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Introduction

The 2018 IPCC report concluded that all pathways that limit global warming to 1.5 °C above pre-industrial levels require some carbon capture and storage technology [START_REF] Rogelj | Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development[END_REF]. Permanent storage by in situ mineral carbonation, a strategy enhancing a natural process, is one long-term carbon dioxide (CO 2 ) storage option (e.g., [START_REF] Metz | IPCC Special Report on Carbon Dioxide Capture and Storage[END_REF][START_REF] Oelkers | Mineral carbonation of CO 2[END_REF][START_REF] Pacala | Stabilization wedges: Solving the climate problem for the next 50 years with current technologies[END_REF][START_REF] Power | Carbon mineralization: from natural analogues to engineered systems[END_REF][START_REF] Sanna | A review of mineral carbonation technologies to sequester CO 2[END_REF].

Mafic and ultramafic rocks provide the best candidates for such storage due to their relatively fast dissolution rates and their high content of divalent cations, such as Mg 2+ , Ca 2+ and Fe 2+ , required for the carbonate mineral formation [START_REF] Gislason | Carbon storage in basalt[END_REF][START_REF] Kelemen | In situ carbonation of peridotite for CO 2 storage[END_REF][START_REF] Mcgrail | Field validation of supercritical CO 2 reactivity with basalts[END_REF][START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF]. The effects of rock composition and crystallinity, extent of reactions, and water chemistry on secondary mineralogy have been explored by a number of past experimental studies focused on freshwater-basalt-CO 2 interactions [START_REF] Galeczka | An experimental study of basaltic glass-H 2 O-CO 2 interaction at 22 and 50°C: Implications for subsurface storage of CO 2[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] Gudbrandsson | An experimental study of crystalline basalt dissolution from 2⩽ pH⩽ 11 and temperatures from 5 to 75 °C[END_REF]Gysi and Stefánsson, 2012a, b;[START_REF] Luhmann | Whole rock basalt alteration from CO 2 -rich brine during flow-through experiments at 150 °C and 150 bar[END_REF][START_REF] Marieni | Towards 'green' geothermal energy: Co-mineralization of carbon and sulfur in geothermal reservoirs[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] Peuble | CO 2 geological storage in olivine rich basaltic aquifers: new insights from reactive-percolation experiments[END_REF]Schaef and McGrail, 2009;Schaef et al., 2009;[START_REF] Sissmann | Enhanced Olivine Carbonation within a Basalt as Compared to Single-Phase Experiments: Reevaluating the Potential of CO 2 Mineral Sequestration[END_REF]Wolff-Boenisch et al., 2004a, 2006;Wolff-Boenisch et al., 2004b).

Reaction path simulations have provided insight into these basalt alteration processes and the effects of high CO 2 partial pressures (pCO 2 ) on dissolution and precipitation reactions [START_REF] Gysi | Numerical modelling of CO 2 -water-basalt interaction[END_REF][START_REF] Rosenbauer | Carbon sequestration via reaction with basaltic rocks: Geochemical modeling and experimental results[END_REF]. Field observations of alteration products and the related changes in aqueous solutions at sites where CO 2 is injected into the subsurface have advanced our understanding of the timescales of such fluid-rock interactions. For example, the CarbFix process, where gases are dissolved into water before or during their injection into subsurface reactive basalts, has been demonstrated to be a safe and cost-effective approach to limiting CO 2 and hydrogen sulfide (H 2 S) emissions as the gases are mineralized within two years [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] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]Snaebjörnsdóttir et al., 2018a). Large volumes of water, however, are required to dissolve the gases using this method; approximately 32 tons of freshwater are needed to dissolve each ton of CO 2 at 25 °C and 25 bar pCO 2 [START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF]. This requirement limits the CarbFix approach geographically to where ample freshwater resources are located near suitable reactive rock formations. On the other hand, porous basalts near the continental margins have huge potential storage capacities adjacent to nearly unlimited supplies of seawater [START_REF] Goldberg | Carbon dioxide sequestration in deep-sea basalt[END_REF][START_REF] Marieni | Geological storage of CO 2 within the oceanic crust by gravitational trapping[END_REF][START_REF] Snaebjörnsdóttir | CO 2 Storage potential of basaltic rocks offshore Iceland[END_REF]. This observation suggests that the CarbFix approach could be applied to these regions by the injection of gas-charged seawater into submarine basalts. Yet, the use of seawater instead of freshwater for this purpose is not straightforward because the high amount of salts and sulfates present in seawater can dramatically alter the reaction paths and rates of both gas capture from point sources and the mineralization of CO 2 injected into the subsurface (e.g., [START_REF] Rosenbauer | Carbon sequestration via reaction with basaltic rocks: Geochemical modeling and experimental results[END_REF][START_REF] Xu | Numerical modeling of injection and mineral trapping of CO 2 with H 2 S and SO 2 in a sandstone formation[END_REF]. For example, injection of seawater during industrial processes often leads to pipe clogging (e.g., [START_REF] Bader | Sulfate removal technologies for oil fields seawater injection operations[END_REF][START_REF] Dai | Solubility measurements and predictions of gypsum, anhydrite, and calcite over wide ranges of temperature, pressure, and ionic strength with mixed electrolytes[END_REF], and reactions between seawater and basalts can lead to the formation of permeability-destroying clay minerals in submarine basalt formations (e.g., [START_REF] Wolff-Boenisch | Flow-through reactor experiments on basalt-(sea) water-CO 2 reactions at 90 °C and neutral pH. What happens to the basalt pore space under post-injection conditions[END_REF][START_REF] Wolff-Boenisch | Dissolution of basalts and peridotite in seawater, in the presence of ligands, and CO 2 : implications for mineral sequestration of carbon dioxide[END_REF].

This study was designed to assess the potential of extending the CarbFix approach for the capture and subsurface mineral fixation of carbon and sulfur. Reaction path models were created to predict the rate and extent of subsurface geochemical reactions in basaltic reservoir rock in response to the injection of CO 2 -and H 2 S-charged freshwater and seawater as a function of temperature. These model calculations focus on i) identifying the main differences between the use of freshwater versus seawater for the injection of CO 2 and H 2 S into subsurface basalts for mineral carbonation, ii) investigating the temperature limits of CO 2 -charged injections, and iii) identifying the optimal temperature and fluid composition for the mineralization of CO 2 and H 2 S gas mixtures within basaltic reservoirs.

Model calculations

Reaction path modelling

This study is largely based on thermodynamics via reaction path calculations. The reaction path models created in this study are used to predict the distribution of mineral reaction products occurring in response to the injection of gas-charged aqueous fluids while these fluids travel through a basaltic reservoir (Figure 1). Focus is made to determine the effect of varying temperature (from 25 to 260 °C) and fluid composition (freshwater or seawater) on the mineral-fluid interactions. Four distinct temperatures were chosen to give an overview of the effect of this parameter on carbonation potential. The modelled system was divided into ten sequential reaction steps to track fluid-rock interactions as a function of basalt dissolution. In each step, a fixed quantity of basalt was dissolved into the injected fluid and secondary minerals were allowed to precipitate until the system attained local thermodynamic equilibrium. The identity of secondary minerals allowed to form in the calculations was based on thermodynamic constraints and past field observations (see below). Precipitated minerals were not allowed to react in subsequent reaction steps, i.e. their precipitation was considered non-reversible. This was done to simulate fluids flowing in a reservoir, which constantly moves away from the minerals precipitated from this fluid.

All the calculations in this study were performed using the PHREEQC software package (v3) [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 (v1.1.0) thermodynamic database (Voigt et al., 2018a). Reaction path calculations were performed rather than the more detailed reactive transport calculations to generate site independent results, as well as to avoid uncertainties introduced by the estimation of mineral-fluid interfacial surface areas and the use of laboratory measured mineral dissolution and precipitation kinetics.

The reaction path model was parameterized and validated using the results from the ongoing CarbFix2 injection [START_REF] Clark | The chemistry and potential reactivity of the CO 2 -H 2 S charged injected waters at the basaltic CarbFix2 site, Iceland[END_REF]2020;[START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF]. In the CarbFix2 project, gas-charged water from the Hellisheiði geothermal power plant (SW Iceland) is injected into a hydrothermally altered basaltic reservoir with temperatures of ~260 °C [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[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]Snaebjörnsdóttir et al., 2018b). During the first phase of the CarbFix2 injection, up to July 2016, approximately 25% of the water-soluble gases from the power plant's exhaust gas stream containing 63 vol% CO 2 , 21 vol% H 2 S, 14 vol% H 2 , and 2 vol% of other gases such as Ar, CH 4 , and N 2 were dissolved in a scrubbing tower into 20 °C condensed steam collected from the power plant's turbines. The resulting gas-charged water was then transported to injection wells. Effluent water was co-injected into the wells with the gas-charged water, and these two water streams mixed in the well before entering the host rock. Three geothermal wells are used to monitor the geochemical evolution of fluids and assess the magnitude of gas mineralization. These wells are located 984 m (HE-31), 1356 m (HE-48), and 1482 m (HE-44) downstream from the dominant injection well [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[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]. Mass balance calculations on sampled well fluids, taking account of non-reactive chemical tracers, were used to determine the fraction of the injected and formation water reaching each monitoring well, assuming nonreactive mixing. For field validation, a mixing final step was performed on the modelled fluid with formation waters (Figure 1). This accounts for fluid mixing within the reservoir near the monitoring wells as each monitoring well passes through three distinct hyaloclastite water feedzones (Snaebjörnsdóttir et al., 2018b). The mixing ratio used in the validation model calculation was chosen to be that of the fluids sampled from the monitoring well HE-31 on 3 November 2015, which contained 84 vol% formation water and 16% injected water based on tracer test results reported by [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF]. Data from the other monitoring wells were not used for model validation because of the uncertainties on the various fluid flow paths (e.g., different injected water paths to each monitoring well and/or variable reactive paths depending on time).

The secondary mineralogy in the freshwater injection models was constrained by the mineralogy of alteration phases described in the literature for on-shore basalt formations [START_REF] Alfredsson | The geology and water chemistry of the Hellisheidi, SW-Iceland carbon storage site[END_REF][START_REF] Helgadóttir | The Gráuhnúkar geothermal system, Hellisheiði: Geology and hydrothermal alteration[END_REF][START_REF] Kristmannsdóttir | Alteration of basaltic rocks by hydrothermal activity at 100-300 °C[END_REF][START_REF] Larsson | Hydrothermal alteration of plagioclase and growth of secondary feldspar in the Hengill Volcanic Centre, SW Iceland[END_REF][START_REF] Schiffman | The smectite-chlorite transition in drillhole NJ-15, Nesjavellir geothermal field, Iceland: XRD, BSE and electron microprobe investigations[END_REF]Snaebjörnsdóttir et al., 2018b;[START_REF] Thien | Differential alteration of basaltic lava flows and hyaloclastites in Icelandic hydrothermal systems[END_REF]. The seawater injection models were validated using observations of alteration mineral zones described in the literature for the oceanic crust [START_REF] Alt | Subseafloor processes in mid-ocean ridge hydrothermal systems[END_REF] and further field observations (e.g., [START_REF] Alt | Proc. ODP, Sci. Results[END_REF][START_REF] Davis | Proc. ODP, Init. Repts[END_REF][START_REF] Fisher | the Expedition 327 Scientists[END_REF].

Note that [START_REF] Daval | Carbon dioxide sequestration through silicate degradation and carbon mineralisation: promises and uncertainties[END_REF] speculated, based on some observations of [START_REF] Trias | High reactivity of deep biota under anthropogenic CO 2 injection into basalt[END_REF], that part of the carbon fixation during the original CarbFix injection could be due to biologic activity leading to the formation of subsurface organic material. The analysis of carbon isotopes at the original CarbFix injection site, where the injected carbon was mineralized at 35 °C, indicates, however, that bio-fixing was negligible. Moreover, it is highly unlikely that biologic activity influenced to any extent the carbon fixation during the ongoing CarbFix2 injections, as carbon fixation in this system is occurring at temperatures in excess of 250 °C.

As such, the potential carbon fixation by subsurface biota has not been considered in this study.

Thermodynamic dataset and reactant compositions

All reaction path calculations reported in this study were performed using the carbfix.dat thermodynamic database (Voigt et al., 2018a). The carbfix.dat database is based on the core10.dat database [START_REF] Neveu | Aqueous geochemistry in icy world interiors: Equilibrium fluid, rock, and gas compositions, and fate of antifreezes and radionuclides[END_REF], which itself is largely derived from the widely used llnl.dat database compiled at the Lawrence Livermore National Laboratory. The carbfix.dat database corrects several errors, only contains thermodynamics data for reactions for which equilibrium constants, K, were available (as opposed to constants estimated based on the assumption of constant reaction enthalpy change, ∆ r H), and only contains phases and species for which molar volumes are available, allowing the PHREEQC computer code to estimate the pressure dependence of equilibrium constants. The molar volumes listed in this database were also used to calculate the volume of the secondary minerals as a function of reaction progress.

The bulk chemical composition of Stapafell basaltic glass [START_REF] Gysi | CO 2 -water-basalt interaction. Numerical simulation of low temperature CO 2 sequestration into basalts[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] normalised to one mol of Si, was used as the only phase initially present in the rock formation; the composition of such glass is provided in Table 1.

This basaltic glass composition is in agreement with normalized field data and was used in all the reaction path models to allow direct comparison of computed results. The freshwater composition used in some of the calculations was set to that of the pre-injection effluent water collected near the Hellisheiði power plant as reported by [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF], whereas the seawater composition used in the other calculations was taken from [START_REF] Millero | The composition of standard seawater and the definition of the reference-composition salinity scale[END_REF]. The compositions of these waters are provided in Table 2 together with the average composition of the formation waters sampled from monitoring well HE-31 before the gas-charged water injections [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF], which was used in the final mixing step of the modelling to match model results to the observed monitoring well water composition.

In all the reaction path calculations, the power plant exhaust gases were first dissolved in pure water, consistent with the composition of condensed steam. This gas-charged water was subsequently mixed with either freshwater or seawater in the molar ratio of 0.3 parts gas-charged water to 0.7 parts either fresh or seawater; this ratio is based on the mixing ratio of the fluids injected during the CarbFix2 project [START_REF] Clark | The chemistry and potential reactivity of the CO 2 -H 2 S charged injected waters at the basaltic CarbFix2 site, Iceland[END_REF]. The resulting diluted gas-charged water contains either 30.8 or 32.0 mmol/kgw of dissolved inorganic carbon (DIC) and 22.4 or 42.4 mmol/kgw of dissolved sulfur (DS), for freshwater or seawater dilution, respectively (Table 3). These DIC values correspond to a fluid equilibrated with 1 bar of pCO 2 . In the case of freshwater, almost all the carbon and sulfur in the injected mixture originates from the dissolved gas; in the case of seawater, almost all the carbon but only 21.9 mmol/kgw of sulfur (~52% of the total injected DS) are derived from the dissolved gas, with the remaining originating from the natural sulfate content of seawater. The choice to first dissolve the gases in pure water prior to their dilution in freshwater or seawater was made to enable clear comparisons among the model results.

The use of model input parameters replicating those from the CarbFix2 gas-charged water injection allows the validation of model results with field observations. In addition, the injection of more concentrated CO 2 fluids was also explored. For these latter calculations, identical fluids were used as in the original calculations other than they contained a higher CO 2 concentration. This higher concentration was taken equal to that of freshwater or seawater equilibrated with 9 bar CO 2 (Table 3), which is the injection pressure at the CarbFix2 injection well head [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. This results in injected dissolved CO 2 concentrations of ~127 and ~116 mmol/kgw, respectively, for the freshwater and seawater injections. In all calculations, carbon dioxide solubility was determined with the Peng-Robinson equation of state [START_REF] Peng | Two and three phase equilibrium calculations for systems containing water[END_REF] as implemented in PHREEQC [START_REF] Appelo | Equations for calculating hydrogeochemical reactions of minerals and gases such as CO 2 at high pressures and temperatures[END_REF].

The compositions, chemical formulas, molar volumes and thermal stability fields of the secondary phases considered in the reaction path calculations are listed in Table 4. The thermal stability field defines the temperature range in which a mineral has been observed in experimental and/or field studies. Consistent with field observations, dolomite was not allowed to precipitate, and the formation of reduced aqueous carbon species, C -4 or methane (CH 4 ), was restricted. The volume of the dissolving basaltic glass was calculated using a molar weight of 123 g/mol and density of 2.851 g/cm 3 [START_REF] Galeczka | An experimental study of basaltic glass-H 2 O-CO 2 interaction at 22 and 50°C: Implications for subsurface storage of CO 2[END_REF]. The rock volume changes reported below are defined as the difference between the volume of the dissolved rock and the total volume of the precipitated secondary minerals. As such, these do not correspond to rock porosity changes. Rock porosity changes would depend on the amount of basalt dissolved and secondary minerals formed at each point in the system, which will be a function of fluid rates, rock-fluid interfacial surface area, and mineral reaction rates. Such factors are not explicitly considered in this study. Also, the effect of the presence of dissolved gas in the fluid phase on reservoir rock volume changes was determined by comparing each gas-charged reaction path calculation to a corresponding reaction path calculation result with either gas-free freshwater or seawater (Table 2).

RESULTS

Reaction path field validation

The results from the reaction path calculations, performed for the injection of freshwater-dissolved CO 2 into basalts at 260 °C and thereby mimicking the CarbFix2 injection are shown in Figure 2 along with the corresponding field observations reported by [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. Ten steps of 0.02 mol basalt dissolution per kg H 2 O were required prior to the non-reactive mixing of the resulting fluid with the background water to obtain the fluid composition measured at monitoring well HE-31. A total of 0.2 mol basalt dissolution was chosen for this calculation to match the results of [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. This 0.2 mol/kgw basaltic glass corresponds to a mass of 25 g or a volume of 8.6 cm 3 of basalt dissolved per kg water.

The calculated final pH of 7.36 obtained in this calculation after fluid-rock interaction is in close agreement with the measured field in situ pH of 7.31 (Figure 2a). A close match is also found between calculated and measured DIC and DS (Figure 2b); the calculated final fluid values were 9.93 and 1.86 mmol/kgw, whereas the corresponding field measured values were 10.58 and 2.14 mmol/kgw, for DIC and DS, respectively. Similarly, the calculated major element fluid concentrations match well with the corresponding field values, with no significant systematic differences (Figure 2c). Note, however, an underestimate of ~20% in the Si concentrations and a ~15% overestimate of the Na values were obtained in the calculation. The model results indicate the formation of calcite, albite, prehnite, Mgchlorite (clinochlore) and epidote (Figure 2d), which is in agreement with the geochemical calculations based on monitoring data as well as the geological description of the CarbFix2 site (Snaebjörnsdóttir et al., 2018b). The model-field comparison of the saturation indices of all the secondary minerals listed in Table 4 for temperature conditions of 260 °C shows that most are in close agreement other than for those of Fe-bearing phases, which are underestimated by the model calculations.

Reaction path calculations for gas-charged waters at 260 °C

A comparison of the results from the gas-charged freshwater and the gas-charged seawater reaction path model calculations at 260 °C are shown in Figure 3. In the freshwater system, the pH increases from 5.8 to 7.7, whereas in the seawater system the pH follows a different trend, decreasing from 5.5 to 4.1 in response to the dissolution of the first 0.02 mol of basaltic glass, and then slowly rising back to ~5.4 after the dissolution of 0.14 additional moles of basaltic glass.

The DIC and DS mineralized are shown as a percentage of the amount of these gases originally injected in Figure 3 c andd. A substantial amount of the originally injected sulfur is mineralized in response to 0.2 mol basalt dissolution per kg of injected solution, with freshwater mineralizing around 80% (~17.4 mmol/kgw), and seawater almost 100% (~41.9 mmol/kgw, of which 22.4 mmol/kgw originates from the gas-charged solution) of the injected dissolved sulfur. In contrast, the efficiency of DIC mineralization is substantially different if injected via freshwater compared to seawater after the dissolution of 0.2 mol of basalt. Gascharged freshwater-basalt interaction is estimated to mineralize ~40% of the originally injected DIC (~11.6 mmol/kgw), whereas gas-charged seawater-basalt interaction removes only ~10% (~3.2 mmol/kgw) of the originally injected DIC. This lower CO 2 uptake by the solids in the latter case is the result of the stability and formation of non-carbonate Cabearing minerals (see below).

In both the freshwater and the seawater systems, the CO 2 is mineralized as calcite, whereas dissolved sulfur precipitates only as pyrite in freshwater, and as pyrite and anhydrite in seawater. The other minerals observed as secondary phases during the dissolutionprecipitation reaction path in freshwater, in descending order of molar abundance, are quartz, epidote, Mg-chlorite (clinochlore), albite, prehnite, ilmenite, magnetite, and Kfeldspar. In the seawater reaction path model, the secondary minerals are quartz, Mgchlorite, albite, epidote, hematite, ilmenite, and magnetite. Prehnite and K-feldspar are observed only during the freshwater injection and hematite only during the seawater injection. Furthermore, quartz, epidote, and magnetite are more abundant during the freshwater injection, clinochlore and albite more abundant during the seawater injection, while ilmenite shows similar abundances from either injection. In these 260 °C calculations, chlorites were allowed to precipitate rather than smectites consistent with the observations by [START_REF] Alt | Subseafloor processes in mid-ocean ridge hydrothermal systems[END_REF] and Snaebjörnsdóttir et al. (2018c) for seawater and freshwater injections, respectively.

The efficiency of CO 2 mineralization can be visualized by assessing the distribution of Ca among the various secondary phases (Figure 3 g andh). In the freshwater system, Ca is taken up, in descending order of abundance, by epidote, prehnite, and calcite, with prehnite being predominant compared to the other phases during the initial reaction path steps. In the seawater system, most of the Ca is taken up by anhydrite. It is only after the injected sulfate is consumed, after 0.12 mol of basaltic glass dissolution, that epidote and calcite begin to form, with epidote being predominant over calcite.

The combined dissolution-precipitation reactions predicted to occur leads to an increase in the rock volume per kg of injected solution in both systems: +1% for the freshwater case, and +11% for seawater. Moreover, the gas-charged seawater-basalt system shows a rock volume increase during the first reaction step, whereas the rock volume increase in the freshwater system begins only after the dissolution of 0.10 mol of basaltic glass. This volume increase is largely the result of the formation of hydrated minerals, such as chlorites, where the water included in the structure increases the mineral volume.

Reaction path calculations for gas-charged waters at 170 °C

The results from both the gas-charged freshwater and the gas-charged seawater reaction path calculations at 170 °C are illustrated in Figure 4. In the freshwater system, the aqueous solution pH increases almost linearly from 5.0 to 9.7 with increasing basaltic glass dissolution, whereas in the seawater system the pH first sharply increases from 4.8 to 5.6 in response to the dissolution of the first 0.02 mol of basaltic glass, followed by a slow rise to 6.0.

At this temperature, both the freshwater and seawater injections indicate a similarly high percentage of injected sulfur mineralization, with the freshwater mineralizing around 96% (~21.5 mmol/kgw) of the initial DS, and the seawater mineralizing almost 95% (~40.2 mmol/kgw, of which 22.4 mmol/kgw originated from the dissolved gas) of the initial DS.

Similarly, the mole percent of initial DIC sequestered is above 90% during both the freshwater and seawater system (~99% and ~92%, respectively). In the case of the freshwater injection, most of the DIC is mineralized before the first 0.12 mol of basaltic glass is dissolved, whereas about twice as much basalt dissolution (0.2 mol) is required to reach a similar DIC mineralization value in the seawater system.

As in the 260 °C reaction path calculations, the CO 2 is mineralized as calcite, whereas the DS precipitates as pyrite during the freshwater injection, but as both pyrite and anhydrite during the seawater injection. The other secondary phases calculated to form during the reaction path calculations in the freshwater systems, in descending order of abundance, are Mg-smectites, Ca-zeolites (laumontite and mordenite), ilmenite, Na-zeolite (analcime), Fesmectites, K-smectites, magnetite, and K-feldspar. In the seawater system, the secondary minerals are Mg-smectites, hematite, ilmenite, and Fe-smectite. Zeolites, magnetite, Ksmectites and K-feldspar are observed only during freshwater injection, whereas hematite only during seawater injection. Fe-smectites are more abundant during the freshwater injection, whereas Mg-smectites are more abundant during the seawater injection.

At this temperature in the freshwater system, Ca is taken up, in descending order of abundance, by calcite, mordenite and laumontite, with more than 60% of Ca being incorporated into calcite throughout the whole reaction path. During the seawater injection, calcite and anhydrite compete for Ca, with anhydrite taking up to ~75% of the available Ca in the initial reaction step, and ~35% after 0.06 mol of basaltic glass has dissolved. The results of these calculations suggest a similar increase in rock volume in both modelled gas-charged water injections as a function of basalt dissolution: +18% for the freshwater system, and +14% for the seawater system. This volume increase is mostly due to the formation of clay minerals and zeolites, which are hydrated minerals.

Reaction path calculations for gas-charged waters at 100 °C

The results from both the gas-charged freshwater and the gas-charged seawater reaction path calculations at 100 °C are shown in Figure 5. In the freshwater system, the pH increases almost linearly from 4.7 to 10.4, whereas in the seawater system, the pH first increases sharply from 4.6 to 5.8 in response to the dissolution of the first 0.02 mol of basaltic glass, and then increases more slowly to 6.9.

Both injected fluids show comparable high percentages of the injected carbon mineralization, with gas-charged freshwater-basalt interaction mineralizing almost 100% (~30.8 mmol/kgw) of the initial DIC and gas-charged seawater-basalt interaction mineralizing almost 99% (~31.6 mmol/kgw) of the initial DIC. The DS is nearly completely mineralized during the injection of gas-charged freshwater, but only ~74% of this sulfur is mineralized during the injection of gas-charged seawater; yet, almost 100% of the injected H 2 S is mineralized even during seawater injection. The sulfur remaining in the fluid phase is in the form of sulfate. For both the gas-charged freshwater and seawater injections, most of the DIC is mineralized before 0.14 mol of basaltic glass has dissolved, whereas only half of this basalt is required to mineralize most of the H 2 S.

At this temperature, in both the freshwater and seawater systems, the CO 2 is mineralized mainly as calcite, with lesser amounts of ankerite precipitating near the end of the calculations. The DS is mineralized as pyrite during both the freshwater and seawater injections, with only a minor amount of anhydrite formed due to gas-charged seawater injection at this temperature. The other minerals observed as secondary phases throughout the dissolution-precipitation reaction path during freshwater injections, in descending order of molar abundance, are Mg-smectites, Ca-zeolites (mordenite and thomsonite), ilmenite, Fesmectites, K-smectites, and celadonite. In the seawater system, the secondary minerals are Mg-smectites, hematite, ilmenite, and Ca-zeolites (mordenite and thomsonite). Fe-smectites, K-smectites and celadonite are observed only in the freshwater system, whereas hematite was only observed to form in the seawater system. Ca-zeolites are more abundant during the freshwater injection, whereas Mg-smectites are more abundant during the seawater injection. In the freshwater system, calcium is consumed in descending order of molar abundance by calcite, ankerite, mordenite and laumontite, with ~57% of Ca incorporated into calcite throughout the whole path, ~3% by ankerite, and ~40% by zeolites. In the seawater system, the same minerals compete for Ca, with calcite consuming ~55% of the available Ca throughout the whole reaction, and about ~15% each is consumed by zeolites, ankerite, and anhydrite.

The volume of the precipitating phases is +18% larger than that of the dissolving basalt during the freshwater injection but only +14% during the seawater injection. This volume increase can be related to the abundance of both the smectitic clay minerals and the zeolites.

Reaction path calculations for gas-charged waters at 25 °C

The results from both the gas-charged freshwater and the gas-charged seawater reaction path models at 25 °C are illustrated in Figure 6. In the freshwater system, the pH increases almost linearly from 4.9 to 11.9 with increasing basaltic glass dissolution, whereas in the seawater system the pH increases linearly from 4.7 to 8.3 as 0.14 mol basalt is dissolved per kg of injected solution, but from this point on the pH remains nearly constant.

Both the freshwater and seawater injections mineralize more than 90% (~28.4 and 32.0 mmol/kgw, respectively) of the injected DIC. In contrast, the DS is almost completely mineralized during the freshwater injection, but only ~62% during the seawater injection (~26.4 mmol/kgw total, of which 22.4 mmol/kgw comes from the dissolved gas). Most of the DIC is mineralized in response to the first 0.12 mol of basaltic glass dissolution, whereas only half of this basalt dissolution is required to mineralize most of the DS. The sulfur remaining in the aqueous solution at the end of the calculation is mainly in the form of sulfate.

The injected CO 2 is primarily mineralized as calcite, while some ankerite is predicted to form in the seawater system. The DS precipitates as pyrite during both the freshwater and seawater injections. The other minerals observed as secondary phases during the dissolution-precipitation reaction path in freshwater, in descending order of molar abundance, are Mg-smectites, Ca-zeolites (chabazite and thomsonite), ilmenite, Fe-smectite, Na-smectite, K-smectite, and celadonite. In the seawater system, the secondary minerals are Mg-smectites, celadonite, hematite, ilmenite, K-smectite, Ca-zeolite (thomsonite), and Nasmectite. Fe-smectites are formed only in response to the injection of gas-charged freshwater, whereas hematite precipitates only in the response to the injection of gascharged seawater. Ca-zeolites are more abundant during the injection of freshwater, with Mg-smectites and celadonite more abundant during the injection of seawater.

In the freshwater system, aqueous calcium is consumed, in order of abundance, calcite, chabazite and thomsonite, with ~70% of the Ca precipitating as calcite, and the rest as Ca-zeolites. During the seawater injection, calcite, ankerite and thomsonite compete for Ca, with calcite consuming ~65% of the available Ca over the reaction path, but significant amounts of ankerite and zeolite are also calculated to form. As was the case for the higher temperature models, the formation of these minerals leads to a net volume increase in the solid phases in both freshwater and seawater systems of 9 and 12%, respectively.

Reaction path calculations for CO 2 -rich waters

The results from the additional reaction path calculations run for systems having higher DIC concentrations are summarized in Figure 7. In these calculations, the freshwater or seawater was first equilibrated with 9 bar CO 2 at 67 °C prior to its injection. For these calculations, 1 kg of initial gas-charged freshwater or seawater was reacted in 70 consecutive reaction steps, each adding 0.02 mol of basaltic glass. This increased mass of basaltic glass dissolution was necessary to mineralize the CO 2 in the injected waters, which have substantially higher carbon concentrations than in the previous model calculations.

In the case of the injection of either CO 2 -rich freshwater or CO 2 -rich seawater at temperatures ≤170 °C, the dissolution of 0.4 mol of basaltic glass was sufficient to mineralize ~90% of the injected CO 2 , whereas around 4 times more basaltic glass dissolution was required for this mineralization at 260 °C due to the formation of other Ca-bearing secondary minerals. The fluid pH of the injected waters after 90% of the injected DIC was mineralized differed between the freshwater and the seawater system. For the freshwater injection this pH ranged from between 8.8 and 9.8, depending on temperature. The pH of the injected CO 2 -rich seawater was more strongly buffered; the pH of the fluid phase after ~90% of the DIC had mineralized ranged from 5.7 to 6.4 at temperatures ≤170 °C but was 8.1 at 260 °C.

As further DIC mineralized, the calculations for both the freshwater and seawater systems suggest that the pH continues to increase to above 10, which is higher than the maximum pH around 9 typically observed for groundwater isolated from the atmosphere in contact with alumino-silicate minerals [START_REF] Langmuir | Aqueous Environmental Geochemistry[END_REF]. These anomalous high pH are due to the continued calculated precipitation of zeolites and clay at alkaline conditions. For example, thomsonite (Equation 1) and saponite-Fe-Mg (Equation 2) are predicted to form at pH 10 according to

(1) and

(2)

The continued precipitation of these minerals at elevated pH in the calculations suggests some inconsistencies in the thermodynamic database for one or more of these phases or the aqueous species of their constituent metals at high pH.

The solid phases predicted to form according to the reaction path calculations were compared to the results of corresponding experimental data reported in a number of studies of high pCO 2 gas-charged water-basalt interaction (e.g., Gysi and Stefánsson, 2012a;Gysi and Stefánsson, 2012b;[START_REF] Kanakiya | Dissolution and secondary mineral precipitation in basalts due to reactions with carbonic acid[END_REF][START_REF] Schaef | Carbonate mineralization of volcanic province basalts[END_REF][START_REF] Shibuya | Reactions between basalt and CO 2 -rich seawater at 250 and 350 °C, 500 bars: Implications for the CO 2 sequestration into the modern oceanic crust and the composition of hydrothermal vent fluid in the CO 2 -rich early ocean[END_REF][START_REF] Sissmann | Enhanced Olivine Carbonation within a Basalt as Compared to Single-Phase Experiments: Reevaluating the Potential of CO 2 Mineral Sequestration[END_REF], and to observations of mineral assemblages in CO 2 -rich natural systems [START_REF] Freedman | Hydrothermal minerals record CO 2 partial pressures in the Reykjanes geothermal system, Iceland[END_REF][START_REF] Nakamura | Carbonatization of oceanic crust by the seafloor hydrothermal activity and its significance as a CO 2 sink in the Early Archean[END_REF][START_REF] Neuhoff | Porosity evolution and mineral paragenesis during low-grade metamorphism of basaltic lavas at Teigarhorn, eastern Iceland[END_REF][START_REF] Rogers | CO 2 metasomatism in a basalt-hosted petroleum reservoir, Nuussuaq, West Greenland[END_REF][START_REF] Schiffman | The smectite-chlorite transition in drillhole NJ-15, Nesjavellir geothermal field, Iceland: XRD, BSE and electron microprobe investigations[END_REF][START_REF] Shibuya | Depth variation of carbon and oxygen isotopes of calcites in Archean altered upperoceanic crust: Implications for the CO 2 flux from ocean to oceanic crust in the Archean[END_REF]. Similar to these past studies, our calculations exhibit the precipitation of carbonates and other non-carbonate phases such as chlorites, zeolites and clay minerals as the fluid pH increases (see Appendix A). Some differences are nevertheless evident. In contrast to the previous studies, amorphous silica was not predicted to precipitate during the 100 °C CO 2 -rich freshwater reaction path calculations, despite it having been observed upon CO 2 input to the experimental systems at 75 and 150 °C by Gysi and Stefánsson (2012c), at 150 °C by [START_REF] Sissmann | Enhanced Olivine Carbonation within a Basalt as Compared to Single-Phase Experiments: Reevaluating the Potential of CO 2 Mineral Sequestration[END_REF], and in West Greenland basalts altered at 80-125 °C by [START_REF] Rogers | CO 2 metasomatism in a basalt-hosted petroleum reservoir, Nuussuaq, West Greenland[END_REF]. Epidote was predicted to form in the model calculations during both the freshwater and seawater injections at 260 °C, similar to its presence as a secondary mineral reported in field studies of hydrothermally altered mafic systems (e.g., [START_REF] Freedman | Hydrothermal minerals record CO 2 partial pressures in the Reykjanes geothermal system, Iceland[END_REF][START_REF] Schiffman | The smectite-chlorite transition in drillhole NJ-15, Nesjavellir geothermal field, Iceland: XRD, BSE and electron microprobe investigations[END_REF]). Yet, this mineral was not detected at comparable temperatures during water-dissolved CO 2 -basalt experimental studies (e.g., Gysi and Stefánsson, 2012b;[START_REF] Shibuya | Reactions between basalt and CO 2 -rich seawater at 250 and 350 °C, 500 bars: Implications for the CO 2 sequestration into the modern oceanic crust and the composition of hydrothermal vent fluid in the CO 2 -rich early ocean[END_REF] or other field observations (e.g., [START_REF] Nakamura | Carbonatization of oceanic crust by the seafloor hydrothermal activity and its significance as a CO 2 sink in the Early Archean[END_REF].

Reaction path model results for gas-free waters

Reaction path calculations with gas-free freshwater or seawater were included to better constrain the effect of the presence of injected gases on the rock volume changes. For the reaction path run in the presence of seawater at 170 °C, kaolinite was allowed to precipitate in addition to the already listed secondary minerals in the gas-charged system as it was computed to be supersaturated at times in the fluids phase. For the purpose of this study, only the output results on the rock volume changes were discussed below; yet all the reaction path calculation outputs were summarized and made available in Appendix B.

DISCUSSION

Gas-charged water injection: comparison with field data

The results of the reaction path calculations based on the CarbFix2 gas injection conditions (Figure 2) are in close agreement with the chemical composition of the fluid sampled from the field monitoring well HE31 during this injection [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. The modelled pH of this 260 °C freshwater injection matches the pH of the CarbFix2 monitoring fluids after the dissolution of about 0.2 mol of basalt. Also, the computed saturation states determined from the calculations agree well with the monitoring results for most minerals although they underestimate those of the Fe-bearing phases such as ankerite, pyrite, daphnite, and epidote. This underestimation is most likely related to the assumption of full oxidation-reduction (redox) equilibrium in the model calculations, while measured sulfide/sulfate redox couple concentrations were used to interpret the field-obtained monitoring data. These differences suggest that full redox equilibrium might not have been achieved in the CarbFix2 system in the field.

The mineral assemblages predicted to form by the reaction path calculations shown in Figure 3 are similar to the observed secondary mineralogy produced by the freshwater hydrothermal alteration of basaltic rocks in natural analogues (e.g., [START_REF] Kristmannsdóttir | Alteration of basaltic rocks by hydrothermal activity at 100-300 °C[END_REF]Snaebjörnsdóttir et al., 2018b), and gas-water-basalt interaction experiments performed at 250 °C [START_REF] Stefánsson | The geochemistry and sequestration of H 2 S into the geothermal system at Hellisheidi, Iceland[END_REF][START_REF] Thien | Differential alteration of basaltic lava flows and hyaloclastites in Icelandic hydrothermal systems[END_REF]. Calculations indicate Mg-chlorite (clinochlore) precipitation throughout the whole reaction path, while epidote is calculated to precipitate only at pH >7, consistent with the mineralogy seen on the top of the chloriteepidote zone of basalt alteration in the Hellisheiði reservoir (Snaebjörnsdóttir et al., 2018b).

Albite formation reflects the process of albitization associated with the alteration of Ca-rich plagioclase as expected to occur at this temperature [START_REF] Franzson | Chemical transport in geothermal systems in Iceland[END_REF]Snaebjörnsdóttir et al., 2018b). Model results also confirm field observations that DS mineralizes as pyrite earlier, in terms of the amount of basaltic glass dissolved, compared to the carbonation of DIC as calcite. Pyrite forms during the first reaction path steps up until the pH reached ~7, when its precipitation is slowed by epidote formation [START_REF] Stefánsson | The geochemistry and sequestration of H 2 S into the geothermal system at Hellisheidi, Iceland[END_REF]. Significant amounts of calcite are calculated to begin forming at pH >7.3, consistent with the observations reported by [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF] where calcite only precipitated when sufficient basaltic glass has dissolved to neutralize the acidic injection fluids. At lower pH, the Cabearing mineral prehnite is predicted to precipitate. Another Ca-bearing phase potentially competing with calcite for aqueous calcium is tremolite (the Ca-Mg end-member of actinolite), which was found to be supersaturated in both the modelled and monitored fluids (Figure 2). Note, however, that actinolite is found in Icelandic geothermal systems only when temperatures exceed 280 °C [START_REF] Kristmannsdóttir | Alteration of basaltic rocks by hydrothermal activity at 100-300 °C[END_REF], so that its precipitation during the reaction path calculations was not allowed.

The results of DIC mineralization in the gas-charged seawater calculations can be compared with field studies of oceanic crust alteration [START_REF] Alt | The uptake of carbon during alteration of ocean crust[END_REF][START_REF] Coggon | Linking basement carbonate vein compositions to porewater geochemistry across the eastern flank of the Juan de Fuca Ridge, ODP Leg 168[END_REF][START_REF] Coogan | Evidence that low-temperature oceanic hydrothermal systems play an important role in the silicate-carbonate weathering cycle and long-term climate regulation[END_REF][START_REF] Gillis | Secular variation in carbon uptake into the ocean crust[END_REF][START_REF] Rausch | Calcium carbonate veins in ocean crust record a threefold increase of seawater Mg/Ca in the past 30 million years[END_REF][START_REF] Staudigel | Cretaceous ocean crust at DSDP Sites 417 and 418: Carbon uptake from weathering versus loss by magmatic outgassing[END_REF]. On average, the carbonate content as CaCO 3 within the upper 600-700 m of global oceanic crust, equal to 10% of the average thickness of this crust, is ~1.5 wt% [START_REF] Rausch | Carbonate veins as recorders of seawater evolution, CO 2 uptake by the ocean crust, and seawater-crust interaction during low-temperature alteration[END_REF]. Though, within the uppermost 300 m of submarine volcanic basalts the carbonate abundance can reach as much as ~11 wt%, mainly as calcite, with carbonate veins commonly filled at temperatures below 100 °C during the Cretaceous, when the atmospheric CO 2 concentration was higher than at present [START_REF] Alt | The uptake of carbon during alteration of ocean crust[END_REF][START_REF] Staudigel | Cretaceous ocean crust at DSDP Sites 417 and 418: Carbon uptake from weathering versus loss by magmatic outgassing[END_REF]. Note, the results from the reaction path calculations at 25 and 100 °C for the seawater system suggest the mineralization of CO 2 via the precipitation of mainly calcite, but also some ankerite (Figures 5 and6, h). [START_REF] Coogan | Evidence that low-temperature oceanic hydrothermal systems play an important role in the silicate-carbonate weathering cycle and long-term climate regulation[END_REF] suggested that the higher CO 2 content in Cretaceous seawater led to an enhanced alkalinity production during fluidrock reaction in the oceanic crust, allowing for substantially more CO 2 to be taken up as calcite, similarly to what has been suggested during the injection of CO 2 -charged freshwater at Hellisheiði [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. Studies of hydrothermally altered reservoirs also demonstrate that in seawater charged with up to ~6 bar pCO 2 , such as in Reykjanes, Iceland, calcite contents can reach ~13 wt% [START_REF] Freedman | Hydrothermal minerals record CO 2 partial pressures in the Reykjanes geothermal system, Iceland[END_REF][START_REF] Wiese | CO 2 fixation by calcite in high-temperature geothermal systems in Iceland[END_REF].

Effect of dissolved gas injection on reacted rock volume changes

Water-basalt interaction in natural systems, even without any added gases, generates significant rock volume changes. The addition of gases to the injected fluid enhances the physical and chemical alteration of primary basalt, as observed in field and modelling studies (e.g., Snaebjörnsdóttir et al., 2018a;[START_REF] Thien | Differential alteration of basaltic lava flows and hyaloclastites in Icelandic hydrothermal systems[END_REF]. Changes in rock volume determined for each reaction path system in the more dilute gas calculations corresponds to the response of the water-rock system to the dissolution of 0.2 mol of basaltic glass into 1 kg of gas-charged water over time and distance. The relative effect of gas injection on reservoir rock volume changes was estimated by comparing model outputs from corresponding gascharged and gas-free injection calculations (see Appendix B). The results of such a comparison are shown in Figure 8.

A notably higher final rock volume change is predicted for gas-charged freshwater injection compared to gas-free freshwater injection at all temperatures except for 170 °C. In contrast, the addition of gas to seawater leads to significantly higher rock volume changes only at 25 °C. At 100 °C, the rock volume change in response to the gas-free seawater injection is comparable to that observed in response to the gas-charged seawater injection (12% and 14%, respectively). This result is due to the decreased formation of zeolites minerals in the latter case. At 170 and 260 °C, lower rock volume changes are predicted for the gas-charged seawater injection compared to the gas-free seawater injection due to the decreased precipitation of voluminous kaolinite, Na-zeolite and chlorite in the presence of CO 2 and H 2 S. At 260 °C, more chlorite precipitation is calculated to occur during the injection of seawater compared to the injection of freshwater leading to a larger increase in rock volume in the former. On the other hand, smaller rock volume changes are observed during gas-charged seawater injection compared to gas-charged freshwater injection at temperatures ≤170 °C. It should also be noted that during all the gas-charged injections other than gas-charged seawater at 260 °C a negligible change (<3%) to the rock volume is predicted during the dissolution of the first 0.02 mol of basaltic glass, which limits the risk of clogging in the proximity of the injection well.

Effects of reservoir temperature on injected gas mineralization

A comparison of the model results from the more dilute gas calculations shows that the secondary phase mineralogy, and thus the mineralization of DIC and DS, varies as a function of temperature. At 260 °C, the majority of aqueous Ca is consumed by epidote and prehnite, as well as anhydrite in the case of the seawater systems, while most aqueous Ca is consumed by carbonate formation at lower temperatures, leading to more efficient DIC mineralization. The amount of H 2 S-mineralization does not change substantially with temperature, with calculations showing that even at 25 °C, most of the added DS from the injected gas-charged fluid is mineralized after no more than 0.2 mol/kgw of basaltic glass dissolution. In addition to H 2 S storage, a generally increasing desulfurization trend is observed during gas-charged seawater injection as a function of increasing temperature; the amount of sulfate originally contained in the seawater fixed by mineral reactions increases from 20 to 100% with increasing temperature from 25 to 260 °C. This sulfate removal is due to both redox reactions and precipitation of anhydrite (see Section 4.4).

In the 260 °C systems, chlorite minerals were allowed to precipitate during the calculations rather than smectite. Note, however, that there is an ongoing debate surrounding smectite formation temperatures and stabilities, with some experimental observations suggesting smectite formation at temperatures as high as at 300 °C in the presence of seawater [START_REF] Seyfried | Low temperature basalt alteration by sea water: an experimental study at 70°C and 150°C[END_REF][START_REF] Seyfried | Experimental seawater-basalt interaction at 300°C, 500 bars, chemical exchange, secondary mineral formation and implications for the transport of heavy metals[END_REF]Voigt et al., 2018b). One possibility is that smectite is a meta-stable phase at these (and even lower) temperatures and slowly transforms to mixed-layer clays, and eventually to chlorite [START_REF] Schiffman | The smectite-chlorite transition in drillhole NJ-15, Nesjavellir geothermal field, Iceland: XRD, BSE and electron microprobe investigations[END_REF]. The formation of clays and zeolites is pervasive at temperatures below 260 °C, and the precipitation of these minerals consumes pore space, increasing the potential of clogging flow paths in the reservoir at some distance from the injection well, but, leaves Ca available in solution for carbon mineralization.

All calculations suggest that lower temperatures mineralize the injected carbon and sulfur more efficiently, as fewer Ca-bearing non-carbonate minerals and fewer Fe-bearing non-sulfide minerals form (Figure 9). However, as illustrated in Figure 9c, reaction rates change dramatically with temperature. Based on the activation energy of 25.5 kJ/mol [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], and the Arrhenius (1889) equation, the basaltic glass dissolution is estimated to proceed at rates almost two orders of magnitude slower at 25 °C than at 260 °C. As such, almost two orders of magnitude more reaction time might be required for the same mass of basalt to dissolve at the lower temperature. Therefore, at low temperatures, slow reaction kinetics will have to be compensated by longer flow paths or slower flow rates than at higher temperatures for the complete mineralization of the injected gases.

Effects of fluid composition on injected gas mineralization.

The calculations presented above for different fluid compositions (Figures 3456) suggest that the efficiency of gas-charged seawater carbon mineralization is somewhat lower than that of freshwater for temperatures ≥170 °C, but similar for temperatures ≤100 °C at the lower considered initial DIC concentration. For example, at 260 and 170 °C, to reach the same amount of CO 2 mineralization obtained during the gas-charged freshwater injection due the dissolution of 0.2 mol/kgw of basaltic glass requires 0.36 and 0.22 mol/kgw of basaltic glass dissolution during the gas-charged seawater injection, respectively. At temperatures ≥170 °C, the mineralization of DIC within carbonates in the presence of seawater is slowed because of extensive early anhydrite formation decreasing the Ca availability for carbonate mineral formation. This upper temperature limit for gas-charged seawater injection can be further constrained by experimental observations of significant amounts of anhydrite when heating seawater to temperatures above 150 °C [START_REF] Bischoff | Hydrothermal chemistry of seawater from 25 degrees to 350 degrees C[END_REF]. At temperatures ≤100 °C, DIC mineralization is calculated to be similar for both injected fluids in response to the dissolution of 0.2 mol/kgw basaltic glass, although the calculations suggest somewhat different pH evolutions. In the presence of seawater, the system pH is buffered at pH ≤6 due to enhanced clay mineral precipitation. As carbonate formation is expected to begin at pH approaching neutrality, depending on the temperature, the time required for the system to increase the pH towards more alkaline conditions might slow DIC mineralization somewhat in the presence of seawater. The early formation of Mgchlorite at 260 °C, and clay minerals at temperatures ≤170 °C are the main processes buffering the pH in the presence of seawater due to the production of H + associated with their precipitation. The precipitation of these minerals, therefore, could slow the onset of the Cacarbonate precipitation. This is qualitatively similar to what has been observed during some CO 2 -and H 2 S-free seawater-basalt interaction experiments [START_REF] Seyfried | Hydrothermal transport of heavy metals by seawater: the role of seawater/basalt ratio[END_REF][START_REF] Kristmannsdóttir | Alteration of basaltic rocks by hydrothermal activity at 100-300 °C[END_REF]1981;Voigt et al., 2018b). In these experiments the pH initially drops, most likely due to the formation of hydrated silicates.

The efficiency of DS mineralization in response to seawater injection is predicted to be similar to that of freshwater at ≥170 °C, but lower at 100 °C or below (Figures 3456). Note, however, the total initial DS in the gas-charged seawater includes the sulfur naturally present in seawater itself as sulfate. Almost all of the dissolved H 2 S is mineralized during the seawater injection at both 25 and 100 °C, in each case requiring the dissolution of only 0.08 mol/kgw basaltic glass. On the other hand, most of the sulfate in the seawater is removed by anhydrite precipitation at temperatures ≥170 °C, and only up to 10% by sulfate reduction reactions (Figure 10). Several factors influence the reduction of seawater sulfate in the modelled system as this process depends on ferrous iron, proton, and sulfate availability according to

(3) where and correspond to the aqueous ferrous and ferric ions, respectively, released by the dissolution of the basaltic glass.

The H + required for this reaction in natural hydrothermal systems has been attributed to Mgsilicate formation reactions in previous experimental studies (e.g., [START_REF] Shanks | Seawater sulfate reduction and sulfur isotope fractionation in basaltic systems: interaction of seawater with fayalite and magnetite at 200-350 °C[END_REF]. In the reaction path calculations presented in this study, the formation of Mg-bearing phases does not always provide sufficient protons to allow the completion of reaction (3). In addition to H + availability, seawater sulfate reduction can proceed only if sufficient oxidizable ferrous iron is released from the basalt as 8 Fe 2+ are required to be oxidized to reduce one S 6+ .

Furthermore, the early precipitation of anhydrite and its separation from the flowing fluids limits sulfate reduction in the model calculations performed for gas-charged seawater-basalt interaction at 260 °C (Figure 10). Finally, the greater reduction potential of ferric iron compared to that of sulfate leads to the oxidation of some H 2 S in response to the release of Fe 3+ from the basalt, as can be seen in the initial reaction steps shown in Figure 10. The associated oxidation of sulfide into sulfate is observed at every considered temperature until less than at least 1 mmol/kgw of H 2 S is left in the aqueous solution after which the reverse redox reaction start to take place, in accord with Eqn. 3. Due to mass balance considerations, 0.47 mmol/kg sulfate reduction is calculated for each 0.02 mol/kgw of basaltic glass dissolved, assuming that all the iron in basalt is available as ferrous iron and no Fe 2+ -rich solid phase forms. The kinetics of the Fe-S redox reaction, however, may be a limiting factor for this process. As described by [START_REF] Ohmoto | Kinetics of reactions between aqueous sulfates and sulfides in hydrothermal systems[END_REF] and [START_REF] Shanks | Seawater sulfate reduction and sulfur isotope fractionation in basaltic systems: interaction of seawater with fayalite and magnetite at 200-350 °C[END_REF], inorganic sulfate reduction rates are fast enough to become detectable and geochemically important only at temperatures above 200 °C.

The injected fluid composition also affects the rock volume increase due to the coupled dissolution-precipitation reactions in the lower considered DIC concentration systems as shown in Figure 9b. At 260 °C, the rock volume increase during gas-charged seawater injection is larger than that estimated for gas-charged freshwater injection due to the formation of both chlorite and anhydrite. At 170 and 100 °C, a significantly smaller rock volume increase is calculated for the seawater injection compared to the freshwater injection.

This latter difference stems from the enhanced precipitation of zeolites during the freshwater injection. In contrast to the results at higher temperatures, reactions at 25 °C in response to seawater injection led to a similar rock volume increase compared to the corresponding freshwater injection. Note that most of the rock volume increases take place after substantial basalt dissolution occurs, likely avoiding flow path clogging near the injection well (Figures

3-6 k and l).

Effects of CO 2 concentration on mineralization

Calculations of basaltic glass interaction with fluids charged with higher CO 2 concentrations were run to provide insight into applying the CarbFix method to other gas emitting industries, such as coal, gas-fired, and oil-fired power plants [START_REF] Kagel | Promoting geothermal energy: air emissions comparison and externality analysis[END_REF]U.S. Environmental Protection Agency, 2010;[START_REF] Xu | Separation of CO 2 from power plant flue gas using a novel CO 2 "molecular basket" adsorbent[END_REF]. The CO 2 concentrations for the injection fluids considered in these calculations were those equal to the fluid at equilibrium with 9 bar CO 2 and the injecting pressure at the well head of Hellisheiði [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF].

No significant change in carbonate mineralogy was observed due to the increasing fluid pCO 2 , with Ca-carbonate being the dominant CO 2 -bearing precipitating mineral phase. This is in agreement with several experimental and modelling studies (e.g., Gysi and Stefánsson, 2012c;[START_REF] Rosenbauer | Carbon sequestration via reaction with basaltic rocks: Geochemical modeling and experimental results[END_REF][START_REF] Sturmer | Geological carbon sequestration: Modeling mafic rock carbonation using point-source flue gases[END_REF]. These studies showed that the precipitation of Mg-and Fe-carbonates occurs i) from fluids with pCO 2 higher than 25 bar, and ii) in presence of Mg-rich silicates such as olivine.

Relatively efficient CO 2 -mineralization is found in all CO 2 -rich freshwater and seawater model calculations for temperatures ≤170 °C, with only 0.4 mol/kgw of basaltic glass required to mineralize the CO 2 contained in these more gas-concentrated fluids (Figure 7). Note, however, the time required for this carbonation will depend strongly on the mineral reaction kinetics, which are not considered in these calculations. Given that the reaction path calculations do not consider reaction rates, pH higher than 10 was also reached (Figure 7)

due to zeolite and clay minerals precipitation (Equations 1 and 2). The observation of such high pH is uncommon in natural systems and as suggested above is due to the precipitation of zeolites and clay minerals at extremely alkaline conditions in the model calculations. Such computed results may be an effect of the uncertainty on the thermodynamic properties of sheet silicates (Voigt et al., 2018a).

Both freshwater experiments (Gysi and Stefánsson, 2012c) and observations of basalthosted petroleum reservoirs in the presence of brines [START_REF] Rogers | CO 2 metasomatism in a basalt-hosted petroleum reservoir, Nuussuaq, West Greenland[END_REF] suggested that the mineralization of CO 2 at temperatures <100 °C was favoured by the formation of a number of different carbonate minerals, including calcite, ankerite, and magnesite. The formation of these carbonates in nature apparently stems from the formation of amorphous silica instead of the zeolites and smectites seen in the model calculations. The formation of these latter minerals may be inhibited kinetically at some conditions. To assess this possibility, CO 2 -rich reaction path calculations were run at 100 °C in both freshwater and seawater systems without allowing zeolites and smectites to form. The results of these additional calculations shows that amorphous silica is expected to form in the absence of Cazeolites formation. Similarly, slow precipitation kinetics may explain the absence of epidote in high pCO 2 laboratory experiments (e.g., Gysi and Stefánsson, 2012c;[START_REF] Shibuya | Reactions between basalt and CO 2 -rich seawater at 250 and 350 °C, 500 bars: Implications for the CO 2 sequestration into the modern oceanic crust and the composition of hydrothermal vent fluid in the CO 2 -rich early ocean[END_REF], as the reactive path calculations suggest epidote precipitation at 260 °C in response to CO 2rich water injections. Also, based on the study of relatively fresh and strongly altered Archean basaltic rocks, [START_REF] Nakamura | Carbonatization of oceanic crust by the seafloor hydrothermal activity and its significance as a CO 2 sink in the Early Archean[END_REF] suggested that the absence of Ca-Al silicate minerals such as epidote and actinolite in strongly altered rocks was due to the continued presence of CO 2 -rich hydrothermal fluids inhibiting their growth. The absence and/or delayed formation of epidote and Ca-zeolites would favour the carbon mineralization as more Ca would be available in the fluid phase to form Ca-carbonate minerals.

SUMMARY AND CONCLUSIONS

Reaction path model calculations were used in this study to assess the potential use of gas-charged seawater injection into basalts for subsurface CO 2 and H 2 S mineralization. The model calculations were validated by the comparison of model results for gas-charged freshwater-basalt interaction at 260 °C with major elemental concentrations, mineralization percent of DIC and DS, and secondary mineral assemblages observed from the ongoing CarbFix2 injection. The results of the reaction path calculations presented above suggest that:

 260 °C or higher temperatures are not optimal for carbon mineralization, in particular when injecting gas-charged seawater: i) relatively more basaltic glass dissolution is necessary compared to lower temperatures to increase the pH sufficiently to enable CO 2 mineralization, and ii) early anhydrite formation consumes most of the Ca available in the solution and increases the risk of clogging near the injection well in seawater systems;

 Below 260 °C, most Ca is predicted to be consumed by carbonate minerals, i.e. used for mineralization of CO 2 (mainly as calcite and in some cases ankerite);

 For gas-charged freshwater injections, the best conditions for the subsurface mineralization are at temperatures between 25 and 170 °C, where high degrees of CO 2 and H 2 S mineralization have been predicted;  For gas-charged seawater injection, the upper temperature limit for the mineral carbonation process is likely dictated by the anhydrite thermal stability field (which is above ~150 °C), below which the efficient mineralization of CO 2 and H 2 S is observed.

Overall, these results indicate that the main limiting factor constraining mineral carbonation at high temperatures is the competition of secondary minerals for Ca, the main cation required for DIC mineralization, whereas at low temperatures the formation of silicate phases can uptake a significant portion of pore space within the potential reservoir. Calculations performed for the injection of more CO 2 concentrated fluids found that the injection of CO 2rich freshwater was more efficient for carbon mineralization than CO 2 -rich seawater at 260 °C, but similar efficiencies were found for temperatures ≤170 °C. At these lower temperatures, however, the fluid chemistry reaction pathway of the CO 2 -rich freshwater injection differs from that of the CO 2 -rich seawater. In the seawater systems, the pH is buffered at ≤6 for substantial time due to clay mineral formation, which may lead to somewhat slower carbonation rates.

Key factors controlling the rates of carbon storage via mineralization will likely be a) the rates of basalt dissolution and secondary mineral precipitation, which at 25 °C is likely around two orders of magnitude lower than at 260 °C, and b) the possible absence of zeolites and clay minerals in the presence of high pCO 2 fluids, which could favour an earlier precipitation of carbonates.

The mineralization of sulfate injected into the subsurface during gas-charged seawater injections can be influenced by oxidation-reduction reactions. Five major factors influencing this redox process were identified: i) availability of H + , added to the fluid by Mg-phase precipitation; ii) availability of Fe 2+ , associated with the basalt dissolution; iii) availability of sulfate, associated with the early anhydrite precipitation; iv) presence of H 2 S in the fluid phase; and v) rate of Fe-S redox reactions relative to the rates of Fe 2+ -rich secondary phases. Calculations suggested that the highest degree of sulfate reduction occurs at 170 °C, mainly due to a relatively low amount of anhydrite precipitation compared to higher temperatures, and to a higher availability of Fe 2+ compared to lower temperatures, where several other Fe 2+ -rich secondary phases are predicted to form.

It should be noted that all the reaction path models presented in this study were run assuming local geochemical equilibrium of the precipitated phases. Such may be only partly achieved in real systems, as reaction kinetics may play a role, particularly at lower temperatures. Nevertheless, the highest carbon and sulfur mineralization potential seems to lie at temperatures ≤170 °C, warranting investigations of the rates of carbonation reactions at these conditions.

Most significantly, the results of this study suggest that the carbonation of gas-charged seawater may be in many cases as efficient as the carbonation of gas-charged freshwater.

As the CarbFix approach requires substantial quantities of water for injection, the successful mineralization of CO 2 -charged seawater will extend this method's applicability. For example, submarine basalts as well as large igneous provinces [START_REF] Snaebjörnsdóttir | Carbon dioxide storage through mineral carbonation[END_REF] nearby the coast could be suitable reservoirs for additional pilot injections using this approach. [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF], seawater [START_REF] Millero | The composition of standard seawater and the definition of the reference-composition salinity scale[END_REF], and averaged formation water [START_REF] Clark | CarbFix2: CO 2 and H 2 S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF] The "with gas" bars represent results obtained using a gas-charged injection fluid with lower DIC concentrations, whereas the "no gas" bars show results of corresponding calculations performed using gas-free injection waters. [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] normalized to rates at 25 °C.

TABLES

Figure 10. Extent of sulfur oxidation-reduction (redox) reactions determined as the concentration difference between sulfide (S 2-) precipitated as pyrite and aqueous sulfide from the injected H 2 S in seawater, as a function of dissolved basaltic glass. Note the pyrite reaction in the carbfix.dat thermodynamic database: . Positive values of ΔS 2-indicate sulfate reduction reaction, negative ΔS 2- sulfide oxidation reaction, and ΔS 2-=0 no detectable redox reactions. The dashed line represents the quantity of dissolved basaltic glass above which the S 2-concentrations are <1 mmol/kgw (see text for explanation).
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 1 FIGURESFigure 1. Conceptual illustration of the reaction path model structure used in PHREEQC (v3) to simulate the injection front moving away from the injection well. In total, ten reactive rock 'boxes" of porous basaltic glass were allowed to interact with the injected fluid consecutively.

Figure 2 .

 2 Figure 2. Comparison of selected results from the reaction path calculations at 260 °C performed to simulate the CarbFix2 system (samples collected on the 3 rd of November 2015). From top to bottom: (a) pH and (b) aqueous DIC and DS shown as a function of dissolved basaltic glass mass, (c) aqueous element concentrations, and (d) saturation indices of secondary minerals.

Figure 3 .

 3 Figure 3. Reaction path calculations results of gas-charged waters at 260 °C of (a, b) pH, (c, d) mineralized proportion of DIC and DS, (e, f) cumulative secondary mineral abundance per kg of injected fluid, (g, h) Ca distribution in the precipitated secondary minerals, (i, j) cumulative total volume of minerals dissolved or precipitated per kg of injected fluid, and (k, l) their volume change for freshwater (left) and seawater (right) injections.

Figure 4 .

 4 Figure 4. Reaction path calculations results of gas-charged waters at 170 °C of (a, b) pH, (c, d) mineralized proportion of DIC and DS, (e, f) cumulative secondary mineral abundance per kg of injected fluid, (g, h) Ca distribution in the precipitated secondary minerals, (i, j) cumulative total volume of minerals per kg of injected fluid and (k, l) their volume change for freshwater (left) and seawater (right) injections.

Figure 5 .

 5 Figure 5. Reaction path calculations results of gas-charged waters at 100 °C of (a, b) pH, (c, d) mineralized proportion of DIC and DS, (e, f) cumulative secondary mineral abundance per kg of injected fluid, (g, h) Ca distribution in the precipitated secondary minerals, (i, j) cumulative total volume of minerals per kg of injected fluid and (k, l) their volume change for freshwater (left) and seawater (right).

Figure 6 .

 6 Figure 6. Reaction path calculations results of gas-charged waters at 25 °C of (a, b) pH, (c, d) mineralized proportion of DIC and DS, (e, f) cumulative secondary mineral abundance per kg of injected fluid, (g, h) Ca distribution in the precipitated secondary minerals, (i, l) cumulative total volume of minerals per kg of injected fluid and (k, l) their volume change for freshwater (left) and seawater (right).

Figure 7 .

 7 Figure 7. Results of reaction path calculations with CO 2 -rich waters at temperatures from 25 to 260 °C of pH (top) and aqueous DIC (bottom) as a function of dissolved basalt mass. Results of CO 2 -rich freshwater injections are shown in grey, whereas those of seawater are shown in green. Circles represent the mass of basaltic glass dissolution required to mineralize ~90% of the injected CO 2 (DIC concentration <0.012 mol/kgw). Dashed lines indicate the continuation of reaction paths once pH increased beyond 10 (see text for explanation).

Figure 8 .

 8 Figure8. Calculated rock volume change in response to the dissolution and interaction of 0.2 mol of basaltic glass with freshwater and seawater as a function of temperature and gas content. The "with gas" bars represent results obtained using a gas-charged injection fluid with lower DIC concentrations, whereas the "no gas" bars show results of corresponding calculations performed using gas-free injection waters.

Figure 9 .

 9 Figure 9. Plots summarizing the differences between freshwater and seawater reaction path model results in the gas-charged systems with lower DIC concentrations as a function of temperature in terms of a) mass of basaltic glass dissolution required to mineralize 90% of the injected DIC; b) rock volume change when 90% of the injected DIC is mineralized; and c) reaction rates of basaltic glass as predicted by the Arrhenius equation[START_REF] Arrhenius | About the heat of dissociation and the influence of temperature on the degree of dissociation of electrolytes[END_REF], with an activation energy of 25.5 kJ/mol[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] normalized to rates at 25 °C.

Table 1 .

 1 Physical and chemical properties of Stapafell basaltic glass (BG).

	BG stoichiometry	SiTi0.024Al0.358Fe0.188Mg0.281Ca0.264Na0.079K0.008O3.370
	Molecular weight	123 g/mol	
	Molar mass	43.158 cm	3 /mol

Table 2 .

 2 Freshwater (

  compositions used in the reactive path calculations. Values are given in mmol/kgw; TA stands for total alkalinity, given in meq/kgw, and DIC for dissolved inorganic carbon.

		Freshwater	Seawater	Formation water
	T, °C	25	25	263
	pH	8.99	8.10	7.17
	TA	1.88	2.30	2.34
	DIC	0.35	2.04	8.15
	Al	0.05	-	0.07
	Si	8.45	-	8.84
	Na	6.36	486	5.83
	Mg	-	54.74	-
	Ca	0.01	10.66	0.02
	K	0.64	10.58	0.57
	H2S	0.49	-	1.05
	SO4	0.24	29.26	0.27
	Cl	3.58	566	2.89
	F	0.05	0.07	0.10

Table 3 .

 3 Initial fluid compositions of carbon and sulfur used for the gas-charged and CO 2 -rich reaction path calculations. Total DIC and DS are the water concentrations that include injected CO 2 and H 2 S, and carbon and sulfur already present in natural freshwater or seawater.

		Gas-charged	Gas-charged	CO2-rich	CO2-rich
		freshwater	seawater	freshwater	seawater
	Injected CO2 (mmol/kgw)	30.6	30.6	127.0	114.4
	Injected H2S (mmol/kgw)	21.9	21.9	21.9	21.9
	Total DIC (mmol/kgw)	30.8	32.0	127.2	115.8
	Total DS (mmol/kgw)	22.4	42.4	22.4	42.4
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Appendix A

Results of reaction path calculations with CO 2 -rich fluids at 25 (Fig. A1), 100 (Fig. A2), 170 (Fig. A3), and 260 °C (Fig. A4) of pH, mineralized proportion of DIC and DS, cumulative secondary mineral abundance per kg of injected fluid, Ca distribution, cumulative total volume of minerals per kg of injected fluid and their volume change for freshwater (left) and seawater (right) injections.

Appendix B

Results of reaction path calculations with gas-free fluids at 25 (Fig. B1), 100 (Fig. B2), 170 (Fig. B3), and 260 °C (Fig. B4