially with increasing temperature. The most efficient conditions for the storage of pure CO2 in the subsurface are when the density is highest as the injected carbon dioxide will occupy the least volume. Such conditions are found at lower temperatures and pressures just above the critical point. As such, these are the common conditions sought for conventional geologic storage.

The densities of CO2 can be compared with corresponding densities of pure water in Figure 3.2.

The density of CO2 is less than that of water at most near surface conditions. The only exception is at low temperatures and elevated pressures (e.g., at pressures > 180 bars in pure water at ~ 0°C). For this reason, a number of past studies suggested the storage of carbon dioxide at the bottom of the ocean, where its relatively high density might lead to its trapping [START_REF] Sheps | A case for deep-ocean CO2 sequestration[END_REF]. Such suggestions have been widely discarded due to the potential for environmental damage and the rapid mixing time of CO2 in the oceans, which would lead to both ocean acidification and eventually the leakage of CO2 back to the atmosphere [START_REF] Adams | Ocean Storage of CO2[END_REF].

Figure 3.2:

(a) Densities of pure CO2 [START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF]; (b) densities of pure H2O (Haar et al., 1984) and (c) the difference between these two densities as a function of pressure at the indicated temperatures. The blue, red, violet, grey and olive curves correspond to values for 0, 25, 50, 100 and 200°C.

The CO2 -H2O -NaCl system

Once in the subsurface, pure CO2 will dissolve into its adjacent aqueous phase. The extent of this dissolution is largely governed by its solubility. A detailed summary of the solubility and density of CO2 saturated water and aqueous brines is provided by [START_REF] Yan | Measurement and modeling of CO2 solubility in NaCl brine and CO2 -saturated NaCl brine density[END_REF]. Data on the CO2 solubility in aqueous solutions have been fit by [START_REF] Duan | An improved model calculating CO2 solubility in pure water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar[END_REF] and [START_REF] Duan | An improved model for the calculation of CO2 solubility in aqueous solutions containing Na + , K + , Ca 2+ , Mg 2+ , Cl -, and SO4 2[END_REF]. These latter publications provided a suite of equations allowing the calculation of CO2 solubility as a function of temperature, pressure, and salinity of the aqueous phase. The solubility of pure CO2 into pure water is a function of pressure and temperature, as shown in Figure 3.3a. The solubility tends to increase non-linerarly with increasing CO2 pressure due to non-ideal effects, notably near the critical point and the liquid-vapor equilibrium curve for this phase. Moreover, the solubility of CO2 in pure water decreases substantially with increasing temperature from 25 to 100°C. For example, at a pressure of 20 bars the CO2 solubility decreases by a factor of 3 with increasing temperature over this range. Also, note that at pressures above 

~80 bar, the solubility of CO2 begins to increase with increasing temperature above 100°C leading to a CO2 solubility minumum as a function of temperature at constant pressure [START_REF] Duan | An improved model calculating CO2 solubility in pure water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar[END_REF].

The pH of CO2 saturated pure water is illustrated as a function of pressure at selected temperatures in Figure 3.3b. The pH of this water tends to range from 3 to 4 at CO2 pressures >15 bars. This is due to the dissociation of carbonic acid (H2CO3) formed once CO2 dissolves into the aqueous phase according to:

CO2 + H2O = H2CO3 (3.1.1) Carbonic acid can dissociate in the aqueous phase to the bicarbonate (HCO3 -) and carbonate (CO3 -2 ) ions liberating protons to solution according to:

H2CO3 = H + + HCO3 - (3.1.2)
and

HCO3 -= H + + CO3 -2 (3.1.3)
The protons liberated by these reactions leads CO2-rich aqueous solutions to be acidic and to promote the reactivity of minerals. The formation of the carbonate and bicarbonate ions in aqueous solution also stabilizes the presence of CO2 in the aqueous phase as fluid pH is increased, as shown in Figure 3.4. The solubility of CO2(g) increases substantially at pH>6 due to the dissociation of aqueous carbonic acid (Reactions 3.1.2 and 3.1.3). This indicates that the stability of CO2(g) in the aqueous state increases greatly as the pH of the fluid phase increases without otherwise increasing the total inorganic carbon concentration. For example, the dissolution of many mafic minerals, such as olivine, will increase fluid pH while not adding additional dissolved inorganic carbon to the fluid. Such a process will either stabilize the dissolved CO2 in the coexisting fluid phase, or lead to increase CO2 dissolution into the aqueous phase if a free CO2 gas phase is present in the system. Ocean alkalinity enhancement is a carbon removal approach that intends to harness this process by artificially increasing the alkalinity of the ocean to enhance ocean's natural drawdown capacity [START_REF] Ilyina | Assessing the potential of calciumbased artificial ocean alkalinization to mitigate rising atmospheric CO2 and ocean acidification[END_REF][START_REF] Renforth | Assessing ocean alkalinity for carbon sequestration[END_REF][START_REF] Bach | CO2 removal with enhanced weathering and ocean alkalinity enhancement: Potential risks and co-benefits for marine pelagic ecosystems[END_REF][START_REF] Webb | Removing Carbon Dioxide Through Ocean Alkalinity Enhancement and Seaweed Cultivation: Legal Challenges and Opportunities Romany[END_REF][START_REF] Caserini | The Availability of Limestone and Other Raw Materials for Ocean Alkalinity Enhancement[END_REF].

Figure 3.3: (a)

The solubility of CO2 in water and (b) the pH of this CO2-saturated water at selected temperatures. These calculations were performed using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with its carbfix.dat database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] , which takes account of the Peng-Robinson equation of state for CO2 [START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF]. These calculations were performed using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with its carbfix.dat database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF], which takes account of the Peng-Robinson equation of state for CO2 [START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

The solubility of CO2 in an aqueous phase is also greatly affected by the salinity of the fluid. A comparison of the CO2 solubilities in pure water, in a 0.6 M NaCl solution (close to that of seawater), and in a 5 M NaCl solution (close to that of a halite saturated brine) is shown in Figure 3.5. The presence of a seawater-like salinity lowers the solubility of CO2 by ~12% compared to that of freshwater at the same pressure and temperature. This process is referred to as a salting out effect [START_REF] Gunter | Aquifer disposal of CO2 -rich greenhouse gases: Extension of the time scale of experiment for CO2 -sequestering reactions by geochemical modelling[END_REF].

The further increasing of water salinity further decreases the solubility of CO2 in the aqueous phase; the The yellow, orange and purple curves represent the calculated solubility at a water salinity of 0, 0.6, and 5 mol/kg, respectively. These calculations were performed using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with the carbfix.dat database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] , which takes account of the Peng-Robinson equation of state for CO2 [START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

Note that the solubility storage of CO2 requires large volumes of water. [START_REF] Shamshiri | Controlled CO2 injection into heterogeneous geologic formations for improved solubility and residual trapping[END_REF] concluded that at typical cold deep-aquifer conditions of 100 bars of CO2 pressure, 35°C temperature, and 10% salt mass fraction, the solubility of CO2 in brine is ∼40 kg per cubic meter of brine, amounting to an average storage capacity of ~4 kg CO2 m -3 in a brine-saturated rock layer with 10% porosity. At such conditions, it would take 250 km 3 of this rock to store one Gt of CO2 via solubility trapping.

One advantage of solubility trapping is that the density of CO2-charged water is somewhat higher than that of CO2-free water at identical temperature and water salinity. The density of water and saline brines are illustrated as a function of CO2 pressure at 50, 100 and 140°C in Figure 3.6. It can be seen in the figure that the increase of CO2 pressure and thus the concentration of CO2 in the aqueous phase causes the density of the aqueous phase to increase from 1.5 to 3% with increasing CO2 pressure from 0 to 400 bars. Note that this density increase is less than the corresponding density difference between pure water and a concentrated NaCl brine at corresponding temperature and CO2 pressures.

The density of an aqueous 1.0 mol/kg NaCl solution tends to be ~3% greater than freshwater, whereas the density of an aqueous 5.0 mol/kg NaCl solution tends to be ~15% greater than freshwater. Despite the relatively strong effects of NaCl on brine density, it seems reasonable to expect that a CO2-rich aqueous fluid generated at the bottom of a CO2-water interface beneath a structural trap will tend to sink due to its increased density compared to a CO2-free brine of similar salinity.

Figure 3.6:

The density of aqueous fluids equilibrated with the indicated CO2 pressure at 50, 100, and 140 °C. The brown, grey, and blue symbols represent densities measured by [START_REF] Yan | Measurement and modeling of CO2 solubility in NaCl brine and CO2 -saturated NaCl brine density[END_REF] in NaClfree water, in 1.0 mol/kg aqueous NaCl, and in 5.0 mol/kg aqueous NaCl, respectively. The dashed curves in this figure are provided for the aid of the viewer.

A risk to solubility trapping security is the lowering of the pressure of the CO2-charged water.

Such could occur if CO2-charged water moved upwards due to the presence of subsurface structures or damaged well seals. As pressure decreases, so too does the solubility of CO2 in the aqueous phase as shown in figure 3.5. The released CO2 gas phase is highly buoyant and has a strong tendency to escape back to the atmosphere. In the extreme case, where CO2-charged water percolates to the surface, it would rapidly be released into the atmosphere. If such waters dissolved calcite while in the subsurface this calcite could precipitate in accord with the reaction:

Ca 2+ + 2HCO3 -= CO2(g) + CaCO3 (calcite) +H2O (3.1.4) Such reactions are common at the Earth surface and the process is responsible for the formation of travertine deposits, such as shown in Figure 1.6.

The CO2 -H2O -MeCO3 System

Carbon-dioxide/carbonate mineral interaction is somewhat counterintuitive. The increase in CO2(g) pressure into an aqueous system leads to the dissolution of calcite consistent with the reverse of reaction (3.1.4). The solubility of calcite in the system CO2-H2O-CaCO3 is shown as a function of CO2(g) pressure in Figure 3.7a. The increase in CO2(g) pressure from 4 to 150 bars increases the solubility of calcite from 2 to 5.39x10 -2 mol/kg H2O at 25°C, and from 0.6 to 2x10 -2 mol/kg H2O at 100°C. This large increase in calcite solubility highlights one of the most dramatic consequences of the injection of CO2 into subsurface rocks: the large drive to dissolve calcite and other carbonate minerals, if present near the injection well. The dissolution of carbonate minerals will, at the same time, increase the pH of a CO2rich fluid phase. The pH of pure water saturated with CO2 at 25°C and 1 bar of pressure is 3.4, and at 100 bars of pressure is 2.9 (see Figure 3.3b). As these fluids are equilibrated with calcite, their pH increases to 6.04 and 4.9, respectively (see Figure 3.7b). This increase in fluid pH will have the tendency to slow substantially the dissolution rates of many other minerals present in the system because rates tend to decrease substantially with increasing pH (see below). In both cases calculations were performed by allowing the aqueous NaCl solution to equilibrate with calcite and pure CO2 at the indicated pressure. The curves in (a) thus refer to the number of moles of calcite dissolved for the one kg of the fluid to attain equilibrium. The red and blue curves show results for temperatures of 25 and 100°C, respectively. These calculations were performed using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with its carbfix.dat database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] , which takes account of the Peng-Robinson equation of state for CO2 [START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

Kinetic considerations

Rates of CO2 dissolution into water

The rate of CO2 dissolution into water at the CO2-water interface are sufficiently fast, so that the overall rate of dissolution is controlled by the rates of transport of the dissolved carbon in the aqueous phase [START_REF] Karimaie | Experimental Verification of CO2 Dissolution Rate Due to Diffusion Induced Convection[END_REF]. As such, the rate of carbon dioxide dissolution in stagnant water is controlled by the diffusion of dissolved aqueous CO2 away from the water-pure CO2 interface. This dissolution process, as well as the consequences for fluid flow were have been reviewed by [START_REF] Iglauer | Dissolution Trapping of Carbon Dioxide in Reservoir Formation Brine -A Carbon Storage Mechanism[END_REF].

The dissolution of CO2 into water can provoke water convection accelerating the relatively slow aqueous dissolution process. The injection of pure CO2 into geologic formations tends to form pools of CO2-rich gas phases above the water column trapped by impermeable caprocks. This geometry results from the relatively low density of pure CO2 compared to water and saline brines at corresponding temperature and pressure conditions (see Figure 3.2). The migration of CO2 into the reservoir and the filling of storage traps will dissolve some CO2 into the water or saline brine adjacent to the CO2-rich reservoir. This CO2-rich aqueous fluid is approximately 1% denser than the CO2-poor reservoir fluid (Figure 3.6) [START_REF] García | Density of Aqueous Solutions of CO2[END_REF][START_REF] Ennis-King | Rate of dissolution due to convective mixing in the underground storage of carbon dioxide[END_REF], and an instability will arise with a denser fluid located above a less dense formation fluid, provoking both the downward movement of water, and the formation of fluid convection cells [START_REF] House | Permanent carbon dioxide storage in deep-sea sediments[END_REF][START_REF] Kneafsey | Laboratory Flow Experiments for Visualizing Carbon Dioxide-Induced, Density-Driven Brine Convection[END_REF][START_REF] Emami-Meybodi | Convective dissolution of CO2 in saline aquifers: Progress in modeling and experiments[END_REF][START_REF] Sainz-Garcia | Convective mixing fingers and chemistry interaction in carbon storage[END_REF]. This convection accelerates the dissolution of CO2 into the aqueous phase, and promotes the movement of the dissolved CO2 away from the CO2-rich gas reservoir, thereby enhancing the storage capacity of the reservoir. Field evidence of such processes have been reported by [START_REF] Sathaye | Constraints on the magnitude and rate of CO2 dissolution at Bravo Dome natural gas field[END_REF].

The dissolution of CO2 into water can be greatly accelerated before or as the CO2 is being injected by considering that this process is limited by the CO2-water interfacial surface area and transport in the water phase. Taking account of these factors, [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF] designed and applied a scrubbing tower for the removal of CO2 directly from exhaust gas streams. In their design, a fine spray of water was showered over an up-flowing exhaust gas mixture at a pressure of 6 bars, in a 12.5 m high scrubbing tower. The scrubbing tower is filled with plastic pellets to provide a tortuous pathway that enhances water-gas mixing. The resulting CO2-charged water is injected into the subsurface without depressurization to insure the gas does not exsolve before entering the subsurface storage reservoir.

Similarly, CO2 can be dissolved in water as it is injected into the storage reservoir. For example, [START_REF] Sigfusson | Solving the carbon-dioxide buoyancy challenge: The design and field testing of a dissolved CO2 injection system[END_REF] designed and applied a system to dissolve CO2 during its injection into the subsurface. In this system, CO2 and sufficient water required to dissolve the CO2 were co-injected to a depth of ~330 m, where the CO2 was added to the down flowing water as small bubbles. An additional rotating static mixer was added below the CO2 gas bubble outlet. The combination of the small CO2 bubbles, the down flowing water, and the mixing resulted in the complete dissolution of the CO2 into the injected water phase in less than 5 minutes, before the CO2-charged water entered the target reservoir rock formation at a depth of 550 m. Alternatively, once injected into an aquifer, dissolution of a pure carbon dioxide phase can be accelerated by injecting water on top of the CO2 [START_REF] Hassanzadeh | Accelerating CO2 dissolution in saline aquifers for geological storage -Mechanistic and sensitivity studies[END_REF] or by alternating CO2 and water injections [START_REF] Baz | A field-scale investigation of residual and dissolution trapping of CO2 in a saline formation in Western Australia[END_REF][START_REF] Vo Thanh | Robust optimization of CO2 sequestration through a water alternating gas process under geological uncertainties in Cuu Long Basin, Vietnam[END_REF].

Rates of mineral dissolution reactions with CO2-charged water

The important role of carbonate mineral-CO2-H2O interaction during subsurface carbon storage stems largely from the high reactivity of the carbonate minerals. A summary of the 25°C dissolution rates of various minerals normalized to the rates of Ca, Mg or Si release are depicted as a function of fluid pH in Figure 3.8. The rates of carbonate mineral dissolution are relatively fast compared to the rock forming silicate minerals. Notably, the carbonate minerals calcite and dolomite have surface area normalized dissolution rates 4 to 8 orders of magnitude faster than those of the common silicate minerals, for example quartz, feldspar and clay minerals. These differences highlight the dominance of carbonate-fluid interaction as CO2 is injected into a reservoir. Whereas such fluids may attain equilibrium with carbonate minerals such as calcite over the course of the first few days after injection, equilibration of this fluid with silicate minerals might be expected to take tens to hundreds of years. Curves depicted in these plots were generated using equations and parameters from [START_REF] Bales | Dissolution kinetics of chrysotile at pH 7 to 10[END_REF]; [START_REF] Chou | Steady-state kinetics and dissolution mechanisms of albite[END_REF]; [START_REF] Busenberg | A comparative study of the dissolution and crystal growth of calcite and aragonite[END_REF]; [START_REF] Chou | Comparative study of the kinetics and mechanisms of dissolution of carbonate minerals[END_REF]; [START_REF] Brantley | Chemical weathering rates of pyroxenes and amphiboles[END_REF]; [START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF]; [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF]; [START_REF] Golubev | Experimental determination of the effect of dissolved CO2 on the dissolution kinetics of Mg and Ca silicates at 25[END_REF]; [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF]; [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF]; [START_REF] Rimstidt | Systematic review of forsterite dissolution rate data[END_REF]; Critelli et al. (2014) and summarized by [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] Note also the relatively rapid dissolution rates of the evaporite minerals anhydrite and gypsum.

The surface area normalized dissolution rates of these minerals are even faster than those of calcite. As such, these minerals will be expected to equilibrate rapidly with their coexisting fluids if present in the target subsurface reservoir rock formation (cf. [START_REF] Yu | An experimental study of gypsum dissolution coupled to CaCO3 precipitation and its application to carbon storage[END_REF]).

The relatively rapid rates of carbonate mineral dissolution have been observed in a number of field sites. Notably, [START_REF] Kharaka | Gaswater-rock interactions in Frio Formation following CO2 injection: Implications for the storage of greenhouse gases in sedimentary basins[END_REF] reported that the rapid dissolution of carbonate and iron hydroxide minerals rapidly buffered the reservoir fluids in the Frio formation after the injection of 1600 tons of CO2 into a 24 m thick sandstone at a depth of 1500 m. Similarly, [START_REF] Assayag | Water-rock interactions during a CO2 injection field-test: Implications on host rock dissolution and alteration effects[END_REF] observed the relatively fast dissolution of carbonate minerals compared to basic silicate minerals following the injection of CO2-charged water into the Palisades sill. In this latter study, substantial carbonate dissolution was observed within 3 weeks of the injection of carbon dioxide-charged water.

Mineral precipitation rates

Quantifying the rates of carbon dioxide mineralization remains challenging at present due to knowledge gaps in mineral-fluid interaction rates. This mineralization process involves both the dissolution and precipitation of minerals from a fluid phase. Although the dissolution rates of many minerals have been quantified, the precipitation rates of these minerals are far less well quantified [START_REF] Schott | The link between mineral dissolution/precipitation kinetics and solution chemistry[END_REF](Schott et al., , 2012)). Many of the primary silicate minerals such as quartz, feldspars, micas, pyroxenes, and olivine have not been observed to precipitate at ambient temperatures, and most clay minerals precipitate only sparingly over human timescales [START_REF] Yang | Kaolinite dissolution and precipitation kinetics at 22 °C and pH 4[END_REF]. As clay mineral formation tends to lower the permeability of porous rocks in the subsurface, their formation may be a limiting factor in subsurface carbon storage over the long term. In contrast, the precipitation of simple hydrous and amorphous phases tends to be favored and relatively rapid compared to most crystalline silicate minerals at ambient temperatures [START_REF] Carroll | Amorphous silica precipitation (60 to 120°C): Comparison of laboratory and field rates[END_REF]Bénézeth et al., 2008;[START_REF] Gautier | Hydromagnesite solubility product and growth kinetics in aqueous solution from 25 to 75°C[END_REF][START_REF] Harrison | Solubility of the hydrated Mgcarbonates nesquehonite and dypingite from 5 to 35°C: Implications for CO2 storage and the relative stability of Mg-carbonates[END_REF]. What apparently limits the precipitation rates of many silicate minerals at relatively low temperatures is the lack of active sites for precipitation at the mineral surface. Mineral precipitation consists of two distinct processes, nucleation and growth. Mineral growth tends to reduces the available active sites for growth on mineral surfaces, requiring further growth site nucleation for continued precipitation [START_REF] Schott | The link between mineral dissolution/precipitation kinetics and solution chemistry[END_REF][START_REF] Berninger | Assessing dolomite surface reactivity at temperatures from 40 to 120 °C by hydrothermal atomic force microscopy[END_REF].

In contrast to the sluggish precipitation rates of major silicate minerals, numerous carbonate minerals are observed to readily precipitate at temperatures less than 100°C. Although the experimental data for calcite precipitation rates are largely scattered [START_REF] Wolthers | Calcite growth kinetics: Modeling the effect of solution stoichiometry[END_REF], calcite is observed to rapidly precipitate in natural Earth surface systems from supersaturated solutions (cf. Figure 1.6). The degree to which other carbonate minerals form in subsurface systems appears to depend on the temperature of the system. Dissolved magnesium precipitates as the carbonate magnesite (MgCO3) and dolomite (CaMg(CO3)2) at temperatures above ~65°C [START_REF] Saldi | Magnesite growth rates as a function of temperature and saturation state[END_REF][START_REF] Gadikota | Chemical and morphological changes during olivine carbonation for CO2 storage in the presence of NaCl and NaHCO3[END_REF][START_REF] Johnson | Olivine dissolution and carbonation under conditions relevant for in situ carbon storage[END_REF]. There is some evidence that water-saturated supercritical CO2 and carboxylated polystyrene microspheres can promote magnesite precipitation at temperatures as low as 22°C [START_REF] Felmy | Reaction of water-saturated supercritical CO2 with forsterite: Evidence for magnesite formation at low temperatures[END_REF][START_REF] Power | Room Temperature Magnesite Precipitation[END_REF]. Nevertheless, at lower temperatures the precipitation of dolomite and magnesite appear to be kinetically inhibited. At such conditions, less stable hydrous Mg-carbonate minerals, such as hydromagnesite, dypinite and nesquehonite could form [START_REF] Turvey | Hydrotalcites and hydrated Mg-carbonates as carbon sinks in serpentinite mineral wastes from the Woodsreef chrysotile mine, New South Wales, Australia: Controls on carbonate mineralogy and efficiency of CO2 air capture in mine tailings[END_REF]. In addition, dissolved magnesium is also readily incorporated into clay minerals limiting its availability to promote carbonation (e.g., [START_REF] Rigopoulos | Carbon sequestration via enhanced weathering of peridotites and basalts in seawater[END_REF]. As Mg-bearing clay minerals are relatively slow to precipitate, their role in potentially limiting mineral carbonation may not be evident in short-term laboratory and field experiments. The degree to which Fe combines with dissolved carbonate to form substantial carbonates during carbonation efforts remains unclear. In oxic conditions, Fe 2+ oxidizes prior to its potential incorporation as a divalent metal carbonate, and the mineral siderite (FeCO3) is only rarely observed in modern sedimentary and basaltic rocks [START_REF] Rogers | CO2 metasomatism in a basalt-hosted petroleum reservoir, Nuussuaq, West Greenland[END_REF]. The carbonate mineral ankerite ((Mg,Fe,Ca)CO3), however, may be favored in conditions at ambient to moderate temperatures [START_REF] Gysi | CO2-water-basalt interaction. Low temperature experiments and implications for CO2 sequestration into basalts[END_REF][START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF] . Both dawsonite (NaAl(CO3)(OH)) and ankerite have been observed in sedimentary formations at high CO2 pressures and temperatures >60°C [START_REF] Zhou | Dawsonite formation in the beier sag, hailar basin, NE China tuff: A natural analog for mineral carbon storage[END_REF][START_REF] Yu | Dawsonite and ankerite formation in the LDX-1 structure, Yinggehai basin, South China sea: An analogy for carbon mineralization in subsurface sandstone aquifers[END_REF].

It follows that, the limiting step of the carbon mineralization process depends on the nature of the targeted rock. In reservoirs where the host rock releases significant calcium, and because the precipitation of calcite is rapid, the rate limiting step is likely the dissolution of the host rock to release the calcium [START_REF] Oelkers | Mineral carbonation of CO2[END_REF][START_REF] Gadikota | Elucidating the differences in the carbon mineralization behaviors of calcium and magnesium bearing alumino-silicates and magnesium silicates for CO2 storage[END_REF]. In systems where the divalent cations released by the rock are mostly magnesium, and depending on the temperature of the system, the rate limiting step may be the slow precipitation of magnesium carbonates [START_REF] Saldi | An experimental study of magnesite precipitation rates at neutral to alkaline conditions and 100-200°C as a function of pH, aqueous solution composition and chemical affinity[END_REF].

The thermodynamics and kinetics summarized above indicate that CO2 will rapidly be dissolved in water at the CO2-water interface, and, once dissolved, this acidic CO2-charged water will promote its reactions with subsurface minerals. Of these minerals, the reactions among CO2-charged water with carbonate minerals will be among the most significant due to: 1) their relatively rapid dissolution rates compared to silicate minerals, and 2) because the precipitation of carbonation minerals leads to the safe long-term storage of the injected CO2. The extent and consequences of such reactions are considered in detail below.

Despite our extensive understanding of the physical properties and reactivity of carbonate minerals, the accurate prediction of the mineral reactions in carbonate mineral bearing reservoirs remains a challenge [START_REF] Siqueira | Carbon dioxide injection in carbonate reservoirsa review of CO2-water-rock interaction studies[END_REF]. While the effects of temperature and the fluid composition have been quantified [START_REF] Pokrovsky | Calcite, dolomite and magnesite dissolution kinetics in aqueous solutions at acid to circumneutral pH, 25 to 150 °C and 1 to 55 atm pCO2: New constraints on CO2 sequestration in sedimentary basins[END_REF], factors including porosity homogeneity and the role of fluid flow paths are more difficult to measure directly. Nevertheless, some generalities are evident. [START_REF] Luquot | Experimental determination of porosity and permeability changes induced by injection of CO2 into carbonate rocks[END_REF] reported the fluid composition of along the flow path of the CO2-charged fluids in limestone cores. Close to the injection point, fluids are largely undersaturated with respect to calcite, pCO2 is high and fluid pH is low, triggering rapid and extensive dissolution of calcite [START_REF] André | Numerical modeling of fluid-rock chemical interactions at the supercritical CO2-liquid interface during CO2 injection into a carbonate reservoir, the Dogger aquifer (Paris Basin, France)[END_REF]. As the fluids move away from the injection point, the fluid pH rapidly rises and the fluid reaches equilibrium with calcite. Further from the injection point, the fluid pH is buffered. At this point the fluids may become supersaturated with carbonate minerals and provoke their precipitation. The small size of cores used in laboratory experiments compared to the scale of subsurface CO2 storage sites, however, limits their direct application to assess the evolution of industrial scale geologic storage efforts.

Most experimental results suggest an increase in porosity and permeability close to the injection point, driven by abundant carbonates dissolution. In contrast, some field data suggest injectivity loss due to CO2 injection into the subsurface [START_REF] Svec | Physical Effects of WAG Fluids on Carbonate Core Plugs[END_REF][START_REF] Cailly | Geological Storage of CO2 : A State-of-the-Art of Injection Processes and Technologies[END_REF]. In such systems reprecipitation of carbonates several meters downstream from injection wells could adversely affect injectivity [START_REF] Bacci | An experimental and numerical investigation into the impact of dissolution/precipitation mechanisms on CO2 injectivity in the wellbore and far field regions[END_REF]. and the lower Midale Vuggy. These reservoirs are dominated by carbonate minerals [START_REF] Hutcheon | Interactions of CO2 with formation waters, oil and minerals and CO2 storage at the Weyburn IEA EOR site, Saskatchewan, Canada[END_REF]. The Marly is a low permeability dolostone with an average porosity of 26%. The Vuggy is a heterogeneous limestone with an average porosity of 15%, and an average permeability of 20 mD. The reservoir caprock seal consists of low permeability evaporites [START_REF] Wilson | IEA GHG Weyburn CO2 monitoring & storage project SUMMARY REPORT 2000-2004[END_REF]. Reproduced from [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].

Case study: The Weyburn EOR and CO2 Storage Project

The Weyburn oil fields were discovered in 1954, and initially produced via conventional primary and secondary recovery. In 2000, the EnCana Corporation started a CO2 EOR scheme for tertiary recovery. There are currently more than 4000 wells in the area distributed over the 40x50 km oil field [START_REF] Hawkes | Overview of wellbore integrity research for the IEA GHG Weyburn-Midale CO2 Monitoring and Storage Project[END_REF][START_REF] Casey | High-resolution simulations of migration pathways and the related potential well risk at the IEAGHG Weyburn-Midale CO2 storage project[END_REF], which is a typical well density for oil fields of similar age and size [START_REF] Sacuta | International Energy Agency (IEA) Greenhouse Gas (GHG) Weyburn -Midale CO2 Monitoring and Storage Project[END_REF]. The implementation of CO2-based EOR at this site gave birth to an international research effort to study the impact of EOR and monitor the fate of the injected CO2 [START_REF] Wilson | IEA GHG Weyburn CO2 monitoring & storage project SUMMARY REPORT 2000-2004[END_REF].

The initial research project consisted of two phases: the first, from 2000 to 2004, was aimed at proving that the Weyburn fields could safely store CO2, and estimating the reservoir storage capacity.

The second phase, from 2005 to 2012, focused on building a set of best practices and recommendations to support the development of similar projects elsewhere. After the end of these formal research projects, the EOR operations were continued and are still running today. The project initially sourced the CO2 from a gasification plant of synthetic fuels located in Beulah, North Dakota (USA). The captured CO2

was transported through a 320 km pipeline to Weyburn. Since 2014, the CO2 has been sourced from Saskpower's Boundary Dam power plant some 100 km southeast from Weyburn.

(a) (b)

A detailed study of the chemical evolution of the Weyburn EOR system has been provided by [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF]. In this study, the results of the baseline characterization of the reservoir geochemistry (e.g., prior to CO2 injection in August 2000), and 16 monitoring campaigns performed over a 10 year period were presented. [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF] The downhole pH of the reservoir fluids was computed using the program SOLMINEQ88 [START_REF] Kharaka | SOLMINEQ.88: A computer program for geochemical modeling of water-rock interactions[END_REF], taking account of the thermodynamic database of [START_REF] Helgeson | Theoretical Prediction of the Thermodynamic Properties of Aqueous Electrolytes At High Pressures and Temperatures -3. Equation of State for Aqueous Species At Infinite Dilution[END_REF]; [START_REF] Helgeson | Thermodynamic behavior of aqueous electrolytes at hight pressure and temperature.pdf[END_REF]. Calculations were favored over the direct measurement of subsurface fluid pH due to the degassing of the fluid phase during sampling. The median calculated pH of the fluids from the monitoring wells decreased by more than one pH unit (from 6.2 to 4.9) over the ten years of Fluid alkalinity evolved significantly during the monitoring period. Prior to the injection, the alkalinity of the well fluids had a median value of ∼400 mg/L. This increased steadily to a median value of ∼2270 mg/L during the first 10 years of injection. The two main mechanisms leading to the increased alkalinity were interpreted to be 1) the dissolution of the injected CO2, and 2) the dissolution of carbonates induced by fluid acidification [START_REF] Raistrick | Using Chemical and Isotopic Data to Quantify Ionic Trapping of Injected Carbon Dioxide in Oil Field Brines[END_REF].

The median calcium concentration in the subsurface fluids increased from 1400 mg/L to ~2000 mg/L during the first 4 years following injection, and then remained essentially constant. Such observations suggest that calcite dissolution occurred within the reservoir in response to the dissolution of CO2 into the fluid phase [START_REF] Emberley | Monitoring of fluid-rock interaction and CO2 storage through produced fluid sampling at the Weyburn CO2-injection enhanced oil recovery site, Saskatchewan, Canada[END_REF]. Similar observations of calcite dissolution in response to CO2 injections have been reported in other systems including the Pembina Cardium CO2

Monitoring Project in central Alberta [START_REF] Shevalier | Monitoring the reservoir geochemistry of the Pembina Cardium CO2 monitoring project, Drayton Valley, Alberta[END_REF] and six oilfields in Wyoming after cyclic CO2 treatments [START_REF] Smith | Carbonate Cement dissolution during a cyclic CO2 enhanced oil recovery treatment[END_REF]. [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF]. Further details on the location of the wells used for CO2 injection and the timing of the injections is available in [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].

The temporal evolution of pH, alkalinity, and calcium concentration of the Weyburn fluids is plotted in Figure 3.11, and provides further evidence for the dissolution of calcite in response to CO2 injection. There is an overall trend of decreasing pH, increasing alkalinity and increasing Ca concentration over time as the injected CO2 migrated towards the monitoring wells. These data indicate a significant perturbation of the Weyburn subsurface system at the field scale, confirming that both solubility trapping and calcite dissolution occurred in this system. [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].

The fate of CO2 injected at Weyburn

Five main CO2 sinks were identified at Weyburn: free phase supercritical CO2 (scCO2), CO2 dissolved in oil, CO2 dissolved in brine, calcite dissolution, and mineralization. [START_REF] Hutcheon | Interactions of CO2 with formation waters, oil and minerals and CO2 storage at the Weyburn IEA EOR site, Saskatchewan, Canada[END_REF] estimated how the injected CO2 was distributed among these sinks through detailed modelling. This model considered the mineralogical data produced from 100 cores collected from different layers of the Weyburn reservoir, and the reservoir fluid chemistry obtained via the baseline monitoring to define the initial conditions for the model. At the end of the 50 years period considered in the model, more than 50% of the subsurface CO2 is dissolved in the oil remaining in the reservoir. A further 38% of the CO2 is stored via stratigraphic trapping, locking some of the injected CO2 as a free phase bounded by the evaporite caprock. Solubility and mineral trapping were predicted to account for no more than 9% and 2% of the CO2 stored, respectively. In a separate study based on isotopic signature of the injected CO2, [START_REF] Raistrick | Using Chemical and Isotopic Data to Quantify Ionic Trapping of Injected Carbon Dioxide in Oil Field Brines[END_REF] found that 80% of the DIC present in the subsurface water at Weyburn originated from the direct dissolution of CO2 into these brines; less than 20% of this DIC originated from calcite dissolution.

The observed changes in reservoir fluid geochemistry may have multiple effects over the long term. In particular, calcite dissolution can cause a redistribution of the porosity and create preferential flow paths, thus reducing the extent of the reservoir that can be used for storage. The lower fluid pH can increase corrosion particularly near the injection well where fast carbonate mineral dissolution may occur. Nevertheless, to date there are no direct observations reported to assess the impact of calcite dissolution on the reservoir structure, and physical characteristics at Weyburn. Results of experiments performed on core samples from the Midale Vuggy formation, however, provide insight. Cores recovered from the Weyburn Midale reservoir rocks were exposed to CO2 saturated brine with a composition representative of the reservoir's brine, and at a representative reservoir pressure of ~28

MPa and temperature of ~61 °C [START_REF] Elkhoury | Dissolution and deformation in fractured carbonates caused by flow of CO2-rich brine under reservoir conditions[END_REF]. Results suggest that the circulation of brine equilibrated with CO2 leads to significant calcite dissolution along pre-existing fractures. Similarly, [START_REF] Carroll | Development of scaling parameters to describe CO2-rock interactions within Weyburn-Midale carbonate flow units[END_REF] observed the formation of wormholes and the development of an irregular dissolution front while reacting Vuggy limestone cores with a CO2 rich fluid. The Weyburn case study shows that, when implemented at a field scale, CO2 storage has a significant impact on the chemistry of carbonate-dominated carbon storage reservoirs. Notable decreases in fluid pH leads to significant carbonate mineral dissolution and potentially re-precipitation, which will eventually alter the fluid flow paths over time.

Carbonate chemistry and wellbore integrity

The observations summarized above suggest that one of the most significant reactions provoked by water-CO2-rock interaction is the rapid dissolution and precipitation of carbonate phases near injection wells. Such reactions can be detrimental to subsurface carbon storage efforts as the material used in well completion (steel, cement) can be impacted by fluid acidification and calcite dissolution.

Degraded wells involved in the reservoir's operations, such as for injection, production, and monitoring, and also pre-existing legacy wells can be a significant source of leakage as they connect the reservoir to the surface [START_REF] Gasda | Spatial characterization of the location of potentially leaky wells penetrating a deep saline aquifer in a mature sedimentary basin[END_REF][START_REF] Benson | Underground geological storage[END_REF][START_REF] Carroll | Review: Role of chemistry, mechanics, and transport on well integrity in CO2 storage environments[END_REF].

Numerous studies have assessed the behaviour of the materials used in well completions, mainly steel casing and Portland cement, when exposed to CO2 at reservoir conditions, with the aim of determining if they are suitable for long-term CO2 storage. Typically, Portland cement is used for cementing the well casing to the surrounding rocks, and to isolate the different rock formations crossed by the well from each other and from the reservoir. The abandonment procedure typically involves plugging the well with Portland cement.

Traditionally Portland cement is produced by heating crushed limestone mixed with clays to obtain the clinker that is then ground, and mixed with gypsum. As a result, its final composition is dominated by calcium (more than 60 wt%), with main phases being tricalcium silicate ((CaO)3SiO2), dicalcium silicate ((CaO)2SiO2), tricalcium aluminate ((CaO)3Al2O3), and gypsum (CaSO4•2H2O). Upon contact with water, the cement hydrates, and produces mainly calcium silicate hydrate (CSH) and calcium hydroxide or portlandite (Ca(OH)2).

Carbonation and cement alteration

The cement used in well completion, in particular at the bottom of wells where it is exposed to formation waters, and CO2-rich fluids when used for carbon storage purposes. Chemical degradation of the cement may compromise its sealing and mechanical properties, and favour the creation of fractures or pathways, allowing CO2 to migrate upwards. The overall mechanism of cement degradation involves three main steps: 1) CO2 dissolution into formation water, 2) cement carbonation, and eventually 3) dissolution of the calcium carbonates precipitated during the carbonation step [START_REF] Kutchko | Degradation of well cement by CO2 under geologic sequestration conditions[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF].

The interaction of an injected CO2-rich acidic aqueous phase both dissolves cement materials, releasing Ca to the fluid phase, and tends to neutralize the fluid pH creating aqueous bicarbonate. As the fluid percolates further into the cement, it is progressively enriched in Ca 2+ and HCO3 -by further cement dissolution eventually reaching the supersaturation with respect to CaCO3 phases. This process leads to the precipitation of calcite, aragonite, and, in some cases, vaterite. This process creates a carbonation front with a characteristic orange color that has been observed both in laboratory experiments (Figure 3.12; [START_REF] Kutchko | Degradation of well cement by CO2 under geologic sequestration conditions[END_REF][START_REF] Kutchko | Rate of CO2 attack on hydrated class H well cement under geologic sequestration conditions[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF]Duguid et al., 2011b;[START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF], and in field cores (Figure 3.13;[START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF][START_REF] Crow | Wellbore integrity analysis of a natural CO2 producer[END_REF]. This orange alteration is likely due to a change in the iron-bearing cement phases. [START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF] hypothesized that this coloration is due to the formation of amorphous iron hydroxides in response to the release of Fe 3+ from complex hydrated Ca-bearing cement phases [START_REF] Taylor | Cement chemistry[END_REF]. Most generally agree that the carbonation of the cement makes it stronger, reduces its porosity and permeability, and thus represents a defence against alteration. Indeed, carbonation is even used commercially to improve the mechanical properties of cement for construction while providing a sink for long-term storage of CO2 [START_REF] Zhang | Review on carbonation curing of cement-based materials[END_REF]. The overall reactions of this process can be written as follows:

Ca(OH) 2 (s) + 2H + + CO 3 2-→ CaCO 3 (s) + 2H 2 O (3.1.5) C 3.4 S 2 H 8 (s) + 2H + + CO 3 2-→ CaCO 3 (s) + SiO x OH x (s) (3.1.6) Ca(OH) 2 (s) + H + + HCO 3 -→ CaCO 3 (s) + 2H 2 O (3.1.7) C 3.4 S 2 H 8 (s) + H + + HCO 3 -→ CaCO 3 (s) + SiO x OH x (s) (3.1.8)
where SiO x OH x is an amorphous silica gel, and C 3.4 S 2 H 8 is the binding phase in cement paste.

As the cement becomes depleted in Ca(OH)2 and more CO2-rich acidic fluids reach the casing, the pH is no longer buffered, and starts to drop [START_REF] Kutchko | Degradation of well cement by CO2 under geologic sequestration conditions[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF]. The newly formed carbonate minerals start to dissolve, leaving behind an amorphous silica gel [START_REF] Kutchko | Degradation of well cement by CO2 under geologic sequestration conditions[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF][START_REF] Omosebi | Degradation of well cement in HPHT acidic environment: Effects of CO2 concentration and pressure[END_REF]. This amorphous silica phase has higher porosity and permeability, and lower mechanical resistance than the original cement [START_REF] Omosebi | Degradation of well cement in HPHT acidic environment: Effects of CO2 concentration and pressure[END_REF]. As the alteration front progresses inside the cement, the thickness of this weak amorphous layer increases, jeopardizing the integrity of the cement. [START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF].

Effects of The Fluid Composition on Cement Alteration

The saturation state of the injected CO2-charged reservoir fluids with respect to calcite appears to have a strong role in cement durability. Experiments conducted with pure water or brines undersaturated with calcite showed extensive cement degradation, characterized by permeability increase, element zonation, and cement carbonation [START_REF] Rimmelé | Heterogeneous porosity distribution in Portland cement exposed to CO2-rich fluids[END_REF]Duguid et al., 2011b). In contrast, when the fluids were previously saturated with calcite, there was no driving force to dissolve the calcite formed by cement carbonation. In such cases, the degradation process stopped after mild carbonation, with little to no dissolution occurring [START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF][START_REF] Carey | Experimental investigation of wellbore integrity and CO2-brine flow along the casing-cement microannulus[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF]Duguid et al., 2011b). Such studies suggest that, so long as the reservoir fluids are saturated with calcite, the cement degradation from CO2 exposure is negligible. In their review, [START_REF] Zhang | Review of integrity of existing wells in relation to CO2 geological storage: What do we know?[END_REF] argued that, at field conditions, virtually all reservoir brines would be saturated with calcite as calcium carbonates are almost ubiquitously present in reservoir rocks, and very little calcite is necessary for the aqueous phase to reach saturation. Indeed, geochemical calculations covering 10 to 100°C, and 10 to 30 MPa of CO2 partial pressure performed using PHREEQC geochemical software [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] and the carbfix.dat database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] show that, with porosity up to 40%, the dissolution of as little as 0.1 wt% calcite is sufficient to saturate pure water, a 0.5 M NaCl brine or a synthetic Utsira pore water brine (composition from [START_REF] Portier | Modelling CO2 solubility in pure water and NaCl-type waters from 0 to 300 °C and from 1 to 300 bar. Application to the Utsira Formation at Sleipner[END_REF]). Field observations of the rapid enrichment of reservoir fluids in calcium were reported in the Frio sandstone formation, where the injection of CO2 triggered the rapid dissolution of the minor carbonate fraction of the rock [START_REF] Kharaka | Gaswater-rock interactions in Frio Formation following CO2 injection: Implications for the storage of greenhouse gases in sedimentary basins[END_REF]. Carbonate mineral saturation will not be reached, however, near the gas injection point and/or near the water-CO2(g) interface, where fluids will remain strongly undersaturated over the long term because of continuous injection. There, it is likely that cement degradation and carbonate mineral dissolution will occur, potentially creating undesired pathways and leakage.

The flow regime of reactive fluids has also been proposed as a factor enhancing cement degradation. The continuous renewal of the CO2-charged fluids would favour cement dissolution and eventual degradation. Such was observed by [START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF], where cement cores subjected to a continuous flow of CO2-saturated brines with pH of 2.4 and 3.7 were almost completely degraded after 31 days. Nonetheless, in other flow through experiments where the reactive fluids were saturated with respect to calcite [START_REF] Carey | Experimental investigation of wellbore integrity and CO2-brine flow along the casing-cement microannulus[END_REF][START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF], no significant cement dissolution or mass loss was observed, again demonstrating that the saturation state of the fluid with respect to calcite is a critical factor. Continuous flow conditions likely enhance the degradation process, but other factors such as the composition of the fluids play a more important role.

When cement cores are only exposed to wet or dry scCO2, the degradation patterns differ from that observed with aqueous CO2-bearing fluids. Cement cores exposed to wet or dry scCO2 do not exhibit the characteristic orange layer associated with the carbonation front, but rather a single greyish zone with distributed carbonates [START_REF] Kutchko | Rate of CO2 attack on hydrated class H well cement under geologic sequestration conditions[END_REF][START_REF] Jung | Experimental study of potential wellbore cement carbonation by various phases of carbon dioxide during geologic carbon sequestration[END_REF]. Overall, the rate of penetration of the alteration front into the cement was observed to be lower for scCO2 than for CO2-charged brines [START_REF] Kutchko | Rate of CO2 attack on hydrated class H well cement under geologic sequestration conditions[END_REF][START_REF] Rimmelé | Heterogeneous porosity distribution in Portland cement exposed to CO2-rich fluids[END_REF][START_REF] Jung | Experimental study of potential wellbore cement carbonation by various phases of carbon dioxide during geologic carbon sequestration[END_REF]. Only in one study [START_REF] Barlet-Gouédard | Mitigation strategies for the risk of CO2 migration through wellbores[END_REF] the opposite was observed. However, the fast curing of the cement in this experiment, as well as higher pressure and temperature may explain this difference.

The evolution of the porosity in experiments with scCO2 is similar to that with CO2-charged water: porosity decreases as calcite precipitates and then increases as this calcite dissolves. The process, however, is generally slower in scCO2 than in CO2-charged water [START_REF] Barlet-Gouédard | Mitigation strategies for the risk of CO2 migration through wellbores[END_REF][START_REF] Rimmelé | Heterogeneous porosity distribution in Portland cement exposed to CO2-rich fluids[END_REF]. This observation is consistent with that of [START_REF] Zhang | Review of integrity of existing wells in relation to CO2 geological storage: What do we know?[END_REF] in their review of the integrity of wells exposed to CO2-rich fluids, who reported that the dissolution of the precipitated calcite is more efficient in CO2-charged water.

Cements exposed to scCO2 also appear to better preserve their mechanical strength. [START_REF] Barlet-Gouédard | A solution against well cement degradation under CO2 geological storage environment[END_REF] reported that cements exposed to wet scCO2 for six weeks retained 65% of their initial mechanical strength, whereas those exposed to CO2-charged water retained only 33% of their initial strength. Some authors suggested that the milder degradation observed in the presence of scCO2 may be used to protect injection wells by creating a "bubble effect", with scCO2 flushing the aqueous brine away from the injection well [START_REF] Sweatman | Effective zonal isolation for CO2 sequestration wells[END_REF][START_REF] Taberner | Injection of Supercritical CO2 into Deep Saline Carbonate Formations[END_REF][START_REF] Zhang | Review of integrity of existing wells in relation to CO2 geological storage: What do we know?[END_REF].

Impacts of the cement composition

The composition of the cement, as well as the casting conditions, can change its resistance to CO2. For example, studies of cement resistance have involved different classes of Portland cement, mainly classes A, G, and H by [START_REF] Omosebi | Degradation of well cement in HPHT acidic environment: Effects of CO2 concentration and pressure[END_REF] suggested that class H cement was slightly more resistant to degradation by CO2 than class G cement in that it conserved higher compressive strength, and reduced porosity and permeability after exposure. Nevertheless, the class of the Portland cement only results in minor resistance differences to CO2 attack [START_REF] Jung | Experimental study of potential wellbore cement carbonation by various phases of carbon dioxide during geologic carbon sequestration[END_REF].

Cements with added pozzolanic materials, such as fly ash or silica flour, exhibit a different behaviour than pristine cement. These mixtures offer advantages such as improved workability, higher strength and durability, as well as reduced costs. When exposed to CO2-rich environments, pozzolanic cements do not react to the characteristic orange layer reaction front consistently observed on pristine cements [START_REF] Kutchko | CO2 reaction with hydrated class H well cement under geologic sequestration conditions: Effects of flyash admixtures[END_REF][START_REF] Crow | Wellbore integrity analysis of a natural CO2 producer[END_REF]. They tend to uniformly carbonate and at higher rates than pristine cement [START_REF] Zhang | Experimental study of well cement carbonation under geological storage conditions[END_REF][START_REF] Ledesma | Zeolite and fly ash in the composition of oil well cement: Evaluation of degradation by CO2 under geological storage condition[END_REF]. This behaviour has been attributed to a higher penetration rate of the CO2 into the pozzolanic cements [START_REF] Carroll | Review: Role of chemistry, mechanics, and transport on well integrity in CO2 storage environments[END_REF], and to the lower content of portlandite limiting the carbonation reactions. [START_REF] Laudet | The behavior of oil well cement at downhole CO2 storage conditions: Static and dynamic laboratory experiments[END_REF] found that while the carbonation process was proportional to the square root of time for pristine cement, it was directly proportional to time for cement with added silica flour, so that the alteration was likely limited by surface reaction kinetics rather than diffusion, consistent with the conclusions of [START_REF] Kutchko | CO2 reaction with hydrated class H well cement under geologic sequestration conditions: Effects of flyash admixtures[END_REF]. Such results highlight the importance of chemical transport within the cement in the degradation process.

Despite such differences, pozzolanic cements appear to conserve permeability below 200 μD, as recommended by the American Petroleum Institute. Only in Zhang and Talman (2014) did a lightweight cement rapidly increased its permeability up to 1000 μD. Overall, pozzolanic cements are more rapidly carbonated, which might indicate a lower resistance to chemical aggression compared to pristine cement. On the other hand, pozzolanic cement show higher mechanical strength [START_REF] Ledesma | Zeolite and fly ash in the composition of oil well cement: Evaluation of degradation by CO2 under geological storage condition[END_REF], so there might be a trade-off between the two. Pozzolanic cement might be preferred when important mechanical stresses are expected (to prevent fractures), whereas pristine cement may be preferred in environments where mechanical stresses are expected to be low.

The curing conditions of the cements also impact the capacity of the cement to efficiently "armor" against CO2 attack. [START_REF] Kutchko | Degradation of well cement by CO2 under geologic sequestration conditions[END_REF] and [START_REF] Strazisar | Degradation of wellbore cement due to CO2 injection-effects of pressure and temperature[END_REF] tested different curing conditions, and concluded that despite having the same chemical composition, cements cured at higher pressure and temperature (PT) are more resistant to CO2 attack. They attributed this enhanced resistance to the morphology of the Ca(OH)2 crystals. In cements cured under high PT conditions, smaller and more evenly distributed Ca(OH)2 crystal formed, allowing the carbonation front provoked by the interaction with CO2-rich aqueous phase to be more homogeneous and "tight". Jung and Um (2013) obtained results consistent with Kutchko's experiment, but [START_REF] Jung | Wellbore cement fracture evolution at the cement-basalt caprock interface during geologic carbon sequestration[END_REF] reported that the progress of the reaction front was similar between cement cured at ambient PT or high PT after 3 months of exposure to CO2. The comparison of these results suggests that high PT curing conditions may provide an advantage for cement resistance for short exposure durations, but less as time progresses.

Calcite Precipitation and Self-Sealing Effects

In the absence of significant chemical transport pathways (such as fractures and interconnected pores), cement degradation may be limited by diffusion. In such cases, conventional cements may perform adequately over decades. Yet, where fractures are present in the cement, fluid flow can be focused along cement linings upwards along the fracture pathway due to the pressure gradient between the reservoir and the upper rock formations. It is uncertain if such fracture pathways will trigger an accelerated degradation of the cement, or would self-heal and clog. Observations suggest that when fractures are either perpendicular to the pressure gradient or dead-end (non-conductive) fractures, the precipitation of carbonates dominates, resulting in a relatively rapid fracture clogging [START_REF] Sweatman | Effective zonal isolation for CO2 sequestration wells[END_REF][START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF]. This self-sealing behaviour was also reported by [START_REF] Liteanu | Fracture healing and transport properties of wellbore cement in the presence of supercritical CO2[END_REF]. This behaviour was attributed to the amorphous silica layer remaining after the carbonation and subsequent calcite dissolution occurred, limiting the aperture of the fracture. [START_REF] Liteanu | Fracture healing and transport properties of wellbore cement in the presence of supercritical CO2[END_REF] obtained similar results in batch experiments, exposing wet cement paste to scCO2. The carbonation reaction caused the porosity of the cement to decrease and allowed the healing of small fractures. Brunet et al. ( 2016) simulated a range of values of aperture and residence time to assess the resulting fate of the fractures through a series of computational models. The notion of critical aperture threshold was introduced as an indicator of the expected behaviour of the fractures. In their review, [START_REF] Carroll | Review: Role of chemistry, mechanics, and transport on well integrity in CO2 storage environments[END_REF] concluded that self-healing processes are common in geologic reservoirs.

A summary of the effects of various factors on cement resistance to CO2 is provided in Table 3.1. Only a few of the parameters listed in this table are controllable. The cement durability in carbon injection systems could be improved through varying the cement composition, or choosing to replace the cement with other materials. It might also be possible to adjust the injection parameters to create the "bubble effect" to protect the cement as suggested by [START_REF] Sweatman | Effective zonal isolation for CO2 sequestration wells[END_REF]. However, the rest are uncontrollable factors that need to be measured and considered in the initial development of a CO2 storage reservoir. High residence time, small aperture, secondary and deadend fractures [START_REF] Huerta | Experimental evidence for self-limiting reactive flow through a fractured cement core: Implications for time-dependent wellbore leakage[END_REF][START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF][START_REF] Carroll | Review: Role of chemistry, mechanics, and transport on well integrity in CO2 storage environments[END_REF] 3.1.6.5.

Corrosion and Cement Degradation of The Weyburn Wells

An extensive wellbore integrity monitoring program was conducted within the Weyburn project. Five wells were further studied to assess the corrosion rate and the integrity of the concrete cementing the casing [START_REF] Sacuta | International Energy Agency (IEA) Greenhouse Gas (GHG) Weyburn -Midale CO2 Monitoring and Storage Project[END_REF]. The data was obtained by direct measurements in the wells using a wide range of well logging techniques. These data were, however, collected for operation purposes (i.e., to diagnose problems on operating wells), not for detailed mechanistic study. This represented a significant challenge for the authors as well logs were not consistent in time. Well repairs also interfered with the tracking of corrosion impacts, for example when a liner was installed to fix suspected leakage issues. Of the five studied wells, wells 1 to 3 were CO2 injection wells, while wells 4 and 5 were selected as control wells located far from the injection zone. No significant difference could be observed between wells used for CO2 injection compared to those not directly exposed. All five wells have suffered some corrosion. The only consistent patterns were the more pronounced internal casing corrosion at the bottom part of the wells, and the stronger external casing corrosion on the shallower part of the wells. For example, after 6 years of CO2 injection, the lower part of the casing of well 1 was completely corroded, and resulted in the abandonment of the well. Moreover, control well 5 exhibited extensive casing loss, and several holes appeared in the casing at depths between 800 and 900m. This extensive degradation caused this well to stop operations in 1995. [START_REF] Sacuta | International Energy Agency (IEA) Greenhouse Gas (GHG) Weyburn -Midale CO2 Monitoring and Storage Project[END_REF] suggested that the accelerated corrosion observed in this well casing could be the result of sulphur and iron-reducing bacteria present in production fluids (e.g. [START_REF] Heitz | Microbially Influenced Corrosion of Materials[END_REF], as well as stray current producing an alteration of the electrical field inside the concrete (e.g., [START_REF] Bertolini | Corrosion behaviour of steel in concrete in the presence of stray current[END_REF].

All the wells showed limited cement degradation on the sections logged with only small defects in specific locations: minor channelling and poor bonding to formation rock at specific depths. Authors concluded that all the wells conserved their isolation properties. This finding is consistent with the fact that the saturation index of calcite in the Weyburn fluids remained close to equilibrium values throughout the project [START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF], thus preventing the carbonation of the cement to proceed completely, as suggested by [START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF] and [START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF].

The understanding of alteration processes of well cements exposed to CO2 injection has significantly improved since 2005, and the original IPCC report on CO2 storage [START_REF] Benson | Underground geological storage[END_REF].

There is a general consensus on the mechanisms causing the cement degradation in field reservoirs.

Acidic CO2-rich fluids first dissolve cement phases, and mobilize calcium. The buffering of the fluid pH by cement dissolution in pore fluids then allows this calcium to react with dissolved carbonate, and to precipitate CaCO3 phases, mainly calcite. Finally, depending on conditions, this secondary calcite is further dissolved. In this latter case, only an amorphous and porous silica gel remains. Carbonate chemistry is central to the mechanisms of cement degradation and resistance. Notably, the saturation state of the reservoir fluids with respect to calcite is critical for estimating the risk of significant cement alteration in response to the presence of CO2. Portland cement can withstand the conditions of CO2 storage if the formation waters are at or close to saturation with respect to calcite. Such may be the case in many potential subsurface storage systems, but will likely not be the case for CO2 injection wells or very nearby to such wells. New materials more resistant to CO2 degradation, such as geopolymers, have been proposed [START_REF] Barlet-Gouédard | Mitigation strategies for the risk of CO2 migration through wellbores[END_REF]. The limit to their implementation is their higher cost compared with Portland cement.

Conclusions

The observations summarized above show that the effect of CO2 injection into the subsurface depends greatly on the composition of the target reservoir rocks. Pure carbon dioxide injected into most sedimentary rocks will likely remain as a distinct phase for an extended period of time. This CO2 will dissolve into adjacent formation fluids slowly, limited by its solubility in the aqueous phase. The density of the aqueous fluid is increased by increasing its CO2 content. As such CO2 dissolution into the fluid phase may provoke the fluid convection enhancing solubility storage over time. Nevertheless, solubility storage requires vast volumes of pore space. The extent to which mineral storage occurs in such systems is likely limited by the lack of silicate mineral bound divalent metals in most sedimentary rocks.

The redistribution of carbonate minerals in such systems may, however, be extensive. Carbonate minerals are expected to dissolve, if present, as CO2 dissolves into the aqueous phase. As the dissolution of carbonate minerals is rapid, especially in acidic fluids, this will lead to the extensive removal of carbonate minerals near the water-CO2 phase interface. This process is likely to dominate near CO2 injection wells. The metals released through this process can precipitate as either the same or a different carbonate mineral further from this interface as the pH of the fluid phase increases. This overall process of carbonate dissolution, transport and re-precipitation may alter the porosity, permeability and the injectivity properties of the reservoir. However, it will provide only negligible net mineral carbon storage.

In contrast, the targeting of geologic carbon storage into reactive rocks, rich in silicate-bound divalent cations, such as basalts, can promote the mineral storage of injected carbon dioxide. The dissolution of these rocks by acidic CO2-rich waters also increases the pH and alkalinity of the fluid, both stabilizing CO2 in the aqueous phase and promoting the formation of stable carbonate minerals.

A significant risk of geologic carbon storage is the potential for the long-term leakage of the injected carbon. Notably, the corrosion of injection wells and the degradation of cement have the potential to open up fluid pathways towards the surface. Both aqueous fluids undersaturated with respect to calcite, and scCO2 are abundant near the injection wells. Each has been shown to rapidly degrade well cements. Such alteration process may be limited further from injection wells as the aqueous fluid will tend to saturate with respect to carbonate minerals as one moves away from the CO2 source. Such carbonate mineral saturated aqueous fluids tend to strengthen rather than degrade well cements. Perhaps the greatest leakage risk stems from disperse sources, which can be challenging to identify and quantify.

Despite such risks, the massive upscaling of geologic carbon storage is likely essential over the next few decades. Although, society is planning to decrease significantly the consumption of hydrocarbons, carbon emissions to the atmosphere will continue for some time. Geologic carbon storage appears to be the only option able to provide the large volumes required for applying CCS at the vital scale to attenuate the increasing atmospheric carbon dioxide concentrations at a global level.

Basaltic rock alteration

Origin and diversity of basalt

Basaltic rocks originate from volcanic activity through the rapid cooling of magmatic fluids [START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF]. They are by far the most abundant type of volcanic rocks at Earth surface [START_REF] Chen | Origin of Hawaiian tholeiite and alkalic basalt[END_REF][START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF][START_REF] Nielsen | Surface area measurements of marine basalts: Implications for the subseafloor microbial biomass[END_REF]. They occur on land as flood basalt in large igneous provinces, such as the Deccan and Siberian traps or the Central Atlantic Magmatic Province (CAMP) [START_REF] Johansson | The Interplay Between the Eruption and Weathering of Large Igneous Provinces and the Deep-Time Carbon Cycle[END_REF], in volcanic arcs and in rift zones. Most of the ocean's floor is also made of basalt [START_REF] Juteau | The oceanic crust: from accretion to mantle recycling[END_REF][START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF].

Basalts can be differentiated from other volcanic rocks by their mineralogy which is dominated by plagioclase, pyroxenes and olivine. But as extrusive rocks, basalts also contain basaltic glass and its minerals are often microcrystalline due to the rapid cooling of the magma. Mineralogy is therefore not the most convenient way of characterizing basalts, and they are mostly classified based on their chemistry. The classification proposed by Le [START_REF] Bas | A Chemical Classification of Volcanic Rocks Based on the Total Alkali-Silica Diagram[END_REF], and endorsed by the International Union of Geological Sciences (IUGS) sub commission on the Systematics of Igneous Rocks, classifies basalts based on their total alkali metal and silica content (TAS). Note the total of alkalis and silica are recalculated to 100% after removing the water and carbon dioxide content. Volcanic rocks with carbon dioxide content higher than 0.5% or water content higher than 2% are considered altered and should not be classified using approach [START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF]. The TAS classification forms 15 different domains on the plot of silica versus total alkalis content, as shown on Figure 3.14. [START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF] after (Le [START_REF] Bas | A Chemical Classification of Volcanic Rocks Based on the Total Alkali-Silica Diagram[END_REF] The most common basalts are of tholeiitic composition. They are saturated with silica with contents ranging from 45 to 52 wt%. They are considered alkaline or mafic (a contraction of the words magnesium and ferric) compared to more acidic rocks such as andesite (52-65 wt% SiO2) or granite (>65 wt% SiO2). Tholeiitic basalts are abundant since they include continental floods and the mid-ocean ridge basalts (MORB) formed in the rift zones of diverging plates and which is the main component of the oceanic crust. Another major group of basalt are the alkali basalts, which are characterized by higher content of alkali metals (Li, Na, K, Rb, Cs), and are undersaturated with silica (<45%) [START_REF] Skewes | Petrology and geochemistry of alkali basalts and ultramafic inclusions from the palei-aike volcanic field in Southern Chile and the origin of the patagonian plateau lavas[END_REF]. These basalts contain significant olivine and are characteristic of continental rifting and hotspot volcanism. Being undersaturated with silica, they are ultra-mafic rocks, along with peridotites, a plutonic igneous rock. Other subgroups exist such as high alumina basalt, with Al2O3 content higher than 17 wt% which is commonly found in arc volcanism, or Boninite, a magnesium rich basalt found in back arc volcanism.

When a magma reaches the surface, the emplacement conditions, such as rate of cooling and physical constraints create further differences in the structure and mineralogy of the basalts. In contrast to plutonic igneous rocks, which are formed by slow cooling within Earth's crust allowing for their complete crystallization, basalt is formed by rapid, turbulent cooling at or near the surface of the Earth.

As such, the lava can cool in contrasting ways depending on the local conditions. Among the most wellknown and picturesque forms of basalt are the pillow lava found at ocean ridges, where the lava cools so fast that it rapidly quenches and forms balloon-shaped rocks that are highly porous because the volcanic gases do not have the time to leave the solidifying fluid (Figure 3.15). Columnar basalts are another example of a distinctive macrostructure resulting from the rapid cooling of thick lava flows (Figure 3.15). The stresses produced by the cooling on the horizontal axis generates transversal polygonal cracks shaping the columns [START_REF] Spry | The origin of columnar jointing, particularly in basalt flows[END_REF]. 

Basalt alteration

Once emplaced, basalts will continue their differentiation through alteration. Alteration results from various in-situ processes that influence the physical and chemical properties of rocks and their constitutive minerals [START_REF] Wahlstrom | Rock alteration[END_REF]. This differs from erosion, which involves the transport of particles by water or wind. Here we review two of the main alteration mechanisms for basalt alteration:

surface weathering and hydrothermal alteration. 

Alteration processes

One of the main chemical alteration processes is rock dissolution. Dissolution releases chemical elements to the fluid and destabilizes the chemical structure of the minerals constituting the rock. A detailed review of the mechanisms, rates and drivers of mineral dissolution is provided in section 3.3.

The minerals constituting the rocks have different chemical structures combining strong and weak bonds between atoms. This leads to variable resistance/susceptibility to dissolution. Numerous studies have explored the susceptibility of individual minerals to weathering and have converged on a generally accepted sequence of susceptibility to weathering: glass ~ olivine > plagioclase > pyroxene > opaque minerals [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and Brazil[END_REF].

The mobilization of chemical elements to the fluid enriches the fluid in these elements and can eventually provoke the precipitation of new secondary minerals. These minerals typically precipitate in the void spaces of the rocks, notably in vesicles and fractures. Most frequent alteration minerals in basaltic rocks include carbonates, chlorite, zeolite, iron and aluminum oxy hydroxides, smectite, epidote, or actinolite. A complete inventory of the alteration minerals can be found in [START_REF] Thompson | Atlas of Alteration: A Field and Petrographic Guide to Hydrothermal Alteration Minerals[END_REF].

Basalt alteration commonly results in the hydration its minerals. A common example of hydration reaction is the setting of cement, in which calcium oxide CaO converts to calcium hydroxide Ca(OH)2 upon contact with water [START_REF] Rahhal | Early hydration of portland cement with crystalline mineral additions[END_REF]. In nature, a common example of hydrated mineral is smectite.

The combination of the above-mentioned processes modifies both the mineralogy and the chemistry of the rock. Dissolution combined with fluid transport can export elements from the original rock with varying efficiency. Studies have assessed the relative mobility of the elements. Mobile elements include Ca, Na, P, K, Sr, Ba, Rb, Mg and Si and the immobile elements include Zr, Hf, Fe, A1, Th, Nb, Sc and Ti [START_REF] Anderson | Relative mobility of the common elements in weathering of some schist and granite areas[END_REF][START_REF] Middelburg | Chemical processes affecting the mobility of major, minor and trace elements during weathering of granitic rocks[END_REF]. This differential mobility can serve as a metric to quantify the intensity of the alteration. Several indices have been proposed to build on this and create metrics to define the degree of rock alteration [START_REF] Parker | An Index of Weathering for Silicate Rocks[END_REF], such as the chemical index of alteration [START_REF] Nesbitt | Early Proterozoic climates and plate motions inferred from major element chemistry of lutites[END_REF][START_REF] Li | Is chemical index of alteration (CIA) a reliable proxy for chemical weathering in global drainage basins?[END_REF]. Dissolution can also lead to precipitation of minerals, adding alteration phases to the rock. The precipitation of such minerals can scavenge trace elements [START_REF] Olsson | Metal scavenging by calcium carbonate at the Eyjafjallajökull volcano: A carbon capture and storage analogue[END_REF].

It is possible to find altered rocks with roughly the same minerals as the protoliths, but a different chemical composition due to the differential dissolution of the minerals composing the rock. This is the case of surface weathered granite for example and the arenization process in which plagioclase is preferentially dissolved while the quartz remains intact. Conversely, one can find altered rocks with approximately the same chemical composition as the protoliths, but a different mineralogy as a result of the successive dissolution and precipitation of secondary phases. This is the case of hydrothermally altered basalts in closed systems.

Alteration processes can also affect the physical properties of the rocks, in particular porosity and permeability. While the dissolution is a volume negative reaction that tends to increase porosity and permeability, the opposite is true for precipitation. The precipitation of secondary phases can clog the pore space and to decrease rock porosity. The filling of fluid pathways with secondary minerals can lower permeability. Notably the precipitation of phyllosilicates like smectites can are particularly efficient at clogging flow paths since their formation leads to a significant volume increase. This can be easily observed on thin sections or even on hand specimen when looking at vesicles and fractures partially filled with secondary minerals (Figure 3.21). Depending on the balance between the dissolution and precipitation, and on the molar volume of the newly formed minerals, the alteration process can create porosity and enhanced permeability, or be volume positive and even create mechanical stresses sometime strong enough to crack the rock and create new void space and new reactive surface area. This latter process is call reactive cracking [START_REF] Kelemen | Reaction-driven cracking during retrograde metamorphism: Olivine hydration and carbonation[END_REF][START_REF] Malvoisin | Control of serpentinisation rate by reactioninduced cracking[END_REF][START_REF] Evans | A Poroelastic Model of Serpentinization: Exploring the Interplay Between Rheology, Surface Energy, Reaction, and Fluid Flow[END_REF]. Both dissolution and precipitation are somewhat self-reinforcing. The more the rock dissolves, the more it creates porosity and fluids can circulate more easily fostering more dissolution. The contrary is true for precipitation: the more the pore space gets clogged, the lower the flow rate favoring supersaturation of the fluid and further precipitation. The rock reactivity, its initial structure (massive versus fractured), the flow path geometry and the flow rate of the fluid, the temperature are important parameters to determine the outcome of alteration.

Alteration can be driven by temperature and pressure gradients. An example of the latter is the breaking of rocks due to the formation of ice in small fractures during the winter, also called frost weathering [START_REF] Murton | Bedrock fracture by ice segregation in cold regions[END_REF]. This can lead to the creation of fluid pathways enabling reactive fluids to enter the rock.

Rock alteration at the Earth's surface

At Earth surface conditions, rocks are exposed to low temperature alteration called weathering.

Weathering is mostly driven by the interaction between CO2 enriched rainwater and minerals. This process breaks down and/or dissolves rocks and minerals causing an evolution of their composition.

Surface weathering is commonly an open system process since meteoritic water is continuously renewed and flows away from the rocks, leaching elements away to the riverine networks and eventually to the sea. Numerous studies have measured the composition of river waters to assess the weathering process of the corresponding catchment area [START_REF] Huh | Lithium and its isotopes in major world rivers: implications for weathering and the oceanic budget[END_REF][START_REF] Millot | The global control of silicate weathering rates and the coupling with physical erosion: New insights from rivers of the Canadian Shield[END_REF][START_REF] Noh | Chemical weathering in the Three Rivers region of Eastern Tibet[END_REF][START_REF] Moon | New estimates of silicate weathering rates and their uncertainties in global rivers[END_REF]. Carbonates are very prone to weathering due to their high reactivity. Therefore, weathering is particularly visible in landscapes dominated by limestone, forming distinct karstic features (Figure 3.17). But weathering is also evident in granitic landscapes where the process of arenitization disaggregates the original granite into coarse quartz sand after the preferential dissolution of feldspar.

Figure 3.17: Evidences of the weathering process in (left) the karstic landscape of the "stone forest" of Kunming (China) @ G41rn8, and (right) grus and heavily altered granite in Font Romeu (French Pyrenees) (@Pinpin. Source: Wikicommons

A correlation between the weathering intensity and the temperature and runoff has been proposed [START_REF] Brady | Direct effects of CO2 and temperature on silicate weathering: Possible implications for climate control[END_REF][START_REF] Lasaga | Chemical weathering rate laws and global geochemical cycles[END_REF][START_REF] Stefánsson | Chemical weathering of basalts, southwest Iceland: Effect of rock crystallinity and secondary minerals on chemical fluxes to the ocean[END_REF][START_REF] Eiriksdottir | Temporal variation of chemical and mechanical weathering in NE Iceland: Evaluation of a steady-state model of erosion[END_REF][START_REF] Eiriksdottir | Does runoff or temperature control chemical weathering rates?[END_REF][START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF][START_REF] Deng | A global temperature control of silicate weathering intensity[END_REF]. Higher runoff leads to more leaching and maintains the fluid phase at far from equilibrium conditions with respect to the primary minerals where dissolution rates are at their maximum. Alteration is minimal in dry areas like deserts, and maximal in tropical humid regions where rainfall can reach 2000 to 10 000 mm/year. Higher temperatures accelerate dissolution reactions [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] and thus weathering [START_REF] Li | Temperature dependence of basalt weathering[END_REF].

Both parameters are also intercorrelated which means higher temperature is usually associated with higher runoff, making it difficult to distinguish their individual effects. Exceptions to this general observation are observed, in particular where rocks are protected from the atmosphere by ice sheets or thick soils [START_REF] Moosdorf | Atmospheric CO2 consumption by chemical weathering in North America[END_REF][START_REF] Zeng | Comparisons on the effects of temperature, runoff, and land-cover on carbonate weathering in different karst catchments: insights into the future global carbon cycle[END_REF]. Soils formation can isolate rocks and slow weathering [START_REF] Huh | Chemical weathering and climatea global experiment: A review[END_REF][START_REF] West | Thickness of the chemical weathering zone and implications for erosional and climatic drivers of weathering and for carbon-cycle feedbacks[END_REF]. Biological activity can also have reinforcing or inhibiting effects on rock alteration [START_REF] Nezat | Influence of landscape position and vegetation on long-term weathering rates at the Hubbard Brook Experimental Forest, New Hampshire, USA[END_REF][START_REF] Phillips | Weathering and vegetation effects in early stages of soil formation[END_REF][START_REF] Molina | Patterns in Soil Chemical Weathering Related to Topographic Gradients and Vegetation Structure in a High Andean Tropical Ecosystem[END_REF]. Therefore, it appears that the actual drivers of weathering are more site-specific than previously though.

Weathering affects all rocks and minerals even the most resistant such as granite/quartz. The main constitutive minerals of basalts are among the most susceptible to weathering [START_REF] Gaillardet | Global silicate weathering and CO2 consumption rates deduced from the chemistry of large rivers[END_REF][START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF][START_REF] Gernon | Global chemical weathering dominated by continental arcs since the mid-Palaeozoic[END_REF]. As such, basalts play a large role in the carbon cycles;

basalts have been estimated to account for as much as 30% of the total CO2 drawdown due to silicate weathering on the continents despite covering no more than 10% of this surface.

The alteration process of basaltic glass is called palagonitization [START_REF] Stroncik | Palagonite -A review[END_REF]. It produces palagonite, a heterogeneous substance composed of microcrystalline clays, zeolites, and oxides, or mixtures of these [START_REF] Jercinovic | Alteration of basaltic glasses from northcentral British Columbia, Canada[END_REF][START_REF] Zhou | The structural characteristics of palagonite from DSDP Site 335[END_REF]. During weathering, the leaching of basalts removed up to 85% of the original calcium, 80% of the magnesium and 70% of the sodium while only 45% of the silicon and almost no aluminum, iron and titanium in a study of eastern Australian weathered basalts [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana Shield in Venezuela, Colombia, and Brazil[END_REF]. This is in line with the relative mobility of the elements mentioned above. The complete weathering of basalt results in a friable material largely depleted in calcium, magnesium and sodium, enriched in silicon and iron, and mostly made of clays and smectites, as reported by Nesbitt and Wilson (1992) (Figure 3.18).

Figure 3.18: Modal XRD analysis of Baytown basalts at different degrees of weathering. A-1 was

sampled from the center on a competent core stone (least altered) and A-9 was collected at the rims of the basalt formation (most altered).Reproduced from [START_REF] Nesbitt | Recent chemical weathering of basalts[END_REF] 

Hydrothermal alteration of basalts

Hydrothermal alteration differs from surface weathering in two main aspects: the temperatures involved are generally higher, between 30 and 300°C, and the system tends to be more closed with far less leaching. Hydrothermal alteration results from the interaction of hydrothermal fluids with its host rocks. Primary minerals become unstable as the hydrothermal conditions differ from those at which they were formed. They dissolve and new secondary phases precipitate [START_REF] Thien | Differential alteration of basaltic lava flows and hyaloclastites in Icelandic hydrothermal systems[END_REF]. The temperature, composition of the fluid, and composition of the rock, as well as the structure of the rock (porosity, fractures) and pressure are all determinant of the final level of alteration of the rock [START_REF] Browne | Hydrothermal Alteration in Active Geothermal Fields[END_REF].

Hydrothermal alteration is commonly associated with geothermal systems. In the ocean floor, hydrothermal alteration is common along oceanic ridges, where hydrothermal vents with temperatures ranging from 20 to 350°C provoke the alteration of the recently created MORB [START_REF] Staudigel | 3.15 -Hydrothermal Alteration Processes in the Oceanic Crust[END_REF]) (Figure 3.19). On land, hydrothermal alteration is associated to active geothermal systems, but can also be found as legacy alteration from previously active systems, in normal fault zones or in areas where basalts were subsided [START_REF] Lima | Deep-burial hydrothermal alteration of the Pre-Salt carbonate reservoirs from northern Campos Basin, offshore Brazil: Evidence from petrography, fluid inclusions, Sr, C and O isotopes[END_REF]. Several methods and indices have been proposed to quantify the degree of hydrothermal alteration. None, however, have been widely adopted, mostly because each method was developed for specific contexts or scope [START_REF] Mathieu | Quantifying hydrothermal alteration: A review of methods[END_REF]. Temperature is the parameter that most defines the rate and extent of the alteration, as well as the identity of the secondary minerals formed in a geothermal system. [START_REF] Kristmannsdottir | Alteration of basaltic rocks by hydrothermal-activity at 100-300°C[END_REF] conducted a systematic survey of the alteration profiles found in Icelandic hydrothermal systems and identified consistent trends relating secondary phases with alteration conditions, in particular temperature (Figure 3.20).

Figure 3.20:

Alteration zones in the high-temperature geothermal areas correlated to rock temperature and metamorphic facies. Reproduced from [START_REF] Kristmannsdottir | Alteration of basaltic rocks by hydrothermal-activity at 100-300°C[END_REF]. The alteration facies described by [START_REF] Kristmannsdottir | Alteration of basaltic rocks by hydrothermal-activity at 100-300°C[END_REF] and reframed by Snaebjörnsdóttir et al. (2018) are similar to the general alteration facies proposed by [START_REF] Burnham | Facies and types of hydrothermal alteration[END_REF]. Iceland bedrock is, however, almost exclusively made of basalt so these facies are specific to basalt. For the subsurface mineralization of CO2, the identity of these facies is useful to get a sense of the type of reservoir being explored and the potential prevailing geochemical reactions.

At a microscopic scale, hydrothermal alteration creates a zonation within the rock. Elements are leached from the original rock but secondary phases precipitates are mostly located in voids and

fractures. An example is shown in Figure 3.21, where voids are filled with rims of chlorite and some are filled with epidote while others remain open. The distribution of secondary phases has implications for the porosity and injectivity of altered rocks, as well as the geochemistry of fluid rock interactions.

Indeed, a fluid injected into such formation will be preferentially exposed to secondary minerals as it percolates through the pore networks. 

Rock alteration and reactivity

The review summarized in this section suggests that alteration, either by surface weathering or

hydrothermal processes, has the potential to modify significantly the chemical composition, the mineralogy, the porosity and permeability of basalts. Through these processes, altered basalts are commonly considered less reactive than fresh basalt. Nevertheless, most studies have focused on the reactivity of fresh basalt [START_REF] Alfredsson | CO2 sequestration in basaltic rock at the Hellisheidi site in SW Iceland: stratigraphy and chemical composition of the rocks at the injection site[END_REF][START_REF] Wolery | Flow-through reactor experiments on basalt-(sea)water-CO2 reactions at 90 °C and neutral pH. What happens to the basalt pore space under postinjection conditions?[END_REF][START_REF] Koukouzas | Potential for mineral carbonation of CO2 in pleistocene basaltic rocks in volos region (Central greece)[END_REF]. Little is known, however, of the effect of alteration on basalt reactivity.

A large body of literature has studied the rock weathering rates as a function of age and the implications for the associated CO2 consumption. It was initially thought that this evolution was linear [START_REF] Colman | Rock-Weathering Rates as Functions of Time[END_REF]. More recent studies, however, showed that this effect process is non-linear [START_REF] Taylor | Relation between soil age and silicate weathering rates determined from the chemical evolution of a glacial chronosequence[END_REF], particularly in the case of basalts, with rapid initial weathering followed by slower rates [START_REF] Börker | Aging of basalt volcanic systems and decreasing CO2 consumption by weathering[END_REF]. This has been associated with rapid and extensive CO2 drawdown shortly after large eruptions (Louvat andAllègre, 1997, 1998;[START_REF] Rad | Chemical weathering and erosion rates in the lesser antilles: An overview in guadeloupe, martinique and dominica[END_REF][START_REF] Li | Temperature dependence of basalt weathering[END_REF][START_REF] Galeczka | The effect of the 2014-15 Bárðarbunga volcanic eruption on chemical denudation rates and the CO2 budget[END_REF][START_REF] Liu | Reactive transport modeling of mineral carbonation in unaltered and altered basalts during CO2 sequestration[END_REF] and even has been attribute to the triggering of ice ages [START_REF] Cox | Continental flood basalt weathering as a trigger for Neoproterozoic Snowball Earth[END_REF].

In the laboratory, numerous studies have explored the reactivity of basaltic glass [START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF][START_REF] Gislason | Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental study of the dissolution rates of basaltic glass as a function of pH and temperature[END_REF][START_REF] Flaathen | The effect of aqueous sulphate on basaltic glass dissolution rates[END_REF][START_REF] Galeczka | An experimental study of basaltic glass-H2O-CO2 interaction at 22 and 50°C: Implications for subsurface storage of CO2[END_REF] and of individual minerals such as olivine [START_REF] Gadikota | Chemical and morphological changes during olivine carbonation for CO2 storage in the presence of NaCl and NaHCO3[END_REF][START_REF] Johnson | Olivine dissolution and carbonation under conditions relevant for in situ carbon storage[END_REF][START_REF] Oelkers | Olivine dissolution rates: A critical review[END_REF], chlorites [START_REF] Ross | Kinetics of acid dissolution of an orthochlorite mineral[END_REF][START_REF] Malmström | The dissolution of biotite and chlorite at 25°C in the near-neutral pH region[END_REF][START_REF] Gustafsson | The effect of pH on chlorite dissolution rates at 25°C[END_REF][START_REF] Lowson | The kinetics of the dissolution of chlorite as a function of pH and at 25°C[END_REF], zeolites [START_REF] Ragnarsdóttir | Dissolution kinetics of heulandite at pH 2-12 and 25°C[END_REF][START_REF] Savage | The reaction kinetics of laumontite under hydrothermal conditions[END_REF][START_REF] Hartman | Reaction Kinetics and Mechanisms of Zeolite Dissolution in Hydrochloric Acid[END_REF], epidote [START_REF] Kalinowski | Dissolution kinetics and alteration of epidote in acidic solutions at 25°C[END_REF][START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF], and quartz [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] House | Investigation of the pH dependence of the kinetics of quartz dissolution at 25°C[END_REF][START_REF] Berger | Dissolution rate of quartz in lead and sodium electrolyte solutions between 25 and 300°C: Effect of the nature of surface complexes and reaction affinity[END_REF][START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF]. Fewer studies have been focused on the reactivity of whole rocks. [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF] characterized the dissolution rate of crystalline basalt, Critelli et al.

(2014) dissolved a metabasalt to assess the actinolite and chlorite dissolution rates, [START_REF] Marieni | Experimental study on mafic rock dissolution rates within CO2-seawater-rock systems[END_REF] dissolved mafic rock in presence of seawater. There is little information on the reactivity of altered basalts [START_REF] Marieni | Carbon sequestration potential of altered mafic reservoirs[END_REF]. This could be in part responsible for the significant gap that still persists between laboratory results and rates measured in nature [START_REF] White | The effect of time on the weathering of silicate minerals: Why do weathering rates differ in the laboratory and field?[END_REF]. Despite the lack of laboratory studies the results of field carbonation studies reported by [START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF] in lightly altered Columba River Basalt, and from the CarbFix2 project [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF] where CO2 was mineralized in highly altered basalt at high temperature, show however that altered basalt should not be overlooked for subsurface mineralization.

Conclusions

Alteration in a combination of in-situ processes that modifies the chemical and physical properties of rocks and their constitutive minerals. Alteration can occur at different pressure, temperature and fluid conditions and can produce a wide variety of alteration facies. The degree of alteration depends on numerous factors, but the presence of water and elevated temperatures are probably the largest drivers.

Important differences exist between open and semi-closed systems, as for example surface weathering compared to hydrothermal alteration. Open systems tend to produce rock depleted in some elements, while semi-closed system generates a wide range of secondary minerals where the elements removed from the primary phases are relocated into secondary minerals. The identity of the secondary minerals is indicative of temperature range of the alteration.

Most of the minerals comprising basalt are susceptible to alteration, making basalt one of the most rapidly altered material on Earth. Altered basalts are considered less reactive, but there is a knowledge gap on basalt reactivity as a function of alteration. This study was designed to fill this knowledge gap through a systematic series of fluid-basalt experiments.

Theoretical background on dissolution

Structure of minerals

Minerals are crystalline compounds formed by geological processes [START_REF] Wenk | Minerals: Their Constitution and Origin[END_REF].

They consist of atoms arranged in a regular, repetitive lattice creating a geometric pattern, reflected in the macroscopic aspects of the mineral. Minerals were initially described and classified based upon their macroscopic properties such as color, strength, geometry, and aspect. The progressive introduction of tools such as goniometers, petrographic microscopes with polarized light and later X-Ray diffraction, illuminated the structure of the minerals allowing for higher precision in their identification.

Minerals are also characterized by their chemical formula, reflecting the relative abundances and arrangement of their constituent atoms between them. Chemical compositions have brought additional criteria to identify and distinguish minerals. Minerals' classification at present, is a combination of structural properties [START_REF] Mills | The standardisation of mineral group hierarchies: application to recent nomenclature proposals[END_REF] and chemical composition of minerals [START_REF] Nickel | Strunz Mineralogical Tables[END_REF], as proposed by the International Mineralogical Association.

The structure and chemical composition define the dominant bonds holding the mineral structure together. Four main types of bonds are found in minerals [START_REF] Wenk | Minerals: Their Constitution and Origin[END_REF]. Van der Walls bonds result from the weak attraction between atoms due to irregular electron distribution within their structures creating ephemerous dipoles. In metallic bonds, atoms share one of their electrons with the whole structure. The electrons move freely across the solid, which explains the high electrical conductivity of pure metals such as copper, silver, or gold. Ionic bonding results from the attraction between ions of opposite charges. Halite is a prominent example of a mineral dominated by ionic bonds, in this case between Na + and Cl -ions. Finally, in covalent bonds, the atoms share electrons of their respective electron orbitals to fill gaps and create a more stable structure. Diamond is an example of mineral were covalent bonding prevails. The relative strength of these bonds follows: Covalent > Ionic > Metallic > Van der Valls. The relative proportions of these bonds in a mineral are directly related to the mineral's strength and its resistance to dissolution. In glasses and poorly structured minerals, the low polymerization of atoms results in less bonding between them which make the structure more vulnerable. This is the case for carbonates, olivine and basaltic glass.

The atoms within a mineral occupy specific positions that make them more or less strongly attached to the structure. In phyllosilicates for example, the crystal lattice consists of a repetitive tetrahedral-octahedral-tetrahedral (TOT) layers with large cations occupying the void space between them. In this space, cations, usually Ca 2+ , Mg 2+ , Na 2+ , are weakly bound and easily removed or exchanged (Figure 3.22). In contrast, silicon plays a particular role in the structure of most silicate minerals; it is the constitutive element of SiO4 tetrahedra which are the basic element of the polymerization. The level of SiO4 tetrahedra polymerization influences greatly the reactivity of the mineral (Oelkers, 2001).The position occupied by the different atoms in the crystalline structure explains many of the observations made in experiments or in natural systems, for example the relative mobility of elements during weathering. 

Mineral Dissolution

Thermodynamics

The dissolution of minerals is the process of breaking bonds between the constitutive elements to weaken the structure and release atoms [START_REF] Wolff-Boenisch | The effect of crystallinity on dissolution rates and CO2 consumption capacity of silicates[END_REF]. Depending on the arrangement of the different bonds within the crystalline lattice, these may be broken at similar rates. In this case, the dissolution proceeds stoichiometrically and the atoms are released in the same proportions as the overall formula of the mineral: this is stochiometric dissolution. When some bonds are broken preferentially, often due to large differences in strength or differential affinity of one of the elements constituting the mineral, then some atoms are released faster, leading to non-stoichiometric behavior. This nonstochiometric or incongruent dissolution behavior can lead to the formation of leached layers at the surface of the mineral, which are depleted in the more mobile elements and very often silica rich.

Like all chemical processes, both thermodynamics and kinetics must be considered when studying dissolution. To proceed, a reaction must be thermodynamically favorable at the conditions of the system. This means that the products of the reaction must be in a lower energy state that the reactants.

The Gibbs free energy change provides this information. It is equal to the difference between the free energy of the products minus that of the reactants. A negative delta Gibbs free energy corresponds to a reaction that releases energy. Conversely, a reaction with positive delta Gibbs free energy cannot proceed without an additional energy input. Nevertheless, not all thermodynamically favored reactions may occur. This is due to an energy barrier called the activation energy, which is an energy investment required to trigger the reaction. At microscopic level, it means that molecules require sufficient energy to achieve efficient collisions leading to the rearrangement of the atoms. The transition state theory (TST), first proposed by Eyring (1935aEyring ( , 1935b) ) provided a framework to understand these phenomena and calculate reaction rates [START_REF] Glasstone | The theory of rate processes; the kinetics of chemical reactions, viscosity, diffusion and electrochemical phenomena[END_REF]. Consistent with transition state theory, for a chemical reaction to proceed from A to B reactants need to overcome an energy barrier just like passing a mountain pass to go from one valley to another (Figure 3.23) [START_REF] Lasaga | Kinetics of geochemical processes[END_REF]. This high energy transitional state corresponds to a theoretical species called the activated complex. Among the multiple possible configurations of activated complexes, that having the lowest energy is the most probable pathway for the reaction to progress from reactants to products as it requires the least energy.

Transition state theory has been widely successful providing an understanding of the links between macroscopic observations and microscopic processes, in particular the effect of temperature on rates. where IAP represents the ionic activity product and KS defines the solubility constant of the mineral.

When the SI is negative, the fluid is undersaturated with the mineral and will tend to dissolve it. The fluid reaches saturation, or equilibrium with the mineral, when SI is equal to 0. When SI is positive, the fluid is supersaturated and the precipitation of the mineral is thermodynamically favored. The SI is particularly useful as a variable to follow the evolution of a system and assess the probabilities of precipitation for desired and undesired secondary phases.

The situation exists where the dissolution reaction is thermodynamically favored (SI<<0), and the energy required to overcome the activation energy is available, so the reaction proceeds, but yet, one still cannot observe the products. This is a common situation in geology where most systems are in disequilibrium but evolve slowly, and why kinetics become important. Some reactions have such slow rates that they are hardly observable at a human timescale. This is why the rates of the reactions are of particular interest, and why they have received so much attention over the past century.

Mineral dissolution kinetics

The dissolution rates of minerals are important for quantifying many Earth processes such as global silicates weathering, alteration, or to predict the stability of geological formations. Comprehensive reviews of the kinetics of mineral-water interactions have been provided by [START_REF] Lasaga | Kinetics of geochemical processes[END_REF], [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] Schott | The link between mineral dissolution/precipitation kinetics and solution chemistry[END_REF].

Experimental designs to measure mineral dissolution rates

Kinetics being inherently more complex than thermodynamics, the approach to study the dissolution rate of minerals has been largely experimental. A large number of studies have used laboratory experiments to measure the dissolution rates of pure minerals at specific controlled conditions (e.g. [START_REF] Plummer | Critical Review of the Kinetics of Calcite Dissolution and Precipitation[END_REF]Knauss andWolery, 1986, 1988;[START_REF] Ragnarsdóttir | Dissolution kinetics of heulandite at pH 2-12 and 25°C[END_REF][START_REF] Oxburgh | Mechanism of plagioclase dissolution in acid solution at 25°C[END_REF]Oelkers andSchott, 1995, 2001;[START_REF] Stillings | Feldspar dissolution at 25°C and pH 3: Reaction stoichiometry and the effect of cations[END_REF][START_REF] Devidal | An experimental study of kaolinite dissolution and precipitation kinetics as a function of chemical affinity and solution composition at 150°C, 40 bars, and pH 2, 6.8, and 7.8[END_REF][START_REF] Fredd | The kinetics of calcite dissolution in acetic acid solutions[END_REF][START_REF] Kalinowski | Dissolution kinetics and alteration of epidote in acidic solutions at 25°C[END_REF][START_REF] Pokrovsky | Kinetics and mechanism of forsterite dissolution at 25°C and pH from 1 to 12[END_REF][START_REF] Shiraki | Dissolution kinetics of calcite in 0.1 M NaCl solution at room temperature: An atomic force microscopic (AFM) study[END_REF][START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF][START_REF] Gislason | Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental study of the dissolution rates of basaltic glass as a function of pH and temperature[END_REF][START_REF] Wolff-Boenisch | The dissolution rates of natural glasses as a function of their composition at pH 4 and 10 . 6 , and temperatures from 25 to 74 °[END_REF][START_REF] Harouiya | The dissolution kinetics and apparent solubility of natural apatite in closed reactors at temperatures from 5 to 50 ° C and pH from 1 to[END_REF]Bénézeth et al., 2008;[START_REF] Rozalén | Experimental study of the effect of pH on the kinetics of montmorillonite dissolution at 25 °C[END_REF][START_REF] Yang | Kaolinite dissolution and precipitation kinetics at 22 °C and pH 4[END_REF][START_REF] Pokrovsky | Calcite, dolomite and magnesite dissolution kinetics in aqueous solutions at acid to circumneutral pH, 25 to 150 °C and 1 to 55 atm pCO2: New constraints on CO2 sequestration in sedimentary basins[END_REF][START_REF] Zhang | Experimental study of dissolution rates of hedenbergitic clinopyroxene at high temperatures: dissolution in water from 25 °C to 374 °C[END_REF][START_REF] Gudbrandsson | Experimental determination of plagioclase dissolution rates as a function of its composition and pH at 22°C[END_REF]Crundwell, 2015a;[START_REF] Mulders | Non-stoichiometric dissolution of sepiolite[END_REF][START_REF] Oelkers | Olivine dissolution rates: A critical review[END_REF][START_REF] Yu | An experimental study of gypsum dissolution coupled to CaCO3 precipitation and its application to carbon storage[END_REF][START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]). To measure dissolution rates, a variety of experimental approaches have been used.

Batch experiments are probably the most widely used for measuring mineral dissolution rates due to their simplicity. In this approach, the rock sample is placed in contact with a reactive fluid in a reactor, with stirring or agitation at controlled temperature and pressure conditions ( When an experiment is run at an elevated temperature, a cooling loop is usually placed between the reactor and the outlet (f). MF experiments have been a preferred approach to measure dissolution rate as they are relatively simple to use and allow for better control of the reaction conditions, in particular the chemistry of the reactive fluid. They also allow for running experiments in series by changing for example the temperature or the composition of the inlet solution during the experiment, without stopping or dismantling the system [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF][START_REF] Gudbrandsson | Experimental determination of plagioclase dissolution rates as a function of its composition and pH at 22°C[END_REF][START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. Reproduced from [START_REF] Gudbrandsson | Experimental determination of plagioclase dissolution rates as a function of its composition and pH at 22°C[END_REF] One issue of concern when using these reactor systems is the risk that the stirring may grind the solid mineral sample in the reactor, increasing the reactive surface area of the solid and altering the overall reaction rate [START_REF] Metz | Stirring effect on kaolinite dissolution rate[END_REF]).

Another reactor system for measuring mineralfluid reaction rates is the single pass flowthrough system, initially described by [START_REF] Weed | Design of a variable-flow-rate, single-pass leaching system[END_REF]. This system, used by Knauss andWolery (1986, 1988) [START_REF] Newman | Schmidt Number Correction for the Rotating Disk[END_REF][START_REF] Ellison | Mass Transfer to a Rotating Disk[END_REF]). This design was described by [START_REF] Boomer | Rotating disk apparatus for reaction rate studies in corrosive liquid environments[END_REF] and then used in by [START_REF] Liu | Dissolution kinetics of calcium carbonate minerals in H2O-CO2 solutions in turbulent flow: The role of the diffusion boundary layer and the slow reaction H2O + CO2 → H + + HCO3[END_REF], [START_REF] Fredd | The kinetics of calcite dissolution in acetic acid solutions[END_REF][START_REF] Fredd | The kinetics of calcite dissolution in acetic acid solutions[END_REF][START_REF] Burns | Mechanisms of calcite dissolution using environmentally benign polyaspartic acid: A rotating disk study[END_REF], among others.

The dissolution of minerals can generate distinctive etch pits on the reactive surface of the solid (Figure 3.28). Atomic Force Microscopy (AFM) has been used to track the evolution of these structures [START_REF] Boomer | Rotating disk apparatus for reaction rate studies in corrosive liquid environments[END_REF] during the dissolution of numerous minerals including gypsum [START_REF] Bosbach | In situ investigation of growth and dissolution on the (010) surface of gypsum by Scanning Force Microscopy[END_REF][START_REF] Fan | Surface behavior of gypsum during dissolution[END_REF], barite [START_REF] Putnis | Dissolution of barite by a chelating ligand: An atomic force microscopy study[END_REF], celestite [START_REF] Seo | Atomic force microscopic study of directional SrSO4(001) surface and its etching property[END_REF], calcite [START_REF] Hillner | Atomic-scale imaging of calcite growth and dissolution in real time[END_REF][START_REF] Dove | Calcite precipitation mechanisms and inhibition by orthophosphate: In situ observations by Scanning Force Microscopy[END_REF][START_REF] Liang | Dissolution kinetics at the calcite-water interface[END_REF][START_REF] Park | Atomic layer wear of single-crystal calcite in aqueous solution using scanning force microscopy[END_REF][START_REF] Shiraki | Dissolution kinetics of calcite in 0.1 M NaCl solution at room temperature: An atomic force microscopic (AFM) study[END_REF], magnesite [START_REF] Higgins | Dissolution kinetics of magnesite in acidic aqueous solution: A hydrothermal atomic force microscopy study assessing step kinetics and dissolution flux[END_REF], and zeolite [START_REF] Yamamoto | Dissolution of zeolite in acidic and alkaline aqueous solutions as revealed by AFM imaging[END_REF][START_REF] Meza | Differentiating fundamental structural units during the dissolution of zeolite A[END_REF][START_REF] Meza | In situ atomic force microscopy of zeolite A dissolution[END_REF][START_REF] Voltolini | The dissolution of laumontite in acidic aqueous solutions: A controlled-temperature in situ atomic force microscopy study[END_REF]. By measuring de retreat rate of the etch pits, and their density on the solid surface, it is possible to estimate the minerals dissolution rate.

This approach provides access to additional information on the dissolution process compared to bulk approaches. Indeed, such molecular scale microscopy allows observations of how dissolution proceeds, for example homogeneously or heterogeneously. This approach, however, has significant limitations for silicates due to the formation of a gel or leached layer at the surface that tampers with the AFM probe.

As it is not possible or practical to measure rates at all possible conditions equations have been developed to interpolate and extrapolate these rates. For example, one such equation was proposed by Svante A. Arrhenius in 1889 and describes the dependence of rates on temperatures [START_REF] Arrhenius | On the Reaction Velocity of the Inversion of Cane Sugar By Acids, Selected Readings in Chemical Kinetics[END_REF].

The basic expression of the Arrhenius equation is:

𝑟 = 𝐴𝑒 -𝐸 𝑎 𝑅𝑇 (3.3.2)
where r refers to a reaction rate, A designates a pre-exponential factor, Ea represents an activation energy, R defines the gas constant and T symbolizes absolute temperature. The Arrhenius equation is empirical as it is based on experimental data rather than molecular theory. It indicates an exponential dependency of reaction rates on temperature, and supports the experimental determination of Ea from the slope of a graph of ln(k) as a function of 1/ T.

Another common empirical law for describing surface area normalized mineral reaction rates characterizes the dependency of rates on pH [START_REF] Helgeson | Thermodynamic and kinetic constraints on reaction rates among minerals and aqueous solutions. II. Rate constants, effective surface area, and the hydrolysis of feldspar[END_REF][START_REF] Chou | Steady-state kinetics and dissolution mechanisms of albite[END_REF][START_REF] Stumm | The effects of complex-forming ligands on the dissolution of oxides and aluminosilicates[END_REF][START_REF] Blum | Role of surface speciation in the low-temperature dissolution of minerals[END_REF]: where kS refers to a rate constant, 𝑎 𝐻 + denotes the proton activity and ε represents an experimentally determined reaction order. Aj refers to the specific surface area of the solid, where j defines either the BET or geometric surface area, and m designates the initial mass of the solid placed into the reactor. This equation fits most of the silicate's dissolution data. Some have attempted to interpret this law mechanistically, but the variable and fractional nature of ε in particular has been a

𝑟 𝑗 = (𝑘 𝑠 /𝑨 𝑗 𝑚) 𝑎 𝐻 + 𝜀 (3.3.3)
challenge [START_REF] Blum | Role of surface speciation in the low-temperature dissolution of minerals[END_REF].

Natural water-rock systems consist of numerous minerals and an innumerable conditions and fluid compositions. This has motivated the creation of thermodynamic and kinetic databases. The kinetic databases from [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF] and [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF] have been extensively used for geochemical modelling in conjunction with PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] and THOUGHREACT [START_REF] Xu | Toughreact version 2.0: A simulator for subsurface reactive transport under non-isothermal multiphase flow conditions[END_REF]. More recently, [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] have released an updated mineral dissolution rate database for PHREEQC. The dissolution rates of major silicate minerals at 25

°C calculated using equations reported by [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] are plotted in Figure 3.29 as a function of pH. The dissolution rates of silicate minerals span six orders of magnitude at acidic conditions, and about four at neutral and basic conditions. The variation of rates with pH is different among minerals. While forsterite, diopside and augite rates decrease continuously with increasing pH, the opposite is true for other silicate minerals. At acidic conditions, the rates of some minerals like anorthite, labradorite, basaltic glass and laumontite have a strong dependency on pH, while others like albite, quartz and epidote appear to be less sensitive. The rates of most minerals reach a minimum at neutral conditions.

Figure 3.29: BET normalized dissolution rates for selected silicate minerals at 25°C. The rates were generated using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] using equations provided by [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. These rates have an average uncertainty of 0.5 log units.

Factors influencing mineral dissolution rates

Mineral dissolution rates are affected by a large number of factors:

Mineral-fluid interfacial surface area

A major factor influencing mineral dissolution rates is the mineral-fluid interfacial surface area.

Rates are commonly assumed to be proportional to this surface area. As such, surface area normalized rates are commonly reported in the literature in moles per second per square meter. In an attempt to limit changes in mineral-fluid interfacial surface area during experiments the mineral powders used in the experiments are sieved and carefully washed to removed fine particles. Yet, as minerals have different shapes and surface textures, it is always necessary to measure or quantify the specific surface area of prepared mineral powders.

Two main approaches are used to quantify mineral powder surface areas. The Brunauer-Emmet-Teller (BET) method [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF] is a physical measurement based on the sorption/desorption rates of gases such as nitrogen or krypton onto the solid surface. The second method consists in calculating the geometric surface area of the sample, using a simple geometric model. The mesh size of the sieves used in the powder preparation are typically used to calculate the efficient diameter of the particles and then the geometric surface area, as detailed in [START_REF] Tester | Correlating quartz dissolution kinetics in pure water from 25 to 625°C[END_REF]. The ratio between the BET and geometric surface areas is called the roughness factor.

The difference between rates normalized to BET or geometric surface area can be up to two orders of magnitude or more, depending on the roughness factor. In the literature, the debate of whether the BET or the geometric surface area is more informative is not resolved [START_REF] Brantley | Surface area and porosity of primary silicate minerals[END_REF][START_REF] Gautier | Are quartz dissolution rates proportional to B.E.T. surface areas?[END_REF][START_REF] Wolff-Boenisch | The effect of crystallinity on dissolution rates and CO2 consumption capacity of silicates[END_REF][START_REF] Marini | Chapter 6: The kinetics of mineral carbonation[END_REF][START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF][START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. Indeed, BET is theoretically more accurate but the geometric surface may be more readily applied to natural systems. As a result, some studies report both surface areas. In some cases, however, only one is reported, which creates a conundrum for those trying to merge data from different studies, for example for regression purposes.

Another issue with surface area is that mineral surface area can evolve with time as the reaction progresses during an experiment. Notably, dissolution can consume exposed reactive sites, and tend to round gains over time. But for some minerals and some conditions, dissolution creates etch pits, increasing the surface area [START_REF] Grandstaff | Changes in surface area and morphology and the mechanism of forsterite dissolution[END_REF][START_REF] Macinnis | The role of dislocations and surface morphology in calcite dissolution[END_REF][START_REF] Hailin | Change in surface area and dissolution rates during hornblende dissolution at pH 4.0[END_REF]. In practice, most studies report the initial specific surface area of mineral powders, and in some cases also the post reaction values. Several options have been proposed to describe the evolution of mineral surface area as it dissolves or precipitates. In PHREEQC for example, one can choose between a linear variation of surface area proportional to the mineral mass, or alternatively a calculated surface area based on a shrinking sphere model.

pH and temperature

The dissolution rates of many silicate minerals as a function of pH follow a U-shaped curve, with high rates at acidic and basic conditions and the minimum rates in the neutral region (see Figure 3.30). Some exceptions exist such as pyroxenes where rates decrease continuously with increasing pH.

If the temperature increases, so do the reaction rates as shown on Figure 3.30 for anorthite. Depending on the minerals, an increase from 25 to 100°C commonly results in an increase in rates of two orders of magnitude.

Figure 3.30:

Compilation of anorthite dissolution rates from literature as a function of pH and temperature. Reproduced from [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] The sensitivity of the dissolution rates to temperature depends on the activation energy of the reaction, which can be estimated experimentally. For silicate minerals, activation energies typically range between 10 and 90 KJ mol -1 . The Arrhenius equation (equation 3.3.2) allows the prediction of rates as a function of temperature using the activation energy.

Stirring rate

In mixed flow experiments, the stirring rate has been shown to influence the measured dissolution rates up to a certain value after which the rates become independent from the stirring rate [START_REF] Gislason | Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental study of the dissolution rates of basaltic glass as a function of pH and temperature[END_REF].

Proximity to equilibrium

The kinetics of the mineral dissolution reactions vary as a function of the degree of mineral disequilibria (Figure 3.31). Rates decrease as equilibrium is approached and no net reaction occurs at equilibrium. Numerous behaviors have been observed (Crundwell, 2015b), and distinct equations are available for describing this behavior [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] Hellmann | Dissolution kinetics as a function of the Gibbs free energy of reaction: An experimental study based on albite feldspar[END_REF].

Most of the existing work has focused on far-from-equilibrium conditions for it is easier to describe, but many geochemical systems such as aquifers, or geothermal reservoirs approach equilibrium with respect to minerals [START_REF] Langmuir | Aqueous Environmental Geochemistry[END_REF]. New approaches have been recently proposed to study near equilibrium conditions, such as isotopes tracking [START_REF] Zhu | Testing hypotheses of albite dissolution mechanisms at near-equilibrium using Si isotope tracers[END_REF].

Possible interferences during mineral dissolution during experiments

Different processes occur simultaneously when a mineral reacts with water in addition to mineral dissolution.

At the onset of a mineral dissolution experiment, rapid reactions such as protons for cation exchange reactions can cause a rapid evolution of the fluid composition an pH [START_REF] Oelkers | The surface chemistry of multi-oxide silicates[END_REF][START_REF] Zhang | Experimental study of dissolution rates of hedenbergitic clinopyroxene at high temperatures: dissolution in water from 25 °C to 374 °C[END_REF]. The presence of minor amounts of highly reactive minerals, such as calcite, can also cause significant initial impact on dissolution experiments. Finally, if some fine material persisted in the preparation of the mineral powder in spite of the cleaning, the dissolution of these powders can influence rates. Therefore, most experiments focus on the stable reaction once steady-state is reached during an experiment (MacInnis and [START_REF] Macinnis | The role of dislocations and surface morphology in calcite dissolution[END_REF].

Other phenomena may also affect measured dissolution rates at later stages of an experiment.

As the dissolution proceeds, leached layers can form on the surface of some minerals. As they grow and become thicker, the reaction progressively becomes controlled by the diffusion rate of elements through the leached layers, rather than by the dissolution of the mineral itself [START_REF] Hellmann | The formation of leached layers on albite surfaces during dissolution under hydrothermal conditions[END_REF][START_REF] Ruiz-Agudo | Mechanism of leached layer formation during chemical weathering of silicate minerals[END_REF]Schott et al., 2012). The reactive fluids can also get saturated with rapidly precipitating phases that form onto the solid. This is particularly the case for iron and aluminum hydroxides species. Smectites are also a commonly observed precipitate. If such phases precipitate in Figure 3.31: Evolution of albite dissolution rates at near equilibrium conditions [START_REF] Hellmann | Dissolution kinetics as a function of the Gibbs free energy of reaction: An experimental study based on albite feldspar[END_REF] large amounts on mineral surfaces the initial solid can become coated and its reactive surface area passivated [START_REF] Cubillas | How do mineral coatings affect dissolution rates? An experimental study of coupled CaCO3 dissolution -CdCO3 precipitation[END_REF][START_REF] Daval | The effect of silica coatings on the weathering rates of wollastonite (CaSiO3) and forsterite (Mg2SiO4): An apparent paradox?[END_REF][START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF].

Although the commonly used experimental designs were conceived to mitigate or eliminate such parasite phenomena, it is always necessary to evaluate the processes that occurred during an experiment. SEM and XRD analyses of post-experiment mineral powders are very useful for this, together with geochemical calculations to estimate the saturation states of the fluids.

Conclusions

The dissolution of minerals is a mechanism central to many processes including weathering, ore mineral formation and carbon mineralization. It is considered the rate limiting step of numerous natural processes [START_REF] Oelkers | Mineral carbonation of CO2[END_REF][START_REF] Gadikota | Elucidating the differences in the carbon mineralization behaviors of calcium and magnesium bearing alumino-silicates and magnesium silicates for CO2 storage[END_REF]. Dissolution has been extensively studied, in particular for silicate and carbonate minerals and large bodies of data exist. However, aspects of the dissolution process remain unclear, and significant gaps still persist between the experimental data, or the associated models, and the rates measured in the natural world [START_REF] White | Chemical Weathering of a Soil Chronosequence on Granite Alluvium I. Reaction Rates Based on Changes in Soil Mineralogy[END_REF][START_REF] White | The effect of time on the weathering of silicate minerals: Why do weathering rates differ in the laboratory and field?[END_REF].

Several reasons have been proposed to explain this gap. As described in this section, dissolution depends on many different parameters such as temperature, pH, salinity, fluid composition, proximity to equilibrium, flow rate, precipitations and passivation of surfaces with leached layers, and interactions with biological organisms. In natural systems, all these parameters interact simultaneously, while most laboratory studies constraint them focusing on only one or a few parameters at the time. Also, most laboratory studies use optimum conditions to accelerate reactions. As Renforth (2012) puts it, "the value of considering weathering reactions of single minerals in steady state is limited as it is substantially removed from realistic environmental conditions, in which silicate dissolution may vary by several orders of magnitude [START_REF] White | The effect of time on the weathering of silicate minerals: Why do weathering rates differ in the laboratory and field?[END_REF]". While some authors have tried to link the rates obtained in the laboratory to those measured in natural systems [START_REF] Carroll | Amorphous silica precipitation (60 to 120°C): Comparison of laboratory and field rates[END_REF][START_REF] Ganor | Bridging the gap between laboratory measurements and field estimations of silicate weathering using simple calculations[END_REF][START_REF] Hacini | Mineral precipitation rates during the complete evaporation of the Merouane Chott ephemeral lake[END_REF], this gap persists.

The mineral dissolution literature is largely dominated by single mineral dissolution studies. Authors have focused on single minerals to avoid interferences and determine their precise dissolution rates.

Natural systems, however, are composed of a diversity of minerals all reacting simultaneously. Some studies have tried to determine whether the dissolution rates obtained from single minerals could be used to estimate the dissolution rates of combined minerals (Critelli et al., 2014a(Critelli et al., , 2014b)), with mixed observations.

Chapter 4

Sampling strategy and characterization of the altered basalts

Sampling strategy

The objective of this study is to assess the impacts of alteration on basalt reactivity. Towards this goal, we decided to explore two types of alteration: basalt surface weathering as a function of age and hydrothermal alteration as a function of depth. Iceland is a particularly useful place for such sampling. Almost all the rocks found on the island originate from the same initial volcanic material.

Consideration of these rocks allows for the determination of the effects of basalt alteration independent of the effects of initial chemical composition. Icelandic basalts have compositions close to that of Mid Ocean Ridge Basalt (MORB) [START_REF] Sun | Geochemical characteristics of mid-ocean ridge basalts[END_REF][START_REF] Wilkinson | The genesis of mid-ocean ridge basalt[END_REF]. Due to geothermal energy exploration and exploitation, many wells have been drilled and numerous collections of retrieved material exist. For surface samples, the age of Icelandic basalts ranges from 0 to approximately 13 Myr. Their age follows a gradient roughly perpendicular to the rift zone where young rocks are emplaced by frequent volcanic activity, and increases as one progressively moves to the east or west (see Figure 4.1).

Surface samples

Surface weathered basalts were collected in a number of ways. The youngest surface rocks considered in this study are river suspended material initially collected by Eydis Eiriksdottir during her PhD [START_REF] Eiriksdottir | Weathering and riverine fluxes in pristine and controlled river catchments in Iceland[END_REF]. The samples consisted of small quantities of fine-grained powders (see Figure 4.2). They were collected from four catchments draining basaltic watersheds [START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF]. The location of these catchments is indicated in Figure 4.4. The estimated ages of these basalts, based on the average age of the sampled river catchment areas range from 0.2 to 2.1 Myr. This group of samples was completed with volcanic ash collected during the 2011 Grímsvötn's volcanic eruption, to represent fresh basalt [START_REF] Olsson | Rapid release of metal salts and nutrients from the 2011 Grimsvötn, Iceland volcanic ash[END_REF]. [START_REF] Weisenberger | Macroscopic Core Description of Cores from HE-65 and Compilation of Core Data from Wells ÖJ-1 and NJ-17[END_REF].

Another group of hydrothermally altered basalts was collected from the core retrieved during the summer of 1978 near Reyðarfjörður, eastern Iceland, for the Iceland Research Drilling Project (IRDP). The IRDP project was initially created to generate the first long and continuous core of the Icelandic crust as a model of an accretional plate margin. The core was drilled down to 1920 m using high-speed diamond technique and completed in 66 days with a recovery rate of 99.7% [START_REF] Fridleifsson | The Iceland Research Drilling Project in Relation to the Geology of Iceland[END_REF]. The core cut through a succession of lava flows with their corresponding flow tops, breccias and massive layers (Robinson et al., 1982). A detailed hand specimen description was done during the original project [START_REF] Mehegan | Secondary mineralization and hydrothermal alteration in the Reydarfjordur drill core, eastern Iceland[END_REF]. We used this data to select 10 sections, looking for pervasively altered rocks with contrasting alteration facies. As a result, the energy produced from this geothermal site is as carbon intensive (or more) than a typical coal fired powerplant [START_REF] Aksoy | CO2 Emission from Geothermal Power Plants in Turkey[END_REF]. 

KZ_02 KZ_01

The reason for the inclusion of these two non-basalt samples in the study is twofold. First, they serve as comparison for the altered basalts, as they have completely different mineralogy. Second, this study was financed by the GECO European project2 in which one of the targeted geothermal reservoirs is the Turkish field of Kizildere. Including these rocks in our experimental workflow allowed us to generate data for the project.

A summary of the origin, age and depth of all the samples considered in this study is provided in Table 4.1. 

Sample Characterization

Hand-sample description

In this section we provide the initial hand-sample description of the samples. The IRDP samples were described in the core log prepared for the IRDP project by the department of geology of the Dalhousie University. We reproduce the description of the samples and add our own observations where necessary in Table 4.2,4.3,4.4 and 4.5.

Table 4.2: Description of the surface samples

Sample Description GV-ash very fine dark-grey powder 00A060

Very fine yellowish-grey powder forming aggregates that are easily broken 01A034

Very fine yellowish-grey powder forming aggregates that are easily broken 00A059

Very fine yellowish-grey powder forming aggregates that are easily broken 98A003

Fine river sand with millimeter sized grains of varying aspects HEOB_17 Massive fine-grained dark basalt. Rims significantly different than the rock.

GRVP_15

Light grey fine-grained porphyritic basalt with abundant centimeter sized phenocrysts of plagioclase, and some zeolite.

GOB_14

Massive fine-grained dark basalt with sparse plagioclase phenocryst. Rims significantly different than the rock.

VP_13

Dark grey fine-grained porphyritic basalt with millimeter sized phenocrysts of plagioclase.

Table 4.3: Description of the IRDP samples. Reproduced from the IRDP core log

Sample Description

B31S2

Basalt breccia with some vesicular, amygdaloidal clasts. Clasts are unsorted with sizes ranging from micro to greater than the core size. Groundmass altered to calcite and zeolite (laumontite?) in many cases (50%+)

B36S1

Rusty-red extremely permeable vesicular, scoriaceous and brecciated portion of lava flow-top. Clasts are of altered fine to medium grained vesicular basalt, angular and 2.5 cm across long axis. 1-2mm vesicles with irregular shapes in clasts and groundmass. Filled with calcite, also commonly lined or filled with green smectite. Alteration is pervasive throughout clasts and groundmass.

B81S2

Upper brecciated zone of the green colored aphyric, microcrystalline basalt flow. Flattened amygdales in breccia are filled with green smectite, rarely filled with zeolites. Alteration phases include smectite, zeolite, especially matrix filling among breccia are intensely altered.

B81S4

Central massive portion of a greyish-green colored aphyric, microcrystalline basalt flow. Very few vesicles.

B83S3

Flow bottom breccia, grey colored, with fragments 4-1cm, groundmass and fragments aphyric, fine-grained, minor amounts of irregular calcite filled vesicles of 5 mm size.

Fractures planar, with surfaces covered by white zeolite (laumontite), and minor calcite.

B87S4

Green, medium grained, equigranular diabasic, sparsely vesicular, sparsely phyric basalt. Phenocrysts are plagioclase. The unit is highly altered, soft, zeolitized, and porous. Zeolite equals euhedral laumontite?

B130S2

Mottled purplish-green and gray-green brecciated unit with angular to sub rounded basaltic clasts that are poorly sorted, ranging in size from 3 to 4 mm to approximately 5 cm. The unit is highly permeable. Alteration products are zeolites, primarily filling spaces between clasts and green and red clays.

B134S1

Breccia light grey to black, porphyritic and vesicular basalt fragments, with plagioclase phenocryst 2 to 3 mm long, the rock is highly altered throughout. Vein like vesicles filled with white zeolites. Groundmass altered to a brown clay and green smectite.

B261S4

Highly friable, yellowish-green, scoriaceous flow top breccia, pervasively altered. Extremely vesiculated due to both primary vesiculation and to extreme alteration.

Vesicles filled with yellowish-green epidote crystals and euhedral quartz crystals.

B316S3

Flow banded to brecciated grey-brown basalt becoming greener as it is extensively epidotized.

Table 4.4:

Description of the samples from HE-65 core (reproduced form [START_REF] Weisenberger | Macroscopic Core Description of Cores from HE-65 and Compilation of Core Data from Wells ÖJ-1 and NJ-17[END_REF] and of the Deccan Traps sample.

Sample Description

HE65_11

Grayish to dark-grayish massive and dense igneous rock. The basaltic rock is holocrystalline and shows a porphyritic texture, with a fine-grained matrix. Olivine phenocrysts are totally replaced by mafic clay minerals. Plagioclase shows signs of albitization. In general, the rock appears medium altered

HE65_22

Grayish to dark-grayish massive and dense igneous rock. aphanitic, fine-grained crystalline basalt. The basalt is dense and massive and contains only very limited numbers of small cavities, of < 2mm in diameter that are partially to totally filled with secondary minerals, such as Qz and Ep. The rock is equigranular, with plagioclase and pyroxene as the dominant phases, and oxide minerals as minor phase

HE65_42

Relatively uniform medium-grained basaltic rock. The rock is light grayish and porphyritic with phenocrysts up to 5 mm in diameter. Phenocrysts are dominantly plagioclase. The core is relatively dense and appear to be fresh. Limited amounts of secondary minerals are observed.

JQ_32

Semi-crystalline medium grained dark basalt with distinctive light grey zeolite crystals regularly distributed and of millimeter size.

Table 4.5: Description of the non-mafic samples from Kizildere in Turkey

Sample Description

TK_01

Blue fine-grained marble largely composed of calcite and dolomite and reacting in the presence of acid. The rock presents a light foliation with white translucent insertions. The veins follow the main direction of foliation, with variations.

TK_02

Homogeneous micro crystalline dark grey mica schist with well-defined foliation. The rock easily breaks apart producing fine powder. The sample present an insertion, likely in a vein, of several centimeters size, with a very different aspect: the insertion is reddish with no foliation, probably rich in oxides.

Sample preparation

The volcanic ash and the river suspended materials were checked for homogeneity and for any foreign material. They were sieved with a 630 µm mesh to remove any large foreign particles, and then used in experiments without further preparation.

All other samples were prepared using the following protocol. Where sample's surface appeared significantly different than the core rock, the outer rims were removed using a diamond saw (Figure 4.10). Samples were then washed to remove any dust or foreign material stuck onto them, and then air dried for several days. At this point, we selected and cut out a representative piece of each rock sample to be used for the preparation of a thin section.

Subsequently, the rocks were placed in robust plastic bags and crushed by hand hammer to attain millimeter sized material. The content of the bag was transferred to the agate bowl of a Siebtechnik vibrating mill after removing any detached pieces of plastic (Figure 4.11). Grinding cycles of no longer than two minutes were used to further grind the material to powder. Depending on the rocks and their resistance, several cycles were necessary to reach the desired size, always checking the status of the material between each run. This was done to avoid over grinding the rocks, especially because of their diverse composition and the risk that secondary fragile minerals may be fully reduced to fines and then lost during the sieving. The obtained powders were then dry sieved using stainless steel laboratory sieves of variable mesh sizes. The desired size fraction was finally washed to remove the fine particles. This was done using a variable number of washing cycles, initially in ultrapure deionized water (DIW) with gravitational setting, then using an ultrasonic bath with DIW and then ethanol. Depending on the powders and the amount of fines present, 5 to 20 washing cycles were necessary (Figure 4.12). The powders were considered free from fine particles when the cleaning water or ethanol was clear to the eye after an ultrasonic washing cycle. Finally, the prepared powders were dried for several days at 50°C in an oven and stored before further analyses. 

Structure

Thin sections were prepared for all the core and outcrops samples. These thin sections were examined using an Olympus BX51 TRF optical microscope connected to an Olympus SC30 digital camera. Representative pictures are shown in Figure 4.13. They show the structure observed in all the samples: a microcrystalline groundmass populated with vesicles, fractures and in some cases phenocrysts. Some of the vesicles and fractures were totally filled with secondary phases, mostly chlorites, zeolites and epidote. Others were only partially filled and still had a void space.

Plagioclase phenocrysts were observed in GOB_14 and GRVP_15. The groundmass consists of a mix of amorphous material and well crystallized microliths. The microliths are so small that it was impossible to identify the minerals optically. This impeded the use of regular point counting to obtain a quantitative mineralogy. Once sufficient homogeneity is observed, within the groups and difference between them, the identification of the phases is performed manually taking into account corresponding XRD results. Once the major phases are defined, the program can perform pixel counting to estimate the quantitative mineralogy. An illustration of such process is provided in Figure 4.14, with the results obtained from sample HE65_22.

Although the procedure successfully quantified the mineralogy of the sample, several limitations arose that eventually jeopardized the feasibility of this method. The analysis results consist in series of high-resolution pictures, each generating gigabytes of data thus rapidly filling the disk space.

The analysis is long. Ten hours are required on average to map an area of approximately 6x6 mm (36 mm 2 ). We used the tiling function to maximize the surface covered in each run, but the high resolution required to distinguish between the microliths of the groundmass did not allow further optimization of either the analysis duration or the output file sizes. Nevertheless, each thin section has an area of approximately 3 cm 2 , all of which needs to be covered in most cases due to the heterogeneity of the considered rocks. Therefore, the analysis of each thin section would have required on average 100 h of SEM mapping. This proved to be too time intensive and expensive for its application in this study. The SEM is continuously in high demand and thus it was clearly not possible to obtain sufficient time on this SEM to analyze all of our samples. As the cost of SEM analysis being higher than 10€/h, this method would have cost more than 1,000 € per sample which was beyond our budget. We therefore decided to send all of our samples to an external laboratory. All the studied samples, except the non-mafic rocks from Turkey, were analyzed by Activation Laboratories, Canada, using a Bruker D8 Endeavour .17 and in Table S1. Several observations are apparent. First, all mafic rocks contain amorphous material. The nature of this material requires further investigation, as it could have any composition ranging from highly reactive basaltic glass to unreactive amorphous silica. Second, only four of the mafic samples, all hydrothermally altered basalts, contain calcite, ranging from 0.7 to 14.2 wt%. We also note that secondary minerals are only sparingly present in the surface altered basalts, while they represent a more significant fraction of the hydrothermally altered basalts. This is due to the differences in alteration processes: surface weathering tends to leach elements away, while hydrothermal alteration occurs in confined environment leading to more concentrated fluids and secondary phase precipitation. Another important observation is that, in spite of contrasting mineralogy, none of the studied rocks contained olivine, but all the altered basalts had some primary plagioclase and pyroxenes, in varying amounts. It is important to note that clays were not quantified in this Rietveld analysis. Only their presence was reported. This has important implications, in particular regarding the measurement and interpretation of BET surfaces areas.

The measured mineral compositions of the samples confirm the diversity of these altered basalts.

The surface samples contain limited secondary phases, but a large diversity of proportions of primary phases in their composition. Hydrothermally altered basalts showed a diversity of alteration profiles, from zeolite to epidote and actinolite facies, with varying proportions of secondary phases and different types of zeolites.

To assess if the preparation process altered the compositions of the samples, we tested several samples with XRD and XRF before and after the preparation. Some differences were observed in the mineralogy, in particular for zeolites (see table 4.6). This does not affect the results of this study, however, as all the composition data were generated on the prepared powders used in the experiments.

As a complement to the quantitative mineralogy obtained from the Rietveld analysis, we performed microprobe analyses on the prepared thin sections to further characterize specific phases. The goals of these analyses were, in particular, to determine the identity of the plagioclase and pyroxenes minerals, and to obtain a precise chemical composition for the amorphous phase of the altered basalts to help determine what material it could be. The analyses were performed on a CAMECA SX-Five electronic microprobe located at the Raimond Castaing micro characterization center in Toulouse. The identifications of specific minerals are reported in Table 4.7. Note that the reader should focus on the positive reports. The absence of detection does not mean a phase was absent. Also, for some thin sections, it was impossible to properly distinguish the ground mass from micro crystals, or to find locations with clear surface for the analysis.

One important observation is that plagioclase appear to be mostly labradorite in surface samples and albite in hydrothermally altered basalts. The pyroxenes were almost all of augitic composition. The chemical composition of the groundmass is shown in Table revealed differences between fresh and altered basalts Several trends can be observed in these data. No clear trends can be observed for Al and Mg.

The Na, Ca and Si contents of the amorphous phase decrease with age for surface samples and is minimum for hydrothermally altered samples. The opposite is true for Fe, with increased contents in the most altered basalts. Note however that for some samples, the total of the microprobe measured composition can be as low as 78 wt%. These trends are consistent with previous characterizations of the mobile and immobile elements during alteration [START_REF] Anderson | Relative mobility of the common elements in weathering of some schist and granite areas[END_REF][START_REF] Middelburg | Chemical processes affecting the mobility of major, minor and trace elements during weathering of granitic rocks[END_REF]. The measured composition also appear to be consistent with the process of palagonitization described by [START_REF] Stroncik | Palagonite -A review[END_REF][START_REF] Parruzot | Long-term alteration of basaltic glass: Mechanisms and rates[END_REF], where basaltic glass is replaced by a heterogeneous microcrystalline solid composed of different clays, zeolites, and oxides, or mixtures of these [START_REF] Jercinovic | Alteration of basaltic glasses from northcentral British Columbia, Canada[END_REF][START_REF] Zhou | The structural characteristics of palagonite from DSDP Site 335[END_REF]. GRVP_15 10.2 0.3 8.8 42.2 0.3 0.8 0.1 21.8 15.1 0.0 0.1 89.4 GOB_14 10.9 0.1 12.2 33.0 0.1 2.0 0.1 34.8 8.5 0.0 0.1 91.0 VP_13 13.1 0.2 6.7 45.3 0.2 1.5 0.1 21.8 15.9 0.0 0.0 91.7 B36S1 215 0.1 12.7 36. B316S3 1852 0.0 14.6 24.2 0.0 0.3 0.3 25.7 13.3 0.0 0.0 78.4 HE65_22 1507 0.1 13.5 26.0 0.0 0.4 0.3 34.2 9.2 0.0 0.0 83.9

Chemical composition

The chemical composition of the Turkish rock samples was determined at the CRPG-Nancy by ICP-MS. The other samples were analyzed using X-Ray Fluorescence on a S2 Ranger Bruker spectrometer located at GET (Toulouse, France). The measured compositions are reported in Table S2 and shown on Figure 4.18.

The chemical compositions of the altered basalt samples were generally similar to MORB but with some clear differences. One element showing variations in response to alteration is calcium with sample B130S2 containing just 4.7% CaO, whereas sample HE65_11 contained 13.2% CaO. Although such differences suggest that some altered basalts may have a lower carbonation potential, this may or may not affect the release rates of Ca from these rocks. We also note that the two non-mafic rocks are extremely different from the basalts, and are positioned at the two ends of the spectrum. This provide valuable comparison points. 

Conclusions

In total, 25 different rocks were collected, prepared and characterized for the experimental work of this study. The characterization of the chemical and mineralogical compositions of this suite of samples confirmed that it covers a large diversity of alteration profiles. Surface basalts had ages ranging from 0 to 13 Myr and amorphous content from 10 to 90 %. The hydrothermally altered basalts originates from 180 m to 2 km depths and exhibited alterations facies from low temperature zeolites to high temperature epidote and actinolite. None of the altered basalt contain olivine. The XRD Rietveld analysis did not provide a quantification of the clays fraction of the samples, which represent a source of uncertainty for the rest of the study. The chemistry and mineralogy of the non-basaltic rocks from Turkey drastically diverge from basaltic samples and allow for comparisons with the extremes of the reactivity spectrum.

The microprobe results allowed for more details on the identity of main phases of the basalts, and to obtain more data on the composition of the amorphous phase observed in most rocks. This amorphous phase appears to be depleted in Ca, enriched in Fe and to have lower contents of Na, K and Al than basaltic glass.

Chapter 5

Experimental determination of the reactivity of basalts as a function of their degree of alteration

A version of this chapter has been submitted to Geochemica et Cosmochimica Acta as: Delerce S., Heřmanská M., Bénézeth P., Schott J. and Oelkers E.H.: Experimental determination of the reactivity of basalts as a function of their degree of alteration.

Introduction

The weathering of basalts on the Earth's surface and the ocean floor plays a critical role in the global carbon cycle. It proceeds through the dissolution of atmospheric CO2 into aqueous solutions forming a weak acid. This slightly acidic solution dissolves basalts releasing divalent cations, notably Ca 2+ and Mg 2+ , to the hydrosphere [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of earth's surface temperature[END_REF][START_REF] Berner | A new look at the long-term carbon cycle[END_REF][START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF] and buffers the pH.

The released divalent cations then combine with bicarbonate ions to form stable carbonate minerals in the oceans. The rate of weathering is temperature and runoff dependent [START_REF] Brady | Direct effects of CO2 and temperature on silicate weathering: Possible implications for climate control[END_REF][START_REF] Stefánsson | Chemical weathering of basalts, southwest Iceland: Effect of rock crystallinity and secondary minerals on chemical fluxes to the ocean[END_REF][START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF][START_REF] Li | Temperature dependence of basalt weathering[END_REF][START_REF] Deng | A global temperature control of silicate weathering intensity[END_REF]. This creates a feedback mechanism between increasing atmospheric CO2 and global temperature increase due to volcanic CO2 emissions and the drawdown of CO2 caused by silicate weathering, limiting Earth's temperature variations over geologic timescales [START_REF] Brady | The effect of silicate weathering on global temperature and atmospheric CO2[END_REF][START_REF] Falkowski | The global carbon cycle: A test of our knowledge of earth as a system[END_REF][START_REF] Colbourn | The time scale of the silicate weathering negative feedback on atmospheric CO2[END_REF][START_REF] Penman | Silicate weathering as a feedback and forcing in Earth's climate and carbon cycle[END_REF]. It has also been suggested that the weathering rates of silicate rocks decreases as they are altered [START_REF] Colman | Rock-Weathering Rates as Functions of Time[END_REF][START_REF] Taylor | Relation between soil age and silicate weathering rates determined from the chemical evolution of a glacial chronosequence[END_REF][START_REF] White | Chemical Weathering of a Soil Chronosequence on Granite Alluvium I. Reaction Rates Based on Changes in Soil Mineralogy[END_REF][START_REF] Kennedy | Changing sources of base cations during ecosystem development, Hawaiian Islands[END_REF][START_REF] Chadwick | Changing sources of nutrients during four million years of ecosystem development[END_REF][START_REF] Hodson | The influence of soil age on calculated mineral weathering rates[END_REF][START_REF] White | The effect of time on the weathering of silicate minerals: Why do weathering rates differ in the laboratory and field?[END_REF], lowering their CO2 drawdown potential [START_REF] Börker | Aging of basalt volcanic systems and decreasing CO2 consumption by weathering[END_REF]. Therefore, fresh basalts are particularly efficient to lower atmospheric CO2 concentrations through Earth surface weathering right after major volcanic events (Louvat andAllègre, 1997, 1998;[START_REF] Rad | Chemical weathering and erosion rates in the lesser antilles: An overview in guadeloupe, martinique and dominica[END_REF][START_REF] Li | Temperature dependence of basalt weathering[END_REF][START_REF] Galeczka | The effect of the 2014-15 Bárðarbunga volcanic eruption on chemical denudation rates and the CO2 budget[END_REF][START_REF] Liu | Reactive transport modeling of mineral carbonation in unaltered and altered basalts during CO2 sequestration[END_REF]. Similar processes have been observed in the subsurface, notably in geothermal systems where basalt [START_REF] Alt | The uptake of carbon during alteration of ocean crust[END_REF][START_REF] Rogers | CO2 metasomatism in a basalt-hosted petroleum reservoir, Nuussuaq, West Greenland[END_REF][START_REF] Weise | CO2 fixation by calcite in high-temperature geothermal systems in Iceland ISOR[END_REF] and peridotite [START_REF] Kelemen | Rates and Mechanisms of Mineral Carbonation in Peridotite: Natural Processes and Recipes for Enhanced, in situ CO2 Capture and Storage[END_REF][START_REF] Kelemen | In situ carbon mineralization in ultramafic rocks: Natural processes and possible engineered methods[END_REF][START_REF] Peuble | Multi-scale characterization of the incipient carbonation of peridotite[END_REF] can provoke the mineralization of CO2. This process has attracted interest over the past ten years as a means to store CO2 in the subsurface [START_REF] Matter | Permanent storage of carbon dioxide in geological reservoirs by mineral carbonation[END_REF][START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF][START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF][START_REF] Kelemen | An Overview of the Status and Challenges of CO2 Storage in Minerals and Geological Formations[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. Efforts are currently under development to optimize this process, either at surface conditions by enhanced weathering [START_REF] Harrison | Accelerated carbonation of brucite in mine tailings for carbon sequestration[END_REF][START_REF] Renforth | The dissolution of olivine added to soil: Implications for enhanced weathering[END_REF]Power et al., 2020;[START_REF] Chukwuma | Assessing the carbon capture capacity of South Wales' legacy iron and steel slag[END_REF][START_REF] Lewis | Effects of mineralogy, chemistry and physical properties of basalts on carbon capture potential and plant-nutrient element release via enhanced weathering[END_REF][START_REF] Rinder | The influence of particle size on the potential of enhanced basalt weathering for carbon dioxide removal -Insights from a regional assessment[END_REF][START_REF] Romaniello | Progress toward small-scale field trials of coastal enhanced weathering of olivine[END_REF][START_REF] Knapp | The efficacy of enhancing carbonate weathering for carbon dioxide sequestration[END_REF][START_REF] Stubbs | Direct measurement of CO2 drawdown in mine wastes and rock powders: Implications for enhanced rock weathering[END_REF] or in the subsurface [START_REF] Oelkers | Olivine dissolution rates: A critical review[END_REF][START_REF] Oelkers | The subsurface carbonation potential of basaltic rocks from the Jizan region of Southwest Saudi Arabia[END_REF][START_REF] Xiong | CO2 Mineral Sequestration in Naturally Porous Basalt[END_REF][START_REF] Gadikota | Elucidating the differences in the carbon mineralization behaviors of calcium and magnesium bearing alumino-silicates and magnesium silicates for CO2 storage[END_REF][START_REF] White | Quantification of CO2 Mineralization at the Wallula Basalt Pilot Project[END_REF][START_REF] Gadikota | Carbon mineralization pathways for carbon capture, storage and utilization[END_REF][START_REF] Campbell | Geochemical Negative Emissions Technologies : Part I[END_REF]Maesano et al., 2022) by injecting CO2 captured from industrial sites or directly from the atmosphere. The results obtained by the CarbFix project in Iceland and the Wallula project in the USA, demonstrated that it is possible to harness carbon mineralization to fix CO2 in fresh basalts in a matter of years [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF][START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF][START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF][START_REF] Ratouis | Carbfix 2: A transport model of long-term CO2 and H2S injection into basaltic rocks at Hellisheidi, SW-Iceland[END_REF]. But uncertainties remain on the efficiency of this process in altered basalts due to their lower reactivity [START_REF] Marieni | Carbon sequestration potential of altered mafic reservoirs[END_REF][START_REF] Snaebjörnsdóttir | The geology and hydrology of the CarbFix2 site, SW-Iceland[END_REF].

Altered basalts are much more available on Earth's surface than fresh young mafic rocks, which are primarily limited to active volcanic systems and rift zones [START_REF] Courtillot | On the ages of flood basalt events[END_REF][START_REF] Seton | A Global Data Set of Present-Day Oceanic Crustal Age and Seafloor Spreading Parameters[END_REF]. It seems reasonable, therefore to consider in detail the degree to which mineral carbon storage may be possible and effective in altered basaltic rocks.

The goal of this study is to quantify the reactivity of altered basalts, with particular interest for this process to promote CO2 storage via mineralization and to explore the implications of measured rates on the temporal evolution of surface weathering rates. Towards this goal we have measured the element release rates of 22 different basalts representing both surface-weathered and hydrothermally altered basalts, as a function of their age and degree of alteration in batch reactors at 27°C. An additional four mixed-flow experiments were performed to validate the batch experiment results.

Material and methods

Origin of the samples

Two suites of altered basalts have been collected and studied:

Surface altered basalts as a function of age

Surface basalt samples were collected from Eastern Iceland having ages from 9 to 13 Myr. The samples were collected from the Grjótá olivine basalt group (GOB), the Vindháls porphyritic group (VP), the Graenavatn porphyritic group (GRVP) and the Heiðarvatn olivine basalt group, previously described by [START_REF] Óskarsson | The mode of emplacement of Neogene flood basalts in Eastern Iceland: Facies architecture and structure of the Hólmar and Grjótá olivine basalt groups[END_REF], [START_REF] Walker | Geology of the reydarfjördur area, Eastern Iceland[END_REF], [START_REF] Óskarsson | The mode of emplacement of Neogene flood basalts in Eastern Iceland: The plagioclase ultraphyric basalts in the Graenavatn group[END_REF][START_REF] Walker | The Breiddalur central volcano, eastern Iceland. Q[END_REF] respectively. Younger basalt samples were originally collected by [START_REF] Eiriksdottir | Weathering and riverine fluxes in pristine and controlled river catchments in Iceland[END_REF]. These latter samples consist of suspended basaltic material collected from north-east Iceland rivers. The estimated ages of this suspended material, estimated from the average age of the bedrock in the river catchment areas, range from 0.2 to 2.1 Myr [START_REF] Eiriksdottir | Weathering and riverine fluxes in pristine and controlled river catchments in Iceland[END_REF]. This rock series was completed with volcanic ash collected during the 2011 Grímsvötn's volcanic eruption to represent fresh basalt [START_REF] Olsson | Rapid release of metal salts and nutrients from the 2011 Grimsvötn, Iceland volcanic ash[END_REF].

Basalt hydrothermal alteration as a function of depth/temperature

Ten samples were selected from a core retrieved in Eastern Iceland during the Iceland Research Drilling Project (IRDP). The two-kilometer-long core, drilled near Reyðarfjörður during the summer of 1978 [START_REF] Fridleifsson | The Iceland Research Drilling Project[END_REF]Robinson et al., 1982a), crossed a succession of lava flows with their corresponding flow tops and breccias [START_REF] Mehegan | Secondary mineralization and hydrothermal alteration in the Reydarfjordur drill core, eastern Iceland[END_REF]Robinson et al., 1982b). We selected samples from brecciated flow tops, where the alteration is more pronounced [START_REF] Mcgrail | Potential for carbon dioxide sequestration in flood basalts[END_REF], rather than from the thick dense lava flows. Three additional core samples were provided by CarbFix from well HE-65 near the Hellisheiði powerplant (south east Iceland). A summary of the samples is provided in Table 5.1 and the sampling locations are shown in Figure 5.1. 

Preparation of the solids

Core and outcrop samples were first cleaned to remove any evident foreign material. In cases where outer parts of the samples exhibited distinct differences from the bulk rock sample, they were removed using a diamond saw. Thin sections were prepared from a representative part of each sample for later analysis. The remaining rock sample was then crushed by hammer and subsequently ground using an agate vibrating-disc mill. The resulting powders were dry sieved to obtain the 40-150 µm size fraction with the exception of sample HE65_22 for which the 40-125 µm size fraction was collected.

The prepared size fractions were then cleaned to remove fine particles using ultrapure deionized water (DIW) and gravitational settling. Samples were further cleaned using an ultrasonic bath with DIW and then ethanol. Depending on the sample, 5 to 20 cleaning cycles using DIW and gravitational setting and 5 to 10 cleaning cycles using the ultrasonic bath with DIW and ethanol were required to clean the collected basalt powders. The grains were considered clean when the fluid phase, after an ultrasonic cleaning cycle, was clear to the eye. The cleaned powders were finally oven dried at 50°C for several days. The suspended material samples collected from rivers and the volcanic ash were dry sieved to 

Characterization of the prepared rock powders

The specific surface areas of the prepared rock powders used in our experiments were measured using the Brunauer-Emmet-Teller (BET) method with 11 adsorption points. The measurements were performed using the Quantachrome Autosorb-1MP gas sorption system at Géosciences Environment Toulouse. The geometric surface area of the prepared powders was calculated using:

𝐴 𝑔𝑒𝑜 = 6 𝜌 * 𝑑 𝑒𝑓𝑓
where 𝜌 refers to the rock density of the rock and deff to the effective particle diameter [START_REF] Tester | Correlating quartz dissolution kinetics in pure water from 25 to 625°C[END_REF]. The density of all samples was assumed to be 2.9 g cm -3 and deff was calculated using equation ( 2) [START_REF] Tester | Correlating quartz dissolution kinetics in pure water from 25 to 625°C[END_REF]:

𝑑 𝑒𝑓𝑓 = 𝑑 𝑚𝑎𝑥 -𝑑 𝑚𝑖𝑛 ln ( 𝑑 𝑚𝑎𝑥 𝑑 𝑚𝑖𝑛 )
where dmax and dmin refer to the maximum and minimum diameter of the sieves used to prepare the powders. The geometric surface area could not be calculated for the volcanic ash or the river-suspended materials as these samples were naturally ground and the available mass of these samples was too low to measure the size distribution of the grains.

The bulk chemical compositions of the prepared rock powders were measured using X-Ray Fluorescence spectrometry (XRF) using a S2 Ranger Bruker spectrometer (GET, Toulouse, France).

The measured compositions are reported in Table S1. The mineralogy of all solid samples was determined at Activation laboratories (Canada) using a Bruker D8 Endeavour diffractometer equipped with Cu X-ray source measuring at 40 kV and 40 mA on a range of 4 -70° with a step size of 0.02°.

The PDF4/Minerals ICDD database was used for mineral identification. The quantities of the crystalline mineral phases were determined by Rietveld refinement. The amounts of the crystalline minerals were recalculated based on the addition of a known percentage of corundum to the sample. The mass of amorphous and poorly crystalline material was estimated from the difference between the sum of the volume fractions of the identified crystalline phases and 100%. To further characterize the mineralogy of the samples, the compositions of selected minerals were determined by microprobe analyses on a CAMECA SXFive electronic microprobe located at the Raimond Castaing micro characterization center in Toulouse.

(5.1)

(5.2)

Experimental methods

Dissolution experiments with all the prepared rock samples were performed in batch reactors. They were complemented with four mixed-flow (MF) experiments at pH 4, as described below.

Batch experiments

Batch dissolution experiments were run in parallel in closed 750 ml High-Density Polyethylene (HDPE) reactors immersed in a GFL 1083 thermoregulated shaking bath [START_REF] Baker | Natural Jordanian zeolite: Removal of heavy metal ions from water samples using column and batch methods[END_REF][START_REF] Zhen-Wu | Experimental determination of barite dissolution and precipitation rates as a function of temperature and aqueous fluid composition[END_REF]. The temperature of the bath was maintained at 27±1 °C throughout all experiments. Before each experiment, 3 g of the selected rock powder was placed into the reactor together with 300 ml of the initial reactive fluid. The initial reactive fluid was made from Merck reagent grade HCl and NaCl diluted into ultrapure distilled water to obtain a pH 3 solution with an ionic strength of 0.01 mol kg -1 .

This ionic strength was chosen to mimic the salinity observed in CarbFix injection site [START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2 S at the CarbFix site in SW-Iceland[END_REF][START_REF] Clark | The chemistry and potential reactivity of the CO2 -H2S charged injected waters at the basaltic CarbFix2 site, Iceland[END_REF], and to facilitate the comparison of the results with previously reported experimental data. A schematic illustration of the experimental reactor system is shown in Figure 5.3.

Figure 5.3: Schematic illustration of the batch reactor system used in this study

Reactive fluids samples were collected regularly, using syringes equipped with 0.45µm Polytetrafluoroethylene (PTFE) filters, to track the temporal evolution of the chemical composition of the fluids. The fluid samples for element concentration analysis were immediately acidified with Suprapur HNO3 prior to storage in a refrigerator and further analysis.

Mixed flow (MF) reactor experiments

Four MF reactors experiments were run in parallel in 120 ml Savillex reactors. Each reactor had an inlet and an outlet port, with the inlet fluid injected at the bottom of the reactor, while the fluid outlet is located at the top of the reactor. Each reactor was equipped with a Teflon suspended stirring bar.

These allowed fluid-solid mixing and avoid grinding of the rock powder. The reactors were positioned on a multi magnetic stirring plate so that all had identical stirring rates. A Gilson manifold pump was used to inject the inlet fluid into the reactors at approximately 0.15 ml min -1 . The inlet fluids were stored in polypropylene compressible bags before the injection into the reactors. The reactor outlets were equipped with 0.45 µm cellulose ester filters to prevent the powder from escaping the reactor. The complete reactor system was placed in a thermoregulated chamber set at 25±1 °C. A schematic illustration of the experimental reactor system is provided in Figure 5.4.

Figure 5.4: Schematic illustration of the MF reactor system used in this study

Two grams of rock powder were initially placed in the reactors together with sufficient inlet fluid to fill the reactors, equivalent to a water-rock ratio of 60, except for sample B316S3 for which 3 g of powder were used due to its lower surface area, equivalent to a water-rock ratio of 40. The inlet fluid was made from Merck reagent grade HCl and NaCl diluted into ultrapure deionized water (DIW) to obtain a pH 4 solution with an ionic strength of 0.01 mol kg -1 . This fluid composition was selected to match the conditions of the batch experiments. Once filled, the reactors were sealed and placed in the thermostatically controlled chamber and the experiment started. The outlet fluids were regularly sampled for pH and elemental analysis. Some gas bubbles formed in some of the reactors over time.

These were removed manually to avoid their potential blocking of the fluid outlet port.

At the end of the batch and MF experiments, the solids were recovered by filtering the reactor's content using a 0.45 µm PTFE filter. The post-experimental powders were air-dried for several days and stored for further analyses.

Chemical analyses

The pH evolution of all sampled batch experiment reactive fluids was measured in situ using an extended pH probe connected to a MetrOhm pH meter. The pH in the MF experiments was measured immediately after sampling in non-acidified outlet fluid samples. The electrodes were calibrated using NIST pH 4.01, 7.00 and 10.01 buffer solutions, and replicate analyses of buffers and samples showed analytical accuracy of 0.03 pH units and precision of ±0.02 pH units at room temperature.

Fluid samples were analyzed for Al, Ca, Fe, Mg, and Si concentration using a Horiba Ultima Expert Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), with an analytical accuracy of 3% and quantification limits of 10 ppb for Al and Fe, and 20 ppb for Ca, Mg and Si.

Potassium was not measured due to its low concentrations in the initial rock samples and Na was not measured since it was present in the initial solution at 0.01 mol kg -1 concentration.

Calculations of fluid saturation index and elemental release rates

Geochemical calculations in the present study were performed using PHREEQC (V 3. where (dni/dt) refers to the slope of the least square fit of the mass of the i th element released from the rock as a function of time, Aj refers to the specific surface area of the solid, j represents either BET or geometric surface area, and m designates the initial mass of the solid placed into the reactor.

The pH was not buffered during the batch experiments. Consequently, the rates obtained using equation ( 3) correspond to the pH for which the slope was obtained. To enable the direct comparison of measured rates at a single pH value, an approach proposed by [START_REF] Blum | Role of surface speciation in the low-temperature dissolution of minerals[END_REF], Guidry and

(5.3) Mackenzie ( 2003) [START_REF] Harouiya | The dissolution kinetics and apparent solubility of natural apatite in closed reactors at temperatures from 5 to 50 ° C and pH from 1 to[END_REF], and Zhen-Wu et al. ( 2016) was adopted. In this approach the pH is first fit using: 𝑝𝐻 = 𝛼𝑡 1/𝛽 + 𝛾 where t designates the elapsed time since the beginning of the experiment and α, β and γ designate fit parameters. The proton activity generated using equation ( 4) and the measured Si concentrations in each reactor were then fit by numerical integration using:

𝑟 𝑖,𝑗 = 𝑑𝑛 𝑖 /𝑑𝑡 = (𝑘 𝑠 /𝐴 𝑗 𝑚)𝑎 𝐻 + 𝜀

where kS refers to a rate constant, 𝑎 𝐻 + denotes the proton activity and ε represents a reaction order. Aj refers to the specific surface area of the solid, j represents either BET or geometric surface area, and m designates the initial mass of the solid placed into the reactor. The parameters kS and ε were estimated using a numerical solver so that the calculated rates best fit the measured reactor fluid compositions during the experiments. The resulting parameters can then be used together with equation ( 5) to estimate the element release rates at a chosen constant pH.

Steady-state elemental release rates in MF experiments were calculated using:

𝑟 𝑖,𝑗 = 𝐶 𝑖 𝑄 𝐴 𝑗 𝑚
where ri,j refers to the release rate of the i th element normalized to the surface area Aj, where j represents either BET or geometric surface area. Ci denotes the concentration of the i th element in the outlet fluid, Q designates the flow rate, and m stands for the initial mass of powder introduced into the reactor.

Results

Mineral and chemical composition of the altered basalts

Surface rocks samples

The mineralogical compositions of the collected surface altered basalts are summarized in Figure 5.5 and further details are provided in Table S1. The mineralogy of these samples is dominated by primary phases. More than 88% of the mineral content of each of these rocks consists of plagioclase, pyroxenes, and an amorphous phase.

(5.6)

(5.4)

(5.5) The microprobe analyses revealed that the plagioclase in these rocks is mostly labradorite, with minor andesine and bytownite detected, and that the pyroxenes were of augitic composition. The secondary phases observed were primarily minor chlorites and zeolites. These secondary minerals may have been formed during the initial cooling of the molten basalts.

Two notable trends are evident in the composition of these rocks as a function of their age. First, as shown in Figure 5.6, the amorphous phase content of these rocks decreases substantially with age.

The rocks less than 2.2 Myr old exhibit amorphous content ranging between 40 to 90%, while older rocks have amorphous contents of less than 40%. Second, the chemical composition of the amorphous phase contained in these samples exhibits distinct trends with rock age. These compositions, obtained from microprobe analyses, are listed in Table 5.2. The amorphous phase in the older rocks have lower Ca, Al, Na and K contents, but are relatively enriched in Fe compared to younger rocks and fresh basaltic glass. These observations indicate the persistent alteration of the original glass through palagonitization as described by [START_REF] Stroncik | Palagonite -A review[END_REF] and [START_REF] Parruzot | Long-term alteration of basaltic glass: Mechanisms and rates[END_REF], where basaltic glass is replaced by a heterogeneous microcrystalline solid composed of different clays, zeolites, and oxides, or mixtures of these [START_REF] Jercinovic | Alteration of basaltic glasses from northcentral British Columbia, Canada[END_REF][START_REF] Zhou | The structural characteristics of palagonite from DSDP Site 335[END_REF]. 

Hydrothermally altered rock samples

The mineralogical compositions of the collected hydrothermally altered basalt samples are depicted schematically in Figure 5.7. The alteration of samples collected from the IRDP core corresponds to the zeolite's facies with variable amounts of laumontite and chlorite. Only the two deepest samples from this core, B261S4 and B316S3, were altered at higher temperatures (epidote facies). These deepest samples contain no plagioclase, but a significant of quartz. The plagioclases in the IRDP core samples were all of albitic composition and the pyroxenes had an augite composition. The alteration of the rocks sampled from the Hellisheiði core was less extensive, with primary phases better preserved. Plagioclase and pyroxenes are present in significant amounts in the Hellisheiði samples. Andesine, labradorite, oligoclase, and albite were detected by microprobe. Pyroxenes were of augitic composition and some Ca-amphiboles were also present in small amounts. The amorphous phase content of all of the hydrothermally altered basalts varies between 0 and 30% with no consistent trend. Four samples from the shallower part of the IRDP core contain from 0.7 to 14.2 wt% calcite.

The chemical compositions of the amorphous phase of some of the hydrothermally altered basalts are shown in Table 5.3Table. The compositions of these amorphous phases are depleted in Ca, lower in Al and Si, and enriched in Fe compared to basaltic glass, consistent with the complete palagonitization of the original basaltic glass [START_REF] Stroncik | Palagonite -A review[END_REF][START_REF] Parruzot | Long-term alteration of basaltic glass: Mechanisms and rates[END_REF]. HE65_22 1507 0.1 13.5 26.0 0.0 0.4 0.3 34.2 9.2 0.0 0.0 83.9

The measured BET surface areas of all samples are reported in Table 5.4 together with the corresponding calculated geometric surface areas. The BET specific surface areas of the rock powders used in the experiments varied from 0.3 to 28 m 2 g -1 . Part of this variation can be explained by the preparation process of the samples. Most rock samples were prepared at the CNRS laboratory in Toulouse in an identical manner, with the exception of the volcanic ash sample (GV_ash) and the four river suspended material samples (00A060, 01A034, 00A059, 98A003). These natural rock powders exhibited BET surface areas among the highest considered in this study (see Table 5.4). 

Volcanic ash

GV_ash Raw <630 0.4 NA

Temporal evolution of the reactive fluid pH, elemental concentrations, and mineral saturation states

pH and elemental concentrations

The temporal evolution of the composition of reactive fluids in all batch experiments is provided in Table S3. The evolution of pH in three representative experiments is provided in Figure 5.8. 

Saturation state of the reactive fluids

The saturation indices of the fluids with respect to the phases present in the initial solids and the potential secondary phases were estimated based on the measured fluid chemistry and pH using PHREEQC. A complete list of these saturation indices is provided in Table S4. Numerous phases are found to be supersaturated during the experiments including smectites, aluminum oxyhydroxides, hematite, and quartz. None of these phases, however, were detected in post experimental XRD analyses or SEM observations (Figure 5.2). The precipitation of Al and Fe oxyhydroxides, as well as Al-Si phases is however likely as the fluid concentrations of these elements decreased over time during most batch experiments. For some samples, scattered nano-crystals were observed on the reacted grains. These nano-crystals were too small to determine their composition with energy dispersive spectrometry.

Element release rates

Batch reactor experiments

Silicon release rates are often used as a proxy for the dissolution rates of silicate minerals because Si-O bonds maintain the structure of most of these minerals [START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF]Oelkers, 2001;[START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] Schott | The link between mineral dissolution/precipitation kinetics and solution chemistry[END_REF]. Silicon release rates from all experiments obtained using Eq. ( 3), together with the measured slopes of Si mass are shown as a function of the in-situ pH in Figure 5.10, and provided in Table S5. Also shown in this figure are Si release rates obtained from the MF experiments, as described below. It can be observed that the measured Si release rates tend to be consistent with one another and decrease with increasing pH across the samples. 3). Uncertainties on the measured pH are smaller than the symbol size.

Si release rates generated for pH 4 using equations ( 4) and ( 5) are presented together with corresponding rates for individual silicate minerals in Figure 5.11. All the calculated rates are reported in Table S6. Silicon release rates at pH 4 are similar for most of the altered basalts considering the associated uncertainty. Surface area normalized Si release rates range from 10 -10.6 to 10 -11.8 mol m -2 s -1 , except for sample B261S4, which had a release rate of 10 -12.4 mol m -2 s -1 . These rates are substantially lower than those of Ca-rich plagioclase and fresh basaltic glass, but substantially faster than those of common clay minerals. Though the freshest rocks exhibit rates that are among the fastest rates measured, the Si release rates of surface and core samples are evenly distributed and no clear trends are evident.

Figure 5.11: Logarithm of estimated BET surface area normalized Si release rates at pH 4 for all studied rock samples. Rates for individual minerals are represented with dashed lines and were obtained using equations and parameters reported by [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. The rate for crystalline basalt was taken from [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF].

Mixed-flow reactor experiments

The rock samples used in the MF reactor experiments were selected to span a diversity of mineralogy observed in the samples. An example of the temporal fluid evolution of a MF reactor experiment is shown in Figure 5.12; a complete table of the temporal fluid concentrations in the samples collected from the MF experiments is provided in Table S7. experiments. Element release rates were obtained from the steady-state outlet fluid concentrations using equation [START_REF] Schott | Formation, growth and transformation of leached layers during silicate minerals dissolution: The example of wollastonite[END_REF]. Resulting steady state pH and reaction rates obtained from these experiments are summarized in Table 5. These rates are also plotted as a function of pH, together with corresponding batch experiment rates in Figure 5.10. The steady-state rates obtained from the MF experiments are largely consistent with corresponding batch reactor obtained rates. One exception is the Si release rate of sample HE65_22, which is close to an order of magnitude faster than that of the corresponding rate estimated from the batch experiments. Log of Mg release rate -12.0 -12.0 -11. 4 -11.4 Log of Si release rate -11.3 -11.1 -11.3 -11.6 Log of Si release rate from batch experiments -11.3 -10.7 -11.7 -12.5

Experimental uncertainties

The uncertainties associated with the reported surface area normalized Si release rates obtained from the batch experiments were estimated by summing the different sources of uncertainty. These sources include those associated with the BET surface area measurements, the ICP analyses, the linear regression of fluid Si masses over time. The combination of these uncertainties suggests that the rates generated using equation ( 3) and shown in Fig. 5.10 have uncertainties on the order of 0.3 log units.

Rates generated at a constant pH of 4 using equation ( 5) and summarized in Fig. 5.11 have higher uncertainties due to the extrapolation of measured rates to this constant pH. The total uncertainty on these latter rates is estimated to be on the order of 0.5 log units. In contrast, Si release rates obtained from the MF experiments do not require a linear regression of fluid Si mass nor were extrapolated to a constant pH of 4. This results in a lower uncertainty in the Si release rates from these experiments, which is estimated to be 0.2 log units.

Discussion

Surface areas

The BET surface areas of the laboratory prepared samples range from 0.3 to 9 m 2 g -1 . The origin of these differences is challenging to determine, but the sample mineralogy can have an influence. Minerals including the chlorites [START_REF] Malmström | The dissolution of biotite and chlorite at 25°C in the near-neutral pH region[END_REF], zeolites [START_REF] Yates | Studies on the surface area of zeolites, as determined by physical adsorption and X-ray crystallography[END_REF][START_REF] Valdés | Zeolites and zeolite-based materials in analytical chemistry[END_REF], and clays [START_REF] Murray | Surface Area of Clays[END_REF] have been reported to have relatively high BET surface areas. To illuminate the degree to which the presence of these minerals influences the surface areas of the laboratory prepared samples, the BET surface areas of all laboratory-prepared rock powders are plotted as a function of their combined chlorite and zeolite contents in Figure 5.13. Measured BET surface areas increase with chlorite and zeolite content. Note that the mass of clay minerals was not quantified by Rietveld analysis. Only their presence or absence was reported. This may likely be the reason for the high surface areas of the two chlorite and zeolite-free samples that plot on the left side of Figure 5.13.

Reactivity of altered basalts

Several significant observations can be made concerning the measured Si release rates determined in the present in study. First the Si release rates from all altered basalts are similar, regardless of their degree of alteration. The differences in rates measured from batch experiments were largely explained by the differences in pH, as seen in Figure 5.10. When these rates are recalculated to pH 4, as in Figure 11, the differences between these Si release rates appear low compared to the associated uncertainty.

The results from the MF experiments confirm this observation, with rates measured from basalts with contrasting alteration profiles falling within 0.5 log units of one another.

The similarity in these rates likely stems from the mineralogy of these altered basalt samples. The alteration of basalt rapidly removes basaltic glass and olivine due to their low thermodynamic stability and high reactivity. After the removal of these phases the most reactive minerals present in the altered basalts are plagioclase, augite, zeolites and epidote. Collectively these minerals represent from 25 to 85 wt% of the mass of the studied samples. The logarithm of Si release rates for these minerals at pH 4 and 25°C range over a relatively small range, from 10 -10.0 to 10 -11.5 . Other minerals in these altered rocks, such as chlorite, quartz and clay minerals are significantly less reactive than these phases, and likely contribute little to the release of Si to the fluids during the experiments performed in this study.

A second significant observation is that the BET surface area normalized Si release rates measured in this study on altered basalts are one to two orders of magnitude slower than that of basaltic glass, and somewhat slower than those of fresh crystalline basalt. This observation confirms the impact of alteration, which removes most reactive phases, on the reactivity of basalt.

A third observation is that the measured surface area normalized rates of altered basalts determined in this study tend to be lower than those of the individual mineral, such as plagioclase, present in the altered rock samples. The lower surface area normalized rates determined in this study can be attributed to the formation of high surface area but slowly reacting minerals during the natural alteration process.

The formation of clay minerals, chlorite, and nanocrystalline Fe and Al-oxides, such as present in palagonitization, increase the surface area of altered basalts without changing significantly the rate of Si release. As a consequence, the presence of such phases lowers the measured surface area normalized Si release rates of altered basalts.

Relative release rates of the elements

The temporal evolution of the Ca/Si molar ratio normalized to that of the original rock for some representative altered basalts is shown in Figure 5.14. The reactive fluid Ca concentration was significantly higher than that of Si at the beginning of each batch experiment. The Ca/Si molar ratio of the fluids decreased sharply after the first days of experiment and tended to stabilize over time. [START_REF] Marieni | Experimental study on mafic rock dissolution rates within CO2-seawater-rock systems[END_REF], for example, observed a similar behavior reacting oceanic basalts in batch reactors. The initial rapid Ca release could result either from rapid cation for proton exchange reactions (Oelkers et al., 2009;[START_REF] Zhang | Experimental study of dissolution rates of hedenbergitic clinopyroxene at high temperatures: dissolution in water from 25 °C to 374 °C[END_REF], consistent with the observation that the preferential release of divalent cations is correlated to increased surface areas of the altered basalt samples, or from the presence of a rapidly dissolving Ca bearing, Si-free mineral such as calcite, in the original rock samples. No such calcite, however was observed in the samples illustrated in the figure prior to the experiments. 

Insight into basalt weathering rates as a function of age and alteration

The ages of the surface altered samples investigated in this study ranged from 0 to 13 Myr. All samples were void of olivine, and their original basaltic glass somewhat altered. The Si release rates from all surface altered basalt samples are similar considering uncertainties. This suggests that after a rapid palagonitization of basaltic glass and removal of any olivine present, the reactivity of surface altered basalts becomes mostly insensitive to the age or degree of alteration of the rock. [START_REF] Nesbitt | Recent chemical weathering of basalts[END_REF] came to similar conclusion in their study of the reactivity of altered basalts from Baytown (Australia) and so did [START_REF] Gislason | Chemical weathering of basalt in Southwest Iceland; effects of runoff, age of rocks and vegetative/glacial cover[END_REF] in their study of the weathering of basalt in Iceland.

All the surface altered samples contained substantial quantity of primary phases, notably plagioclase and pyroxene, which are among the most reactive minerals after basaltic glass and olivine.

Therefore, it is likely that the Si release rates of altered basalts are controlled by the presence of plagioclase and pyroxene in these rocks. As these phases persist in all of the studied Earth surface altered samples, their measured Si release rates are similar to each other.

Based on such observations, it seems likely that the slowing of basalt weathering rates in nature is a non-linear function of time. Rates decrease rapidly as the reactive olivine and basaltic glass are selectively removed. Once these are depleted from the basalts a slower, longer term but near constant Si release rate is observed due to the persistence of plagioclase and pyroxene in these rocks. Similar results

were suggested by [START_REF] Gislason | Chemical weathering of basalt in Southwest Iceland; effects of runoff, age of rocks and vegetative/glacial cover[END_REF] and are consistent with observations reported by [START_REF] Kennedy | Changing sources of base cations during ecosystem development, Hawaiian Islands[END_REF] and [START_REF] Chadwick | Changing sources of nutrients during four million years of ecosystem development[END_REF].

The slowing of rates as a result of the surface alteration of basalts and the non-linear slowing of their weathering rate likely has implication for the drawdown of CO2 following large volcanic events.

Although volcanic eruptions emit large masses of CO2, they also emit large quantities of fresh volcanic rock, which can drawdown CO2 due to weathering. A number of past studies have noted that fresh basalts can have a large contribution to drawing down CO2 from the atmosphere after major eruptions [START_REF] Parnell | Carbon dioxide drawdown by Devonian lavas[END_REF][START_REF] Cox | Continental flood basalt weathering as a trigger for Neoproterozoic Snowball Earth[END_REF][START_REF] Shen | Intensified continental chemical weathering and carbon-cycle perturbations linked to volcanism during the Triassic-Jurassic transition[END_REF]. The results of the present study suggest this enhanced drawdown due to the presence of fresh basalts on the Earth's surface is short lived and will persist only as long as fresh basaltic glass and olivine in present in these basalts.

Application to subsurface carbon mineralization

The results presented in this study suggest that altered basalts have suitable reactivity for subsurface geologic carbon storage efforts. However, on average, the surface area normalized Si release rates of the altered basalts are one to two orders of magnitude slower than the corresponding fresh basalts. Part of this gap is associated to the increased surface area due to alteration minerals with high surface area and low reactivity. The lower Si release rates of the altered basalts is somewhat compensated by the preferential release rates of Ca and Mg from these rocks even after the initial phase due to exchange reactions. This was particularly true for hydrothermally altered basalts and related with the presence of reactive secondary phases such as zeolites and epidote. The preferential release of these elements aid in CO2 mineralization in two ways. First, the preferential release of these metals leads to proton consumption neutralizing acidic CO2-rich fluids and increasing fluids pH. This preferential release also provides the Ca and Mg required for the precipitation of stable carbonate minerals.

The results from this study agree with those of the element release rates obtained from MF reactor experiments at 120°C in (Delerce et al., n.d.). In this previous study, Si release rates from altered basalts were also found to be similar to each other and mostly independent of the degree of basalt alteration.

Although some of the lower surface area normalized reactivity of altered basalts could be attributed to their increased surface area, the results of both of these studies show that in terms of subsurface CO2 mineral storage efforts, higher temperatures can compensate for slower element release rates. This is confirmed by the observations made during the CarbFix project. During CarbFix1, 95% of the CO2 injected into fresh basalt at ~30 °C and 400 to 800 m depth mineralized in less than two years [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]. During the CarbFix2 project, more than half of the CO2 injected into hydrothermally altered basalts at ~250 °C and 750 m depth was mineralized within 4 months [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. This illustrates how increased temperature can compensate for the slower reactivity of altered basalts for mineral carbon storage.

Conclusions

This study measured and reported the element release rates of a wide variety of altered basalts of various ages. The major conclusions of this study include:

-Alteration of basalt at the Earth's surface tends to rapidly remove reactive basaltic glass and olivine. This alteration slows the surface area normalized Si release rates from the rocks by one to two orders of magnitude. Although some of this decrease in rates can be attributed to the formation of less reactive high-surface-area minerals during alteration, the slowing of these rates is evident in natural systems (c.f. [START_REF] Gislason | Chemical weathering of basalt in Southwest Iceland; effects of runoff, age of rocks and vegetative/glacial cover[END_REF].

-Once the rapidly reactive phases are removed from the fresh basalt, Si release rates remain close to constant as long as primary plagioclase and pyroxene persist during basalt alteration.

-A preferential release of Ca and Mg is observed in the first days of reaction for all the altered basalts. A long-term preferential release is mostly observed for hydrothermally altered basalts containing secondary phases such as zeolites and epidote. This preferential release of divalent cations, and the associated increase in fluid pH may favor the subsurface carbonation of altered basaltic rocks.

-The observed levels of reactivity of altered basalts confirm their capacity to promote the storage of CO2 through mineral carbonation. Although the element release rates from altered basalts are likely slower than those of fresh basalts, this difference can be overcome by targeting warmer subsurface altered basalt reservoirs [START_REF] Snaebjörnsdóttir | CO2 storage potential of basaltic rocks in Iceland and the oceanic Ridges[END_REF] 

Introduction

The Earth's carbon cycle has been regulated over geological times by the feedback between atmospheric CO2 concentration, surface temperature and silicate rock weathering [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of earth's surface temperature[END_REF][START_REF] Berner | The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past 100 million years[END_REF][START_REF] Brady | Direct effects of CO2 and temperature on silicate weathering: Possible implications for climate control[END_REF][START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF]. Silicate mineral weathering releases divalent cations able to react with atmospheric CO2 to form stable carbonate minerals, thus sequestering carbon through a process called carbon mineralization. On average it is estimated that the natural weathering of silicates globally results in approximately 0.4GtCO2/yr drawdown [START_REF] Gaillardet | Global silicate weathering and CO2 consumption rates deduced from the chemistry of large rivers[END_REF]. This process leads to long-term storage of the mineralized CO2; the average residence time of carbonates in Earth's crust has been estimated to be more than 200 Myr [START_REF] Berner | The Phanerozoic Carbon Cycle[END_REF].

Carbon mineralization may prove highly useful to remove CO2 from the atmosphere as part of engineered carbon capture and storage strategies [START_REF] Oelkers | Geochemical aspects of CO2 sequestration[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF][START_REF] Okoko | Can East African rift basalts sequester CO2? Case study of the Kenya rift[END_REF]. Efforts are currently under development to optimize carbon mineralization processes [START_REF] Kelemen | Engineered carbon mineralization in ultramafic rocks for CO2 removal from air: Review and new insights[END_REF], both at Earth surface conditions via enhanced weathering [START_REF] Köhler | Geoengineering potential of artificially enhanced silicate weathering of olivine[END_REF][START_REF] Harrison | Accelerated carbonation of brucite in mine tailings for carbon sequestration[END_REF][START_REF] Kantola | Potential of global croplands and bioenergy crops for climate change mitigation through deployment for enhanced weathering[END_REF][START_REF] Meysman | Negative CO2 emissions via enhanced silicate weathering in coastal environments[END_REF][START_REF] Fuhr | Kinetics of Olivine Weathering in Seawater: An Experimental Study[END_REF], and in the subsurface [START_REF] Kelemen | Rates and Mechanisms of Mineral Carbonation in Peridotite: Natural Processes and Recipes for Enhanced, in situ CO2 Capture and Storage[END_REF][START_REF] Kelemen | In situ carbon mineralization in ultramafic rocks: Natural processes and possible engineered methods[END_REF][START_REF] Mcgrail | Wallula Basalt Pilot Demonstration Project: Post-injection Results and Conclusions[END_REF][START_REF] Gislason | A brief history of CarbFix: Challenges and victories of the project's pilot phase[END_REF][START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF][START_REF] Galeczka | A pre-injection assessment of CO2 and H2S mineralization reactions at the Nesjavellir (Iceland) geothermal storage site[END_REF]. Reactive rocks such as basalts and peridotites [START_REF] Kelemen | In situ carbonation of peridotite for CO2 storage[END_REF][START_REF] Lacinska | An experimental study of the carbonation of serpentinite and partially serpentinised peridotites[END_REF][START_REF] Kelemen | In situ carbon mineralization in ultramafic rocks: Natural processes and possible engineered methods[END_REF][START_REF] Rigopoulos | Carbon sequestration via enhanced weathering of peridotites and basalts in seawater[END_REF], and fine-grained materials such as mine tailings [START_REF] Oskierski | Sequestration of atmospheric CO2 in chrysotile mine tailings of the Woodsreef Asbestos Mine, Australia: Quantitative mineralogy, isotopic fingerprinting and carbonation rates[END_REF][START_REF] Wilson | Offsetting of CO2 emissions by air capture in mine tailings at the Mount Keith Nickel Mine, Western Australia: Rates, controls and prospects for carbon neutral mining[END_REF][START_REF] Turvey | Hydrotalcites and hydrated Mg-carbonates as carbon sinks in serpentinite mineral wastes from the Woodsreef chrysotile mine, New South Wales, Australia: Controls on carbonate mineralogy and efficiency of CO2 air capture in mine tailings[END_REF]Power et al., 2020;[START_REF] Lu | Rate and capacity of cation release from ultramafic mine tailings for carbon capture and storage[END_REF][START_REF] Stubbs | Direct measurement of CO2 drawdown in mine wastes and rock powders: Implications for enhanced rock weathering[END_REF] and steel slags [START_REF] Huijgen | Mineral CO2 sequestration by steel slag carbonation[END_REF][START_REF] Pan | CO2 Mineralization and Utilization using Steel Slag for Establishing a Waste-to-Resource Supply Chain[END_REF][START_REF] Mayes | Atmospheric CO2 Sequestration in Iron and Steel Slag: Consett, County Durham, United Kingdom[END_REF][START_REF] Chukwuma | Assessing the carbon capture capacity of South Wales' legacy iron and steel slag[END_REF] are of particular interest for carbon mineralization as they are relatively rich in carbonates forming cations and reactive to mildly acidic CO2 charged water.

The CarbFix project demonstrated in a field scale pilot injection that it is possible to mineralize CO2 upon its injection into fresh subsurface basalts in less than 2 years [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]Gislason et al., 2018). This process was upscaled to capture and store the bulk of the carbon emissions at the Hellisheiði power plant by its injection into altered basalts at temperatures of ~250 o C (Gunnarsson et al., 2018;[START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. Plans are currently underway to adopt this approach at other sites [START_REF] Galeczka | A pre-injection assessment of CO2 and H2S mineralization reactions at the Nesjavellir (Iceland) geothermal storage site[END_REF], and the subsurface mineralization of basalts have been proposed in other regions including the Deccan traps of India [START_REF] Shrivastava | Geochemical modeling and experimental studies on mineral carbonation of primary silicates for long-term immobilization of CO2 in basalt from the eastern Deccan volcanic province[END_REF][START_REF] Liu | Modeling and assessment of CO2 geological storage in the Eastern Deccan Basalt of India[END_REF] and the East African Rift basalts [START_REF] Okoko | Can East African rift basalts sequester CO2? Case study of the Kenya rift[END_REF]. Since mafic rocks, such as basalt, are widely distributed in the Earth's crust and ocean floor, the potential storage capacity of subsurface mineralization is vast. Estimates of submarine basalt carbon storage potential range from 1,000 to 250,000 GtCO2 (National Academies of Sciences Engineering and Medicine, 2019; [START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. Globally, the availability of fresh basaltic rocks is limited to active volcanic systems and rift zones. Far more widespread are basaltic rocks that have been altered through heat and/or the passage of hydrothermal fluids. Such rocks could provide new targets for carbon storage through subsurface mineralization [START_REF] Liu | Reactive transport modeling of mineral carbonation in unaltered and altered basalts during CO2 sequestration[END_REF]. This study was motivated to assess the relative reactivity of altered basalts to determine the efficiency of carbonating these rocks as a function of their degree of alteration.

Numerous past studies have reported the dissolution rates of secondary basaltic minerals including chlorites [START_REF] Ross | Kinetics of acid dissolution of an orthochlorite mineral[END_REF][START_REF] Malmström | The dissolution of biotite and chlorite at 25°C in the near-neutral pH region[END_REF][START_REF] Gustafsson | The effect of pH on chlorite dissolution rates at 25°C[END_REF][START_REF] Lowson | The kinetics of the dissolution of chlorite as a function of pH and at 25°C[END_REF], zeolites [START_REF] Ragnarsdóttir | Dissolution kinetics of heulandite at pH 2-12 and 25°C[END_REF][START_REF] Savage | The reaction kinetics of laumontite under hydrothermal conditions[END_REF][START_REF] Hartman | Reaction Kinetics and Mechanisms of Zeolite Dissolution in Hydrochloric Acid[END_REF], epidote [START_REF] Kalinowski | Dissolution kinetics and alteration of epidote in acidic solutions at 25°C[END_REF][START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF], and quartz [START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] House | Investigation of the pH dependence of the kinetics of quartz dissolution at 25°C[END_REF][START_REF] Berger | Dissolution rate of quartz in lead and sodium electrolyte solutions between 25 and 300°C: Effect of the nature of surface complexes and reaction affinity[END_REF][START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF]. Other experimental studies have considered the dissolution of whole rocks [START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF][START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF]Critelli et al., 2014;[START_REF] Marieni | Experimental study on mafic rock dissolution rates within CO2-seawater-rock systems[END_REF] and/or explored the potential of rock dissolution for subsurface CO2 geologic storage [START_REF] Adeoye | Effect of transport limitations and fluid properties on reaction products in fractures of unaltered and serpentinized basalt exposed to high PCO2 fluids[END_REF][START_REF] Kumar | Mineral carbonation reactions under water-saturated, hydrothermal-like conditions and numerical simulations of CO2 sequestration in tholeiitic basalt of the Eastern Deccan Volcanic Province, India[END_REF][START_REF] Marieni | Carbon sequestration potential of altered mafic reservoirs[END_REF][START_REF] Menefee | Permanent CO2 Trapping through Localized and Chemical Gradient-Driven Basalt Carbonation[END_REF]. These studies suggest that (i) the dissolution rates of minerals in whole rocks tend to be similar to those of the individual minerals and (ii) calcium bearing secondary phases can be favorable for carbon mineralization by releasing significant amounts of calcium to the fluid phase. Building upon these past works, the element release rates from 9 different basaltic rocks including surface weathered and hydrothermally altered basalts have been measured in the present study at far from equilibrium in mixed flow reactors at 120 °C and pH 3.

Two additional non-basaltic rocks originating from a geothermal field were also dissolved at these conditions for comparison. The obtained element release rates have then been used to explore the feasibility of subsurface CO2 mineral storage in altered basaltic rocks.

Material and methods

Origin of the samples

The rock samples considered in this study were selected to explore the effects of contrasting alteration profiles on basalt reactivity and their mineral carbonation potential. These samples consisted of eight altered basalts from Iceland, one sample from the Deccan traps in India, and two non-basaltic rock samples from a geothermal field in Western Turkey. The sampling location of these rocks are provided in Figure 6.1. Five of the Icelandic samples were taken from a two kilometer long drill core recovered during the Iceland Research Drilling Project (IRDP) near Reyðarfjörður, eastern Iceland, during the summer of 1978 [START_REF] Fridleifsson | The Iceland Research Drilling Project[END_REF]Robinson et al., 1982a). The core cut through a succession of lava flows with their corresponding flow tops, breccias and massive layers [START_REF] Mehegan | Secondary mineralization and hydrothermal alteration in the Reydarfjordur drill core, eastern Iceland[END_REF]Robinson et al., 1982b). The five studied samples from this core were selected from brecciated flow tops and were originally at depths ranging from 480 to 1800 m. The names of the samples from this core refer to the number of the box and the sub-section from which the sample was obtained. Flow tops are commonly more porous than the dense interiors of lava flows and thus more highly altered [START_REF] Mcgrail | Potential for carbon dioxide sequestration in flood basalts[END_REF].

Such samples are, therefore, more likely to be representative of the rocks encountered along the flow path of the CO2 injected into basaltic rocks. Three samples from the uppermost part of the Reyðarfjörður core experienced zeolite facies alteration. Two of these samples, B83S3 and B87S4, contain minor calcite. The deepest samples, B261S4 and B316S3, experienced epidote facies alteration. One Icelandic sample was provided by CarbFix and comes from a depth of 1506 m in the HE-65 well in Hellisheiði.

This sample is a dense, fine-grained crystalline basalt having experienced actinolite facies alteration.

Two samples were collected from the surface of eastern Iceland. One of these samples, GOB_14, was collected from an approximately 9 Myr old microcrystalline basalt outcrop belonging to the Grjótá olivine basalt group (GOB) previously described by [START_REF] Óskarsson | The mode of emplacement of Neogene flood basalts in Eastern Iceland: Facies architecture and structure of the Hólmar and Grjótá olivine basalt groups[END_REF]. This sample is representative of the evolved end of the group where olivine is marginal. The other surface sample, VP_13, is an approximately 13 Myr old porphyritic microcrystalline basalt. It was sampled from an outcrop belonging to the Vindháls porphyritic group (VP), which has been previously described by [START_REF] Walker | Geology of the reydarfjördur area, Eastern Iceland[END_REF].

The last basaltic sample originates from the Deccan traps formation (India), more specifically from a surface outcrop near the town of Keshiya representative of the lithology of a potential basalthosted subsurface carbon storage reservoir.

In addition, two non-mafic samples provided by the Pamukkale University were collected from outcrops representative of the lithology of the Kizildere (KZ) geothermal field in Western Turkey. The first is a marble and the second is a mica schist. These latter samples serve as a comparison to the behavior of the mafic rocks considered in this experimental study. A summary of the samples involved in this study is given in Table 6.1. 

Sample preparation and characterization

A diamond saw was used to cut all the investigated rock samples and to remove their surfaces to eliminate foreign materials or altered rims. The samples were then dried several days before being crushed by hammer and then ground using an agate vibrating-disc mill. The resulting powders were dry sieved to recover the 40-150 µm fraction except for sample HE-65, where the 40-125µm fraction was collected and for samples KZ_01 and KZ_02, where the 40-200 µm fraction was collected. The prepared size fractions were then cleaned to remove fine particles using ultrapure deionized water (DIW) and gravitational setting, and subsequently further cleaned using an ultrasonic bath with the powder in DIW and then ethanol. Depending on the sample and how many fines it contained, 5 to 20 cleaning cycles using DIW and gravitational setting and 5 to 10 cleaning cycles using the ultrasonic bath with DIW and ethanol were required to remove the fine particles. The grains were considered to be clean when the fluid phase after the ultrasonic cleaning cycle was clear to the eye. The cleaned powders were finally oven dried at 50 °C for several days. Representative scanning electron microscope (SEM) images of the prepared powders are shown in Figure 6.2. The cleaned rock powders are free from fine particles and have sizes corresponding to the selected size fraction. Most of the B130S2 grains in the images exhibit significant surface roughness. The specific surface area of the rock powders was measured using the Brunauer-Emmet-Teller (BET) method with 11 adsorption points using the Quantachrome Autosorb-1MP gas sorption system at Géosciences Environment Toulouse. Either krypton or nitrogen adsorption was used depending on the measured surface area, which are reported in Table 6.2. The uncertainties of these measurements are estimated to be ±15% based on repeated analyses. The geometric surface area was also calculated for each sample using [START_REF] Tester | Correlating quartz dissolution kinetics in pure water from 25 to 625°C[END_REF] :

𝐴 𝑔𝑒𝑜 = 6 𝜌 * 𝑑 𝑒𝑓𝑓
where 𝜌 refers to the rock density of the rock and deff to the effective particle diameter. The density of all samples was assumed to be 2.9 and deff was calculated using:

𝑑 𝑒𝑓𝑓 = 𝑑 𝑚𝑎𝑥 -𝑑 𝑚𝑖𝑛 ln ( 𝑑 𝑚𝑎𝑥 𝑑 𝑚𝑖𝑛 )
where dmax and dmin correspond to the largest and smallest sieve mesh sizes used for particle separation, respectively.

(6.1) (6.2) Significant variations exist among the BET surface areas of the prepared rock powders. These variations could be attributed to the mineralogy of the samples. Several studies reported that chlorite and zeolite minerals exhibit high BET surface areas due to the presence of internal porosity [START_REF] Yates | Studies on the surface area of zeolites, as determined by physical adsorption and X-ray crystallography[END_REF][START_REF] Valdés | Zeolites and zeolite-based materials in analytical chemistry[END_REF]. Clays minerals are also noted to have large surface areas due to their characteristic shape [START_REF] Murray | Surface Area of Clays[END_REF]. Note the content of clay minerals were not measured directly in the sample considered in this study. The presence of clay minerals was identified in some of the samples as noted in Table 6.4, but not quantified. There is an ongoing debate in the literature on whether it is more instructive to use BET or geometric surface area to normalize dissolution rates [START_REF] Brantley | Surface area and porosity of primary silicate minerals[END_REF][START_REF] Gautier | Are quartz dissolution rates proportional to B.E.T. surface areas?[END_REF][START_REF] Wolff-Boenisch | The effect of crystallinity on dissolution rates and CO2 consumption capacity of silicates[END_REF][START_REF] Marini | Chapter 6: The kinetics of mineral carbonation[END_REF][START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF][START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. Here, we dissolve natural rocks, which by nature are more complex systems than single pure minerals. Therefore, we report rates normalized to each of these surface areas.

The bulk chemical composition of the studied rock samples was measured by X-ray fluorescence spectrometry (XRF) using a S2 ranger Bruker spectrometer located at Géosciences Environnement Toulouse. The measured compositions are reported in Table 6.3.

The chemical compositions of the rocks are characteristic of basalt. Note that the hydrothermally altered basalts show a higher silicon content and lower aluminum, magnesium and calcium contents than basaltic glass, except for sample B316S3 which has a higher calcium content. No consistent trends are evident for the iron content of the rocks. In line with their mineralogy, KZ_01 and KZ_02, a marble and a mica schist, have chemical compositions dominated by calcium and silicon respectively (see below). *from [START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF] The mineralogy of the rock samples was measured at Activation Laboratories, Canada, using a Bruker D8 Endeavour diffractometer equipped with Cu X-ray source measuring at 40 kV and 40 mA over a 4 -70° range with a step size of 0.02°. The PDF4/Minerals ICDD database was used for mineral identification. The quantities of the crystalline mineral phases were determined by Rietveld refinement of the X-ray diffraction (XRD) patterns. The amounts of the crystalline minerals were recalculated based on a known percent of added corundum and the remainder to 100 % was considered to be comprised of X-ray amorphous and poorly crystalline material. The obtained mineralogical data is reported in Table 6.4. Note that in this analysis, the clay fraction is reported as the presence or absence of smectite, but is otherwise not quantified.

Table 6.3: Chemical composition of the samples as determined by XRF (wt%). The composition of Stapafell basaltic glass is added for comparison

Sample B83S3 B87S4 B130S2 B261S4 B316S3 HE65_#2-2 GOB_14 VP_13 JQ_3-2 KZ_01 KZ_02 Basaltic
The amorphous phase content of these rocks is significant, ranging from 9.6 to 29.5%. To investigate the chemical composition this amorphous phase and of the major minerals, thin sections were prepared and analyzed using a CAMECA SXFive electronic microprobe located at the Raimond Castaing micro characterization center in Toulouse.

Experimental methods

Mixed flow experiments were conducted in a titanium Parr Reactor system. This system has been previously described by [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF] and [START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. It consists of a 200 ml titanium reactor equipped with a titanium stirring rod driven by an external motor rotating at approximately 250 rpm in this study. A temperature regulator connected to both a heating furnace and an internal thermocouple maintained the temperature of the reactor to 120±2 °C during all experiments.

The inlet fluids were stored in compressible polyethylene bags and pumped into the reactor using a

Gilson high pressure liquid chromatography (HPLC) pump at rates between 0.27 and 1.95 g/min, leading to a residence time ranging from 103 to 741 min (see Table S10 for the details of each experiment). The residence time is equal to the reactor volume divided by the fluid flow rate. The mechanical steady state in a flow reactor is commonly attained after five residence times, which here ranges from 8 to 25h. The reactor fluid outlet is equipped with an internal 2 µm titanium filter to prevent the original rock powders and/or secondary precipitates from exiting the reactor. A cooling loop protects the stirring mechanism and cools the fluids leaving the reactor from this outlet. A back-pressure regulator, loaded with N2, maintained the system at approximately 15 bars pressure during all experiments to prevent water boiling.

Before each experiment, the reactor was cleaned and run for at least 24 h at 120 °C with ultrapure water and then with the initial reactive fluid inlet solution. The reactive inlet fluid used in all experiments was made from Merck reagent grade HCl and NaCl diluted into DIW to obtain a pH 3 solution with an ionic strength of 0.01mol•kg -1 . This initial reactive fluid pH was selected so that it would have a similar pH to likely CO2-charged injection waters and to avoid the precipitation of most secondary phases. The pH of water in equilibrium with 25 bars of CO2 pressure at 25 °C is 3.21 [START_REF] Gislason | Mineral sequestration of carbon dioxide in basalt: A pre-injection overview of the CarbFix project[END_REF]. The ionic strength was chosen to mimic the salinity observed in CarbFix injection site [START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2 S at the CarbFix site in SW-Iceland[END_REF][START_REF] Clark | The chemistry and potential reactivity of the CO2 -H2S charged injected waters at the basaltic CarbFix2 site, Iceland[END_REF], and to facilitate comparison of the results with previously reported data.

Fluid samples were regularly collected at the reactor outlet to monitor the reactive fluid flow rate, fluid pH and the concentrations of dissolved major elements. The samples for chemical analyses were immediately acidified with Suprapur HNO3 and stored prior to elemental analysis.

Most experiments were run until steady-state was attained. Steady-state was assumed when the aqueous silicon concentration of the outlet fluid remained constant within the analytical uncertainty for a period of at least three residence times. At the end of each experiment, the solid fraction was recovered by filtering the reactor's content using a 0.45 µm acetate cellulose filter. The post reaction powders were oven dried at 50 °C for several days and stored for further analyses.

Reactive fluid and recovered solid analysis

Reactive fluid pH was measured in all outlet samples immediately after sampling using a pH electrode connected to a pH meter (Metrohm). The electrode was calibrated using NIST pH 4.01, 7.00 and 10.01 buffer solutions, and replicate analyses of buffers and samples showed analytical accuracy of 0.03 pH units and precision of ±0.02 pH units at room temperature. Fluid samples were analyzed for Al, Ca, Fe, Mg, and Si concentrations on a Horiba Ultima Expert Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) located at Géoscience Environnement Toulouse, with an analytical accuracy better than ±3%, as determined by replicate analyses of certified solutions and samples. The detection limits of these analyses are 5ppb for Al, Ca, Fe, and Mg, but 12ppb for Si. Potassium concentrations were not measured due to its low concentration in the original rocks and in the fluid samples, and Na was not measured as its concentration in the initial reactive aqueous solution was fixed at 0.01 mol•kg -1 . The powdered samples used in the experiments were analyzed before and after the experiments using XRD and a TESCAN scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDX).

Calculation of saturation states and elemental release rates

The saturation state of the sampled reactive fluids were determined based on the measured fluid elemental concentrations and pH using PHREEQC v 3.6.2 [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with the CarbFix.dat (V1.1) database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF].

Steady state elemental release rates were calculated using:

𝑟 𝑖,𝑗 = 𝐶 𝑖 * 𝑄 𝐴 𝑗 * 𝑚
where ri,j refers to the release rate of the i th element normalized to the surface area Aj, where j represents either BET or geometric surface area. Ci denotes the concentration of the i th element in the outlet fluid, Q designates the flow rate, and m stands for the initial mass of powder introduced into the reactor.

Results

Evolution of the reactive fluid composition

The compositions of all sampled fluids are reported in Table S11 in An initial rapid element release rate is observed for all measured elements during the first 3 days of each experiment. The rapid release coincides with a temporal increase of the pH during this initial period.

After this initial phase, the reactive fluid pH decreased to close to its inlet value for all the rock samples, other than KZ_01, and the element release rates progressively stabilized. The maximum measured pH in the reactive fluids was 4.86 for KZ_02 and stayed below pH 4 for all the other experiments, except for sample KZ_01 which remained constant at pH values of ~6.3 due to continuous calcite dissolution.

The dissolution of three samples, B83S3, B87S4 and JQ_3-2, attained a pH close to 4 before decreasing back to a pH ~3. For B83S3 and B87S4, the two basalts that contained calcite, mass balance calculations confirmed that the calcite present in these samples was totally dissolved in less than three days for both experiments, such that the longer-term element release rates originate exclusively from the dissolution of the silicate minerals in the dissolving rock samples.

All but three experiments reached steady-state. The dissolution of sample GOB_14 was stopped before steady-state was attained. The fluid Si concentration appears to be decreasing slightly during the end of the B316S3 and JQ_3-2 dissolution experiments. This could be related to the precipitation of secondary phases, partly passivating the reacting mineral surfaces. It is also worth mentioning that the rock powder formed an aggregate at the bottom of the reactor during dissolution of VP_13. The external part of this aggregate exhibited signs of extensive reaction, while the inner part appeared preserved. This could lead to an underestimation of the surface area normalized reactivity of this rock. The steady state Ca/Si ratios measured in the outlet fluids as a function of time appear to tend to distinct values as shown in Figure 6.5 (left). Two rocks released elements with Ca/Si ratios of approximately 0.5 at steady state, while the other basaltic rock samples released elements with Ca/Si ratios of 0.2 to 0.35. The elemental calcium to silicon ratios of all outlet fluids normalized to the corresponding ratio of the dissolving rock are shown in the right plot of Figure 6.5. Whereas some of the basaltic rocks rapidly attained a stoichiometric Ca/Si release ratio, others exhibit a preferential release of calcium with a steady state conditions rock normalized molar Ca/Si ratio of approximately 2.

Saturation states of the reactive fluids and solid alteration products

The calculated saturation states of the sampled outlet fluids with respect to the phases contained in the initial rock samples, as well as potential secondary phases, suggest that some phases are supersaturated and could precipitate. The latter minerals are reported in Table S12. The fluids are calculated to be undersaturated with respect to all potential secondary phases except aluminum oxides and hydroxides (all samples) iron oxides (5 samples), and beidellite and kaolinite ( 4 The XRD analyses of the post reaction powders confirmed the precipitation of boehmite in samples B261S4, B316S3, GOB_14, VP_13, and JQ_3-2. Iron oxyhydroxides were not detected using XRD. Based on the relative amplitude of the peaks before and after reaction, the XRD results indicate the total dissolution of calcite, the significant dissolution of zeolites, epidote, and chlorite, and partial dissolution of plagioclase and pyroxenes, magnetite, titanite from the basaltic samples. These observations suggest the preferential dissolution of zeolites over plagioclases, and of epidote over quartz in the more altered rocks.

Element release rates

Silicon release rates are commonly used to quantify silicate mineral dissolution rates. This choice stems from the role of silicon in maintaining the crystalline structure of these minerals. Steadystate silicon release rates of all rock samples calculated from equation ( 6.3) and based on BET and geometric surface areas are listed in Table 6.5 and plotted in Figure 6.7.

The logarithm of silicon release rates normalized to BET surface area, in units of mol m -2 s -1 , measured on all samples varied between -10.18 and -8.80 except for sample KZ_02, which had a value of -11.74 (Figure 6.7). Silicon release rates from all the studied altered basalts are within one and a half order of magnitude of each other and fall in a range close to previously reported dissolution rates of diopside, epidote, quartz and actinolite. The logarithm of dissolution rates of reference minerals and rocks such as basaltic glass and fresh crystalline basalt are also displayed for comparison. The measured BET normalized element release rates in this study are two to three orders of magnitude slower than those of the basaltic glass and the fresh crystalline basalt. Compared to the rates measured in this study, the Si release rates of Columbia River Basalt at 90 °C normalized to BET surface area reported by [START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF] are slower whereas their geometric surface normalized rates are faster. The logarithm of Si release rates normalized to geometric surface area measured in this study are within one order of magnitude of each other, ranging between -7.70 and -6.99 except for the non-basaltic samples, KZ_01 and KZ_02 which had logarithm of Si release rates equal to -9.30 and -9.61, respectively (lower Figure 6.7, Table 6.5). [START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF]. Epidote 100C refers to rates of Si release from epidote at 100 °C [START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. Crystalline basalt's rates were reported by [START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF]. Basaltic glass rates were reported by [START_REF] Gislason | Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental study of the dissolution rates of basaltic glass as a function of pH and temperature[END_REF]. The uncertainty on the measured values is depicted with error bars. See the caption of Fig. 6.3 for the identity of the color of the symbols. Table 6.5: Logarithm of the BET and geometric surfaces area normalized rates in units of mol m -2 s -1 for all samples.

<QL denotes values below the quantification limit of the ICP-OES analysis

The measured steady-state release rates of calcium, magnesium and iron, three cations that potentially promote carbon mineralization, are listed in Table 6.5 and plotted in Figure 6.8for Ca and Mg, and in The measured BET normalized element release rates of the basaltic rocks in units of mol•m -2 •s - 1 range from -10.80 to -9.09 for calcium and from -10.94 to -9.43 for magnesium. The logarithm of the element release rates for the two non-basaltic rocks, KZ_01 and KZ_02 were -8.03 and -11.44 for calcium and -9.03 and not measurable for magnesium, respectively. The geometric surface areas normalized calcium and magnesium release rates were within one order of magnitude of each other for the altered basaltic rocks, and approximately two orders of magnitude faster than corresponding BET normalized rates.

The largest contribution to the uncertainty in the measured elemental release rates likely stems from the uncertainties in the measured surface areas. Other contributions to uncertainty include the measurement of element concentrations in the fluid and solid phases, and the fluid flow rate. Taken together these factors suggest a measurement uncertainty of approximately ±0.2 log units. Nevertheless there appears to be far more scatter among experimentally measured mineral dissolution rates reported for distinct samples [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF][START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF][START_REF] Schott | The link between mineral dissolution/precipitation kinetics and solution chemistry[END_REF][START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. Such comparisons suggest that the reproducibility of surface area normalized measured elemental release rates among distinct rock or mineral samples may be on the order of ±0.5 log units or more.

Discussion

Evolution of the release of major elements

During the first part of each experiment, the element release rates exhibit two distinct features:

1) the relatively fast release of Si compared to the later parts of the experiment and 2) the preferential release of Ca and Mg compared to Si. This former observation could be attributed to the rapid dissolution of fine particles or high energy surfaces created by particle preparation and/or minor (highly reactive) phases of high surface area. Note, however, that few fine particles were observed by SEM in the initial powders. For some samples, this increased Si release is sustained for longer, up to 20 days after the beginning of the reaction, and could be attributed to the dissolution of highly reactive phases such as zeolites, up to their exhaustion as for Heulandite and Levyne in the case of JQ_3-2. Indeed, those phases were no longer detected in the post reaction powder. The initial preferential release of Ca and Mg that occurred in the first day of each experiment could be attributed, except for samples with calcite, to proton exchange for interlayer Ca in clays and/or Ca at or near the mineral surfaces [START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF][START_REF] Oelkers | The surface chemistry of multi-oxide silicates[END_REF][START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF][START_REF] Oelkers | An experimental study of enstatite dissolution rates as funcion of pH, temperature, and aqueous Mg and Si concentration, and the mechanism of pyroxene/pyroxenoid dissolution[END_REF]. This possibility is supported by the concurrent increase in pH observed during the initial part of each dissolution experiment. After this initial period, the release rates and the Ca and Mg ratios to Si reached their steady state values.

The relative element release rates at steady-state provide insight into the whole rock dissolution process. Numerous rocks exhibit steady-state Ca/Si release ratios close to that of the corresponding rock including the surface altered basalts and the rock sample collected from the Hellisheiði core, whose compositions are dominated by plagioclase and pyroxenes. In contrast, a second group of rocks exhibit a long-term preferential release of Ca. This second group consists of the more altered rocks containing substantial zeolite and epidote. This long-term preferential release of Ca suggests that these Ca bearing silicates dissolve more rapidly than the Ca-free silicates in these rocks. Some of this observed long-term preferential Ca release from the most altered basalts is due to the presence of relatively unreactive Si rich, Ca poor phases, such as quartz and chlorites. But the relatively fast dissolution rate of secondary Ca bearing minerals also contributes to this preferential Ca release. [START_REF] Ragnarsdóttir | Dissolution kinetics of heulandite at pH 2-12 and 25°C[END_REF] showed that the zeolite heulandite has dissolution rates of approximately 10 -9.7 mol•m -2 •s -1 at pH ~3 and 25 °C and pointed the similarity in rates between heulandite and laumontite. At 120 °C, these dissolution rates are likely on the order of 10 -8 , which is similar to that of basaltic glass. The preferential dissolution of zeolites in the experiments was also confirmed by the XRD analyses of post reaction powders. Similarly, the relatively high Ca/Si release rates for samples B261S4 and B316S3 can be attributed to the presence of epidote in these rocks. The Ca/Si element release ratio during the dissolution of these rocks trended towards 0.5, which is close to the 0.66 Ca/Si atomic ratio of epidote. In the case of the calcite bearing altered basalts, samples B83S3 and B87S4, the initial solid Ca/Si ratios do not correspond to that in the reactor fluid at steady-state, since the calcite in these rocks was completely dissolved during the first few days of their dissolution experiments. The Ca/Si ratios of these rocks, however, after the removal of calcite are 0.11 and 0.13 for samples B83S3 and B87S4, respectively. The Ca/Si release ratios measured in the fluids normalized to the corresponding calcite free rock compositions of these rocks are 1.90 and 2.23, respectively, indicating the preferential release of calcium from the silicate minerals in these altered basalts as well. In contrast, the Mg/Si ratios of the outlet fluids were closer to those of the corresponding dissolving basalt.

Processes controlling the release rates of the individual elements

There are several notable observations among the release rates of the elements from the studied altered basalts. First, the release rates of each element are similar for all the altered basalts despite the varying degree of basalt alteration. A similar observation was reported by [START_REF] Nesbitt | Recent chemical weathering of basalts[END_REF] who observed that the bulk leach rates of the major elements from weathered basalts are not greatly affected by the mineralogy or bulk composition of the parent basalt. Indeed, all the basaltic samples dissolved in the present study exhibit silicon release rates within less than 1.5 orders of magnitudes of each other when normalized to BET surface area and within 0.6 orders of magnitude when normalized to geometric surface area. The similarity of the silicon release rates in the altered basalts can be attributed to the similar dissolution rates of the some of the phases present in the rocks. The natural alteration of basalts rapidly removes the most reactive phases such as basaltic glass, olivine, and anorthitic feldspar.

The BET surface area normalized dissolution rates at pH 3, 120 °C dissolution rates of many of the phases remaining in the altered basalts including the pyroxenes, albitic plagioclase, the zeolite minerals and epidote are all within two orders of magnitude of each other. In contrast, the dissolution rates of chlorite, the clay minerals and quartz are far lower and likely contribute negligibly to the overall release of elements from the dissolving basalts.

A second notable observation is that the Ca and Mg release rates of the altered basalts are close to one another when normalized to the geometric surface area. During the alteration process, Ca is mostly relocated into zeolites or epidote whereas Mg is mostly precipitated into clays and chlorites.

These sheet silicate minerals have dissolution rates that are orders of magnitude slower than those of basaltic glass, olivine, zeolites and pyroxene (see upper Figure 6.7). But the persistence of pyroxene in all of the altered basalt samples permits the continued release of Mg to solution despite the extensive alteration of some of the basalt samples. In the case of olivine bearing rocks such as crystalline basalt, the drop in Mg release rates from fresh to altered rock is far more than the Ca release rates. This observation stems largely from the removal of olivine and to a lesser extent basaltic glass from these rocks and the relocation of Mg into slower dissolving phases such as smectite and chlorite. In contrast, the Ca released from the dissolution of basaltic glass or anorthite plagioclase reactions is mostly precipitated into zeolites or epidote, which have similar dissolution rates as the dissolving primary Ca bearing silicates in fresh basalt.

Surface area and element release rates

The application water-mineral or water-rock reaction rates measured in the laboratory to field conditions commonly relies on the normalization of rates to the solid-fluid interfacial surface area. The results of this study highlight some of the challenges of normalizing dissolution rates of natural rocks to their surface area. Despite all the samples being prepared in the same laboratory using the same methods, the observed BET/GEO ratios of the rocks considered in this study range from 14 to 301. Some of this variation may be due to the presence of remaining ultrafine particles that were not detected on the SEM.

It seems likely however, that much of the variation of the BET/GEO ratio, stems from the high surface areas of some of the major secondary phases formed during basalt alteration, notably chlorite, zeolite, and clay minerals. Chlorite, zeolite [START_REF] Yates | Studies on the surface area of zeolites, as determined by physical adsorption and X-ray crystallography[END_REF][START_REF] Valdés | Zeolites and zeolite-based materials in analytical chemistry[END_REF] and clay [START_REF] Murray | Surface Area of Clays[END_REF] minerals have been reported to exhibit elevated surface roughness factors. In addition, [START_REF] Brantley | Surface area and porosity of primary silicate minerals[END_REF] reported the presence of substantial 'internal porosity' in chlorite, zeolite and clay minerals .

The role of mineralogy in influencing measured rock surface areas is also evident in the results of the present study. For example, the BET/GEO surface area ratios of the shallower IRDP samples, which contain zeolite, are two to ten times higher than those of B216S4 and B316S3, which do not contain zeolites.

Large differences in the BET/GEO surface area ratios of samples, such as measured in this study, renders the comparison of surface area normalized element release rates of rocks having distinct compositions to be somewhat ambiguous. The observation that distinct minerals and surfaces react at distinct rates (e.g. [START_REF] Sanders | Measurement of the reactive surface area of clay minerals using solid-state NMR studies of a probe molecule[END_REF] adds to such ambiguities. This issue is evident in the study of [START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF], who reported that the dissolution rates of Columbia river basalts were more than 1000 times higher when normalized to the calculated geometric surface area compared to those normalized to the measured BET surface area. This basalt was reported to be almost as reactive as basaltic glass when comparing geometric surface area normalized rates, whereas, these rates were approximately 3 orders of magnitude slower than the corresponding rates of basaltic glass when normalized to their BET surface area. Such ambiguities hamper the comparison of measured rates and lead to substantial uncertainties when applying element release rates measured in the laboratory to field applications.

The consequences of the elevated BET surface areas of some rocks due to secondary phases are evident in the results of the present study. For example, both B130S2 and JQ_3-2 are altered to the zeolite's facies, with plagioclase, pyroxenes and zeolites being the most reactive phases. However, JQ_3-2 having a BET surface area more than four times that of B130S2, the former exhibits release rates consistently lower than the latter. The same is observed when comparing the two samples altered to the epidote facies, B216S4 and B316S3 which have very similar mineralogy, but B216S4's BET surface area is more than three times that of B316S3. As a result, B261S4 appears consistently less reactive than B316S3 when normalized to BET surface area. The inflated BET surface areas of these samples thus lead to underestimate their dissolution rates normalized to the BET surface area. This contrast suggests that much of the additional BET surface area created by the alteration of basalts is relatively unreactive, and illustrates the potential ambiguity when applying BET surface areas for the normalization of release rates from natural rocks whose constituting minerals cover a very large spectrum of surface areas.

The role of secondary phases in mineral carbonation

The observation that highly altered basalts with only minor remaining primary phases are able to sustain substantial divalent metal release rates suggests that some of the secondary phases can help promote mineral carbonation. Notably calcium bearing zeolites have a Ca to Si ratio and dissolution rates comparable to plagioclase [START_REF] Ragnarsdóttir | Dissolution kinetics of heulandite at pH 2-12 and 25°C[END_REF][START_REF] Savage | The reaction kinetics of laumontite under hydrothermal conditions[END_REF]. The initial release of Ca to the fluid during zeolite dissolution may be enhanced by its non-stochiometric dissolution as reported by [START_REF] Hartman | Understanding the dissolution of zeolites[END_REF]. In the case of epidote, although its dissolution rates are somewhat slower than that of plagioclase, its calcium to Si ratio content is more than twice as great as that of the major zeolites. This mineral has also been observed to preferentially release Ca from its structure during its dissolution [START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. Other secondary phases present in the altered basalts, however may contribute relatively little to mineral carbonation. The amorphous phases present in the altered samples are largely depleted in calcium partly depleted in silicon and enriched in iron compared to basaltic glass.

The presence of this altered amorphous phase did not result in a higher reactivity of the altered rocks, suggesting that it is relatively unreactive and would contribute less than primary or some secondary Ca bearing crystalline silicates to mineral carbonation. In contrast to Ca, the Mg secondary phases, dominated by chlorite and clay minerals are relatively unreactive. The release of Mg from altered basalts is likely maintained by the continued presence of pyroxenes in the altered basalts.

Equally, the minerals present in the non-basaltic samples considered in this study, KZ_01 and KZ-02 will also likely to contribute negligibly to mineral carbonation. These rocks exhibit geometrically surface area normalized Si release rates that are 1 to 1.5 orders of magnitude lower than those of the altered basalts and similar BET surface area normalized Si release rates to quartz and kaolinite. The Ca and Mg released from sample KZ-01 largely originated from the dissolution of carbonate minerals, such that the carbonation of these elements would lead to no net carbon mineral storage in the subsurface.

The rate of Ca release from the mica schist, KZ_02, is far slower than that of the altered basalts and the rate of Mg release from this rock was below the detection limit of the experiments despite the presence of substantial chlorite in the rock. These observations illustrate the relatively large potential of altered basalt carbonation compared to these common meta-sedimentary rocks.

Implications for subsurface CO2 mineral storage

Rock dissolution and the release of divalent metals to aqueous solution are one of the rate limiting steps of the carbon mineralization process [START_REF] Oelkers | Mineral carbonation of CO2[END_REF][START_REF] Gadikota | Elucidating the differences in the carbon mineralization behaviors of calcium and magnesium bearing alumino-silicates and magnesium silicates for CO2 storage[END_REF]. The original CarbFix injection successfully mineralized 95% of the CO2 injected into relatively fresh basalts at a temperature of ~20 to 33 °C within two years [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]. The findings of the present study suggest that the dissolution rates of altered basalts are approximately independent of their degree of alteration and that they dissolve approximately 2 orders of magnitude slower than corresponding basaltic glass or olivine bearing fresh crystalline basalt. This observation suggests that the carbonation of altered basalt would take approximately 100 times longer than the carbonation of fresh basalt. As such, one might expect that the carbonation of subsurface altered basalts in similar conditions (~33 °C) would require ~200 years. Mineral dissolution rates, however, increase substantially with increasing temperature. The dissolution rates of most major silicate minerals increase by approximately two orders of magnitude when increasing temperature from 30 to 100 °C at acidic conditions [START_REF] Casey | High-resolution simulations of migration pathways and the related potential well risk at the IEAGHG Weyburn-Midale CO2 storage project[END_REF]Oelkers, 2001;[START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. Indeed, the element release rates determined in the present study at 120 °C are similar to those of basaltic glass and olivine bearing fresh crystalline basalt at 25 °C.

It therefore seems likely that the carbonation of altered basalts at temperatures of ~100 °C or higher could be as rapid as that of the original CarbFix injection. Such conditions are readily found in geothermal systems [START_REF] Wu | The potential of coupled carbon storage and geothermal extraction in a CO2enhanced geothermal system: a review[END_REF]. This conclusion is supported by the sequestration of carbon through mineralization reactions during the ongoing CarbFix2 injections, where more than half of the CO2 injected into altered basalts at temperature of ~250 °C was mineralized within four months [START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

Conclusions

All of the altered basalts considered in this study have been observed to dissolve and release their Si, Ca, and Mg to the fluid phase at rates from one to three orders of magnitude slower than corresponding fresh crystalline basalt or basaltic glass depending on the element and surface area used to normalize rates. The element release rates from these rocks are close to independent of the degree of alteration of the basalts. This observation has been attributed to the fact that the alteration process removes the most reactive phases such as basaltic glass and olivine, and that the remaining primary silicate minerals, plagioclase and pyroxenes, and many of the secondary phases, notably zeolites and epidote, have dissolution rates that differ by less than two orders of magnitude from each other.

The observation that altered basalts readily release Si, Ca, and Mg to the fluid attest to their ability to react with dissolved CO2 as part of mineral carbon storage efforts. Although the element release rates are 1 to 3 orders of magnitude slower than that of unaltered basalts, mineral dissolution rates increase substantially with increasing temperature. The element release rates from altered basalts observed in this study at 120 °C approximate the element release rates of basaltic glass and olivine at ambient temperatures. As the original CarbFix project demonstrated the successful carbonation of more than 95% of the CO2 injected into fresh basalts as a water dissolved phase at near to ambient temperatures, it can be anticipated that the carbonation of altered basalts could be equally fast and effective at temperatures at or above 100 °C. At lower temperatures, it seems likely that mineral carbonation would be favorable, but at a slower rate.

Such observations encourage the storage of CO2 via mineral storage into the vast quantities of altered basalts that are available worldwide, both on the continents and offshore. The results obtain in this study particularly points towards attempting carbon storage into geothermal areas where higher temperature gradients are available. Parts of the geothermal fields where the temperature may not be high enough for energy production could prove useful for in situ mineralization in altered basalts.

Chapter 7

Geochemical Modeling

Introduction

Geochemical models are useful to extrapolate the knowledge gained from experimental work to natural conditions, for example to predict the response of a subsurface system to a chemical perturbation.

They have been extensively used to complement to experimental work [START_REF] Galeczka | Experimental studies of basalt-H2O-CO2 interaction with a high pressure column flow reactor: The mobility of metals[END_REF][START_REF] Gadikota | Chemical and morphological changes during olivine carbonation for CO2 storage in the presence of NaCl and NaHCO3[END_REF][START_REF] Wunsch | Metal release from limestones at high partial-pressures of CO2[END_REF][START_REF] Shrivastava | Geochemical modeling and experimental studies on mineral carbonation of primary silicates for long-term immobilization of CO2 in basalt from the eastern Deccan volcanic province[END_REF][START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2 S at the CarbFix site in SW-Iceland[END_REF][START_REF] Clark | The chemistry and potential reactivity of the CO2 -H2S charged injected waters at the basaltic CarbFix2 site, Iceland[END_REF][START_REF] Lu | Rate and capacity of cation release from ultramafic mine tailings for carbon capture and storage[END_REF], or in exclusive modeling studies [START_REF] André | Numerical modeling of fluid-rock chemical interactions at the supercritical CO2-liquid interface during CO2 injection into a carbonate reservoir, the Dogger aquifer (Paris Basin, France)[END_REF][START_REF] Gherardi | Numerical modeling of self-limiting and self-enhancing caprock alteration induced by CO2 storage in a depleted gas reservoir[END_REF][START_REF] Taberner | Injection of Supercritical CO2 into Deep Saline Carbonate Formations[END_REF][START_REF] Aradóttir | Multidimensional reactive transport modeling of CO2 mineral sequestration in basalts at the Hellisheidi geothermal field, Iceland[END_REF][START_REF] Akın | Modeling the geochemical evolution of fluids in geothermal wells and its implication for sustainable energy production[END_REF][START_REF] Liu | Reactive transport modeling of mineral carbonation in unaltered and altered basalts during CO2 sequestration[END_REF][START_REF] Liu | Modeling and assessment of CO2 geological storage in the Eastern Deccan Basalt of India[END_REF][START_REF] Ratouis | Carbfix 2: A transport model of long-term CO2 and H2S injection into basaltic rocks at Hellisheidi, SW-Iceland[END_REF]. One of the first attempts to formalize an equilibrium model in geochemistry was reported by [START_REF] Garrels | A chemical model for sea water at 25 degrees C and one atmosphere total pressure[END_REF] in their study of the speciation of 25°C seawater. Later, [START_REF] Garrels | Origin of the Chemical Compositions of Some Springs and Lakes[END_REF] coupled this method with mass transfer to report one of the first reactive path models.

Since then, the field of geochemical modeling has expanded exponentially, in particular with the use of computers as of early 70's. Today a large suite of geochemical models is available, each with advantages and disadvantages. Among the most used are EQ3/6 [START_REF] Wolery | Flow-through reactor experiments on basalt-(sea)water-CO2 reactions at 90 °C and neutral pH. What happens to the basalt pore space under postinjection conditions?[END_REF], SOLMINEQ.88 [START_REF] Kharaka | SOLMINEQ.88: A computer program for geochemical modeling of water-rock interactions[END_REF], PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF], Crunchflow [START_REF] Steefel | A coupled model for transport of multiple chemical species and kinetic precipitation/dissolution reactions with application to reactive flow in single phase hydrothermal systems[END_REF] and TOUGHREACT [START_REF] Xu | Toughreact version 2.0: A simulator for subsurface reactive transport under non-isothermal multiphase flow conditions[END_REF].

In this thesis we have reported a set of dissolution experiments of naturally altered basalts.

Concurrently, an updated database of the dissolution rates of the rock forming silicates has been produced for the PHREEQC code by [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. This creates the opportunity to test this new database against the experimental data, and, potentially, to simulate the carbonation of the basalt samples of this study and extrapolate our results mineral carbonation efforts in the field.

Towards this goal we used the modeling capacities of PHREEQC with several objectives. First, we wanted to replicate our mixed-flow (MF) experiments to assess the consistency between the modelled results and experimental data. The objective here is to test the recently published kinetic database and to evaluate the potential knowledge gaps. A second objective is to test the sensitivity of the model results to changes in rock mineralogy and mineral-fluid interfacial surface area. A third objective is to simulate the carbonation of these altered basalts to assess the potential for the subsurface carbon storge.

Methods

The calculations presented in this chapter were performed using PHREEQC [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with the thermodynamic and kinetic database CarbFix.dat [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF][START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. To make the modeling work more efficient, all the PHREEQC simulations were run from R (R Core Team, 2020) using the R package "phreeqc", version 3. mineral. As a result, the relative abundance of the minerals is respected, but the specificities of minerals with higher surface area than other are not reflected.

The adjustable parameters in the simulations include: rock mineralogy, surface area, duration of the simulation, flow rate, volume of the reactor, mass of solid, pH, temperature. For each simulation, the parameters were initially set to the values of the experiment to be modelled (see below). Not all minerals were available in the kinetic database. When minerals were not available, we chose a similar mineral as an analogue. In addition, we removed the amorphous fraction from the modelled rocks due to lack of dissolution rate and thermodynamics data. Ilmenite, hematite and magnetite were also not considered in the model calculation due to lack of kinetic data for these minerals at presents and due to their minor presence in the altered rock samples. The initial compositions used to represent the sample B130S2, B316S3 and GOB_14 are detailed in Table 7.1. Heulandite-Ca
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After an initial simulation for each of these experiments and depending on the quality of the match between the simulated and measured data, the surface area and the mineralogy were modified in the model calculations to optimize the fit.

Several variables were used to track the evolution of the simulated experiment. These include the pH and concentrations of major elements, the mass of original phases dissolved, and the release rates of major elements as a function of time. The results of the models were evaluated both qualitatively and quantitatively by comparing their trends and the absolute values of these parameters with the experimental data.

Batch carbonation model

The batch carbonation script is built on a KINETICS block using the INCREMENTAL_REACTION command. The time step of 20 days was chosen for the model calculations. In the simulation, one liter of water was initially saturated with pure CO2 at 20 bars pressure. The resulting solution has a pH of approximately 3.4, with some variations depending on the temperature. This solution is then placed into a closed reactor in contact with a rock having 20 m 2 of reactive surface area. An unlimited mass of rock was made available for the reaction. PHREEQC then tracks the temporal evolution of the pH, the Dissolved Inorganic Carbon (DIC), the mass of precipitated phases, and the mass of initial minerals dissolved, every 20 days. Additional metrics are calculated for each simulation such as the time to start precipitating a carbonate, and the percentage of the injected CO2 mineralized. This simulation design is equivalent to an injection of a CO2-saturated solution into a 2 m wide and 0.1 mm high fracture with a flow rate equivalent to the fluid progressing 5 m every 20 days.

Simulations were performed at 30°C and 120°C to explore the impact of temperature on the carbonation process. All secondary minerals in the model were allowed to precipitate at local equilibrium (but not to dissolve) in response to the dissolution of primary minerals, and the injection of the CO2 charged water. The secondary minerals allowed to precipitate include calcite, ankerite, magnesite, dolomite and siderite, clay minerals (saponites, nontronite, montmorillonite, kaolinite, sepiolite and beidellites), phlogopite, Fe-oxyhydroxides (magnetite, and goethite), zeolites (analcime, mordenite and scolecite) and the silica polymorphs chalcedony and diaspore.

Note that no kinetics are available in PHREEQC for precipitation, which means that for each time step, if a mineral becomes saturated in the fluid, the phase is precipitated until equilibrium is attained. As a result, the overall chemical evolution of the system is largely defined by the dissolution rates of minerals in the initial rock. In natural systems however, the precipitation kinetics vary across minerals and could affect model results. Calcite, for example, is known to precipitate very fast while clays have sluggish precipitation kinetics.

Results

Mixed-flow dissolution simulations

In total we modelled the dissolution of rocks during three mixed flow reactor experiments: experiment B130S2 representing the zeolite alteration, experiment B316S3 representing epidote alteration and experiments GOB_14 representing Earth surface alteration.

B130S2

The first simulation replicated the exact conditions of the laboratory experiment. The physical parameters of the simulation are summarized in Table 7. The adjusted parameters produced a better match for pH and Ca, Mg, and Si concentrations.

Also, the pyroxene diopside is calculated to persist at the end of the experiment consistent with postexperiment XRD observations. But the logarithm of Si release rates increased a bit to -8.6.

We then tested the same model but with added forsterite to evaluate the impact of the presence of a highly reactive phase. We added 15 wt% of forsterite to the initial altered basalt rock composition and simulated a dissolution at the adjusted conditions. The results are shown in Figure 7.4.

The presence of olivine creates a pulse at the beginning of the dissolution in which the pH reaches values higher than 7 and Si and Mg concentrations are increased significantly compared to that of the corresponding olivine-free simulation. Approximately 6 days after the beginning of the reaction, forsterite is depleted and the calculated fluid evolution approximates the corresponding forsterite free.

model result. The logarithm of Si release rate only increases to -8 during the first six days of the simulation. This relatively small rate increase is attributed to the relatively small fraction of forsterite in the studied rock.

Finally, we tested the addition of 15 wt%. basaltic glass instead of forsterite to this altered basalt.

The results of this latter calculation are shown in Figure 7.5. The addition of fresh glass to this rock has a smaller effect than the addition of forsterite. The basaltic glass dissolved far slower and was not completely depleted at the end of the 40 days simulation.

These observations can be explained by the sensitivity of basaltic glass dissolution rates to aqueous aluminum concentrations. The simulation data confirms that the Al concentration in the reactor was on the order of 10 -4 mol kg -1 at the beginning of the reaction remained higher than 10 -5 mol kg -1 throughout the simulation. At such concentrations, the logarithm of the dissolution rate of basaltic glass is lower than -9.70, below that of albite or laumontite in the kinetic database. 

B316S3

This second rock exhibits a distinct behavior as it does not contain plagioclase but does contain epidote and substantial quartz. The first simulation replicated the exact conditions of the MF experiment.

The experimental conditions parameters are summarized in Table 7. The adjusted model yielded an improved fit of the measured pH and the Si concentration. The logarithm of the simulated Si release rate after 20 days of reaction was -8.87, much closer to the corresponding measured value. In these models, all the phases appear to dissolve completely. In the post reaction XRD analysis, however, all the phases could still be detected, but each showed significant peak reduction suggesting that substantial amounts of these phases dissolved during the experiment.

Discussion

Overall, no major qualitative inconsistency between the experimental data and the model and The results of these simulations also raise interesting questions on the method used to assess the release rates of major elements from multimineral natural rocks. As phases dissolve at different rates and some can be depleted during experiments. As a result, the outlet Si concentration in whole rock dissolution experiments may never reach a steady state. Although the reaction rates of many minerals seem to be slower in experiments than the kinetic database, one can wonder if the attainment of steady state in an experiment only occurs after the depletion of the most reactive phases. This would lead to a systematic underestimation of the release rates of the elements from these rocks. As such, it might be more informative to use another indicator than the steady-state release rates of major element to generate kinetic databases, for example by integrating the measured concentrations to estimate the total amounts of major elements released from the beginning of the reaction.

Altered basalt carbonation simulations

We modeled the carbonation of the three rocks considered above in addition to that of basaltic glass. The simulations were first run at 30°C, which is close to the conditions of CarbFix 1 injection.

Additional simulations were performed at 120 °C to assess the effect of temperature on this carbonation process. At 30°C, it takes 39 years for B130S2 to start carbonating due to the precipitation of dolomite.

Calcite appears after 49 years of reaction. After 120 years of reaction, on 3.2% of the injected CO2 is mineralized. In the meantime, only smectite and chalcedony precipitate.

The same rock was carbonated at 120°C to evaluate the effect of temperature on carbonation rates. The results of this calculation are shown on Figure 7.12.

At 120°C, this rock shows much stronger carbonation potential. The first carbonates to appear are magnesite and siderite, only 20 days after the beginning of the reaction. Dolomite appears after 180 days of reaction, ankerite at 220 days, and calcite after 340 days of reaction. In 5 years of reaction, 90%

of the injected CO2 is mineralized. Note that clays remain the most abundant precipitates. 

B316S3

Similar to the previous example, the initial carbonation simulations of B316S3 at 30 °C suggests it is slow to carbonate. The results of this simulation are shown in Figure 7.13.

Interestingly, B316S3 appears to carbonate somewhat faster than B130S2 at 30°C. Siderite is the first carbonate to precipitate, 3 years after the beginning of the reaction. Ankerite appears 4 years after the beginning of the reaction and dolomite after 50 years. These minerals only precipitate in small amounts compared to calcite, which appears at 18 years of reaction and represent the bulk of the carbon mineralization. After the 120 years of reaction, B316S3 mineralized 25% of the injected CO2. This is much more than B130S2, but still low for such a long reaction time.

As is the case with the previous example, the carbonation of this rock is faster at 120°C. The results of this simulation are shown in Figure 7.14. The results indicate that dolomite, siderite and ankerite promptly appear at 20 days of reaction, and calcite appear at 160 days of reaction. No magnesite is calculated to precipitate. In only take 200 days of reaction for B316S3 to completely mineralize all the injected CO2.

GOB_14

The carbonation of the surface altered basalt GOB_14 is the fastest at 30 °C. The results of this simulation are shown in Figure 7.15. At 120°C, it takes only 160 days to mineralize all the injected CO2. Here again, dolomite and calcite are the only carbonates formed. We also note that as soon as the CO2 is depleted, the reaction produces zeolites, in this case analcime, to accommodate the calcium release from the dissolution of the rock. 

Discussion

The modelled carbonation simulations, despite their simplicity provides some insights. While fresh basaltic glass can rapidly mineralize injected at 30 °C, none of the altered basalts mineralized significant masses of CO2, even after more than 100 years of reaction. This result is coherent with the findings of chapters 5 and 6 and the reduced dissolution rates of altered rocks. At 120°C, altered basalts show good potential for carbonation with carbonates forming in less than a month and all the injected CO2 mineralized in one to five years.

It appears that the surface altered basalt, GOB_14 is the most efficient to mineralized the injected CO2, followed by the epidote rich B316S3, and the zeolite altered basalt B130S2 takes the longest to fully mineralize. The results from theses simulations validate the hypothesis formulated in chapter 5 and 6 that the reduced reactivity of altered basalts can be compensated for by targeting reservoirs with temperatures higher than 100 °C.

Conclusions

The comparison between modelled and experimental data showed than the kinetic database is sufficiently accurate to reproduce qualitatively the trends of the MF experiments generated in this thesis.

Discrepancies were observed, notably during in the first days of reaction, especially for Ca and Mg. We attribute these differences to rapid initial exchange reactions, which are not currently accounted for in the PHREEQC software. For this reason, Si concentrations were preferred for the adjustment of models' parameters and to assess the quality of the model calculations.

It was necessary to make some adjustments to the model parameters to obtain a reasonable match between some model results and corresponding experimental values. The comparisons suggest different biases for each mineral. Plagioclase and augite dissolution rates in the database appeared to be faster than that observed in the experiments. The contrary was observed for epidote. Nonetheless, it is worth noting that differences between the unadjusted model calculations and the corresponding experimental results were lower than half an order of magnitude, a level of uncertainty typically reported for mineral dissolution rate data in the literature. One also has to bear in mind that both experimental and modelled data have associated uncertainties additional to the dissolution rates. Nevertheless, the gaps between modelled and experimental results here can serve as a basis to upgrade the database for geochemical model calculations in the future.

The simulation of mineral carbonation provides insight into the mineralization efficiencies of the different rocks. As suggested by [START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF], significant differences between the carbonation efficiencies of various altered basaltic rocks are to be expected at both 30 and 120 °C. The surface altered rock, GOB_14, appears to have the fastest carbonation potential likely due to the abundance of primary phases in its composition. Less intuitive was the fact that the most altered sample, B316S3 with a composition dominated by quartz and epidote was more efficient at mineralizing the injected CO2 than the zeolite altered rock B130S2. This shows that in spite of the similar dissolution behaviors of the altered basalts observed in this study, the identity of the alteration minerals may have a large impact on the carbonation efficiencies of altered basalts.

Chapter 8

General conclusions

The main goal of this study was to characterize the reactivity of altered basalts to illuminate their role in the global carbon cycle and their potential for mineral carbon storage. More specifically, this thesis was designed to answer questions such as: How does alteration affect the reactivity of basalts?

Are altered basalts less reactive, by how much? Are specific alteration facies more reactive than others?

Are altered basalts suitable for the large-scale implementation of carbon storage through mineralization?

The characterization of the samples presented in chapter 4 confirmed the large diversity of alteration facies covered by the 23 different basalts considered in this study. This suite of rocks includes surface altered basalts having ages ranging from 0 to 13 Myr, and having amorphous phase contents from 10 to 90 wt%. These samples also included hydrothermally altered basalts collected from 180 m to 2 km depths exhibited alteration minerals ranging from low temperature zeolites to high temperature epidote and actinolite. The microprobe analyses were used to further characterize the amorphous phase of the different rocks, which was depleted in Ca, enriched in Fe, and had lower content of Al, Na and K compared to fresh basaltic glass.

The experiments described in chapter 5 and 6, shed light on the mechanisms of altered basalt dissolution and on how alteration impacts basalt reactivity. The surface area normalized element release rates of altered basalts were consistently lower than those of fresh crystalline basalt and basaltic glass by one to two orders of magnitude, confirming the impact of alteration on their reactivity. This loss of reactivity is a non-linear function of the degree of alteration and begins with the rapid removal of the most reactive phases such as olivine and basaltic glass during the early stages of alteration. This brings the reactivity down to the rates of the remaining plagioclase and pyroxenes, as observed in natural systems by [START_REF] Gislason | Chemical weathering of basalt in Southwest Iceland; effects of runoff, age of rocks and vegetative/glacial cover[END_REF]. The presence of alteration minerals like chlorite and clays, which have large surface areas and low reactivity, also affects the measured values of surface area normalized rates.

With the exception of calcite and brucite, which commonly represent only minor fractions of the composition of altered mafic rocks, reactive alteration minerals like zeolites and epidote, have element release rates similar to those of plagioclase and pyroxenes. This leads to relatively small differences in the element release rates of most of the studied altered basalts, which span no more than one order of magnitude, despite the contrasting origins and compositions of the samples. One of the initial working hypotheses of this study was that the chemical and mineralogical compositions of altered basalts would be the main determinants of their reactivity. The results of this study, however, indicate that the reactivity of altered basalt is close to insensitive to their detailed composition, this observation likely simplifies decisions on locations and reservoirs chosen for subsurface mineral carbon storage efforts.

Another significant observation of this work is that the dissolution of altered basalts preferentially releases Ca, and to a lesser extent Mg to the reactive fluid phase. Fast metal for protons exchange reactions are likely responsible for the preferential release observed in the first days of all experiments, consistent with the high surface areas of most samples and the buffering of the pH observed simultaneously. A longer-term preferential release was also observed, mostly for hydrothermally altered basalts and was associated with the presence of Ca and Mg bearing alteration minerals such as zeolite and epidote. This suggest that while surface weathering tends to leach Ca away, hydrothermal alteration can relocate it in reactive phases, making it available for mineralization.

The comparison of the measured element release rates between experiments performed at 27 and 120 °C shows that this ~100 °C temperature increase yields rates that are approximately two orders of magnitude faster. The surface area normalized element release rates at 120 °C are approximately equal to those of fresh basalt and basaltic glass at 25 °C. The results of the modeling reported in chapter 7 confirm this reactivity increase and suggest that the lower reactivity of altered basalts can be compensated by higher temperatures to promote efficient CO2 mineralization.

The experimental determination of altered basalt carbonation rates was outside the scope of the experimental work of this study. To gain insight into these carbonation rates, this process was modelled using the geochemical software PHREEQC. Results of the model calculations confirmed the sluggish carbonation rates of altered basalts at 30 °C. For example, calculations suggest that a basalt altered to zeolite facies will carbonate less than 3 % of the injected CO2 mineralized after more than 100 years of reaction for a representative system geometry. The epidote altered and the surface basalts were more efficient at carbonation but several decades are required before substantial CO2 in mineralized. In contrast, at 120 °C, the mineralization of the injected CO2 was complete for all altered basalts in less than five years.

Overall the results of this study show that alteration rapidly reduces the reactivity of altered basalts by removing the most reactive phases. Therefore, the drawdown of CO2 due to the weathering of fresh volcanic rocks emplaced during large volcanic events is probably short-lived and followed by a slower drawdown governed by the reactivity of plagioclase and pyroxenes.

In terms of subsurface carbon storage, the reactivity of altered basalts is sufficient to promote efficient mineralization of CO2 at temperatures higher than 100°C, but less so at Earth surface temperatures. The detailed composition of altered basalts was not a strong determinant of their reactivity, but zeolites and epidote, in particular, appear to act as efficient Ca providers for mineral carbonation efforts. It is therefore possible to use these observations to help guide future geologic carbon storage site selection. Geothermal areas clearly offer the ideal conditions, but other formations such as large igneous provinces could be targeted as well. They consist of alternating sequences of dense massive and impermeable flows with more chaotic breccia and subaerially extruded porous flow tops, creating favorable reservoirs. Where the geothermal gradients or local magmatic features lead to temperatures of 100 to 250 °C, they could be used with similar business model as CarbFix for rapid mineralization.

Where not, other business models need to be proposed to harness the long-term mineralization potential of these reservoirs.

Suggestions for future research

The dissolution of multi-mineral natural rocks is much more complex than that of single minerals. The experimental approach to quantify the element release rates of multi-mineral rocks may need to be rethought, in particular because of the sequential dissolution of minerals, with some reacting extremely fast and others almost unreactive. As a result, the concept of steady-state may not be relevant as the moment when rates are measured can affect the obtained values. Also, if the rates are measured after some of the phases have been depleted, it is unclear how accurately such rates represent the real potential of the rock to release specific elements. The high values and scatter of the BET surface areas measured on altered rocks is also a challenge in such experiments. Clay minerals, for example, commonly replace plagioclase, but with much higher surface area per unit mass. A bias can therefore arise, where the rates are skewed towards lower values because of the intrinsic characteristics of the constituent minerals. It may be possible to generate a new experimental protocol to enable a better quantification of the element release rates of multi-mineral rocks including altered basalts.

Geochemical modeling is a powerful tool to efficiently approach the development of new reservoirs. In this study we have seen that PHREEQC was able to qualitatively reproduce the experimental results of the dissolution of altered basalts, and matched quantitative values after adjusting some physical parameters. For some minerals however, the body of experimental data supporting the kinetic database is sparse, which results in suboptimal fits. Comparisons between model calculations and experimental data such as presented here might help identify where the most essential efforts are needed to fill the gaps with experimental studies based on well-established protocols. Another major limitation of the modeling is the accurate representation of the distribution of the reactive surface area between the minerals. Currently, most modelling studies adopt the assumption that the reactive surface area is distributed proportionally to the relative abundance in mass or volume of the minerals. This however is clearly a biased representation of the real system as the minerals have highly contrasting surface areas, in particular alteration minerals like zeolites, chlorite and clays tend to have far higher surface areas than most other minerals. A method to improve this assumption or to actually measure the surface area of specific minerals would greatly improve the model results.

To follow up with this study, one obvious step would be to conduct carbonation experiments with the samples to measure how fast and to what extent they mineralize. Indeed, as suggested by [START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF] and by the modeling results of this study, altered basalts with similar element release rates in dissolution can yield contrasting results in carbonation.

Another important task would be to evaluate the physical characteristics of the altered basalts, in particular their permeability and porosity. Alteration significantly affects these properties as the precipitation of secondary minerals occur preferentially in the pore spaces and factures, as highlighted in the observation of the structure of the samples. Several have proposed that the reduced porosity or permeability could further limit the potential of altered basalts for subsurface carbonation [START_REF] Snaebjörnsdóttir | CO2 storage potential of basaltic rocks in Iceland and the oceanic Ridges[END_REF][START_REF] Koukouzas | Potential for mineral carbonation of CO2 in pleistocene basaltic rocks in volos region (Central greece)[END_REF]. On the other hand, we have observed that some secondary minerals act as efficient providers of the divalent cations needed for CO2 mineralization, such that the role of alteration minerals is a complex phenomenon.
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  Carbon is essential for life on Earth and ubiquitous. It can be found in different forms on land, in the atmosphere in the oceans, in rocks as well as in living organisms. The carbon cycle describes the ways that carbon is transferred among the different terrestrial reservoirs. Different representations of the carbon cycle have been proposed, most of them using boxes and arrows to represent the pools and fluxes respectively, such as shown in Figure 1.1.

Figure 1 . 1 :

 11 Figure 1.1: Box model illustrating the Earth's carbon cycle (excluding the core).Boxes within the red dashed outlined region represent reservoirs within the exogenic system: the atmosphere, oceans, and the biosphere. All other boxes represent Earth's interior reservoirs and refer to the endogenic system. Reproduced from[START_REF] Lee | A Framework for Understanding Whole-Earth Carbon Cycling[END_REF].

Figure 1 . 3 :

 13 Figure 1.3: Monthly mean atmospheric carbon dioxide concentration measured at Mauna Loa Observatory, Hawaii, from 2018 to 2022. The carbon dioxide data on Mauna Loa constitute the longest record of direct measurements of CO2 in the atmosphere. They were started by C. David Keeling of the Scripps Institution of Oceanography in March of 1958 at a facility of the National Oceanic and Atmospheric Administration[START_REF] Keeling | Atmospheric carbon dioxide variations at Mauna Loa Observatory[END_REF]. Source: National Oceanic and Atmospheric Administration.

Figure 1 . 4 :

 14 Figure 1.4: Graphical representation of C fluxes (GtC yr -1 ) of the long-term carbon cycle, with inputs as positive values and outputs as negative values. The green shaded area groups the exchange processes with the mantle, among them the different types of volcanisms. The arrow at the top points to the annual rate of anthropogenic emissions. Reproduced from Lee et al. (2019).
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 15 Figure 1.5: Mole fraction of aqueous inorganic carbon speciation as a function of pH. Reproduced from[START_REF] Zosel | The measurement of dissolved and gaseous carbon dioxide concentration[END_REF] 

Figure 1 . 6 :

 16 Figure 1.6: Pictures of natural carbonates deposits of various origins: (a) White and red chalk cliffs at Hunstanton seashore, Norfolk (UK), consist in biogenic carbonates accumulated by Coccoliths during the Cretaceous and turned into chalk (Andrew Dunn, Wikicommons 1 ). (b) In Pamukkale (Turkey) hydrothermal fluids coming from carbonate-rich formations emerge at the surface; the pressure drop causes dissolved CO2 to degas, a rise in pH, and the spontaneous precipitation of those extensive travertine fields (Antoine Taveneaux, Wikicommons 2 ). (c) "Ladder cracks" filled with secondary carbonates visible on an outcrop of partially serpentinized peridotites in Oman; these are a natural example of the spontaneous carbonation of basic silicate rocks due to hydrothermal activity. Reproduced from[START_REF] Evans | A Poroelastic Model of Serpentinization: Exploring the Interplay Between Rheology, Surface Energy, Reaction, and Fluid Flow[END_REF].
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 18 Figure 1.8: Global monthly mean atmospheric carbon dioxide concentration averaged over marine surface sites. Data from the globally distributed network of air sampling sites of the Global Monitoring Division of NOAA/Earth System Research Laboratory. NOAA, 2022.

Figure 1 . 9 :

 19 Figure 1.9: (Top) Time series of marine pCO2 normalized for seasonal variations. (Bottom) Locations of the time series stations. Reproduced from Benway et al. (2019).

Figure 1 .

 1 Figure 1.10: Change in global surface temperature (decadal average) as reconstructed (from 1 to 2000) and observed (from 1850 to 2020). Reproduced from (IPCC, 2021).

Figure 1 .

 1 Figure 1.11: The different families of carbon management technologies and the origin and destination of the carbon in each case. Reproduced from De Rochette et al. (2022).

Figure 1 .

 1 Figure 1.12: Schematic illustration of the evolution of the dominant CO2 trapping mechanisms with time. The extent of each trapping mechanism is highly site specific and depends on several parameters including the type of rock. (a) carbon storage in sedimentary silicate rocks, (b) carbon storage in mafic and ultramafic rocks). Reproduced from Snaebjörnsdóttir et al. (2020) building on the original figure from[START_REF] Benson | Underground geological storage[END_REF].

Figure 1 . 13 :

 113 Figure 1.13: Map showing the locations of the CarbFix1 and CarbFix2 injection sites. Also shown are various injection and production wells, active faults, and roads in the area. Modified from Clark et al. (2020). The fate of the injected dissolved CO2 in the subsurface during the CarbFix injections was quantified by comparing the dissolved inorganic carbon concentration measured in the monitoring well samples to the corresponding concentration determined from mass balance calculations based on the measured inert tracer concentrations, with the assumption that no chemical reaction occurred in the subsurface. Results of such comparisons assessing the fate of the CarbFix1 and CarbFix2 injections are shown in Figures 1.14 and 1.15. During the injection at the CarbFix1 site, an increase in both tracer and DIC concentrations was observed in the nearest monitoring well, about 70m downstream from the injection well, within 20 days from the start of the CO2 injection. A comparison of the measured and calculated DIC concentrations in this monitoring well indicates that >98% of the injected CO2 is fixed

Figure 1 .

 1 Figure 1.14: Time series of calculated (filled circles) versus measured (open squares) DIC concentrations in CarbFix1 monitoring well samples as a function of days after the initial CarbFix1 injection. The calculated values are based on mass balance calculations assuming the non-reactive mixing of the injected fluid with the formation waters taking account the mass of co-injected inert tracers. The difference in the curves indicate a >98% conversion of the injected CO2 to carbonate minerals within a year of injection. Modified from Matter et al. (2016).
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 115 Figure 1.15: In situ concentrations of DIC in samples collected from the HE-31, HE-48, and HE-44 monitoring wells located 984, 1356, and 1482 m, respectively, from the HN-16 CarbFix2 injection well prior to and during the injection of CO2. Black circles depict the measured concentrations, while the white circles correspond to concentrations calculated assuming non-reactive fluid mixing. The grey bar corresponds to times before the CO2 injection started. Results indicate that more than 50% of the injected CO2 is mineralized within 2-4 months. Modified from[START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

  to identify the likely mineral reactions ocurring in the subsurface during and after the CarbFix1 and CarbFix2 injections. The results are shown in Figures 1.16 and 1.17. Note that positive, negative, and zero saturation index (SI) values correspond to aqueous fluids that are supersaturated, undersaturated, and at equilibrium with the indicated mineral, respectively.

Figure 1 . 16 :

 116 Figure 1.16: Saturation index (SI) values of collected HN-04 monitoring well water samples during and after the CarbFix1 injection with respect to A) magnesite, siderite, and calcite; B) dolomite, aragonite, and ankerite, C) Mg-Fe and Ca-Mg-Fe carbonate solid solutions, and D) pyrrhotite, pyrite, sulphur, and mackinawite prior to, during, and after the injection of pure CO2 and a CO2 /H2S gas mixture into the CarbFix1 subsurface storage site. All saturation indices were calculated assuming the oxygen fugacity was controlled by equilibrium of the H2S/SO4 2-as a redox couple. The timing of CarbFix1 injections are indicated by grey bars. Reproduced from Snaebjörnsdóttir et al. (2017).

Figure 1 . 17 :

 117 Figure 1.17: In situ saturation indices of the fluids collected from the monitoring wells before and during the CarbFix2 injection with respect to the carbonate mineralsankerite, calcite, dolomite, magnesite, and siderite. The black symbols correspond to calculated fluid saturation indices, the gray shaded area indicates times before the injection of gas-charged water into well HN-16, the diagonal lines denote times when well HN-14 was used for the injection of gas-charged waters, and the vertical dashed line represents the time when the amount of CO2 injected into the subsurface was doubled. The SI of these mineral in the injected gas-charged waters, after mixing with geothermal effluent water and heating to 260 °C, but prior to their interaction with the rock, are depicted by horizontal red lines. Reproduced from[START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].
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 1 Figure 1.18: Comparison of carbon injection methods: a) CO2 is dissolved in water during the injection and fully dissolved once it reaches the reservoir as in Carbfix projects. B) CO2 is injected as scCO2 free phase in the reservoir where the caprock traps it until it mineralizes, as in the Wallula project.Reproduced from[START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF] 

  these objectives we have collected a set of 23 altered basalts representing both surface weathering and hydrothermal alteration at depth. The chemical and mineralogical composition of these rocks have been characterized in detail, and their reactivity measured through a series of laboratory experiments. A number of other rocks have been similarly characterized and reacted for comparison or for reference. Results were explored to assess the degree and extent to which the natural alteration of basalts affects their potential to react with CO2 to form stable carbonate minerals during carbon storage efforts. This thesis consists of five chapters. Chapter 3 presents a review of the theoretical background on the dissolution of silicates and the geochemistry of carbonates. Chapter 4 reports on the characterization of the samples used in the study. Chapters 5 and 6 present the results of experiments conducted to assess the reactivity of these samples as a function of their degree of alteration. Chapter 7 presents the results of geochemical modeling calculations designed to bridge the gap between the behavior of the laboratory experiments and the mineralization of CO2 in the subsurface. The major insights gained from this thesis and their relevance for subsurface carbon mineralization are summarized in the conclusions.
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 31 Figure 3.1: Phase diagram of CO2 as a function of temperature and pressure. Modified from Finney and Jacobs, Wikicommons 1 .

Figure 3 . 4 :

 34 Figure 3.4: Logarithm of CO2(g) solubility at a pressure of 1 bar as a function of fluid pH at 25, 100, and 200 °C in a 0.1 mol NaCl solution and sufficient NaOH to increase the pH to the indicated values.These calculations were performed using PHREEQC[START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with its carbfix.dat database[START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF], which takes account of the Peng-Robinson equation of state for CO2[START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

  NaCl solution is computed to decrease the solubility of CO2 by ~45 to 55% compared to that of freshwater at the same pressure and temperature. As such, it should be anticipated that solubility trapping is significantly less efficient in very saline formation fluids, such as might be expected to be present in evaporite rocks.

Figure 3 . 5 :

 35 Figure 3.5: Solubility of CO2(g) as a function of pressure a temperature of (a) 25°C and (b) 100°C.The yellow, orange and purple curves represent the calculated solubility at a water salinity of 0, 0.6, and 5 mol/kg, respectively. These calculations were performed using PHREEQC[START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with the carbfix.dat database[START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] , which takes account of the Peng-Robinson equation of state for CO2[START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

Figure 3 . 7 :

 37 Figure 3.7: The (a) solubility of calcite and (b) the pH of a 0.1 mol/kg aqueous NaCl solution equilibrated with calcite as a function of CO2(g) pressure.In both cases calculations were performed by allowing the aqueous NaCl solution to equilibrate with calcite and pure CO2 at the indicated pressure. The curves in (a) thus refer to the number of moles of calcite dissolved for the one kg of the fluid to attain equilibrium. The red and blue curves show results for temperatures of 25 and 100°C, respectively. These calculations were performed using PHREEQC[START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with its carbfix.dat database[START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] , which takes account of the Peng-Robinson equation of state for CO2[START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF].

Figure 3 . 8 :

 38 Figure 3.8: Summary of the BET surface area normalized far-from equilibrium dissolution rates of selected rock forming minerals at 25°C, normalized to the release rates of Ca, Mg, and Si. Curves depicted in these plots were generated using equations and parameters from[START_REF] Bales | Dissolution kinetics of chrysotile at pH 7 to 10[END_REF];[START_REF] Chou | Steady-state kinetics and dissolution mechanisms of albite[END_REF];[START_REF] Busenberg | A comparative study of the dissolution and crystal growth of calcite and aragonite[END_REF];[START_REF] Chou | Comparative study of the kinetics and mechanisms of dissolution of carbonate minerals[END_REF];[START_REF] Brantley | Chemical weathering rates of pyroxenes and amphiboles[END_REF];[START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF];[START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF];[START_REF] Golubev | Experimental determination of the effect of dissolved CO2 on the dissolution kinetics of Mg and Ca silicates at 25[END_REF];[START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF];[START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF];[START_REF] Rimstidt | Systematic review of forsterite dissolution rate data[END_REF];Critelli et al. (2014) and summarized by[START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF] 

  The observations summarized above suggest that the injection of CO2, either as a single phase or dissolved in water, will rapidly lead to reaction with carbonate minerals if present in the target subsurface storage formation. Insight into the extent and consequences of such reactions in the field can be gained from observations of the Weyburn EOR pilot project, where approximately 40 Mt CO2 have been injected to date (PTRC, 2020).The Weyburn oil fields are located southeast of Regina in southern Saskatchewan, Canada, within the Williston basin (Figure3.9a). Oil is produced from the Mississippian Midale beds, located at 1500m depth (Figure3.9b). The reservoir consists in two main producing layers: the upper Midale Marly

Figure 3 . 9 :

 39 Figure 3.9: (a) Location map of the Weyburn field. Inset map: map of the oil field with Phase 1A area highlighted. This was the first area to be injected with CO2. (b) Simplified stratigraphy of Weyburn.Reproduced from[START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].

  focused on the "Phase 1A study area", shown in Figure 3.9a. The chemical analyses of wellhead gasses and fluids from 40-55 wells were performed during 11 monitoring campaigns between 2000 and 2004 and another five monitoring campaigns from 2005 to 2010. The CO2 concentration measured in the gases collected from the wells increased progressively as the injected CO2 plume spread in the subsurface system and reached the production wells. The median concentration of CO2 in these gases was 4.1 mol% prior to injection, but close to 64 mol% CO2 by 2010, 10 years after the start of the injection.

  monitoring, mostly due to the acidification of subsurface fluids caused by CO2 dissolution. Contour maps of the spatial evolution of the subsurface aqueous solution pH as a function of time are provided in Figure3.10. These maps show how the acidification started earlier in the southern part of the Phase 1A study area, and progressively expanded. By the end of the monitoring period, the water in all wells experienced acidification.

Figure 3 . 10 :

 310 Figure 3.10: Contour maps of the evolution of the downhole fluid pH from 2000 to 2010 in Weyburn Phase 1A area. The solid blue line delineates the Phase 1A study area. The dots represent the locations of wells sampled in each of the campaigns. Reproduced from[START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF]. Further details on the location of the wells used for CO2 injection and the timing of the injections is available in[START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].

Figure 3 .

 3 Figure 3.11: (a) Plot of total alkalinity as a function of downhole fluid pH for all the sampling events. (b) Plot of total alkalinity as a function of calcium concentrations for all the sampling events. The dashed line indicates calcite dissolution. Baseline was measured during August 2000, monitor 3 to 11 from 2001 to 2004, and monitor 12 to 16 from 2008 to 2010. Reproduced from[START_REF] Shevalier | Brine geochemistry changes induced by CO2 injection observed over a 10 year period in the Weyburn oil field[END_REF].
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 3 Figure 3.12: Time-lapse pictures of the carbonation front progressing into a neat cement paste reacted at 50°C and fluid pH of 2.4 in a laboratory experiment. Reproduced from Duguid and Scherer (2010).
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 313 Figure 3.13: Polished core fragment of a gray cement casing from the SACROC unit in Texas showing an orange-colored alteration zone containing carbonates. Reproduced from[START_REF] Carey | Analysis and performance of oil well cement with 30 years of CO2 exposure from the SACROC Unit, West Texas[END_REF].

  [START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF] reacted a brine designed to be at equilibrium with calcite by flowing it through fractured cement cores with typical well cements. In the experiment with the highest fluid flow rate, authors observed the three layers of the typical cement degradation pattern on fracture surfaces, including the formation of a highly porous silica layer corresponding to the dissolution of calcite formed during carbonation. Such results appear to be inconsistent with other experiments with calcite-saturated brines where no significant dissolution of calcite was observed. However, while[START_REF] Duguid | Degradation of oilwell cement due to exposure to carbonated brine[END_REF] and[START_REF] Carey | Experimental investigation of wellbore integrity and CO2-brine flow along the casing-cement microannulus[END_REF] saturated their brine with CO2 first and then equilibrated it with calcite prior to injection, the opposite was true for[START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF], who first equilibrated the brine with calcite at atmospheric CO2 pressure, and then charged the resulting brine with scCO2. As a result, the brine entering the reactor in the[START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF] experiment was undersaturated with respect to calcite, which explains why they observe the dissolution layer.

  When fractures are parallel to the pressure gradient and connect the areas of different pressures, several parameters define the fate of the fracture. The fracture aperture, the fluid flow rate, and the residence time of the fluids in the fracture all have a role in the rate and potential for calcite fracture clogging.[START_REF] Huerta | Experimental evidence for self-limiting reactive flow through a fractured cement core: Implications for time-dependent wellbore leakage[END_REF] observed distinct behaviours depending on the combination of these factors, but with all experiments resulting in the self-sealing of the fractures. Similarly,[START_REF] Luquot | Hydro-dynamically controlled alteration of fractured Portland cements flowed by CO2-rich brine[END_REF] observed that at low to intermediate flow rates, fractures tend to heal and clog. Only in conductive, high flow fractures, the flow was maintained over the course of the experiments. It is interesting to note that, even in such cases, the fractures did not grow and the flow was only maintained.

Figure 3 .

 3 Figure 3.14: Plot of the silica versus total alkali content of volcanic rocks illustrating the TAS classification. Reproduced from[START_REF] Philpotts | Principles of igneous and metamorphic petrology[END_REF] after[START_REF] Bas | A Chemical Classification of Volcanic Rocks Based on the Total Alkali-Silica Diagram[END_REF] 

Figure 3 .

 3 Figure 3.15: Pictures of basaltic macro structures: (left) Uplifted Columnar basalt Mount Rainier National Park (USA) @Brewbooks, (right) Subaqueous pillow lava (@NOAA photo library. Source: Wikicommons
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 316 Figure 3.16: Diagram showing the typical structure of a lava flow. Reproduced from[START_REF] Reidel | The Columbia River Basalt Group of western Idaho and eastern Washington-Dikes, vents, flows, and tectonics along the eastern margin of the flood basalt province[END_REF] 

Figure 3 .

 3 Figure 3.19: Schematic illustration of a hydrothermal system at ocean ridge. The seawater percolates through the fracture network down to the contact zone with magma. The water can bee heated up to 400°C which create strong driver for it to rise through the crust, creating the hydrothermal convection cell. Reproduced from Oceanus, The Journal of Our Ocean Planet 1

  Glass and olivine are the most susceptible phases to alteration. Their degradation provokes the precipitation of smectites, zeolites and calcite along with quartz and pyrite at temperatures below 200°C. Between 200°C and up to 240 °C smectites evolve into mixed layer clay minerals with zeolites and calcium silicates becoming less abundant. Beyond 240°C chlorites become the most represented secondary Mg-bearing phases. The presence of epidote and prehnite indicate even higher alteration temperatures and actinolite occurs only when rocks have been heated to more than 300°C. Clay minerals are the most abundant alteration minerals overall.

Figure 3 .

 3 Figure 3.21: Illustration of the zonation resulting from hydrothermal alteration with a microscopic view of sample B316S3

Figure 3 .

 3 Figure 3.22: Schematic representation of the crystalline structure of phyllosilicates with large cation sites (here sodium) positioned between the TOT layers. Reproduced from[START_REF] Lackner | Reaction mechanisms in swelling clays under ionizing radiation: influence of the water amount and of the nature of the clay mineral[END_REF] 

Figure 3 .

 3 Figure 3.23: Schematic illustration of the Transition State Theory: (left) Schematic representation depicting the energy barrier ∆Ga required to form the activated complex and go from reactants to products. Reproduced from[START_REF] Brady | Kinetics of quartz dissolution at low temperatures[END_REF]. (right) Schematic representation of a "saddle-shaped" potential energy surface with the possible reaction paths crossing the lowest energy barriers. Reproduced from[START_REF] Hare | Post-transition state bifurcations gain momentum-current state of the field[END_REF] When a mineral interacts with an aqueous solution, a widely used indicator of the thermodynamic state of the system is the saturation index (SI) of the fluids with respect to the considered mineral. The saturation index SI is defined as:

Figure 3 .

 3 24).The progress of the reaction is tracked by regular sampling and by measuring parameters such as pH. Batch experiments have several limitations, in particular when conducted at high pressures and temperatures. The sampling of fluid can disturb the reaction in several ways. First, it decreases the water to rock ratio, so only limited amounts of fluid can be sampled. When the experiment involves a gas phase, as is the case for mineral carbonation experiments, sampling may also cause pressure drops in the reactor. Finally, depending on the speed of the reaction, the accumulation of the released elements can influence the measured rates[START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF] and the systems can even shift from farfrom to near-equilibrium conditions, two domains where the dissolution mechanism can differ (see below). The mixed-flow (MF) reactor is an experimental system where the dissolution reaction can be maintained at a selected far from or near to equilibrium condition by continuously renewing the reactive fluid in the reactor. A schematic view of a MF experiment is shown on Figure 3.25: the inlet fluid is stored in a compressible bag (a). A pump (b) maintains a constant flow rate of inlet solution towards the reactor (e). The content of the reactor is continuously stirred (d) and the temperature of the system is regulated by a controller (c) connected to a thermocouple and a heating jacket (g). The fluids leave the reactor through a filter to prevent the loss of solid and the contamination of the fluid samples.
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 324 Figure 3.24: Picture of a typical batch reactor: a closed system with a stirring mechanism and sampling ports. @Echis, source: Wikicommons

  , consists of a cell filled with the powdered mineral sample, through which the reactive fluid circulates at constant rate (Figure 3.26). The cell length is typically short, for example 1 mm, which does not allow for the formation of chemical gradients. The main differences of this reactor from the MF system are a lower water/rock ratio and the absence of stirring. In the rotating disk reactor, the sample is prepared as a solid disk with finely polished surface and mounted onto the rotator of the reactor, which is driven by a magnetic coupling to the rotor. The reactor can be heated and pressurized and the fluid is not renewed, similar to a batch experiment (Figure 3.27). The main interest in the rotating disk design is that a high rotation speed allows measurements of fast reaction rates, as the effects of diffusion in the reactive fluid can be quantified. This quantification is based on the theory of mass transfer in the vicinity of a disk rotating in a semi-infinite volume of liquid

Figure 3 .Figure 3 . 27 :

 3327 Figure 3.26: Schematic view of a single pass flow through system. Reproduced from[START_REF] Weed | Design of a variable-flow-rate, single-pass leaching system[END_REF] 

Figure 3 .

 3 Figure 3.28: Example of an AFM image of an etch pit on calcite, allowing for the precise measurement of the etch pit size. Reproduced from[START_REF] Shiraki | Dissolution kinetics of calcite in 0.1 M NaCl solution at room temperature: An atomic force microscopic (AFM) study[END_REF] 

Figure 4 . 1 :

 41 Figure 4.1: Geological map of Iceland showing the age of the rocks. Reproduced from Snaebjörnsdóttir et al., (2014), initially created by the Icelandic Institute of Natural History. The red dotted line indicates the approximate location of the rift, where the most recent rocks are regularly emplaced due to the volcanic activity.

Figure 4 . 2 :

 42 Figure 4.2: Pictures of the samples of river suspended material The older surface weathered basalts considered in this thesis were obtained during a remotely organized field sampling campaign, thanks to the support of Iceland based colleagues, Matylda Heřmanská and Iwona Galeczka who travelled to the east to collect surface samples. The reason for doing this sampling remotely is that COVID 19 pandemic hit in March 2020 and prohibited any travel from France to Iceland for months. This campaign collected a suite of surface altered rocks across a transect perpendicular to the rift and towards the east coast of Iceland, where the oldest rocks are found (Figure 4.1). The sampling locations were selected to span a wide range of ages and a diversity of rocks, with olivine basalts and porphyritic basalts. The exact sampling locations were based on the detailed
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 4344412 Figure 4.3: Pictures from the sampling location and of the corresponding collected surface weathered basalts samples

Figure 4 . 5 :

 45 Figure 4.5: Overview of the three runs of the core HE-65: sample HE65_11 was selected from run 1 (left), sample HE65_22 from run 2 (center) and sample HE65_42 from run 4 (right). Picture reproduced from[START_REF] Weisenberger | Macroscopic Core Description of Cores from HE-65 and Compilation of Core Data from Wells ÖJ-1 and NJ-17[END_REF].

Figure 4 . 6 :

 46 Figure 4.6: Positions of the selected sections along the IRDP core and pictures of selected samplesWe also wanted the samples to span the full length of the core. However, a particular focus was placed on intermediate depths (400 to 800 m) as they represent the most likely depths used for subsurface carbon storage efforts. Brecciated flow tops are more porous than thick dense lava flows. As a result,
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 47 Figure 4.7: (left) Picture of sample JQ_32, and (right) map of the sampling location for this sample in India.
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 4849 Figure 4.8: Map showing the sampling location for KZ_01 and KZ_02, from an outcrop nearby Yenicekent, Turkey

Figure 4 . 10 :

 410 Figure 4.10: Example of the preparation of sample TK_01 with the selection of a portion for the thin section.

Figure 4 .

 4 Figure 4.11: Pictures of the preparation of the samples with the coarse crushing of the rock with hand hammer (left), followed by the fine grinding using the agate vibrating mill (right).

Figure 4 . 12 :

 412 Figure 4.12: Cleaning of the rock powders in DIW with gravitational setting

Figure 4 . 13 :

 413 Figure 4.13: Microscopical observation of the structures of (left) B130S2 and (right) HEOB_17 in polarized and analyzed light

Figure 4 . 14 :

 414 Figure 4.14: Sequence of SEM pictures corresponding to the different steps of the procedure to identify and quantify the minerals in a thin section, using the EDX mapping function. (a) An initial BSE picture is captured, then (b) the program performs the mapping of chemical element concentrations. The auto phase function proposes an initial detection of distinct phases using classification algorithms. (c) The results can then be adjusted based on the identification of the phases. Finally, (d) the relative abundance of the detected phases is quantified based on pixel counting.

  Cu X-ray source measuring at 40 kV and 40 mA on a range of 4 -70° with a step size of 0.02°. The PDF4/Minerals ICDD database was used for mineral identification. The quantities of the crystalline mineral phases were determined by Rietveld refinement. The amounts of the crystalline minerals were recalculated based on the addition of a known percentage of corundum added to each sample. The mass of amorphous and poorly crystalline material was estimated from the difference between the sum of the volume fractions of the identified crystalline phases and 100%. This analysis is associated with levels of uncertainty up to 20%, depending on the minerals and their relative abundance. The results are shown inFigure 4.15, Figure 4.16, Figure 4
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 415 Figure 4.15: Mineralogy of the surface weathered basalts ordered by age, as determined by XRD Rietveld refinement, in weight percent.

Figure 4 . 16 :

 416 Figure 4.16: Mineralogy of the hydrothermally altered basalts ordered by depth, as determined by XRD Rietveld refinement, in weight percent.

Figure 4 . 17 :

 417 Figure 4.17: Estimated mineralogy of the non-mafic samples based on their chemical composition and the XRD results, in weight percent.

Figure 4 . 18 :

 418 Figure 4.18: Comparison of the chemical composition of all the studied rocks. The left panel shows the distribution of SiO2 content and the left panel shows the cumulated contents of CaO, MgO and Fetot ranked by CaO content.

Figure 5 . 1 :

 51 Figure 5.1: Map showing the sampling locations of each altered basalt considered in this study. The colored areas represent the catchment area covered by each of the sampling points from which suspended material was collected.

  remove particles larger than 630 µm, then used directly in the experiments. SEM images of representative prepared powders before the experiments are depicted in Figure5.2. Grains appear clean with no fine particles present. The size of the gains corresponds to the selected size fraction.

Figure 5 . 2 :

 52 Figure 5.2: SEM images of the prepared powders before reaction (a) sample HE65_22 and (b) GOB_14, and after batch experiments (c) sample HE65_22 and (d) GOB_14. Images of powders before the experiment are shown at a smaller scale to show the homogeneity of the grains and the quality of the preparation. Images of powders after reactions have a larger scale to make it possible to see potential precipitated phases.
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 62 [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3 -A Computer Program for Speciation , Batch-Reaction , One-Dimensional Transport , and Inverse Geochemical Calculations[END_REF] together with the CarbFix.dat (V1.1) database[START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF]. The saturation index of the reactive fluids with respect to primary and potential secondary phases were calculated based on the measured pH and element concentrations.Element release rates from the batch experiments were calculated using two methods. The first consists of calculating the slope, dni/dt, of a least squares fit of the total mass of the i th element released by the rock sample to the fluid as a function of time as described in[START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. The mass of each element released was calculated by multiplying the concentration of the element by the reactor fluid mass, taking into account the mass of fluid removed due to sampling over time. Only concentrations measured in fluids collected after 9 days of the start of each experiment were used for calculating this slope in an attempt to generate approximately steady-state dissolution rates. Element release rates were calculated using:
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 55 Figure 5.5: Mineralogy of the surface samples as determined by XRD Rietveld refinement, in weight percent ordered based on the age of the samples.
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 56 Figure 5.6: Evolution of the amorphous phase content of the surface basalt samples as a function of age. The symbols correspond to the measured amorphous phase content of the rock samples; the uncertainties on these analyses are on the order of 20%. The dotted curve in the figure shows an exponential fit to these data. The equation of this fit is provided in the figure.

Figure 5 . 7 :

 57 Figure 5.7: Mineralogy of the samples from the IRDP core and Hellisheiði well HE-65 as determined by XRD Rietveld refinement, in weight percent. Samples are ordered by origin and increasing sample depth.

Figure 5 . 8 :

 58 Figure 5.8: Temporal evolution of in-situ pH during three representative batch experiments. The size of the uncertainties is smaller than the symbol size. The colors represent the origin of the samples: green for IRDP core, blue for surface samples, and brown for HE-65 core. The in-situ pH of the fluids in all batch reactor experiments increases rapidly attaining a nearconstant value after the first 9 days, at distinct values in each experiment. The highest final pH values, close to 8, were observed in experiments performed on samples containing significant amounts of calcite.
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 59 Figure 5.9: (see caption on the next page)

Figure 5 . 10 :

 510 Figure 5.10: Logarithm of the BET surface area normalized Si release rates as a function of the corresponding pH. The grey dashed line shows the result of a polynomial regression of these rates. Samples containing calcite are depicted with open symbols. Grey triangles represent the results obtained from the MF experiments. Error bars indicate a ±0.3 log units uncertainty on the Si release rates obtained from equation (3). Uncertainties on the measured pH are smaller than the symbol size.

Figure 5 .

 5 Figure 5.12: Temporal evolution of (a) the pH, and the (b) Ca, (c) Si, and (d) Al, Fe and Mg concentrations of the outlet fluids for the B130S2 MF experiment. The size of the uncertainties is smaller than the symbol size. In all the experiments, the pH, Si, Ca and Mg concentrations peaked during the first few days before decreasing towards a stable steady state value. During the early part of the B130S2 MF experiment, the pH reached values close to 7 before decreasing to 4. This high initial pH explains why Fe concentrations were below the quantification limit at the beginning of the experiment; likely due to Fe oxidation and precipitation. Concentrations of Al did not exhibit consistent trends across all the

Figure 5 . 13 :

 513 Figure 5.13: Plot of the BET surface area of the laboratory prepared rock powders used in this study as a function of the sum of their zeolite and chlorite contents. The samples containing clay minerals are shown as open symbols. Error bars represent the uncertainty on BET measurements. The grey dashed line shows the result of an exponential regression of these surface areas.
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 514 Figure 5.14: Temporal evolution of the Ca/Si molar ratio of the fluids normalized to that of the original rock for selected representative batch experiments. The red dashed line represents the Ca/Si ratio of stoichiometric dissolution.In some cases, the preferential release of both Mg and Ca persists until the end of the experiments. To further explore this preferential release, the Ca and Mg to Si release rate ratios were calculated from a linear regression (Eq. 3) of the fluid masses during the latter part of each batch experiment. The resulting release rate ratios are provided in Table5.6. Most hydrothermally altered basalt samples exhibited a preferential release of Ca and Mg, relative to Si over the whole experiment, whereas surface altered samples tended to approach stoichiometric element release rates over time. This behavior may stem from the alteration process itself. The hydrothermal alteration of basalts leads to the formation of minerals such as zeolites and epidote which contain abundant Ca and react relatively fast compared to Ca poor alteration phases. The alteration of basalts at the Earth's surface tends to preferentially remove Ca and to a lesser degree Mg from the basalt, without the precipitation of divalent metal-rich secondary phases. The preferential release of Mg can be explained by the faster dissolution rate of augite/diopside relative to the whole rock, or by the exchange of Mg from chlorites and smectites.

Figure 6 . 1 :

 61 Figure 6.1: Location maps showing the origin of the different samples used in this study: (a) western Iceland, (b) eastern Iceland, (c) western Turkey and (d) Eastern India.

Figure 6 . 2 :

 62 Figure 6.2: SEM images of prepared samples HE-65 (left) and VP_13 (right). The grains are free of fine particles and have a grain size corresponding to the 40-150 µm size fraction.

6 Figure 6 . 3 :

 663 Figure 6.3: Temporal pH evolution for all experiments performed in this study. The color of each symbol indicates the type of alteration. Basalts altered at the Earth's surface are shown in blue, rocks altered to the zeolite facies are shown in yellow, basalts altered to the epidote facies are shown in green, basalts altered to the actinolite facies are shown in brown and the non-basalts collected from Turkey, the marble (KZ_01) and the mica schist (KZ_02) are shown in white. Note the pH of the first sample collected from the KZ_02 experiment was 4.86 and that of the samples collected from the KZ_01 are ~6.3 so they do not appear on this figure. The mechanical steady state was reached for all reactors within 25 hours in all experiments.

Figure 6 . 4 :

 64 Figure 6.4: Temporal evolution of Si (left) and Ca (right) concentrations in the outlet fluids of all experiments in this study. Note the Ca concentrations of experiment KZ_01 are not shown as they are above the maximum value of the plot. See the caption of Fig. 3 for the identity of the color of the symbols.
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 65 Figure 6.5: Temporal evolution of the molar Ca/Si ratio (left) and the molar Ca/Si ratio normalized to that of the rock (right) for each sampled outlet fluid sample of all experiments other than during the KZ_01 and KZ_02 dissolution experiments. The values of these later two experiments lie outside of the plot area due to calcite dissolution and a very low solid sample Ca concentration respectively. See the caption of Fig. 3 for the identity of the color of the symbols.

  samples). Several post-experiment powders exhibited a reddish color indicative of iron oxyhydroxide precipitation. The dissolution of KZ_01 resulted in outlet fluids remaining very close to saturation with calcite throughout the experiment. Representative SEM images of post-experiment powders are presented in Figure 6.6. The solids exhibit evident dissolution features, as well as distinctive partial surface coatings consistent with the precipitation of secondary aluminum and iron oxyhydroxide phases. Similar observations were reported by Marieni et al. (2021) when dissolving pure epidote at 100 °C and pH 3.

Figure 6 . 6 :

 66 Figure 6.6: Representative SEM images of post-experiment powders. (a) A heulandite grain from sample JQ_3-2 showing dissolution features and minor secondary boehmite (Al-OH), (b) a dissolved albite grain from sample GOB_14 partially coated with boehmite, (c) an epidote grain from B316S3 largely coated with boehmite and (d) a quartz grain from B261S4 with neither dissolution feature nor coatings.

Figure 6 . 7 :

 67 Figure 6.7: Logarithm of measured silicon release rates normalized to BET (upper plot) and geometric (lower plot) surface area together with those of various single minerals calculated using equations reported by Heřmanská et al. (2022) or of rocks. CRB 90C stands for a Columbia River Basalt dissolved at 90 °C[START_REF] Schaef | Dissolution of Columbia River Basalt under mildly acidic conditions as a function of temperature: Experimental results relevant to the geological sequestration of carbon dioxide[END_REF]. Epidote 100C refers to rates of Si release from epidote at 100 °C[START_REF] Marieni | Experimental study of epidote dissolution rates from pH 2 to 11 and temperatures from 25 to 200 °C[END_REF]. Crystalline basalt's rates were reported by[START_REF] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2≤pH≤11 and temperatures from 5 to 75°C[END_REF]. Basaltic glass rates were reported by[START_REF] Gislason | Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental study of the dissolution rates of basaltic glass as a function of pH and temperature[END_REF]. The uncertainty on the measured values is depicted with error bars. See the caption of Fig.6.3 for the identity of the color of the symbols.

Figure

  Figure S2 for Fe.
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 68 Figure 6.8: Logarithms of the calcium (upper), and magnesium (lower) release rates normalized to BET (left) and geometric (right) surface areas respectively in units of mol•m -2 •s -1 measured in this study. The sources of the rates of minerals, and rocks are provided in the caption of Fig. 6.7. The uncertainty on the measured values is depicted with error bars. See the caption of Fig. 6.3 for the identity of the color of the symbols.

  7.4 compiled byCharlton et al. (2022)1 . The R scripts used for MF and carbonation simulations presented in this chapter are provided in the annex.7.2.1. Mixed-flow dissolution modelMixed-flow (MF) experiments were simulated in PHREEQC to compare their results to corresponding experimental results. The model is built on the keywords KINETICS, MIX and TRANSPORT to simulate a transport among two cells: one flowing and the other one stagnant. A schematic view of the conceptual experiment design is shown on Figure 7.1.

Figure 7 . 1 :

 71 Figure 7.1: Schematic representation of the MF simulations. This illustration shows details for a fluid flow rate of 1 ml min -1 . Cell 1 corresponds to the inlet tank. It contains the inlet reactive fluid and has a constant composition. In the presented models, the inlet solution in comprised of pure water to which HCl and NaCl were added to obtain a pH of 3 and an ionic strength of 0.01 mol kg -1 . Cell 3 corresponds to the reactor. It contains the powdered sample of the studied rock and 200 ml of reactive fluid. During each one-minute timestep, a volume of inlet fluid equivalent to the defined flow rate is mixed with the existing solution to complete the 200ml capacity of the reactor, simulating flow. PHREEQC retrieves the composition of cell 3's fluid as well as the mass of minerals dissolved and precipitated every 24 h. The surface area of each mineral in the dissolving rock is assumed to be proportional to its weight percent in the initial rock. The surface area is set to decrease linearly in proportion to the changing mass of the

  2, and the results of the simulation are shown in Figure 7.2.

Figure 7 . 2 :

 72 Figure 7.2: Results from the simulation of mixed flow experiment B130S2. (a) temporal evolution of calculated reactive fluid pH; (b) temporal evolution of reactive fluid Ca, Mg, and Si concentration; (c) temporal evolution of the mass of the minerals initially in the rock, (d) percentage of each initial mineral in the rock removed by dissolution during the 20-day simulation. The calculated fluid compositions are compared with corresponding experimental results as a function of time in Figure 7.3 The initial simulation overestimates both the fluid pH and Si concentrationduring the experiment. Also, albite, augite and laumontite appear to be completely dissolved in the model calculation. This is not consistent with the post reaction XRD results where these phases still appear. The model calculation, however, suggests a log of Si release rates of -9.16 after 14 days of reaction, which is close to that measured in the experiments, which was equal to -9.14.

Figure 7 . 3 :

 73 Figure 7.3: Comparison of (left) pH and (right) Si concentrations values obtained from the experiment, the initial model and the adjusted model for mixed flow experiment B130S2.

Figure 7 . 4 :

 74 Figure 7.4: Results from the simulation of the dissolution of altered basalt B130S2 added with 15wt% forsterite in a mixed flow reactor. (a) temporal evolution of calculated reactive fluid pH; (b) temporal evolution of reactive fluid Ca, Mg, and Si concentration; (c) temporal evolution of the mass of the minerals initially in the rock; (d) estimated logarithm of surface area normalized element release rates.
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 75 Figure 7.5: Results from the simulation of the dissolution of altered basalt B130S2 added with 15wt% basaltic glass in a mixed flow reactor. (a) temporal evolution of calculated reactive fluid pH; (b) temporal evolution of reactive fluid Ca, Mg, and Si concentrations; (c) temporal evolution of the mass of the minerals initially in the rock; (d) estimated logarithm of surface area normalized element release rates.

  3, and the results of the simulation are shown in Figure 7.6.
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 76 Figure 7.6: Results from the simulation of mixed flow experiment B316S3. (a) temporal evolution of calculated reactive fluid pH; (b) temporal evolution of reactive fluid Ca, Mg, and Si concentration; (c) temporal evolution of the mass of the minerals initially in the rock; (d) percentage of each initial mineral in the rock removed by dissolution during the 40-day simulation.

Figure 7 . 8 :

 78 Figure 7.8: Results from the simulation of mixed flow experiment GOB_14. (a) temporal evolution of calculated reactive fluid pH; (b) temporal evolution of reactive fluid Ca, Mg, and Si concentration; (c) temporal evolution of the mass of the minerals initially in the rock; (d) percentage of each initial mineral in the rock removed by dissolution during the 40-day simulation.

Figure 7 . 9 :

 79 Figure 7.9: Comparison of (left) pH and (right) Si concentrations values obtained from the experiment, the initial model and the adjusted model for mixed flow experiment GOB_14.

  its associated kinetic database were observed. The quantitative match of the model and measured values was less straightforward, and it appears that the performance of the model strongly depends on the minerals involved and their proportions. For example, augite as well as labradorite, albite, and laumontite seem to react much faster in the model than in the experiment based on the results for B130S2 and GOB_14. Conversely, epidote appears to react slower in the model than in the experiment based on the results for B316S3. The gap in Si concentrations towards the end of the reaction in this simulation might be related the presence of 20 wt% amorphous material in this rock sample; the dissolution of this phase was not considered in the model simulation. Another trend not accurately reproduced are initial fast exchange reactions. The latter is revealed in particular by the gap in Ca concentration in the first days of reaction.
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 711 Figure 7.11: Results of a simulation of altered basalt B130S2 reacting with pure water charged with 20 bar CO2 at 30°C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time.

Figure 7 . 12 :

 712 Figure 7.12: Results of a simulation of altered basalt B130S2 reacting with pure water charged with 20 bar CO2 at 120 °C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time.
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 713 Figure 7.13: Results of a simulation of altered basalt B316S3 reacting with pure water charged with 20 bar CO2 at 30 °C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time.

Figure 7 . 14 :

 714 Figure 7.14: Results of a simulation of altered basalt B316S3 reacting with pure water charged with 20 bar CO2 at 120 °C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time.

Figure 7 . 15 :

 715 Figure 7.15: Results of a simulation of altered basalt GOB_14 reacting with pure water charged with 20 bar CO2 at 30°C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time. After 2 years of reaction, dolomite starts to precipitate, and calcite appears after 6 years of reaction. The rock is able to completely mineralize the injected CO2 within 60 years. The results obtained from the simulated carbonation of this rock at 120 °C are shown on figure 7.16.

Figure 7 . 16 :

 716 Figure 7.16: Results of a simulation of altered basalt GOB_14 reacting with pure water charged with 20 bar CO2 at 120 °C. (a) temporal evolution of pH; (b) temporal evolution of dissolved inorganic carbon concentration; (c) temporal evolution of the mass of secondary minerals precipitated in the simulation per kg of H2O; and (d) incremental change in the of the mass of secondary minerals precipitated in the simulation per kg of H2O over time.
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  Depleted oil & gas reservoirs are estimated to have approximately 1,000 GtCO2 of storage capacity[START_REF] De Coninck | Carbon dioxide capture and storage: Issues and prospects[END_REF]. Such rock formations, however, tend to have limited mineralization capacity. Onshore basalts, which in most cases have large mineralization potentials have an estimated capacity of 25,000 to 250,000 GtCO2 (National Academies of Sciences Engineering and Medicine,

2.2. Le besoin de stockage géologique du carbone

  

	les pays en développement. Le budget carbone restant pourrait à l'inverse être distribué de façon plus Le stockage souterrain dans des réservoirs géologiques permet d'optimiser le volume de
	L'usage généralisé des énergies fossiles s'est accompagné d'un transfert massif et rapide de juste, comme proposé par le Panel Finlandais sur le Climat (Ollikainen et al., 2019). stockage grâce à des pressions plus élevées qu'à la surface. Il consiste à injecter le CO2 dans l'espace
	carbone des réservoirs géologiques stables vers la surface. La vitesse et l'ampleur de ce transfert En tous les cas, tous les scenarii du GIEC qui permettent d'atteindre les objectifs de l'Accord poreux de formations rocheuses souterraines, typiquement à plusieurs centaines de mètres de
	dépassent largement les capacités des mécanismes naturels d'absorption du carbone, ce qui provoque de Paris requièrent le déploiement à grande échelle des techniques de Capture et de stockage du Carbone profondeur. Le CO2 étant moins dense que les eaux ou roches souterraines, il a naturellement tendance
	une accumulation de carbone dans l'atmosphère et les océans. Les émissions annuelles de GES étaient (CSC) et d'Elimination du Dioxyde de Carbone (EDC). Cela signifie que réduire les émissions n'est à remonter. Les caractéristiques du réservoir géologique doivent donc permettre son piégeage selon
	de 59±6,6 GtCO2-eq en 2019, dont 38±3 GtCO2-eq (GIEC, 2022) dues à la combustion d'énergies plus suffisant et qu'il est désormais indispensable de recapter et stocker de grandes quantités de carbone. plusieurs mécanismes. Le piégeage stratigraphique consiste simplement à bloquer la remontée du CO2
	fossiles. Les océans et la biosphère absorbent chacun environ 25 % de ce carbone, l'autre moitié Les techniques de gestion du carbone, se divisent en plusieurs familles. L'origine et la destination du par une barrière naturelle, la roche de couverture, qui se caractérise par une très faible perméabilité et
	s'accumulant dans l'atmosphère (Friedlingstein et al., 2022), comme le montrent les enregistrements carbone permettent de les distinguer aisément. une bonne résistance aux événements sismiques. Le piégeage de CO2 dans les aquifères salins repose
	largement sur ce principe. Le piégeage résiduel, lui, est dû aux forces capillaires qui retiennent les représentés sur les Figures 1.8 et 1.9. En conséquence, l'atmosphère terrestre se réchauffe par le La CSC permet d'intercepter le CO2 à l'issue de processus industriels pour l'empêcher de molécules de CO2 dans les pores de la roche (Burnside and Naylor, 2014). Par ailleurs, lorsque le CO2 mécanisme de l'effet de serre, ce qui pousse le système climatique en dehors des valeurs connues pour rejoindre l'atmosphère. Il est ensuite stocké, de préférences dans des réservoirs géologiques. Ces entre en contact avec de l'eau liquide, il s'y dissout naturellement jusqu'à saturation de la solution l'époque récente (Figure 1.10). techniques permettent donc d'éviter ou de réduire des émissions, mais ne génèrent pas d'émissions aqueuse. C'est le piégeage par solubilité où le CO2 est retenu dans l'eau tant que la pression le permet.
	Pour tenter de limiter le phénomène, la communauté internationale a mis en place plusieurs négatives. Le degré de solubilité du CO2 dans l'eau varie selon plusieurs paramètres (Portier and Rochelle, 2005;
	traités visant à réduire les émissions de GES, notamment l'Accord de Paris signé en 2015 à l'occasion L'EDC capte le dioxyde de carbone directement dans l'atmosphère et le stocke de façon durable. Zhang and Bachu, 2011) que nous détaillons au chapitre 3, section 3.1. Enfin le piégeage par
	de la COP 21 (UNFCCC, 2015), qui fixe comme objectif de limiter l'augmentation des températures C'est en quelques sortes le processus inverse de la combustion d'énergies fossiles. Le GIEC propose minéralisation est possible quand les roches du réservoir sont réactives et permettent la transformation
	moyennes à 2 °C tout en poursuivant l'action menée pour le limiter encore davantage à 1,5 °C. Les pays trois rôles pour l'EDC dans les scénarii permettant de tenir l'objectif d'1.5 °C (IPCC, 2022): du CO2 en minéraux carbonatés
	signataires se sont engagés à réduire continuellement leurs émissions selon des contributions
	déterminées au niveau national (NDC en anglais) actualisées tous les cinq ans. De son coté, le Groupe • A court terme, contribuer à réduire le bilan net d'émissions pour atteindre la neutralité carbone
	Intergouvernemental d'Experts sur le Climat (GIEC, IPPC en anglais) a décrit plusieurs scénarii de au plus tôt
	réduction des émissions qui permettraient d'atteindre les objectifs de l'Accord de Paris (IPCC, 2018), • A moyen terme, compenser les émissions résiduelles des secteurs difficilement décarbonables
	et a définit le concept de budget carbone restant, qui correspond à la quantité de carbone que nous • A long terme, produire suffisamment d'émissions négatives pour dépasser la neutralité carbone,
	pouvons encore émettre avant d'atteindre un réchauffement d'1.5 °C. Dans son dernier rapport, le GIEC et réduire peu à peu la concentration atmosphérique de CO2.
	estime que, pour avoir 67% de chances de rester sous la barre des 1.5 °C, ce budget est de ~400 GtCO2 Enfin, la Capture avec Valorisation du Carbone (CVC) regroupe les approches qui permettent un
	à partir de 2020 (IPCC, 2021). Le ratio de ce budget divisé par les émissions annuelles mondiales donne réemploi dans des produits commerciaux du carbone intercepté. Il est par exemple possible d'utiliser le
	une bonne estimation du temps qu'il reste pour abandonner les énergies fossiles et a été matérialisé par CO2 comme matière première pour produire des plastiques, des réactifs chimiques de base ou encore
	l'horloge climatique 1 . Au moment où j'écris ces lignes, elle affiche 6 ans et 346 jours restants… des carburants synthétiques. Ces différentes familles sont représentées dans la Figure 1.11.
	Sur cette base, nombre de pays et d'organisations ont souscrit à l'objectif d'atteindre la Les volumes de CO2 à capter sont considérables. Les scénarii du GIEC prévoient déjà près de 3
	neutralité carbone d'ici à 2050, qui correspond à une situation où les émissions ont été réduite au GtCO2 par an de CSC et 6 GtCO2 par an d'EDC à l'horizon 2050 (IPCC, 2022). Si la décarbonation des
	maximum, et les émissions résiduelles sont compensées par des émissions négatives (Rogelj et al., activités humaines prend du retard, ces chiffres devront être revus à la hausse. Aujourd'hui seuls 26 sites Néanmoins, à l'échelle de temps humaine ce thermostat n'a qu'un effet négligeable sur le climat 2021). Cet objectif, ambitieux, est cependant remis en question par de plus en plus de chercheurs et industriels captent leur CO2 pour une capacité totale d'environ 40 MtCO2 an -1 (Global CCS Institute, dont la modification est essentiellement causée par les émissions de gaz à effet de serre (GES) provenant d'experts du climat qui le considèrent trop lointain alors que l'action est nécessaire aujourd'hui (Climate 2020). Mais Zhang et al. (2022), montrent qu'en réalité on est plus proches de 36 MtCO2 capturées par de la combustion des énergies fossiles (IPCC, 2021). Ce faisant, les humains ont déplacé tellement de Crisis Advisory Group, 2021). De plus, cet objectif contient l'hypothèse implicite que la distribution an dont seulement 29 MtCO2 sont stockées durablement. Les volumes éliminés par l'EDC sont encore carbone de la géosphère vers l'atmosphère et à une telle vitesse qu'ils sont eux-mêmes devenus une force géologique. Cela signifie qu'ils sont capables d'altérer durablement les équilibres géochimiques des émissions restantes restera la même qu'aujourd'hui où les pays riches émettent 10 à 20 fois plus que plus faibles, avec environ 2.6 MtCO2 contractualisés et seulement 29,000 tCO2 réalisées 2 . Il y a donc un
	de la planète et a justifié la définition d'une nouvelle ère géologique : l'anthropocène (Ruddiman, 2013). défi industriel sans précédent, notamment pour le stockage de ces grandes quantités de CO2.

. Geologic storage and carbonate geochemistry

  

	Chapter 3
	Theoretical background
	3.1This first section of chapter 3 has been published as Delerce, S., Marieni, C., Oelkers, E.H., 2022.
	Carbonate geochemistry and its role in geologic carbon storage, in: Wang, Q. (Ed.), Surface Process,
	Jusqu'ici, la recherche sur la minéralisation du CO2 et les démonstrateurs industriels se sont
	concentrés sur des basaltes frais ou sur le verre basaltique pour profiter de leur haute réactivité. La
	faisabilité du stockage par minéralisation dans les basaltes altérés reste incertaine car ceux-ci sont a
	priori moins réactifs et beaucoup plus divers. Cependant, les basaltes frais et très réactifs n'existent que
	dans les zones volcaniques actives, et la majorité des basaltes disponibles en surface et dans la croûte
	terrestre ont subi un certain degré d'altération. L'objectif principal de cette étude est d'explorer et de
	quantifier le potentiel des basaltes altérés pour la minéralisation in-situ du CO2. Plus particulièrement,
	cette étude vise à évaluer si les basaltes altérés sont moins réactifs que les basaltes frais, et à quantifier
	cette différence en explorant comment l'altération affecte la réactivité de ces roches. L'étude inclue
	également la comparaison des basaltes altérés entre eux pour mettre en relation les différences de
	réactivité observées avec leurs caractéristiques et déterminer si certains facies d'altération sont plus
	propices que d'autres pour la minéralisation in-situ du CO2.
	Pour cela, 23 basaltes altérés ont été sélectionnés pour représenter l'altération de surface et
	l'altération en profondeur par les processus hydrothermaux. Les compositions chimiques et
	minéralogiques de échantillons ont été caractérisées, et leur réactivité a été mesurée dans une série
	d'expérience au laboratoire. D'autres roches ont suivi le même protocole pour comparaison. Les
	résultats obtenus permettent de comprendre comment l'altération affecte la réactivité des basaltes, et
	d'évaluer si les basaltes altérés peuvent être utilisés valablement pour la minéralisation du CO2 à grande
	échelle.

Table 3 . 1 :

 31 Overview of the parameters affecting cement resistance in CO2-rich environments

	Parameter	Lower resistance of	Higher resistance of cement	References
		cement		
	Nature of the reactive	CO2 charged	Dry or wet scCO2, with wet	(Regnault et al., 2005;
	fluid	water/brine (aqueous)	scCO2 being more aggressive	Sweatman et al.,
			Bubble effect to protect wells	2009)
	Salinity of reactive	Low (typically pure	High (brines) with salting out	(Gunter et al., 1997;
	aqueous fluid acting on	water)	effect = less CO2 in solution	Portier and Rochelle,
	CO2 solubility			2005)
	Calcite saturation state	Reactive fluid under-	Reactive fluid saturated with	(Crow et al., 2010;
	of the aqueous reactive	saturated with calcite	calcite	Duguid and Scherer,
	fluid			2010; Duguid et al.,
				2011a; Luquot et al.,
				2013)
	Cement curing time	Shorter	Longer	(Kutchko et al., 2007)
	Cement curing P and T	Cements cured at low	Cements cured at higher	(Kutchko et al., 2007)
		P and T conditions	pressure and temperature	
			conditions	
	Cement composition	Pozzolan cements	Neat cement (richer in	(Kutchko et al., 2007)
			Portlandite)	(Barlet-Gouédard et
			Newly developed special	al., 2006)
			cements	
	Flow rate	continuous flow	Static conditions	(Duguid and Scherer,
				2010)
	Residence			

time of the fluids in the fractures

  

	Conductive fractures
	with high aperture
	allowing sustained
	flow rate

Table 4 . 1 :

 41 List of all the samples considered in this study grouped by origin and with their respective age or sampling depth.

		Origin	Sample	Age (MYr)
	weathered basalts	Volcanic ash GV_ash River 00A060 01A034 00A059 catchments 98A003	0 0.299 1.32 1.71 2.14
	Surface	Outcrops	HEOB_17 GRVP_15 GOB_14	9.1 10.2 10.9
			VP_13	13.1
		Origin	Sample	Depth (m)
			B31S2	187.3
			B36S1	214.6
	altered basalts Hydrothermally	IRDP core	B81S2 B81S4 B83S3 B87S4 B130S2 B134S1 B261S4 B316S3 HE65_11	473.85 476.8 487.1 512.3 758.44 780.4 1526.6 1851.7 1125.3
		HE-65 core	HE65_22	1506.65
			HE65_42	2014.6
		Deccan Traps JQ_32	0
	Non-mafic rocks	Kizildere	TK_01 TK_02	0 0

Table 4 . 6 :

 46 Comparison of the quantitative mineralogy of two samples before (bulk) and after sieving (selected)

	B87S4		GOB_14	
	Selected	Bulk	Selected	Bulk

Table 4 . 7 :

 47 Number of detections for the minerals detected in selected samples using the microprobe.Samples are ordered from left to right from younger surface samples to the deeper core samples.

		IS_EE_00A060	IS_EE_01A034	IS_GOB_14	GRVP_15	IS_HEOB_17	IS_VP_13	IS_IRDP_B31S2	IS_IRDP_B36S1	IS_IRDP_B81S4	IS_IRDP_B83S3	IS_IRDP_B87S4	IS_IRDP_B130S2	IS_IRDP_B261S4	IS_IRDP_B316S3	IS_HE-65_2-2
	Albite							17 17		19		24			7
	Andesine		3	1												1
	Augite	4 6	9	13 11 5		5	9					
	Augite -Aegirine											10				20
	Bytownite						4								
	Calcite										1	6			
	Chamosite							19				14 27 15 22
	Diopside			1											
	Epidote													37 26
	Fertite				1						4				
	Groundmass		11		15 19			9	14 6		7			28
	Hematite	3													
	Heulandite											3			
	Ilmenite				1	4									
	Labradorite	2 10 14 11 13 5			7			1			10
	Labradorite/andesi			2			19								
	ne														
	Laumontite							9	14		25 11 28 2	
	Oligoclase															1
	Quartz									1	7	3	2	17 13 9
	Thomsonite			5											
	Titanite										9	1			
	Yugawaralite										1				

Table 4 . 8 :

 48 Chemical composition in wt% of the amorphous phase measured with the microprobe for selected samples. Surface samples are reported in the upper part of the table with their age in yellow. Hydrothermally altered samples are in the de lower par of the table with their depth indicate in bold.

	Sample	Age (Myr) /	(m) depth	Na2O	Al2O3	SiO2	K2O	CaO	MnO	FeTOT	MgO	P2O5	TiO2	Total
	Basaltic glass	0.0 2.0 14.6 48.1 0.3 11.8 0.2 10.9 9.1 0.2 1.6 98.8
	0A060	0.3 2.8 13.0 49.0 0.6 9.4 0.2 14.9 4.8 0.3 2.8 97.8
	01A034	1.3 2.7 13.0 50.3 0.4 10.1 0.3 12.8 5.9 0.3 2.5 98.0
	HEOB_17	9.1 0.3 3.5 45.8 0.2 2.1 0.1 29.1 9.8 0.0 0.1 90.9

Table 5 . 1 :

 51 List of the samples considered in this study grouped by origin and with their age or sampling depth.

	Surface basalts weathered	Origin Volcanic ash River catchments Outcrops	Sample GV_ash 00A060 01A034 00A059 98A003 HEOB_17 GRVP_15 GOB_14 VP_13	Age (MYr) 0 0.3 1.3 1.7 2.1 9.1 10.2 10.9 13.1
		Origin	Sample	Depth (m)
			B31S2	187.3
	basalts		B36S1 B81S2	214.6 473.9
	altered Hydrothermally	IRDP core	B81S4 B83S3 B87S4 B130S2 B134S1 B261S4 B316S3 HE65_11	476.8 487.1 512.3 758.4 780.4 1526.6 1851.7 1125.3
		HE-65 core	HE65_22	1506.7
			HE65_42	2014.6

Table 5 .2: Chemical
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	Sample	Age	(Myr)	Na2O	Al2O3	SiO2	K2O	CaO	MnO	FeTOT	MgO	P2O5	TiO2	Total
	Basaltic glass		0.0 2.0 14.6 48.1 0.3 11.8 0.2 10.9 9.1 0.2 1.6 98.8
	0A060		0.3 2.8 13.0 49.0 0.6	9.4 0.2 14.9 4.8 0.3 2.8 97.8
	01A034		1.3 2.7 13.0 50.3 0.4 10.1 0.3 12.8 5.9 0.3 2.5 98.0
	HEOB_17		9.1 0.3 3.5 45.8 0.2	2.1 0.1 29.1 9.8 0.0 0.1 90.9
	GRVP_15	10.2 0.3 8.8 42.2 0.3	0.8 0.1 21.8 15.1 0.0 0.1 89.4
	GOB_14	10.9 0.1 12.2 33.0 0.1	2.0 0.1 34.8 8.5 0.0 0.1 91.0
	VP_13	13.1 0.2 6.7 45.3 0.2	1.5 0.1 21.8 15.9 0.0 0.0 91.7

composition of the amorphous phase in selected surface samples (in weight percent) ordered by the age of the sample. Microprobe analyses do not allow the distinction of the oxidation states of Fe, which is thus reported as total Fe in the table.

Table 5 . 3 :

 53 Chemical composition of the amorphous phase in selected samples of hydrothermally altered basalts, in weight percent. Microprobe analyses do not allow the distinction of the oxidation states of Fe, which is thus reported as total Fe in the table.

	Sample	Depth	(m)	Na2O	Al2O3	SiO2	K2O	CaO	MnO	FeTOT	MgO	P2O5	TiO2	Total
	B36S1	215 0.1 12.7 36.7 2.6 1.0 0.5 14.4 11.4 0.0 0.1 79.4

Table 5 . 4 :

 54 BET and geometric surface areas of all the samples. NA stands for not available

					Geometric
			Size fraction	BET surface area	surface area
		Sample	(µm)	(m 2 g -1 )	(m 2 g -1 )
		B31S2	40-150	9.0	0.0248
		B36S1	40-150	4.5	0.0248
		B81S2	40-150	3.6	0.0248
		B81S4	40-150	2.7	0.0248
	IRDP core	B83S3 B87S4	40-150 40-150	2.5 4.2	0.0248 0.0248
		B130S2	40-150	1.7	0.0248
		B134S1	40-150	2.3	0.0248
		B261S4	40-150	1.5	0.0248
		B316S3	40-150	0.4	0.0248
		HE65_11	40-150	1.0	0.0248
	Hellisheiði	HE65_22	40-125	2.0	0.0277
		HE65_42	40-150	0.3	0.0248
		00A060	Raw <630	7.7	NA
	River suspended	01A034	Raw <630	23.6	NA
	material	00A059	Raw <630	28.1	NA
		98A003	Raw <630	11.5	NA
		HEOB_17	40-150	0.4	0.0248
	Surface	GRVP_15	40-150	4.7	0.0248
	outcrops	GOB_14	40-150	1.6	0.0248
		VP_13	40-150	5.0	0.0248

Table 5 .

 5 5: Summary of the results of the MF experiments. Steady state element release rates are given as logarithms values of the measured rates in units mol m -2 s -1 . The Log values of Si release rate from batch experiments were calculated using equation (5) at the final pH value of the corresponding MF experiment.

	Sample B83S3	B130S2	B316S3	HE65_22
	Final pH 4.3	4.2	4.1	4.4
	final fluid molar Ca/Si ratio 1.91	1.11	1.33	1.71
	Molar Ca/Si of the rock sample 0.16	0.09	0.23	0.24
	final fluid molar Mg/Si ratio 0.23	0.14	0.82	1.35
	Molar Mg/Si ratio of the rock sample 0.12	0.05	0.11	0.17
	Log of Ca release rate -11.1	-11.1	-11.1	-11.3

Table 5 . 6 :

 56 Ratios of the Ca and Mg release rates to Si release rates during the final part of all batch experiments. Values in bold correspondto experiments where the Ca and Mg release rates were higher than the corresponding original altered basalt stoichiometry.

	Origin	Sample	Ca/Si	Rock	Mg/Si	Rock	Rock	Rock
			release	Ca/Si	Release	Mg/Si	Normalized	Normalized
			rate		rate		Ca/Si ratio	Mg/Si ratio
		B31S2*	9.97	0.19	0.34	0.16	51.8	2.1
		B36S1*	0.32	0.18	0.10	0.16	1.7	0.7
		B81S2	0.41	0.16	0.08	0.15	2.6	0.6
		B81S4	0.78	0.22	0.31	0.15	3.6	2.1
	IRDP core	B83S3* B87S4*	27.51 NA	0.16 0.14	0.25 0.21	0.12 0.20	168.9 NA	2.2 1.0
		B130S2	1.98	0.09	0.07	0.05	21.8	1.3
		B134S1	0.82	0.12	0.24	0.08	6.6	3.1
		B261S4	0.35	0.21	0.58	0.19	1.7	3.0
		B316S3	0.44	0.23	1.38	0.11	1.9	13.1
		HE65_11	0.21	0.31	0.29	0.26	0.7	1.1
	Hellisheiði	HE65_22	0.19	0.24	0.58	0.17	0.8	3.4
		HE65_42	0.14	0.30	0.15	0.23	0.5	0.7
	River suspended material	00A059 00A060 01A034 98A003	0.55 0.13 0.81 0.14	0.23 0.22 0.21 0.15	0.16 0.15 0.35 0.08	0.18 0.16 0.17 0.19	2.4 0.6 3.9 0.9	0.9 0.9 2.0 0.4
		GOB_14	0.64	0.25	0.10	0.22	2.6	0.5
	Surface	GRVP_15	0.74	0.26	0.29	0.18	2.9	1.6
	outcrops	VP_13	0.15	0.23	0.24	0.15	0.6	1.6
		HEOB_17	0.14	0.23	0.22	0.18	0.6	1.2
	Volcanic	GV_ash	0.21	0.21	0.15	0.17	1.0	0.9
	ash							
	Sample marked with * contained calcite					

Table 6 . 1 :

 61 Summary of the samples used in this study. Latitude and longitude are given in decimal degrees.

	Origin	Sample	Type of	Depth of	Latitude	Longitude
		Name	sample	sample (m)		
		B83S3		487		
		B87S4		512		
	IRDP core	B130S2 B216S4	Core	758 780	65.026117	-14.346117
		B316S3		1125		
	Hellisheidi	HE-65		1506	64.041317	-21.3612
	Eastern Iceland	GOB_14 VP_13		--	65.02955 -64.809476	-14.125199 -13.849058
	Deccan traps	JQ_3-2	Outcrop	-	22.648438	70.406199
	Kizildere	KZ_01		-	38.076109	28.988003
	geothermal field	KZ_02		-	38.075671	28.987239

Table 6 . 2 :

 62 Specific surface areas of the prepared rock powders used in the present study

	Sample	Size fraction	BET surface area	Geometric surface	BET/GEO
		(µm)	(m 2 g -1 )	area (m 2 g -1 )	ratio*
	B83S3	40-150	2.53	0.0249	102
	B87S4	40-150	4.15	0.0249	167
	B130S2	40-150	1.73	0.0249	70
	B261S4	40-150	1.49	0.0249	60
	B316S3	40-150	0.43	0.0249	17
	HE-65	40-125	2.03	0.0277	73
	GOB_14	40-150	1.60	0.0249	64
	VP_13	40-150	4.98	0.0249	200
	JQ_3-2	40-150	7.49	0.0249	301
	KZ_01	40-200	0.29	0.0208	14
	KZ_02	40-200	1.8	0.0208	86
	* ratio of the measured BET surface area divided by the calculated geometric surface area for a rock
	sample.				

Table 7 . 1 :

 71 Initial compositions of B130S2, B316S3 and GOB_14 for the model calculations.

	Mineral B130S2 B316S3 GOB_14
	Albite	24.9		33
	Augite_ss	5.3	8.6	28.5
	Chamosite	6.4	3.5	0.5
	Laumontite	10		
	Maximum_Microcline	2.7		7.5
	Quartz	35.6	36.6	
	Epidote		28.3	
	Analcime			4.3

Table 7 . 2 :

 72 Conditions of MF experiment B130S2

	Parameter	Value	Unit	Parameter	Value	Unit
	Pressure	16	Bars	Mass of solid	2.6	g
	Temperature	120	°C	Reactor volume	200	ml
	Flow rate	0.75	ml min -1	Surface area	1.729	m 2 g -1

Table 7 . 3 :

 73 Conditions of MF experiment B316S3

	Parameter	Value	Unit	Parameter	Value	Unit
	Pressure	16	Bars	Mass of solid	3	g
	Temperature	120	°C	Reactor volume	200	ml
	Flow rate	1.5	ml min -1	Surface area	0.4	m 2 g -1

  Des analyses microsonde ont permis de connaître plus en détails la composition de la phase amorphe des différentes roches, appauvrie en Ca, enrichie en Fe et avec des teneurs en Al, Na, et K plus faibles que le verre basaltique. faibles, a également un impact sur la mesure des vitesses de libération normalisées par la surface spécifique.Mises à part la calcite et la brucite, qui ne représentent généralement qu'une faible faction de la composition des basaltes altérés, les minéraux d'altération réactifs comme les zéolites ou l'épidote ont des vitesses de libération proches de celles des plagioclases et pyroxènes. Cela explique en grande partie les faibles différences entre les vitesses de libération mesurées sur les basaltes altérés, inférieures à un ordre de grandeur, malgré leurs origines et composition variées. Une des hypothèses initiales de cette étude était que les compositions chimiques et minéralogiques des basaltes altérés seraient corrélées à leur réactivité, permettant éventuellement de l'estimer ex-ante. Les résultats ont montré qu'à l'inverse, la réactivité des basaltes altérés ne dépend pratiquement pas de leurs compositions détaillées, ce qui peut probablement simplifier les choix de sites et réservoirs destinés au stockage géologique du carbone par minéralisation.Une autre observation importante de cette étude est que la dissolution des basaltes altérés libère de façon préférentielle le Ca et dans une moindre mesure le Mg vers la solution aqueuse. Les réactions Au contraire, à 120 °C, la minéralisation du CO2 injecté est totale pour toutes les roches et en moins de 5 ans.Les résultats de cette étude montrent que l'altération des basaltes réduit rapidement leur réactivité en éliminant les phases les plus réactives. La consommation accrue de CO2 par l'altération des roches silicatées produites par les événements volcaniques majeurs est donc probablement de courte durée et suivie par une altération plus lente contrôlée par la réactivité des plagioclase et pyroxènes. Pour le stockage géologique de carbone, la réactivité des basaltes altérés est suffisante pour provoquer la minéralisation rapide du CO2 à des températures supérieures à 100 °C, mais probablement insuffisante pour des températures de surface. La composition détaillée des basaltes altérés n'a montré que peu d'effet sur leur réactivité, même si des minéraux d'altération comme les zéolites ou l'épidote jouent un rôle important dans la libération de Ca. Ces observations peuvent être utiles pour guider les choix de futurs sites de stockage géologique du carbone. Les champs géothermiques offrent clairement les conditions idéales, mais d'autres formations comme les grande provinces magmatiques (ou ignées, LIP en anglais) présentent également un intérêt. Celles-ci sont constituées de successions de coulées de lave denses et imperméables alternées avec des couches plus chaotiques et poreuses de brèche et de laves extrudées au contact de l'air, créant ainsi les conditions favorables pour le stockage. Là où le gradient géothermique ou des intrusions magmatiques, permettent d'atteindre des températures comprises entre 100 et 250 °C, ces formations pourraient être utilisées pour la minéralisation rapide du CO2 selon un modèle économique similaire à celui de CarbFix. A des températures plus faibles, d'autres modèles économiques devront être proposés pour permettre la viabilité de la minéralisation lente. De nouvelles approches expérimentales pourraient permettre d'affiner la mesure des vitesses de libération des roches naturelles comme les basaltes altérés. La modélisation géochimique est très utile dans les premières étapes de développement de nouveaux réservoir souterrains, notamment pour anticiper la réponse du système la perturbation que représente l'injection de CO2. Cette étude a montré que PHREEQC permet de reproduire qualitativement les tendances observées expérimentalement, mais que des ajustements sur les paramètres sont nécessaires pour obtenir une reproduction fidèle des résultats quantitatifs. Pour certains minéraux, le manque de données pour alimenter la base de données cinétiques peut expliquer ces décalages. Les comparaisons de connées simulées avec des données expérimentales, comme présenté au chapitre 7, peuvent permettre d'identifier rapidement les manques et encourager des études complémentaires basées sur des protocoles bien établis. La représentation fidèle de la distribution réelle de la surface réactive entre les différents minéraux est également un des zones d'ombre pour la modélisation. La plupart des études utilisent l'approximation selon laquelle la surface réactive est distribuée proportionnellement aux teneurs des minéraux, en volume ou en masse. Mais cette approche est loin d'être satisfaisante étant données les différences considérables de surfaces spécifiques entre les minéraux, notamment pour les roches altérées riches en chlorites, zéolites et argiles. Une meilleure estimation de cette distribution, voire une méthode pour la mesurer amélioreraient grandement les résultats des modèles.
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	l'altération hydrothermale peut déplacer cet élément dans des phase secondaires réactives, préservant
	ainsi sa disponibilité pour la minéralisation.
	Perspectives de recherches futures
	La comparaison des résultats expérimentaux obtenus à 27 et 120 °C montre que l'augmentation
	de ~100 °C de la température permet une multiplication par 100 des vitesses de libération mesurées. A La dissolution des roches naturellement composées d'une diversité de minéraux est un processus
	120 °C, celles-ci sont très proches de celles de basaltes frais ou du verre basaltique à 25 °C. Les résultats bien plus complexe que celle d'un seul minéral pur. Il est probablement possible d'améliorer l'approche Cette réduction de porosité et de perméabilité pourrait réduire d'avantage le potentiel des basaltes altérés
	de modélisation présentés au chapitre 7 confirment ce gain de réactivité et montrent que la perte de expérimentale utilisée pour mesurer les vitesses de libération sur ce type de roches, notamment pour pour la minéralisation souterraine (Snaebjörnsdóttir et al., 2014; Koukouzas et al., 2019). Dans le même
	Les expériences décrites aux chapitres 5 et 6 ont permis de mieux comprendre les mécanismes réactivité des basaltes due à l'altération peut être compensée par des températures plus élevées pour mieux prendre en compte la dissolution séquentielle des minéraux, dont certains, très réactifs, peuvent temps, nous avons observé que certains minéraux d'altération, justement localisés à l'interface avec la
	de la dissolution des basaltes altérés, et comment l'altération affecte leur réactivité. Les vitesses de permettre la minéralisation efficace du CO2. disparaître rapidement alors que d'autres réagissent très lentement. La pratique d'attendre l'état solution aqueuse, peuvent libérer des quantités significatives de cations divalents pour la minéralisation.
	stationnaire pour mesurer les vitesses de libération semble inadaptée car celui-ci n'est peut-être atteint libération des éléments majeurs, mesurées sur les basaltes altérés et normalisées par la surface La détermination expérimentale du potentiel de carbonatation des basaltes altérés ne faisait pas Enfin, il semble opportun de prévoir rapidement des projets de démonstration de minéralisation que lorsque certaines phases sont déjà épuisées. Dans ce cas, les valeurs mesurées représentent-elles spécifique, sont de 10 à 100 fois plus faibles que celles du basalte cristallin frais ou du verre basaltique. partie du périmètre de cette étude. Néanmoins, la simulation de ces réactions sous PHREEQC a permis de CO2 dans des basaltes altérés en conditions réelles, comme CarbFix ou Wallula en leur temps. Ce vraiment la pleine capacité de la roche étudiée à libérer des éléments ou seulement un reliquat de celle-Cette perte de réactivité n'est une fonction linéaire du degré d'altération, et commence par une première une première évaluation. Les résultats obtenus confirment la lenteur de la carbonatation des basaltes sera en effet une étape indispensable pour valider l'efficacité des basales altérés pour le stockage ci ? Les valeurs élevées et très variables des surfaces spécifiques BET mesurées sur les basaltes altérés étape de dissolution rapide et complète des phases les plus réactives comme l'olivine ou le verre altérés à 30 °C. A cette température, la simulation de la carbonatation d'un basalte d'altération zéolitique géologique du carbone à grande échelle, et le temps restant pour agir drastiquement contre le

L'objectif principal de cette étude a été de caractériser la réactivité des basaltes altérés pour comprendre leur rôle dans le cycle global du carbone et leur potentiel pour le stockage géologique du carbone par minéralisation. Plus particulièrement, cette thèse a été conçue pour tenter de répondre aux questions suivantes : Comment l'altération impacte la réactivité des basaltes ? Les basaltes altérés sontils moins réactifs, de combien est la différence ? Certains facies d'altération sont-ils plus réactifs que d'autres ? Les basaltes altérés peuvent-ils être utilisés pour le stockage géologique de carbone à grande échelle par minéralisation ? La caractérisation des échantillons présentée au chapitre 4 a confirmé la grande diversité de facies d'altération couverte par les 23 basaltes altérés étudiés. Cette série d'échantillons comprend des basaltes altérés en surface âgés de 0 à 13 millions d'années, et avec des teneurs en phase amorphe allant de 10 à 90 wt%, mais aussi des basaltes d'altération hydrothermale provenant de 180 m à 2 km de profondeur et dont les minéraux d'altération vont de zéolites de basses températures jusqu'à l'épidote et l'actinote, témoins de hautes températures. basaltique. En conséquence la réactivité diminue et devient contrôlée par les plagioclases et pyroxènes sur le plus long terme, comme observé dans le système naturel par Gislason et al. (1996). La présence de minéraux d'altération comme les chlorites, et les argiles, qui ont des surfaces spécifiques élevées et des réactivités rapides d'échange de métaux par des protons sont probablement à l'origine de la libération préférentielle observée dans les premiers jours de toutes les expériences, en lien avec les surfaces spécifiques élevées de la plupart des échantillons, et l'augmentation concomitante du pH. Une libération préférentielle plus durable dans le temps a aussi été observée, principalement pour les basaltes d'altération hydrothermale, et associée à la présence de minéraux d'altération riches en Ca et Mg comme les zéolites ou l'épidote.

montre par exemple que seuls 3 % du CO2 injecté sont minéralisés après plus de 100 ans de réaction.

Les deux autres échantillons simulés, un altéré en surface et l'autre jusqu'à l'épidote, donnent de meilleures performances mais prennent tout de même plusieurs décennies avant d'amorcer une minéralisation significative. représentent aussi un défi pour ces protocoles. Les argiles par exemple remplacent fréquemment les plagioclases lors de l'altération, et ont des surfaces spécifiques par unité de masse bien supérieures à celles des plagioclases. Cela peut créer un biais réduisant les vitesses de libération mesurées uniquement dû aux caractéristiques particulières de ce genre de minéraux.

Une suite logique à cette étude serait de mesurer expérimentalement le potentiel de carbonatation des basaltes altérés. En effet, les résultats du chapitre 7 montrent que des basaltes ayant des vitesses de libération similaires en dissolution peuvent carbonater de façons différentes, comme observé par

[START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF]

.

Un autre complément important à cette étude serait la prise en compte des caractéristiques physiques des basales altérés, comme leur porosité et leur perméabilité. L'altération modifie fortement ces propriétés, notamment par la précipitation de minéraux secondaires dans les pores et les fractures.

dérèglement climatique se compte désormais en années sur les doigts d'une main.

Table S1 :

 S1 Mineralogy of all the samples used in the study, as determined by Rietveld refinement of XRD patterns.

	Origin	Sample	Amorphous	Calcite	Plagioclase	K feldspar	Quartz	Augite/Diopside	Pigeonite	Ca Amphibole	Epidote	Chlorite	Smectite*	Chabazite	Analcime	Clinoptilolite/H	eulandite	Thomsonite	Levyne	Laumontite	Titanite	Ilmenite	Hematite	Magnetite
		B31S2	--	14.2 38.6 --	3.6 2.3	--	--	--	17.5 Y	--	--	--		--	--	16.8	4.4	--	1	1.6
		B36S1	29.8	1	29.7 --	--	5.9	--	--	--	--	Y	--	--	--		--	--	25.4	3.1	--	5.1	--
		B81S2	12.1	--	49.9 --	1.2 12.6 --	--	--	15.2		--	--	--		--	--	2.1	3.5	--	3.4	--
		B81S4	32.3	--	37.4 --	2.5 21.5 2.6	--	--	2.1		--	--	--		--	--	--	0.6	1	--	--
	IRDP core	B83S3 B87S4	9.6 29.5 0.7 5.8 4 37.6 ----13.6 10.8 --12 10 --	----	----	8.1 21.4		----	----	----		----	----	10.6 15.7	2.9 2.1 0.4 --	4.6 0.6 ----
		B130S2	10.4	--	24.9 2.7 35.6 5.3	--	--	--	6.4		--	--	--		--	--	10	2.7	--	1.2 0.8
		B134S1	18.2	--	40.8 2.6 10.9 4.7	--	--	--	3		--	--	--		--	--	10.5	4.1	--	3.9 1.3
		B261S4	13.6	--	--	--37.4	6	--	--17.5 22.7		--	--	--		--	--	0.3	2.5	--	--	--
		B316S3	20.7	--	--	--36.6 8.6	--	--28.3 3.5		--	--	--		--	--	--	2.3	--	--	--
		HE65_11	3.1	--	41.2 --	--	36.6 --	1.3	--	14.3 Y	--	--	--		--	--	--	3.5	--	--	--
	Hellisheiði	HE65_22 12.4	--	33.6 --	6.9	33	--	1.6	--	7												

Table S2 :

 S2 Chemical composition of all the rock samples used in this study, as determined by X-Ray fluorescence, in weight percent.

	Origin Sample	SiO2	TiO2 Al2O3 Fetot MnO Mn2O3 CaO MgO Na2O K2O P2O5 SO3 LOI Sum	Source
		B31S2	43.5	2.9	13.0 14.3	0.0	0.3	7.8	4.7	3.3	0.4	0.4 0.4	9.7 100.5 XRF this study
		B36S1	44.3	3.3	12.8 17.1	0.0	0.3	7.6	4.7	2.6	0.6	0.4 0.3	7.0 101.0 XRF this study
		B81S2	46.9	3.5	11.9 16.4	0.0	0.2	6.8	4.6	4.2	0.1	0.4 0.2	5.7 100.9 XRF this study
		B81S4	44.5	3.2	11.9 15.8	0.0	0.3	9.1	4.4	2.3	0.3	0.4 0.2	8.4 100.9 XRF this study
	IRDP core	B83S3 B87S4	49.3 49.9	2.7 2.1	11.4 12.8 10.5 14.9	0.0 0.0	0.2 0.2	7.5 6.6	3.8 6.8	3.4 0.8	0.3 0.1	0.3 0.4 0.3 0.3	9.1 101.1 XRF this study 8.5 100.9 XRF this study
		B130S2	55.7	1.9	10.3	9.9	0.0	0.2	4.7	2.0	2.3	1.1	0.5 0.6 11.7 101.0 XRF this study
		B134S1	51.6	2.5	13.0 12.5	0.0	0.2	6.0	2.7	3.6	1.1	0.9 1.1 6.0	101.4 XRF this study
		B261S4	45.5	2.2	9.3 11.2	0.0	0.3	8.8	5.8	0.1	0.1	0.3 0.1 17.1 100.8 XRF this study
		B316S3	56.5	1.9	9.8 10.4	0.0	0.2	12.3	4.0	0.2	0.1	0.3 0.0 5.4	101.1 XRF this study
		HE65_11	45.7	1.8	12.2 11.8	0.0	0.2	13.2	8.0	1.5	0.3	0.3 0.0	6.1 101.1 XRF this study
	Hellisheiði	HE65_22	46.1	3.1	12.6 16.6	0.0	0.3	10.1	5.3	2.5	0.1	0.5 0.3	2.4	99.8 XRF this study
		HE65_42	43.0	1.4	12.9 12.2	0.0	0.2	12.0	6.7	1.7	0.3	0.3 0.0	0.5	91.3 XRF this study
		00A060	51.5	2.4	14.1 12.3	0.2	0.0	10.5	5.5	2.6	0.5	0.3 0.0	0.0	99.9 (Eiriksdottir, 2016)
	River suspended material	01A034 00A059 98A003	51.9 50.9 49.7	2.4 2.4 3.1	13.9 12.5 14.1 12.6 13.5 16.8	0.2 0.2 0.3	0.0 0.0 0.0	10.2 10.8 7.2	6.0 6.0 6.2	2.2 2.3 1.8	0.4 0.4 0.8	0.2 0.0 0.3 0.0 0.5 0.0	0.0 0.0 0.0	99.9 (Eiriksdottir, 2016) 99.9 (Eiriksdottir, 2016) 99.8 (Eiriksdottir, 2016)
		GOB_14	45.3	2.2	13.2 12.3	0.0	0.2	10.5	6.7	2.4	0.2	0.4 0.1	6.3	99.8 XRF this study
	Surface	GRVP_15	45.3	2.1	13.9 12.7	0.0	0.2	11.0	5.5	2.2	0.5	0.3 0.0	5.5	99.2 XRF this study
	outcrops	HEOB_17	49.2	2.4	13.6 14.1	0.0	0.2	10.6	5.9	2.5	0.3	0.4 0.1	1.9 101.2 XRF this study
		VP_13	42.8	2.7	14.0 12.3	0.0	0.2	9.2	4.3	2.6	0.6	0.4 0.2 10.1	99.4 XRF this study
	Volcanic	GV_ashes	50.2	2.9	13.5 13.6	0.2	0.0	9.9	5.6	2.8	0.6	0.0 0.1	1.0 100.3 Olsson 2013
	ashes													
	Crystalline basalt	47.9	1.6	13.4 12.3	0.2	0.0	12.2 10.0	1.5	0.3	0.2 0.0 0.0	99.6 Gudbrandson 2011
		Basaltic glass 48.12 1.56 14.62 9.82 0.19		11.84 9.08	1.97 0.29	0.2		98.8 Oelkers & Gislasson
															2001

Table S3 :

 S3 Temporal evolution of the pH, the fluid volume present in the reactor, the elemental concentrations for Al, Ca, Fe, Mg, and Si in mol kg-1 , and the Ca and Mg to Si ratios for all the batch experiments.

	00A059 01A034 GRVP_15 B31S2 B81S2 B87S4 B134S1 HE65_22	4 18 8 2 16 6 20 10		6.21 6.50 5.02 6.81 6.50 5.11 4.35 4.24	285.2 <QL 234.0 <QL 270.6 0.004 292.8 <LQ 241.8 <LQ 277.9 <LQ 226.8 0.022 263.7 0.023	0.739 <QL 0.813 <QL 0.508 <QL 0.703 <LQ 0.548 <LQ 0.468 0.004 0.382 0.030 0.153 0.178	0.070 0.129 0.065 0.018 0.036 0.063 0.063 0.117	0.392 0.563 0.146 0.026 26.667 1.885 1.444 3.477 0.146 3.746 0.170 2.750 0.285 1.343 0.138 1.112	0.177 0.229 0.446 0.684 0.245 0.368 0.222 0.845
	00A059 01A034 GRVP_15 B31S2 B81S2 B87S4 B134S1 HE65_22	6 20 10 4 18 8 22 12		6.55 6.58 5.35 8.08 6.53 5.45 4.37 4.32	277.8 <QL 226.6 0.003 263.3 0.002 285.3 0.004 234.6 <LQ 270.6 <LQ 219.5 0.022 256.5 0.019	0.763 <QL 0.768 <QL 0.525 <QL 0.743 <LQ 0.558 <LQ 0.476 0.001 0.376 0.031 0.158 0.188	0.077 0.128 0.065 0.017 0.037 0.066 0.063 0.126	0.504 0.542 0.155 0.033 22.580 1.515 1.418 3.390 0.153 3.647 0.200 2.380 0.309 1.217 0.149 1.059	0.153 0.236 0.420 0.511 0.243 0.332 0.203 0.842
	Sample 00A059 01A034 GRVP_15 B31S2 B81S2 B87S4 B134S1 HE65_22 00A059 01A034 GRVP_15 B31S2 B81S2 B87S4 B261S4 HE65_22 00A059 VP_13 GRVP_15 B31S2 B81S2 B87S4 B261S4 HE65_22 GV_ash 00A059 VP_13 GRVP_15 B31S2 B81S4 B87S4 B261S4 HE65_22 GV_ash 00A059 VP_13 GRVP_15 B31S2 B81S4 B87S4 B261S4 HE65_22 GV_ash 00A059 VP_13 GRVP_15 B31S2 B81S4 B87S4 B261S4 HE65_22 GV_ash 00A059 VP_13 GRVP_15 B31S2 B81S4 B87S4 B261S4 HE65_42 GV_ash 00A059 VP_13 HEOB_17 B31S2 B81S4 B87S4 B261S4 HE65_42 GV_ash 00A059 VP_13 HEOB_17 B31S2 B81S4 B130S2 B261S4 HE65_42 GV_ash 00A060 VP_13 HEOB_17 B31S2 B81S4 B130S2 B261S4 HE65_42 GV_ash 00A060 VP_13 HEOB_17 B36S1 B81S4 B130S2 B261S4 HE65_42 GV_ash 00A060 VP_13 HEOB_17 B36S1 B81S4 B130S2 B261S4 HE65_42 GV_ash 00A060 VP_13 HEOB_17 B36S1 B81S4 B130S2 B261S4 HE65_42 GV_ash 00A060 VP_13 HEOB_17 B36S1 B81S4 B130S2 HE65_11 HE65_42 GV_ash 00A060 GOB_14 HEOB_17 B36S1 B81S4 B130S2 HE65_11 HE65_42 98A003 00A060 GOB_14 HEOB_17 B36S1 B83S3 B130S2 HE65_11 HE65_42 98A003 00A060 GOB_14 HEOB_17 B36S1 B83S3 B130S2 HE65_11 HE65_42 98A003 98A003 98A003 98A003 98A003 98A003 98A003 98A003 98A003 98A003 00A059 01A034 GRVP_15 B316S3 B81S2 B87S4 B134S1 HE65_22 01A034 GRVP_15 B316S3 B81S2 B87S4 B134S1 HE65_22 01A034 GRVP_15 B316S3 B81S2 B83S3 B134S1 HE65_22 01A034 GOB_14 B316S3 B81S2 B83S3 B134S1 HE65_22 01A034 GOB_14 B316S3 B81S2 B83S3 B134S1 HE65_11 01A034 GOB_14 B316S3 B81S2 B83S3 B134S1 HE65_11 01A034 GOB_14 B316S3 B81S2 B83S3 B134S1 HE65_11 01A034 GOB_14 B316S3 B36S1 B83S3 B134S1 HE65_11 00A060 GOB_14 B316S3 B36S1 B83S3 B134S1 HE65_11 00A060 GOB_14 B316S3 B36S1 B83S3 B130S2 HE65_11 00A060 GOB_14 B316S3 B36S1 B83S3 B130S2 HE65_11 00A060 GOB_14 HEOB_17 B36S1 B83S3 B130S2 HE65_11 HE65_42	Sample Number 8 22 12 6 20 10 24 14 10 24 14 8 22 12 2 16 12 2 16 10 24 14 4 18 14 4 18 12 2 16 6 20 16 6 20 14 4 18 8 22 18 8 22 16 6 20 10 24 20 10 24 18 8 22 12 2 22 12 2 20 10 24 14 4 24 14 4 22 12 2 16 6 2 16 6 24 14 4 18 8 4 18 8 2 16 6 20 10 6 20 10 4 18 8 22 12 8 22 12 6 20 10 24 14 10 24 14 8 22 12 2 16 12 2 16 10 24 14 4 18 14 4 18 12 2 16 6 20 16 6 20 14 4 18 8 22 16 6 22 14 4 18 8 14 4 20 12 2 16 6 12 2 18 10 24 14 4 10 24 16 8 22 12 2 8 22 14 6 20 10 24 6 20 12 4 18 8 22 4 18 10 2 16 6 20 2 16 8 24 14 4 18 24 14 6 22 12 2 16 22 12 4 20 10 24 14 20 10 2 18 8 22 12 18 8 22 16 6 20 10 24	Time elapsed (min) 1480 2732 7172 8469 18576 28600 38719 48773 57409 70081 79141 90581 1485 2735 7175 8472 18580 28723 38722 48778 57413 70086 79145 90586 1493	pH 6.56 6.58 5.50 8.08 6.51 5.76 4.40 4.33 6.68 6.60 5.56 8.21 6.58 5.80 3.35 4.36 6.71 3.68 5.57 8.20 6.58 5.90 3.46 4.37 3.38 6.75 3.89 5.61 8.14 3.87 5.92 3.53 4.38 3.51 6.87 4.19 5.60 8.12 4.38 5.98 3.60 4.38 3.79 6.76 4.24 5.62 8.11 4.65 6.10 3.66 4.34 3.83 6.79 4.42 5.62 8.08 4.66 6.18 3.73 3.46 4.04 6.77 4.52 3.38 8.06 4.69 6.13 3.79 3.70 4.18 6.84 4.56 3.68 8.10 4.64 3.88 3.87 3.92 4.14 4.58 4.60 3.74 8.07 4.62 4.37 3.93 4.06 4.01 5.07 4.63 4.06 3.64 4.67 5.07 4.00 4.19 4.12 5.59 4.64 4.20 3.79 4.68 5.48 4.03 4.26 4.17 5.61 4.64 4.26 3.92 4.71 6.07 4.05 4.31 4.20 5.90 4.63 4.27 4.01 4.72 6.40 3.53 4.39 4.22 6.02 4.21 4.28 4.11 4.71 6.54 3.66 4.48 3.67 6.08 4.39 4.24 4.19 5.60 6.57 3.82 4.55 3.96 6.15 4.67 4.22 4.25 7.30 6.74 3.93 4.60 4.38 4.43 4.71 4.87 4.93 5.00 5.05 5.06 5.09 5.11 6.01 6.50 4.95 3.93 6.47 4.70 4.30 4.02 6.40 4.38 3.89 6.40 4.00 4.23 3.78 6.37 4.07 3.84 6.28 8.00 4.16 3.53 6.22 5.16 3.75 6.16 7.97 4.07 3.41 5.82 5.14 3.67 5.85 7.93 3.98 4.31 5.74 5.08 3.54 4.89 8.04 3.90 4.34 4.96 5.05 3.36 4.15 8.02 3.82 4.33 4.48 5.02 3.24 4.44 8.08 3.70 4.29 6.23 4.95 3.15 4.43 8.11 3.54 4.26 6.19 4.93 3.13 4.42 8.06 6.77 4.20 6.13 4.82 3.06 4.36 7.84 6.69 4.14 6.17 4.68 4.17 4.32 7.77 6.67 4.06 4.59	Reactor 270.4 <QL Al 219.1 0.003 256.0 0.002 277.7 0.007 227.4 <LQ 263.3 <LQ 212.2 0.021 249.2 0.019 263.2 <QL 211.7 0.011 248.7 <QL 270.3 0.006 220.2 <LQ 256.0 <LQ 306.5 0.048 241.9 0.020 volume 255.9 <QL 292.8 0.013 241.5 <QL 263.1 0.006 213.0 <LQ 248.7 <LQ 299.1 0.058 234.7 0.020 (ml) 292.7 0.072 248.5 <QL 285.2 0.013 234.3 <QL 255.8 0.005 298.0 0.010 241.4 <LQ 291.7 0.058 227.4 0.022 285.4 0.088 241.1 <QL 277.9 0.010 227.0 0.006 248.6 0.005 290.6 0.007 234.2 <LQ 284.5 0.058 220.0 0.023 278.0 0.101 233.7 <QL 270.7 0.009 219.7 0.004 241.2 0.005 283.1 0.004 227.0 <LQ 277.2 0.056 212.8 0.023 270.5 0.100 226.3 0.002 263.5 0.008 212.4 0.005 233.9 0.004 275.9 0.003 219.7 <LQ 270.1 0.052 292.8 0.017 263.2 0.099 219.0 NA 256.3 0.007 292.9 0.024 226.8 0.004 268.6 0.003 212.4 <LQ 262.9 0.045 285.5 0.019 255.9 0.097 211.7 0.009 248.9 0.007 285.6 0.027 219.5 0.003 261.4 0.003 292.9 0.015 255.6 0.044 278.1 0.019 248.5 0.092 292.7 0.027 241.4 0.007 278.3 0.026 212.1 0.003 254.2 0.004 285.4 0.011 248.4 0.042 270.9 0.018 241.3 0.119 285.3 0.004 234.0 0.007 271.1 0.019 292.8 0.031 246.8 0.004 278.2 0.005 241.3 0.040 263.8 0.016 234.0 0.118 277.9 <QL 226.7 0.010 263.9 0.016 285.5 0.032 239.7 0.004 270.9 0.002 233.9 0.039 256.6 0.016 226.7 0.116 270.4 <QL 219.4 0.010 256.6 0.015 278.2 0.025 232.5 0.004 263.6 <LQ 226.8 0.036 263.2 0.015 219.4 0.126 263.0 <QL 212.1 0.010 249.4 0.014 270.8 0.022 225.3 0.004 256.2 <LQ 292.7 0.035 255.9 0.016 212.1 0.113 255.7 <QL 292.8 0.070 242.2 0.014 263.6 0.021 218.1 0.004 248.9 <LQ 285.3 0.033 248.7 0.016 294.9 0.021 248.4 <QL 285.4 0.050 235.0 0.015 256.5 0.019 292.9 <LQ 241.6 <LQ 277.9 0.025 241.4 0.017 294.8 0.017 241.0 <QL 278.2 0.018 227.7 0.023 249.3 0.018 285.4 0.002 234.4 <LQ 270.6 0.020 234.1 0.017 294.8 0.013 294.8 0.011 294.8 0.008 294.7 0.007 294.7 0.006 294.8 0.006 294.8 0.005 294.6 0.006 294.7 NA 294.7 0.012 292.7 <QL 241.3 0.002 278.1 0.005 219.5 0.065 249.1 <LQ 285.4 0.002 233.9 0.023 271.1 0.031 248.7 0.004 285.4 0.013 226.9 0.072 256.4 <LQ 292.9 0.007 241.3 0.024 278.3 0.040 256.0 <QL 292.7 0.018 234.2 0.072 263.4 <LQ 212.4 0.003 248.6 0.025 285.5 0.046 263.3 <QL 212.2 0.005 241.4 0.076 270.7 <LQ 219.6 0.003 256.0 0.027 292.8 0.045 270.6 <QL 219.5 0.005 248.8 0.077 278.1 <LQ 226.9 0.003 263.3 0.031 212.4 0.014 278.1 <QL 226.8 0.005 256.1 0.073 285.5 <LQ 234.2 0.004 270.5 0.033 219.5 0.013 285.4 0.005 234.2 0.003 263.4 0.064 293.0 0.005 241.5 0.004 277.9 0.038 226.9 0.013 292.9 0.020 241.4 0.003 270.8 0.052 213.4 0.017 248.8 0.004 285.4 0.041 234.2 0.013 211.5 0.010 248.6 0.003 278.1 0.037 220.7 0.017 256.1 0.004 292.8 0.039 241.5 0.013 218.9 0.003 256.1 0.004 285.3 0.034 227.8 0.016 263.3 0.004 212.7 <LQ 248.8 0.012 226.3 0.002 263.4 0.006 292.7 0.020 234.9 0.017 270.7 0.005 219.8 <LQ 256.0 0.014 233.6 <QL 270.6 0.014 220.5 0.017 242.1 0.018 278.0 0.005 227.2 <LQ 263.2 0.016 226.9 0.018	Ca 0.678 <QL Fe 0.793 <QL 0.531 <QL 0.801 <LQ 0.563 <LQ 0.491 0.001 0.381 0.030 0.159 0.185 0.794 <QL 0.797 <QL 0.524 <QL 0.877 <LQ 0.565 <LQ 0.504 0.001 0.223 0.023 0.166 0.186 0.821 <QL 0.195 0.039 0.552 <QL 0.945 <LQ 0.565 <LQ 0.492 <LQ 0.242 0.030 0.165 0.183 0.169 0.036 0.774 <QL 0.210 0.048 0.561 <QL 0.970 <LQ 0.331 0.090 0.494 <LQ 0.253 0.039 0.157 0.174 0.181 0.049 0.802 <QL 0.208 0.052 0.541 <QL 0.997 <LQ 0.352 0.127 0.468 <LQ 0.267 0.046 0.159 0.165 0.192 0.068 0.860 <QL 0.221 0.053 0.549 <QL 1.004 <LQ 0.353 0.130 0.471 <LQ 0.272 0.051 0.166 0.168 0.202 0.070 0.811 <QL 0.222 0.053 0.554 <QL 1.052 <LQ 0.365 0.116 0.477 <LQ 0.284 0.059 0.098 0.070 0.225 0.082 0.870 <QL 0.226 0.051 0.133 0.109 1.072 <LQ 0.371 0.100 0.480 <LQ 0.281 0.064 0.128 0.099 0.232 0.082 0.863 <QL 0.222 0.048 0.147 0.164 1.061 <LQ 0.393 0.086 0.383 0.006 0.291 0.066 0.131 0.127 0.228 0.068 0.407 0.003 0.248 0.047 0.139 0.173 1.098 <LQ 0.405 0.073 0.437 0.005 0.303 0.069 0.133 0.136 0.244 <QL 0.470 <QL 0.243 0.043 0.153 0.210 0.328 0.008 0.398 0.065 0.453 0.003 0.295 0.072 0.134 0.141 0.267 <QL 0.488 <QL 0.231 0.040 0.155 0.215 0.348 0.011 0.406 0.056 0.466 0.001 0.298 0.072 0.139 0.139 0.267 <QL 0.494 <QL 0.238 0.038 0.149 0.214 0.360 0.014 0.421 0.048 0.465 <LQ 0.295 0.071 0.136 0.132 0.279 <QL 0.508 <QL 0.242 0.036 0.160 0.209 0.372 0.016 0.432 0.043 0.499 <LQ 0.124 0.097 0.142 0.132 0.279 <QL 0.520 <QL 0.305 0.064 0.170 0.209 0.359 0.018 0.441 0.040 0.473 <LQ 0.140 0.121 0.143 0.130 0.405 0.001 0.502 <QL 0.338 0.075 0.162 0.210 0.356 0.020 0.486 0.001 0.474 <LQ 0.142 0.149 0.146 0.132 0.460 <QL 0.512 <QL 0.389 0.084 0.168 0.201 0.360 0.020 0.574 <LQ 0.498 <LQ 0.145 0.162 0.149 0.134 0.499 <QL 0.506 <QL 0.543 <QL 0.554 <QL 0.521 <QL 0.527 <QL 0.587 <QL 0.543 <QL 0.559 <QL 0.580 <QL 0.722 <QL 0.786 <QL 0.501 <QL 0.181 0.114 0.555 <LQ 0.444 0.017 0.349 0.030 0.158 0.160 0.732 NA 0.470 0.001 0.176 0.117 0.558 <LQ 0.392 0.022 0.345 0.027 0.156 0.131 0.773 <QL 0.426 0.001 0.168 0.117 0.546 <LQ 1.032 <LQ 0.323 0.026 0.149 0.088 0.740 <QL 0.513 0.015 0.179 0.114 0.518 <LQ 1.013 <LQ 0.325 0.024 0.136 0.066 0.708 <QL 0.507 0.019 0.175 0.106 0.525 <LQ 0.998 <LQ 0.316 0.021 0.161 0.189 0.705 <QL 0.493 0.023 0.159 0.093 0.506 0.006 0.947 <LQ 0.309 0.017 0.162 0.191 0.662 <QL 0.504 0.030 0.151 0.069 0.414 0.009 0.922 <LQ 0.299 0.015 0.163 0.194 0.607 0.002 0.495 0.037 0.144 0.050 0.382 0.019 0.908 <LQ 0.276 0.011 0.163 0.194 0.536 <QL 0.457 0.046 0.110 0.033 0.393 0.019 0.841 <LQ 0.272 0.008 0.156 0.196 0.523 <QL 0.457 0.059 0.115 0.031 0.387 0.020 0.790 <LQ 0.522 <LQ 0.150 0.196 0.512 <QL 0.433 0.073 0.072 0.021 0.365 0.020 0.759 <LQ 0.489 <LQ 0.152 0.192 0.547 <QL 0.395 0.088 0.172 0.186 0.352 0.020 0.668 <LQ 0.491 <LQ 0.147 0.177 0.151 0.136	Mg 0.079 0.133 0.068 0.018 0.038 0.070 0.065 0.129 0.082 0.135 0.068 0.019 0.038 0.071 0.028 0.134 0.088 0.155 0.072 0.020 0.038 0.072 0.034 0.136 0.052 0.088 0.177 0.072 0.021 0.026 0.072 0.042 0.137 0.063 0.092 0.199 0.074 0.022 0.030 0.074 0.050 0.137 0.077 0.096 0.206 0.075 0.023 0.035 0.078 0.060 0.141 0.082 0.098 0.219 0.077 0.023 0.038 0.077 0.071 0.045 0.091 0.100 0.227 0.062 0.025 0.041 0.080 0.079 0.061 0.096 0.104 0.228 0.087 0.024 0.046 0.018 0.084 0.076 0.101 0.112 0.247 0.090 0.026 0.051 0.019 0.091 0.082 0.108 0.129 0.243 0.118 0.036 0.053 0.020 0.094 0.087 0.118 0.136 0.239 0.122 0.043 0.056 0.021 0.099 0.093 0.122 0.140 0.248 0.127 0.051 0.061 0.020 0.101 0.097 0.129 0.147 0.249 0.134 0.055 0.063 0.021 0.053 0.101 0.134 0.154 0.037 0.138 0.061 0.067 0.021 0.065 0.101 0.078 0.153 0.042 0.140 0.066 0.010 0.021 0.077 0.105 0.087 0.157 0.048 0.146 0.069 0.010 0.021 0.087 0.105 0.099 0.103 0.109 0.110 0.113 0.115 0.119 0.122 0.128 0.125 0.067 0.124 0.063 0.148 0.035 0.061 0.058 0.107 0.120 0.063 0.140 0.036 0.052 0.057 0.091 0.117 0.058 0.131 0.035 0.014 0.054 0.072 0.112 0.065 0.120 0.034 0.014 0.048 0.059 0.106 0.065 0.106 0.033 0.014 0.043 0.120 0.105 0.063 0.083 0.033 0.013 0.039 0.115 0.097 0.061 0.061 0.031 0.013 0.035 0.115 0.083 0.060 0.040 0.073 0.012 0.030 0.115 0.172 0.057 0.021 0.073 0.013 0.025 0.110 0.172 0.055 0.021 0.072 0.012 0.022 0.105 0.164 0.053 0.011 0.073 0.011 0.021 0.103 0.168 0.050 0.149 0.071 0.011 0.021 0.095 0.105	Si 0.533 0.554 0.166 0.043 18.738 Ca/Si 1.273 1.432 3.193 0.156 3.602 0.224 2.192 0.311 1.227 0.160 0.994 0.641 1.238 0.563 1.414 0.171 3.065 0.048 18.266 0.157 3.587 0.259 1.948 0.109 2.037 0.166 1.003 0.689 1.192 0.073 2.658 0.182 3.037 0.053 17.686 0.161 3.511 0.279 1.763 0.153 1.581 0.172 0.954 0.085 1.990 0.684 1.131 0.101 2.080 0.187 2.997 0.057 17.063 0.095 3.489 0.273 1.809 0.184 1.375 0.171 0.918 0.112 1.612 0.710 1.129 0.157 1.328 0.186 2.904 0.059 16.854 0.128 2.742 0.279 1.679 0.195 1.365 0.172 0.925 0.162 1.183 0.752 1.144 0.169 1.304 0.191 2.877 0.060 16.607 0.160 2.203 0.283 1.664 0.212 1.286 0.178 0.931 0.177 1.144 0.729 1.113 0.234 0.950 0.197 2.807 0.063 16.711 0.179 2.039 0.279 1.708 0.229 1.241 0.035 2.792 0.246 0.916 0.779 1.117 0.275 0.824 0.061 2.183 0.064 16.667 0.193 1.920 0.283 1.693 0.244 1.151 0.056 2.290 0.294 0.788 0.776 1.113 0.293 0.760 0.115 1.280 0.066 15.979 0.213 1.841 0.044 8.626 0.247 1.177 0.089 1.465 0.336 0.676 0.226 1.801 0.321 0.771 0.129 1.083 0.070 15.668 0.231 1.753 0.054 8.085 0.259 1.168 0.109 1.216 0.375 0.652 0.305 1.538 0.337 0.721 0.206 0.745 0.144 2.273 0.239 1.665 0.063 7.241 0.269 1.096 0.131 1.026 0.436 0.611 0.415 1.176 0.336 0.689 0.243 0.639 0.172 2.019 0.246 1.650 0.066 7.060 0.278 1.074 0.163 0.849 0.460 0.580 0.444 1.112 0.355 0.670 0.261 0.572 0.213 1.688 0.257 1.636 0.069 6.773 0.283 1.042 0.186 0.730 0.507 0.550 0.561 0.906 0.367 0.659 0.290 0.552 0.241 1.541 0.264 1.636 0.073 6.844 0.067 1.852 0.197 0.721 0.541 0.516 0.623 0.834 0.202 1.513 0.313 0.544 0.271 1.326 0.281 1.568 0.078 6.067 0.088 1.593 0.212 0.673 0.105 3.841 0.636 0.789 0.216 1.567 0.319 0.509 0.299 1.188 0.019 25.688 0.079 6.026 0.118 1.199 0.228 0.638 0.148 3.106 0.668 0.766 0.261 1.492 0.338 0.498 0.330 1.091 0.024 23.430 0.081 6.120 0.134 1.084 0.237 0.630 0.238 2.097 0.260 1.943 0.372 1.461 0.437 1.266 0.465 1.121 0.491 1.073 0.542 1.082 0.554 0.981 0.601 0.930 0.626 0.926 0.331 2.180 0.543 1.447 0.140 3.573 0.171 1.058 0.144 3.844 0.122 3.650 0.284 1.231 0.121 1.306 0.528 1.386 0.128 3.673 0.163 1.076 0.132 4.230 0.083 4.737 0.263 1.313 0.106 1.466 0.519 1.490 0.116 3.670 0.155 1.084 0.116 4.713 0.050 20.518 0.251 1.286 0.077 1.935 0.488 1.517 0.446 1.152 0.157 1.144 0.108 4.782 0.050 20.261 0.245 1.325 0.053 2.580 0.403 1.759 0.432 1.173 0.145 1.203 0.096 5.457 0.047 21.074 0.218 1.447 0.235 0.684 0.380 1.854 0.416 1.183 0.126 1.262 0.079 6.428 0.046 20.651 0.199 1.556 0.234 0.690 0.281 2.353 0.413 1.221 0.110 1.368 0.061 6.763 0.047 19.813 0.178 1.680 0.226 0.718 0.219 2.769 0.399 1.242 0.089 1.619 0.388 0.984 0.046 19.738 0.153 1.808 0.213 0.766 0.740 0.724 0.371 1.229 0.056 1.976 0.377 1.042 0.044 19.055 0.122 2.228 0.205 0.762 0.735 0.711 0.352 1.297 0.053 2.164 0.371 1.042 0.040 19.664 0.086 6.034 0.201 0.748 0.700 0.731 0.316 1.368 0.027 2.695 0.357 1.023 0.037 20.286 0.086 5.707 0.180 0.841 0.713 0.767 0.272 1.456 0.353 0.486 0.339 1.038 0.033 20.273 0.082 5.956 0.154 0.954 0.252 0.598	0.148 0.241 0.408 0.425 0.240 0.311 0.210 0.803 Mg/Si 0.128 0.240 0.399 0.401 0.243 0.276 0.254 0.806 0.128 2.111 0.394 0.383 0.236 0.259 0.220 0.789 0.129 1.753 0.386 0.369 0.271 0.262 0.230 0.800 0.612 0.129 1.270 0.398 0.371 0.232 0.267 0.256 0.796 0.561 0.128 1.220 0.393 0.384 0.217 0.277 0.283 0.790 0.473 0.134 0.935 0.389 0.371 0.210 0.276 0.309 1.279 0.465 0.129 0.826 1.017 0.382 0.210 0.281 0.323 1.094 0.370 0.134 0.780 0.761 0.369 0.215 0.407 0.341 0.848 0.327 0.497 0.769 0.700 0.367 0.222 0.353 0.352 0.755 0.299 0.423 0.722 0.574 0.252 0.221 0.320 0.351 0.668 0.288 0.329 0.711 0.503 0.250 0.229 0.314 0.355 0.572 0.270 0.315 0.699 0.488 0.239 0.235 0.297 0.356 0.521 0.265 0.263 0.679 0.464 0.229 0.238 0.285 0.788 0.512 0.255 0.247 0.185 0.440 0.226 0.237 0.269 0.738 0.475 0.248 0.241 0.195 0.439 0.220 0.537 0.263 0.652 0.458 0.742 0.235 0.186 0.431 0.209 0.413 0.259 0.650 0.443 0.589 0.229 0.447 0.866 0.246 0.499 0.204 0.885 0.202 0.227 0.492 0.854 0.271 0.631 0.216 0.854 0.200 0.225 0.499 0.844 0.302 0.277 0.214 0.932 0.212 0.230 0.145 0.765 0.309 0.281 0.197 1.114 0.220 0.263 0.149 0.733 0.344 0.290 0.197 0.510 0.219 0.276 0.151 0.658 0.422 0.289 0.194 0.493 0.234 0.344 0.148 0.557 0.504 0.285 0.197 0.506 0.244 0.377 0.150 0.448 0.189 0.251 0.196 0.539 0.252 0.233 0.155 0.382 0.194 0.289 0.206 0.538 0.294 0.234 0.157 0.387 0.195 0.297 0.253 0.522 0.394 0.235 0.168 0.400 0.206 0.307 0.250 0.570 0.415 0.235 0.184 0.421 0.208 0.320 0.257 0.617 0.417
						-227 --228 --229 --230 --231 --232 --233 --234 -			

Table S4 :

 S4 Calculated saturation indices for all possible mineral phases based on fluid chemistry at the end of the experiment. Mineral phases that were undersaturated in all the reactors are not shown.

	Sample	B31S2	B36S1	B81S2	B81S4	B83S3	B87S4	B130S2	B134S1	B261S4	B316S3	HE65_11	HE65_22	HE65_42	98A003	00A059	00A060	01A034	VP_13	GOB_14	GRVP_15	HEOB_17	GV_ash
	pH	8.1	4.4	6.6	4.7	8.0	6.1	6.8	4.4	4.1	3.9	4.3	4.3	4.6	5.1	6.8	6.2	6.6	4.6	5.2	5.6	4.2	4.2
	Albite	0.2	-2.4	0.5	-2.4	-0.3	0.8	-0.2	-2.8	-4.0	-4.9	-3.7	-3.7	-2.4	0.4	3.6	3.2	3.2	-2.0	-0.2	0.1	-3.6	-2.0
	Albite_high	-1.2	-3.7	-0.8	-3.7	-1.6	-0.5	-1.6	-4.1	-5.3	-6.2	-5.0	-5.0	-3.7	-0.9	2.3	1.9	1.8	-3.3	-1.6	-1.2	-4.9	-3.3
	Albite_low	0.2	-2.4	0.5	-2.4	-0.3	0.8	-0.2	-2.8	-4.0	-4.9	-3.7	-3.7	-2.4	0.4	3.6	3.2	3.2	-2.0	-0.2	0.1	-3.6	-2.0

Table S9 :

 S9 the Ca and Mg to Si ratios for all the mixedflow experiments at 25°C. Chemical composition of the amorphous phase of the studied altered basalts. The composition of Stapafell basaltic glass is added for comparison and taken from[START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF] 

	B316S3	5	8.94	4.0	0.0011	0.0061	0.0010	0.0011	0.0028	2.2	0.4
	B316S3	6	13.33	4.2	0.0030	0.0171	0.0034	0.0037	0.0058	3.0	0.6
	Rock Sample Number B316S3 7 B83S3 1 B83S3 2 B83S3 3 B83S3 4 B83S3 5 B83S3 6 B83S3 7 B83S3 8 B83S3 9 B83S3 10 B130S2 1 B130S2 2 B316S3 8 B316S3 9 B316S3 10 HE65_22 1 HE65_22 2 3 B83S3 B87S4 HE65_22 4 SiO2 23.0 29.4 29.5 26.0 45.4 33.0 NA Time elapsed (min) Time elapsed (days) pH Al 20.38 4.0 0.0012 0.35 6.4 0.0027 1.10 6.6 0.0100 2.18 7.0 0.0056 6.02 6.7 0.0018 8.94 6.7 0.0013 13.34 6.9 NA 20.38 4.7 NA 28.07 4.3 0.0019 35.10 4.3 0.0021 42.98 4.2 0.0029 0.35 6.6 0.0036 1.10 7.0 0.0085 28.08 4.1 0.0011 35.10 4.1 0.0014 42.98 4.0 0.0016 0.35 5.2 0.0005 1.09 5.1 0.0004 2.18 4.9 0.0013 B130S2 HE-65 VP_13 GOB_14 B261S4 B316S3 6.02 4.3 0.0046 25.3 48.1 Ca 0.0071 0.2024 <LQ Fe 0.0014 0.2034 <LQ 0.1734 <LQ 0.1478 <LQ 0.1309 <LQ NA NA NA NA 0.0259 0.0020 0.0234 0.0024 0.0154 0.0026 0.1591 <LQ 0.1829 <LQ 0.0054 0.0018 0.0044 0.0022 0.0026 0.0027 0.0328 0.0021 0.0357 0.0056 0.0228 0.0130 Basaltic Glass 0.0144 0.0134 HE65_22 5 8.94 4.2 0.0043 0.0107 0.0100 Al2O3 8.4 12.8 11.2 13.5 6.7 12.2 NA 15.0 14.6 HE65_22 6 13.33 4.3 0.0046 0.0165 0.0108 CaO 1.8 0.7 2.9 0.4 1.5 2.0 NA 0.3 11.8 HE65_22 7 20.38 4.3 0.0037 0.0111 0.0128 MgO 8.3 12.1 4.8 9.2 15.9 8.5 NA 13.6 9.1 HE65_22 8 28.08 4.4 0.0052 0.0141 0.0155 Na2O 0.1 0.1 0.6 0.1 0.2 0.1 NA 0.0 2.0 HE65_22 9 35.10 4.5 0.0066 0.0110 0.0167 TiO2 0.5 0.0 0.2 0.0 0.0 0.1 NA 0.0 1.6 HE65_22 10 42.98 4.4 0.0053 0.0074 0.0163 Fe2O3 26.3 30.0 17.0 34.2 21.7 34.8 NA 26.5 1.1 HE65_22 K2O 0.0 0.1 1.5 0.0 0.2 0.1 NA 0.0 0.3 B130S2 3 2.18 6.8 0.0029 0.1295 <LQ P2O5 0.1 0.0 1.2 0.0 0.0 0.0 NA 0.0 0.2 B130S2 4 6.02 5.0 0.0025 0.0453 0.0030 MnO 0.3 0.2 0.4 0.3 0.1 0.1 NA 0.3 0.2 B130S2 5 8.94 4.5 0.0048 0.0286 0.0037 Total 77.4 85.9 76.1 83.5 91.8 91.5 NA 81.7 98.8	Mg 0.0018 0.0063 0.0043 0.0019 0.0010 <LQ NA NA 0.0026 0.0027 0.0027 0.0058 0.0047 0.0021 0.0026 0.0030 0.0274 0.0206 0.0128 0.0045 0.0038 0.0043 0.0055 0.0067 0.0074 0.0072 0.0046 0.0024 0.0020	Si 0.0031 0.0549 0.0288 0.0154 0.0068 0.0053 0.0044 NA Ca/Si Mg/Si 2.3 0.6 3.7 0.1 7.1 0.1 11.3 0.1 21.7 0.1 24.7 NA NA 0.0090 NA NA 0.0103 2.5 0.3 0.0111 2.1 0.2 0.0126 1.2 0.2 0.0113 14.1 0.5 0.0190 9.6 0.0030 1.8 0.7 0.0031 1.4 0.8 0.0032 0.8 0.9 0.0186 1.8 1.5 0.0236 1.5 0.9 0.0223 1.0 0.6 0.0120 1.2 0.4 0.0088 1.2 0.4 0.0079 2.1 0.5 0.0062 1.8 0.9 0.0062 2.3 1.1 0.0056 2.0 1.3 0.0052 1.4 1.4 0.2 0.0244 5.3 0.2 0.0151 3.0 0.2 0.0126 2.3 0.2
	B130S2	6	13.34	4.4	0.0047	0.0266	0.0031	0.0019	0.0113	2.4	0.2
	B130S2	7	20.38	4.2	0.0050	0.0205	0.0033	0.0016	0.0120	1.7	0.1
	B130S2	8	28.07	4.2	0.0050	0.0141	0.0029	0.0016	0.0120	1.2	0.1
	B130S2	9	35.10	4.2	0.0051	0.0137	0.0028	0.0017	0.0116	1.2	0.1
	B130S2	10	42.98	4.2	0.0051	0.0124	0.0032	0.0019	0.0124	1.0	0.1
	B316S3	1	0.35	4.7	0.0022	0.0246	0.0074	0.0094	0.0114	2.1	0.8
	B316S3	2	1.09	4.3	0.0033	0.0131	0.0057	0.0041	0.0073	1.8	0.6
	B316S3	3	2.18	4.2	0.0025	0.0137	0.0023	0.0020	0.0047	2.9	0.4
	B316S3	4	6.21	4.0	0.0011	0.0157	0.0011	0.0011	0.0028	5.7	0.4
						-241 -					

Table S10 :

 S10 Parameters of the experiments

	Reacted Sample	Flow Rate	Mass of Sample	Residence	Total Duration of
		(g/min)	(g)	Time (min)	The Reaction
					(min)
	B83S3	0.73	1.5	274	38574
	B87S4	0.75	1.5	267	34410
	B130S2	0.73	2.6	274	20175
	B261S4	0.71	1.5	282	63204
	B316S3	1.49	3.0	134	63315
	HE-65	1.95	3.0	103	20121
	JQ_3-2	0.73	1.5	274	60883
	VP_13	0.74	1.5	270	69375
	GOB_14	0.67	1.5	299	25930
	KZ_01	0.27	3	741	11600
	KZ_02	0.29	3	690	22993

Table S11 :

 S11 Measured values for pH and elements concentrations for all the MF experiments at 120 °C

	B316S3_S7 B130S2_S14 VP_13_S1 TK_02_S18	3.18 5.11 0.23 12.18	3.06 0.004 0.076 0.017 0.044 0.15 3.1 0.009 0.053 0.005 0.007 0.313 0.17 0.507 0.233 2.172 0.091 1.873 3.28 0.003 0.073 0.022 0.089 0.261 0.278 0.23 1.21 2.99 0.005 0.01 0.032 <QL 0.004 2.815 0.018 156.3
	B316S3_S8 B130S2_S15 VP_13_S2 TK_02_S19	3.75 5.97 0.88 14.85	3.09 0.004 0.072 0.017 0.046 0.15 3.08 0.009 0.052 0.005 0.007 0.305 0.172 0.091 1.895 0.484 0.233 2.071 3.15 0.006 0.065 0.013 0.04 0.23 0.282 0.23 1.226 3.008 0.005 0.006 0.033 <QL 0.003 1.89 0.018 104.9
	B316S3_S9 B130S2_S16 VP_13_S3 TK_02_S20	4.00 6.84 1.24 15.18	3.07 0.004 0.074 0.016 0.048 0.157 0.471 0.233 2.017 3.08 0.009 0.05 0.005 0.007 0.303 0.164 0.091 1.803 3.13 0.008 0.051 0.011 0.029 0.211 0.24 0.23 1.042 3.025 0.005 0.005 0.033 <QL 0.003 1.746 0.018 96.96
	B316S3_S10 B130S2_S17 VP_13_S4 TK_02_S21	7.12 10.08 1.87 15.85	3.1 3.07 0.008 0.047 0.005 0.008 0.275 0.17 0.003 0.092 0.013 0.048 0.185 0.498 0.233 2.134 0.091 1.876 3.11 0.011 0.044 0.007 0.019 0.181 0.241 0.23 1.046 2.998 0.005 0.007 0.033 <QL 0.003 2.234 0.018 124.1
	B316S3_S11 B130S2_S18 VP_13_S5	7.72 11.01 2.21	3.11 0.003 0.093 0.013 0.048 0.188 0.494 0.233 2.118 3.09 0.007 0.047 0.005 0.008 0.274 0.171 0.091 1.88 3.09 0.012 0.04 0.006 0.016 0.164 0.244 0.23 1.061
	B316S3_S12 B130S2_S19 VP_13_S6	10.88 12.99 3.07	3.07 0.003 0.089 0.009 0.034 0.171 0.522 0.233 2.236 3.09 0.006 0.05 0.006 0.01 0.266 0.189 0.091 2.087 3.11 0.015 0.033 0.005 0.011 0.152 0.219 0.23 0.95
	B316S3_S13 B130S2_S20 VP_13_S7	14.93 13.98 7.15	3.03 0.003 0.079 0.006 0.018 0.139 0.569 0.233 2.435 3.06 0.005 0.051 0.006 0.01 0.261 0.196 0.091 2.158 3.1 0.019 0.033 0.004 0.007 0.136 0.239 0.23 1.038
	B316S3_S14 HE-65_22_S1 0.10 17.01 VP_13_S8 15.11	3.04 0.003 0.077 0.005 0.013 0.132 0.583 0.233 2.495 3.18 0.004 0.097 0.065 0.045 0.243 0.4 0.235 1.703 3.06 0.02 0.035 0.004 0.01 0.139 0.255 0.23 1.106
	B316S3_S15 HE-65_22_S2 0.73 20.92 VP_13_S9 22.89	3.06 0.003 0.07 3.07 0.01 0.118 0.014 0.005 0.221 0.532 0.235 2.261 0.005 0.01 0.121 0.575 0.233 2.465 3.04 0.019 0.028 0.006 0.014 0.134 0.209 0.23 0.91
	B316S3_S16 HE-65_22_S3 1.10 23.95 VP_13_S10 30.09	3.06 0.003 0.067 0.005 0.008 0.113 0.595 0.233 2.547 3.1 0.011 0.073 0.012 0.005 0.175 0.418 0.235 1.777 3 0.016 0.032 0.008 0.019 0.137 0.237 0.23 1.03
	B316S3_S17 HE-65_22_S4 1.73 28.96 VP_13_S11 36.88	3.06 0.003 0.056 0.006 0.009 0.096 0.591 0.233 2.531 3.05 0.012 0.047 0.01 0.004 0.143 0.331 0.235 1.409 3.03 0.01 0.031 0.01 0.025 0.136 0.228 0.23 0.989
	B316S3_S18 HE-65_22_S5 2.10 37.17 VP_13_S12 42.90	3.03 0.003 0.042 0.005 0.007 0.074 0.573 0.233 2.455 3.03 0.012 0.04 0.01 0.003 0.136 0.292 0.235 1.243 3.08 0.005 0.022 0.008 0.029 0.119 0.184 0.23 0.797
	B316S3_S19 HE-65_22_S6 2.73 43.95 VP_13_S13 48.18	2.99 0.007 0.027 0.005 0.007 0.051 0.526 0.233 2.253 3.03 0.012 0.033 0.008 0.003 0.124 0.266 0.235 1.131 3.08 0.004 0.026 0.005 0.018 0.109 0.235 0.23 1.023
	B83S3_S1 HE-65_22_S7 3.10 0.13 TK_01_S_01 0.22	3.9 3.04 0.011 0.029 0.007 0.002 0.123 0.237 0.235 1.008 <QL 0.418 0.002 0.025 0.123 3.407 0.16 21.29 6.57 NA 0.83 <QL 0.079 0.007 118.8 4.187 28.37
	B83S3_S2 HE-65_22_S8 3.73 0.75 TK_01_S_02 0.92	3.38 0.003 0.242 0.007 0.028 0.236 1.024 0.16 3.02 0.011 0.025 0.007 0.003 0.119 0.213 0.235 0.905 6.401 6.2 NA 0.823 <QL 0.093 0.009 93.93 4.187 22.44
	B83S3_S3 HE-65_22_S9 7.10 1.17 TK_01_S_03 1.25	3.24 0.004 0.184 0.009 0.026 0.215 0.854 0.16 3 0.01 0.026 0.006 0.005 0.113 0.226 0.235 0.963 5.336 5.98 NA 0.826 <QL 0.092 0.009 95.63 4.187 22.84
	B83S3_S4 HE-TK_01_S_04	1.79 7.73 1.92	3.14 0.006 0.136 0.009 0.023 0.186 0.73 3.03 0.009 0.027 0.006 0.005 0.117 0.227 0.235 0.965 0.16 4.56 6.08 NA 0.817 <QL 0.088 0.008 104 4.187 24.83
	B83S3_S5 65_22_S10 TK_01_S_05	4.81 2.24	3.04 0.012 0.061 0.006 0.014 0.134 0.456 0.16 6.06 NA 0.82 <QL 0.088 0.008 105.5 4.187 25.19 2.853
	B83S3_S6 B83S3_S7 B83S3_S8 HE-TK_01_S_06 65_22_S11 HE-65_22_S12 TK_01_S_07 TK_01_S_08	5.97 13.06 14.72 10.77 2.93 13.96 3.25 3.88	3.04 0.012 0.056 0.006 0.014 0.132 0.422 0.16 3.01 0.009 0.035 0.006 0.015 0.124 0.279 0.16 3 0.008 0.032 0.006 0.015 0.121 0.266 0.16 3.06 0.006 0.038 0.011 0.013 0.139 0.274 0.235 1.165 2.638 1.747 1.662 6.12 NA 0.828 <QL 0.086 0.007 111.6 4.187 26.66 6.13 NA 0.834 <QL 0.088 0.007 112.9 4.187 26.98 3.02 0.004 0.034 0.015 0.021 0.138 0.246 0.235 1.046 6.29 NA 0.825 <QL 0.085 0.007 113.1 4.187 27.02
	B83S3_S9 B87S4_S1 TK_01_S_09	21.80 0.20 4.25	2.94 0.006 0.019 0.006 0.013 0.094 0.199 0.16 3.93 0.001 0.34 0.003 0.092 0.385 0.884 0.142 6.228 1.247 6.15 NA 0.824 <QL 0.086 0.007 114.9 4.187 27.44
	B83S3_S10 B87S4_S2 TK_01_S_10	26.78 0.93 4.92	2.95 0.006 0.013 0.008 0.013 0.09 3.41 0.005 0.228 0.016 0.056 0.305 0.749 0.142 5.272 0.141 0.11 1.284 6.02 NA 0.818 <QL 0.085 0.007 114.1 4.187 27.24
	GOB14_S1 B87S4_S3 TK_01_S_11	0.31 1.29 5.24	3.47 0.001 0.188 0.023 0.036 0.577 0.326 0.249 1.309 3.28 0.005 0.157 0.024 0.059 0.271 0.578 0.142 4.073 6.14 NA 0.817 <QL 0.083 0.007 114.7 4.187 27.39
	GOB14_S2 B87S4_S4 TK_01_S_12	0.90 1.92 5.92	3.3 3.16 0.005 0.101 0.023 0.049 0.241 0.42 0.004 0.126 0.021 0.023 0.524 0.241 0.249 0.967 0.142 2.958 6.22 NA 0.813 <QL 0.082 0.007 115 4.187 27.46
	GOB14_S3 B87S4_S5 TK_01_S_13	1.30 2.30 6.25	3.25 0.005 0.107 0.019 0.02 3.14 0.005 0.084 0.019 0.039 0.219 0.385 0.142 2.712 0.478 0.225 0.249 0.901 6.6 NA 0.817 <QL 0.083 0.007 116.7 4.187 27.88
	GOB14_S4 B87S4_S6 TK_01_S_14	1.91 2.92 6.92	3.21 0.006 0.09 3.09 0.005 0.067 0.013 0.027 0.187 0.36 0.018 0.02 0.428 0.209 0.249 0.84 0.142 2.538 6.04 NA 0.816 <QL 0.082 0.007 116.5 4.187 27.83
	GOB14_S5 B87S4_S7 TK_01_S_15	2.34 3.21 7.25	3.17 0.007 0.083 0.019 0.022 0.413 0.201 0.249 0.806 3.08 0.006 0.06 0.011 0.023 0.168 0.354 0.142 2.495 6.32 NA 0.813 <QL 0.082 0.007 116.3 4.187 27.78
	GOB14_S6 B87S4_S8 TK_01_S_16	2.89 6.02 7.90	3.14 0.006 0.084 0.02 3.04 0.009 0.036 0.005 0.012 0.108 0.333 0.142 2.347 0.026 0.408 0.206 0.249 0.825 NA NA 0.828 <QL 0.08 0.007 118.7 4.187 28.35
	GOB14_S7 B87S4_S9 TK_02_S1	10.31 7.90 0.18	3.23 0.002 0.089 0.032 0.068 0.35 3.02 0.009 0.029 0.005 0.01 0.095 0.308 0.142 2.166 0.254 0.249 1.02 4.861 <QL 0.36 <QL 0.216 0.036 10.15 0.018 563.4
	GOB14_S8 B87S4_S10 TK_02_S2	17.98 10.30 0.85	3.16 0.001 0.065 0.026 0.075 0.267 0.243 0.249 0.975 0.008 0.025 0.006 0.009 0.086 0.289 0.142 2.038 4.176 <QL 0.307 <QL 0.192 0.034 8.983 0.018 498.9
	B261S4_S1 B87S4_S11 TK_02_S3	0.17 13.11 1.18	3.12 <QL 0.11 3.02 0.007 0.023 0.006 0.009 0.079 0.297 0.142 2.094 0.009 0.039 0.144 0.763 0.207 3.695 3.729 0.001 0.259 <QL 0.162 0.032 7.997 0.018 444.1
	B261S4_S2 B87S4_S12 TK_02_S4	0.80 22.20 1.85	3.24 <QL 0.168 0.006 0.039 0.233 0.72 2.99 0.006 0.018 0.007 0.011 0.064 0.282 0.142 1.988 0.207 3.486 3.286 0.004 0.15 0.021 0.088 0.029 5.184 0.018 287.9
	B261S4_S3 B87S4_S13 TK_02_S5	1.24 23.90 2.18	3.23 <QL 0.139 0.006 0.041 0.209 0.666 0.207 3.223 3.01 0.006 0.018 0.007 0.011 0.064 0.29 0.142 2.039 3.19 0.006 0.103 0.024 0.053 0.027 3.859 0.018 214.3
	B261S4_S4 JQ_3-2_S1 TK_02_S6	1.77 0.22 2.85	3.19 <QL 0.102 0.006 0.04 4.01 <QL 0.283 0.002 0.089 0.727 0.389 0.222 1.752 0.179 0.572 0.207 2.771 3.048 0.008 0.056 0.407 0.016 0.022 2.586 0.018 143.6
	B261S4_S5 JQ_3-2_S2 TK_02_S7	2.79 0.87 3.18	3.09 <QL 0.078 0.006 0.035 0.143 0.548 0.207 2.653 3.48 0.002 0.224 0.007 0.044 0.699 0.321 0.222 1.445 3.023 0.008 0.05 0.024 0.009 0.019 2.612 0.018 145.1
	B261S4_S6 JQ_3-2_S3 TK_02_S8	5.76 1.23 3.88	3.05 <QL 0.052 0.004 0.025 0.103 0.503 0.207 2.434 3.35 0.004 0.194 0.009 0.029 0.638 0.304 0.222 1.37 2.995 0.009 0.048 0.023 0.003 0.015 3.174 0.018 176.3
	B261S4_S7 JQ_3-2_S4 TK_02_S9 ID B261S4_S8 JQ_3-2_S5 TK_02_S10 B261S4_S9 JQ_3-2_S6 TK_02_S11 B316S3_S1 B261S4_S10 JQ_3-2_S7 TK_02_S12	8.00 1.86 4.18 Elapsed time (days) 13.79 2.20 4.85 20.80 3.06 5.18 0.14 27.84 7.14 5.85	Outlet concentrations (mmol/kg) 3.04 <QL 0.046 0.004 0.02 0.093 0.493 0.207 2.384 3.29 0.009 0.156 0.009 0.022 0.551 0.282 0.222 1.272 3.009 0.01 0.047 0.023 0.002 0.013 3.57 0.018 198.3 Ca Ratios pH [Al] [Ca] [Fe] [Mg] [Si] Ca/Si Rock Ca/Si 2.98 <QL 0.045 0.003 0.012 0.082 0.548 0.207 2.655 3.26 0.009 0.144 0.011 0.026 0.532 0.271 0.222 1.222 2.997 0.01 0.047 0.024 0.001 0.011 4.462 0.018 247.8 Fluid/rock 2.99 <QL 0.042 0.002 0.011 0.08 0.525 0.207 2.543 3.27 0.006 0.128 0.017 0.04 0.491 0.26 0.222 1.172 3.001 0.01 0.047 0.022 0.001 0.01 4.812 0.018 267.2 Ca/Si 3.23 0.003 0.184 0.015 0.033 0.219 0.838 0.233 3.588 3.06 <QL 0.032 0.003 0.012 0.068 0.471 0.207 2.28 3.25 0.002 0.097 0.025 0.07 0.391 0.249 0.222 1.122 3.012 0.009 0.043 0.022 <QL 0.008 5.491 0.018 304.9
	B316S3_S2 B261S4_S11 JQ_3-2_S8 TK_02_S13	1.13 34.89 15.10 6.18	3.33 0.003 0.242 0.008 0.049 0.302 0.8 3.06 <QL 0.031 0.003 0.014 0.064 0.483 0.207 2.338 0.233 3.428 3.1 0.004 0.055 0.017 0.053 0.221 0.248 0.222 1.118 2.99 0.009 0.04 0.023 <QL 0.007 5.391 0.018 299.4
	B316S3_S3 B261S4_S12 JQ_3-2_S9 TK_02_S14	1.17 43.89 22.88 6.85	3.24 0.003 0.21 3.017 <QL 0.02 3.03 0.004 0.034 0.011 0.034 0.151 0.224 0.222 1.007 0.009 0.052 0.285 0.737 0.233 3.155 0.004 0.016 0.058 0.348 0.207 1.684 3.023 0.01 0.05 0.026 <QL 0.01 5.234 0.018 290.6
	B316S3_S4 B130S2_S11 JQ_3-2_S10 TK_02_S15	1.75 0.12 30.08 7.23	3.21 0.003 0.163 0.011 0.052 0.238 0.685 0.233 2.932 3.53 0.009 0.244 0.032 0.042 0.464 0.526 0.091 5.799 2.96 0.005 0.024 0.008 0.022 0.106 0.23 0.222 1.035 2.986 0.009 0.037 0.025 <QL 0.007 5.061 0.018 281
	B316S3_S5 B130S2_S12 JQ_3-2_S11 TK_02_S16	2.15 2.88 36.87 7.85	3.12 0.004 0.121 0.012 0.049 0.199 0.61 3.08 0.01 0.066 0.006 0.007 0.329 0.2 2.99 0.004 0.018 0.005 0.014 0.076 0.239 0.222 1.075 0.233 2.611 0.091 2.199 2.988 0.008 0.031 0.024 <QL 0.006 5.544 0.018 307.9
	B316S3_S6 B130S2_S13 JQ_3-2_S12 TK_02_S17	2.72 4.04 42.28 11.85	3.09 0.004 0.086 0.016 0.047 0.164 0.523 0.233 2.241 3.08 0.01 0.056 0.006 0.006 0.318 0.176 0.091 1.938 3.02 0.003 0.014 0.003 0.011 0.06 0.239 0.222 1.078 2.982 0.005 0.01 0.032 <QL 0.004 2.822 0.018 156.7

Table S12 :

 S12 Phases calculated to be supersaturated in the reactive fluids in the dissolution experiments. The stars indicate that a phase was supersaturated in at least one of the collected fluid samples. Logarithm values of iron release rates normalized to BET (higher) and geometric (lower) surface area measured in this study. Cell 1 is the stagnant one = it is the reactor -time_step 0.0167 hour # each time_step, the MIX is performed -shifts ",Dur*1440," # number of time_steps, total time is Dur days -punch_cells 3 # only collect data from the tank solution -punch_frequency 1440 # sample every 24 hours

	units		mmol/kgw				
	density	1				
	-water	",Reactor," # kg			
	REACTION_PRESSURE				
	12						
	MIX 3						
	0	",FR/Reactor,"				
	3	",1-FR/Reactor,"			
	Sample Beidellite Bohemite Corundum Diaspore Gibbsite Hematite Kaolinite ",BLOCK,"
	B83S3		*	*	*	*	*
	* * -boundary_conditions constant closed * * B87S4 B130S2 * * TRANSPORT B261S4 * -cells 1 B316S3 * * -flow_direction diffusion_only	* * * *	* *	* *	* *
	HE-65 JQ_3-2 VP_13 GOB_14 -stagnant 3 # SELECTED_OUTPUT * *	* * * *	* * * *	* * * *	* * *	* *	* *
	-file		HT_MF_so.txt			
	-selected_out	true			
	-time						
	-step						
	Inputstring=paste(" # Transport script to model a MF dissolution experiment SOLUTION 0 # The inlet solution temp 120 pH 3 pe 4 redox pe units mmol/kgw Na 10 Cl(-1) 11.045 -water ",Reactor," # kg SOLUTION 1 #For the ghost cell -pH -temperature -totals Na Cl Al Ca Fe Mg Si -kinetic_reactants ",Phases_out_text," -saturation_indices ",Phases_out_text," END ") # run the created string Figure S2: #Launching the PHREEQC simulation density 1 phrRunString(Inputstring)
	temp		120				
	pH		7				
	pe		4				
	redox		pe				
	units		mmol/kgw				
	density	1				
	-water	",Reactor," # kg			
	SOLUTION 3	#The solution found in the reactor	
	temp		120				
	pH		3				
	pe		4				
	redox		pe				
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Cette thèse comporte cinq chapitres. Le chapitre 3 présente une synthèse de l'état de l'art sur la géochimie des carbonates, l'altération des basaltes et la dissolution des roches silicatées. Le chapitre 4 présente les échantillons utilisés, leur origine et leur caractérisation. Les chapitres 5 et 6 présentent les expériences mises en place pour mesurer la réactivité des échantillons, les résultats obtenus et leur interprétation. Le chapitre 7 présente les résultats de modélisation pour reproduire les données expérimentales, analyser la sensibilité de la réactivité à plusieurs paramètres et simuler la carbonatation des roches étudiées. Enfin, la conclusion générale rassemble les principaux résultats de la thèse ainsi que leurs implications pour minéralisation in-situ de CO2 dans des basaltes altérés.
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Chapter 6

The dissolution rates of naturally altered basalts at pH 3 and 120 °C: Implications for the in-situ mineralization of CO 2 injected into the subsurface A version of this chapter has been accepted for publication in Chemical Geology as: Delerce S., Bénézeth P., Schott J. and Oelkers E.H.: The dissolution rates of naturally altered basalts at pH 3 and 120 °C: Implications for the in-situ mineralization of CO2 injected into the subsurface. 6 29.5 10.4 13.6 20.7 12.4 20.2 10.6 28.9 - -

Plagioclase 37.6 5.8 24.9 - -33.6 33 60.8 14.4 -6

Quartz 12 13.6 35.6 37.4 36.6 6.9 ----61

Augite/Diopside 10 10.8 5. Chlorite 8.1 21. 4 6.4 22.7 3.5 7 0.5 n---14 Titanite 2.9 2.1 2.7 2.5 2.3 3.9 --0.7 --

Clinoptilolite/ Heulandite

*Mineral composition estimated from the chemical composition and XRD identifications

The phases identified using the microprobe are listed in Table S8. The results show the diversity of plagioclases present. The IRDP samples contained plagioclase mostly of albitic composition, while the sample HE-65 and surface rocks contain a mix of labradorite and andesine. The pyroxenes are mainly of augitic composition. The compositions of the amorphous/poorly crystalline fractions are overall consistent across the samples and are dominated by Al, Fe, Mg and Si (see Figure S1 and Table S9).

Compared to basaltic glass, the amorphous/poorly crystalline phase detected in the studied altered basalts had lower Ca and Si contents but higher Fe contents. No consistent trends can be observed in Al and Mg. These compositions are characteristic of altered glass and its transformation into nanocrystalline clay minerals. 

GOB_14

GOB_14 is a surface altered basalt in which primary phases dominate the mineralogy. The first simulation replicated the exact conditions of the experiment. The corresponding parameters are summarized in Table 7.4, and the results of the simulation in Figure 7.8. In the initial simulation, the pH increases to a higher value than the corresponding experimental values.

The Si concentrations are also much higher than the experiment and drop very fast due to the high reactivity of labradorite and augite. The logarithm of the Si release follows the trend of the Si concentration, with high values during the first 10 days of reaction and then a drop, concurrent with the depletion of labradorite. After 20 days of reaction, the logarithm of the Si release is -9.9, more than one order of magnitude lower than the corresponding measured value of -8.8.

To adjust the model, we replaced augite with diopside, labradorite with albite and we reduced the surface area to 1 m 2 g -1 . The comparison of the models with the experimental data is shown on Figure 7.9. Once the fresh basaltic glass comes into contact with the CO2-charged water it immediately starts to dissolve and rapidly increases the pH to more than 5, provoking the precipitation of ankerite and siderite. Magnesite starts to precipitate after 540 days of reaction, and calcite after 2220 days, equal to ~7 years. These latter two minerals only precipitate in minor amounts. It takes approximately 7 years for the basaltic glass to mineralize 95% of the injected CO2.

Basaltic glass

B130S2

The initial carbonation simulations of B130S2 at 30 °C yielded only minor carbonation over the 120 years. The results are shown in Figure 7.11.

Appendix to Chapter 5

Table S1 Mineralogy of all the samples used in the study, as determined by Rietveld refinement of XRD patterns Table S2 Chemical composition of all the rock samples used in this study, as determined by X-Ray fluorescence, in weight percent Table S3 Temporal evolution of the pH, the fluid volume present in the reactor, the elemental concentrations for Al, Ca, Fe, Mg, and Si in mol kg-1, and the Ca and Mg to Si ratios for all the batch experiments Table S4 Calculated saturation indices for all possible mineral phases based on fluid chemistry at the end of the experiment Table S5 BET and geometric surface areas normalized release rates calculated using equation ( 5.3) for Ca, Mg and Si Table S6 Calculated Si release rates at pH4 using the fitting method Table S7 Temporal evolution of the pH, the elemental concentrations for Al, Ca, Fe, Mg, and Si in mol kg-1, and the Ca and Mg to Si ratios for all the mixedflow experiments at 25°C

Appendix to Chapter 6

Table S8 Phases detected on thin sections using the microprobe for each sample Table S9 Chemical composition of the amorphous phase of the studied altered basalts Table S10 Parameters of the experiments Table S11 Measured values for pH and elements concentrations for all the MF experiments at 120 °C Table S12 Phases calculated to be supersaturated in the reactive fluids in the dissolution experiments

Figure S1

Chemical composition of the amorphous phase of the studied altered basalts Figure S2 Logarithm values of iron release rates normalized to BET and geometric surface area measured in this study

Appendix to Chapter 7

Script S1 Phases detected on thin sections using the microprobe for each sample Script S2

Chemical composition of the amorphous phase of the studied altered basalts -238 - [START_REF] Oelkers | The mechanism, rates and consequences of basaltic glass dissolution: I. An experimental study of the dissolution rates of basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25°C and pH = 3 and 11[END_REF] Appendix to chapter 7: R scripts used for the geochemical modeling with PHREEQC. The scripts are formatted to R Studio and run PHREEQC thanks to the 'phreeqc' library.

Script S1: MF dissolution script. # Define the phase to react on a total surface area of 2M2/kgw = 20 000 cm2/kgw ",BLOCK," -steps ",paste(Steps,collapse=" "),Unit_duration," "off")+scale_x_continuous(breaks = seq(-12,-5,1))#+ggtitle("LOG of r [Si] normalized to\n BET surface area") p=p+theme(axis.text.x= element_text(color="black", size=15), axis.text.y= element_text(color="black", size=15), axis.title=element_text(color="black", size=18))+ theme(legend.position = "none") p=p+labs(x="Elpased time (Years)", y="pH") p #DIC p2 <ggplot(so) p2=p2+geom_line(aes(x=Time.days/365, y=n1.C.4..mol.kgw.), size = 1)+theme_classic() #+coord_cartesian(xlim=c(-13,-10), ylim = c(1,23), clip = "off")+scale_x_continuous(breaks = seq(-12,-5,1))#+ggtitle("LOG of r [Si] normalized to\n BET surface area") p2=p2+theme(axis.text.x= element_text(color="black", size=15), axis.text.y= element_text(color="black", size=15), axis.title=element_text(color="black", size=18))+ theme(legend.position = "none") p2=p2+labs(x="Elpased time (Years)", y=expression("DIC (mol kgw"^-1*")")) p2

MF dissolution script

#Temporal evolution of the moles precipitated (TOTAL) Ind1=which(colnames(so)=="n1.Analcime") Ind2=which(colnames(so)=="n1.si_Calcite") ind=which(abs(so[,Ind1:Ind2] %>% summarise_if(is.numeric, max))>0) Ind=intersect(grep("d_",colnames(so[,Ind1:Ind2])),ind) Ind=Ind+Ind1-2 # Create the data frame for the visualization k=1 Size=dim(so) Viz=so[,c(Size [2]-1,Ind [1])] Viz$Phase = substring(colnames(Viz) [2], 4) colnames(Viz)=c("Time.days", "Moles","Mineral") for (k in 2:length(Ind)

Viz_temp$Phase=substring(colnames(Viz_temp) [2], 4) colnames(Viz_temp)=c("Time.days", "Moles","Mineral") Viz=rbind(Viz,Viz_temp) } p3=ggplot(Viz) p3=p3+geom_area(aes(x = Time.days/365, y = Moles, fill = Mineral),position = 'stack')+theme_classic() p3=p3+theme(axis.text.x= element_text(color="black", size=15), axis.text.y= element_text(color="black", size=15), axis.title=element_text(color="black", size=18), legend.position = "bottom", legend.text = element_text(size=15), legend.title = element_text(size=15)) p3=p3+labs(x="Elpased time (Years)", y="Moles precipitated (cumulative)") p3 #Temporal evolution of the moles precipitated (DELTA) Ind1=which(colnames(so)=="n1.Analcime") Ind2=which(colnames(so)=="n1.si_Calcite") ind=which(abs(so[,Ind1:Ind2] %>% summarise_if(is.numeric, max))>0) Ind=intersect(grep("d_",colnames(so[,Ind1:Ind2])),ind) Ind=Ind+Ind1-1 # Create the data frame for the visualization k=1 Viz=so [,c(Size[2]-1,Ind [1])] Viz$Phase = substring(colnames(Viz) [2] 

Short summary:

This study aims at characterizing the reactivity of altered basalts to evaluate their potential carbon storage through mineralization. 23 basaltic rocks of diverse origins and compositions were dissolved in experiments at 25 and 120 °C to assess their capacity to release the required elements for the mineralization of CO2. Results suggest that altered basalts are 10 to 100 times less reactive than fresh basalts, and that they release calcium, silicon and magnesium at similar rates despite their contrasting compositions. Alteration quickly removes most reactive minerals such as olivine and basaltic glass. The remaining minerals and the minerals from alteration react at similar rates. The modeling of our results confirms that higher temperatures can compensate this lower reactivity. Altered basalts can be used mineral carbon storage, particularly at temperatures higher than 100 °C.