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The subsurface carbonation of basaltic rocks may be a favorable carbon storage option in a number of parts of the world. One great advantage of subsurface carbonation is that it provides safe, long-term storage with no risk of CO2 leakage back to the surface. In addition, subsurface mineral carbonation could be applied in areas where more conventional storage, such as in saline aquifers, is not possible. Examples include large flood basalt provinces, and the oceanic crust. This study is motivated to assess the carbonation potential of altered basaltic rocks, which are far more common than fresh basalts. Towards this goal, dissolution experiments were performed in batch reactors at 27 °C and element release rates were measured on a suite of altered basalts ranging from young surface basalt to basalts hydrothermally altered to the epidote facies. Our results suggest that altered basalts dissolve 0.5 to 2 orders of magnitude slower than basaltic glass and fresh crystalline basalt. Ca and Mg were preferentially released both at the beginning of the reaction and at steady state. Results suggest that altered basalts are suitable for subsurface carbonation but targeting reservoirs having temperatures of ~100 °C or greater would compensate for their slower reactivity compared to fresh basalts.

Introduction

All the IPCC emissions pathways leading to net zero carbon emissions by 2050 require the implementation of carbon capture and storage (CCS) and carbon dioxide removal (CDR) technologies [START_REF] Wilcox | CDR Primer[END_REF][START_REF] De Rochette | Understanding carbon dioxide removal[END_REF] at the scale of multiple gigatons per year [START_REF]Climate Change 2022 Mitigation of Climate Change[END_REF]. These technologies depend on the geological storage to store the captured CO2. Currently, only a handful of CO2 geologic storage reservoirs are operating. Most of these are dedicated to enhanced oil recovery (EOR), which provide limited if any net CO2 storage [START_REF] Jaramillo | Life cycle inventory of CO2 in an enhanced oil recovery system[END_REF]. It is estimated that approximately 36 MtCO2 yr -1 is captured worldwide, of which 29 MtCO2 yr -1 are sequestered though geologic storage efforts [START_REF] Zhang | An Estimate of the Amount of Geological CO2 Storage over the Period of 1996-2020[END_REF]. Therefore, the scale of dedicated geologic carbon storage must be increased dramatically to make a significant contribution to emission reduction goals.

The geologic storage of CO2 as supercritical fluid in saline aquifers [START_REF] Furre | 20 Years of Monitoring CO2-injection at Sleipner[END_REF] and/or depleted oil and gas fields [START_REF] Prinet | Lacq-rousse CO2 capture and storage demonstration pilot: Lessons learnt from two and a half years monitoring[END_REF] has been demonstrated and is already used at an industrial scale [START_REF] Benson | Underground geological storage[END_REF]. Efforts are currently underway to accelerate its deployment, in particular in the United States and northern Europe. Subsurface carbon mineralization is an alternative approach that has been successfully demonstrated by the CarbFix project in Iceland [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF]. Subsurface mineralization has specific advantages such as enhanced safety, reduced requirements for infrastructure due to shallower wells, and lower pressure required for injection.

The success of subsurface mineralization depends on the reactivity of the reservoir rocks. The first demonstration in Iceland, CarbFix1, targeted the mineralization of highly reactive fresh basaltic rocks at temperatures of ~33 °C. Fresh basalts, however, are found only in active rift zones, and volcanic areas while altered basalts are far more common worldwide. The second demonstration project, CarbFix2, targeted altered basalts, but at temperatures higher than 250 °C.

Numerous studies have been conducted to assess the dissolution rates of specific alteration minerals such as chlorites [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], epidote [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] Brantley | Kinetics of Mineral Dissolution[END_REF]. Far fewer studies have reported the dissolution of altered 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] Critelli | Dissolution rates of actinolite and chlorite from a whole-rock experimental study of metabasalt dissolution from 2≤pH≤12 at 25°C[END_REF] and their carbonation potential [START_REF] Menefee | Permanent CO2 Trapping through Localized and Chemical Gradient-Driven Basalt Carbonation[END_REF]. The goal of this study is to assess the reactivity of a series of basalts that were naturally weathered at surface conditions or hydrothermally altered at depth.

Sample Characterization

Two series of altered basalt samples were collected and prepared to explore the effects of surface weathering and hydrothermal alteration on basalt reactivity. In total, 22 different basalts with contrasting alteration profiles were collected. Here we report the initial results from a representative subset of five of these samples.

Samples B83S3, B130S2 and B316S3 were obtained from selected sections of a two kilometer long core drilled during the summer of 1978 by the Iceland Research Drilling Project (IRDP) near Reyðarfjörður, eastern Iceland [START_REF] Robinson | The Iceland Research Drilling Project: Synthesis of results and implications for the nature of Icelandic and oceanic crust[END_REF][START_REF] Fridleifsson | The Iceland Research Drilling Project[END_REF]. The core cuts through a succession of lava flows with their associated flow tops and breccias [START_REF] Robinson | Lithology and structure of the volcanic sequence in eastern Iceland[END_REF][START_REF] Mehegan | Secondary mineralization and hydrothermal alteration in the Reydarfjordur drill core, eastern Iceland[END_REF]. The samples were taken from brecciated flow tops, which exhibit higher porosity and thus more extensive alteration [START_REF] Mcgrail | Potential for carbon dioxide sequestration in flood basalts[END_REF]. Samples B83S3 and B130S2 were collected from 487 and 758m depth, respectively, and subjected to zeolite facies alteration. Sample B316S3 was collected from 1852m depth where it was subjected to chlorite-epidote facies alteration.

The other two samples were collected from Earth surface and altered by weathering. Sample 00A060 is suspended material collected from the Jökulsá á Fjöllum river close to Grímsstadir, northern Iceland [START_REF] Eiriksdottir | Weathering and riverine fluxes in pristine and controlled river catchments in Iceland[END_REF]. The watershed of this river drains basalts having an average age of 0.3 Myr [START_REF] Gislason | Direct evidence of the feedback between climate and weathering[END_REF]. Sample GRVP_15 was collected from an outcrop near Djúpivogur, eastern Iceland. It corresponds to the Graenavatn porphyritic group (GRVP) previously described by Óskarsson et al. (2017) [START_REF] Óskarsson | The mode of emplacement of Neogene flood basalts in Eastern Iceland: The plagioclase ultraphyric basalts in the Graenavatn group[END_REF] and is estimated to be 10.2 Myr old.

The preparation of the samples included crushing the rocks by hammer and then grinding the resulting crushed rock using an agate vibrating-disc mill. The resulting powders were dry sieved to obtain the 40-150 µm fraction. 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 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 samples. The grains were considered clean when the fluid phase, after a ultrasonic cleaning cycle, was clear to the eye. The cleaned powders were finally oven dried at 50 °C for several days. No preparation was required for 00A060, which already consisted of a fine powder. The specific surface area of the prepared powders was measured using the Brunauer-Emmet-Teller (BET) method with 11 adsorption points using the Quantachrome Autosorb-1MP gas sorption system at GET (Toulouse). Either krypton or nitrogen adsorption was used depending on the measured surface areas. The results are reported in Table 1.

The chemical composition of the samples was measured by X-ray fluorescence spectrometry (XRF) using a S2 ranger Bruker spectrometer located at GET (Toulouse). The results are displayed on Table 2, along with the composition of Stapafell basaltic glass (southwestern Iceland) for comparison.

Sample

BET surface area (m 2 g -1 ) EE_00A060 Electronic copy available at: https://ssrn.com/abstract=4283769 The bulk composition of the samples is similar to that of basaltic glass, but some samples have notable differences. In particular, B83S3 and B130S2 have lower calcium contents. They are also partially depleted in aluminum as is B316S3. All the samples have a lower magnesium content than fresh basaltic glass.

The mineralogy of the samples before the experiments 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 using the Rietveld method. The amounts of the crystalline minerals were recalculated based on a known percent of corundum and the remainder to 100 % was considered X-ray amorphous and poorly crystalline material. The results for the pre-experiment powders are reported in Table 3 and Figure 1. Electronic copy available at: https://ssrn.com/abstract=4283769

Quartz, chlorite and zeolites are the main secondary phases in B83S3 and B130S2, Sample B83S3 contains 4 wt% calcite. Sample B316S3 experienced epidote facies alteration and its quartz content is significant with very few primary phases remaining. Sample GRVP_15 is mostly composed of plagioclases and pyroxenes and contains 11% of an amorphous phase. Sample 00A060 is relatively young, containing 67% amorphous material and negligible secondary phases. XRD analyses were also performed on the rock powders after the experiment to track potential precipitates and evaluate if specific phases have dissolved preferentially.

Experimental design

Batch dissolution experiments were run in parallel in 750ml HDPE reactors immersed in a thermoregulated shaking bath (GFL 1083). The temperature of the bath was maintained at 27±1 °C. In the beginning of each experiment, 3g of rock powder were placed in the reactors together with 300ml of the reactive fluid. The reactive fluid was prepared from Merck reagent grade HCl and NaCl diluted into ultrapure deionized water (DIW) to obtain a pH 3 solution with an ionic strength of 0.01mol/kg. This ionic strength was chosen to mimic the salinity observed in CarbFix injection site [START_REF] Só | 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. A schematic view of the experimental design is shown on Figure 2.

Experiments were sampled once a week to monitor the pH and the elemental composition of the reactive fluids. The pH was measured in situ using a pH probe connected to a Metrohm pH meter. The electrode was calibrated using NIST pH 4.01, 7.00 and 10.01 buffer solutions. 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 collected using syringes equipped with 0.45µm PTFE filters. The fluid samples collected for element concentrations analyses were immediately acidified with Suprapur HNO3 and stored in a refrigerator prior to further analysis. Fluid samples were analyzed for Al, Ca, Fe, Mg, and Si using a Horiba Ultima Expert Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), with an analytical accuracy of 3% and precision better than ±3%, as determined by replicate analyses of certified solutions and samples.

The experiments ran for two months each. At the end of each experiment, the solid fraction was recovered by filtering the reactor's content using a 0.45µm cellulose filter. The post reaction powders were air dried for several days and stored for further analyses. Electronic copy available at: https://ssrn.com/abstract=4283769

Calculation of saturation indices and element release rates

The 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] software program was used together with the CarbFix.dat (V1.1) database [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF] to recalculate the saturation indices of the reactive fluids with respect of mineral phases based on the measured pH and elemental concentrations.

Two different methods were used to estimate the element release rates in these batch experiments as a function of pH. A first method consisted of fitting a least square linear regression to the temporal evolution of the total moles of an element in the reactive fluid. The slope of this regression curve yields the instantaneous element release rate of the element to the fluid phase. The element release rate is then normalized to the mineral surface area using: 𝑟 = 𝑎 𝐴 𝑚 [START_REF] Wilcox | CDR Primer[END_REF] where a refers to the slope of a least square regression fit of the measured element mass in the fluid phase as a function of time, A refers to the specific surface area of the sample, and m to the initial mass of solid placed into the reactor.

The dissolution rates of silicate minerals depend strongly on pH [START_REF] Heřmanská | A comprehensive and internally consistent mineral dissolution rate database: Part I: Primary silicate minerals and glasses[END_REF]. As such, the rates calculated from the raw experimental data using regression are not directly comparable since each reactor exhibited different pH evolutions over time. To overcome this limitation, Si release rates from each experiment were calculated at pH 4, by first fitting the measured temporal pH evolution to:

𝑝𝐻 = 𝑎 𝑡 1/𝑏 + 𝑐 (2)
where t designates the elapsed time since the beginning of the experiment and a, b and c designate fit parameters. In a second step, measured Si concentrations were used to generate a rate equation of the form [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 6[END_REF][START_REF] Guidry | Experimental study of igneous and sedimentary apatite dissolution: Control of pH, distance from equilibrium, and temperature on dissolution rates[END_REF][START_REF] Blum | Role of surface speciation in the low-temperature dissolution of minerals[END_REF][START_REF] By | Experimental determination of barite dissolution and precipitation rates as a function of temperature and aqueous fluid composition[END_REF]:

𝑟 = 𝑑[Si]/𝑑𝑡 = 𝑘 𝑠 𝑎 𝐻 + 𝑛 (3) 
where [Si] stands for the concentration of Si in the reactor fluid, kS refers to a rate constant, 𝑎 𝐻 + to the proton activity and n to a reaction order. The parameters kS and n were fit using a numerical solver to match the measured Si concentration data. An example of a fit is given in Figure 3.

Once fit, equation ( 3) and the regression parameters can be used to estimate the release rate of elements at a given pH. Electronic copy available at: https://ssrn.com/abstract=4283769

Results and discussion

Temporal evolution of the reactive fluids

The calculated saturation indices suggest that numerous minerals are supersaturated in the reactive fluids during the experiments. None of the supersaturated phases, however, were detected in the post reaction XRD analyses suggesting that these phases did not precipitate significantly during the experiments.

The temporal evolution of the measured pH in the five reactors is shown in figure 4.

As can be seen, the reactor fluids stabilized at distinct pH values, ranging from approximately 4 to 8. The pH of the B83S3 experimental fluids are particularly high as the rock had 4% calcite in its composition. The rapid dissolution of calcite explains the high pH values in the experiment. The other rocks were free from carbonates. A second group comprising sample B130S2 and the two surface samples reached pH values of approximately 5.5 to 6. Finally, sample B316S3 exhibits a very slow pH increase and stayed below 4 throughout the experiment.

Silicon release rates

The calculated BET surface area normalized Si release rates at pH 4, are plotted in Figure 5.

The BET normalized Si release rates of the studied samples at pH 4 varied between 10 -11.64 and 10 -10.60 mol m -2 s -1 . The dissolution rates of Columbia river basalt was reported to be 10 -11.68 mol m -2 s -1 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] at similar conditions. The altered basalts appear to release Si 0.5 to 2 orders of magnitudes slower than crystalline basalt Electronic copy available at: https://ssrn.com/abstract=4283769 and basaltic glass. But the variations of rates among them appear negligible compared to the uncertainty on their measurements, which may be as high as 0.5 log units considering the use of regression equations to generate constant pH rates. In particular, the large differences in the measured BET surface area probably affect the final value of the rates, while most of the additional surface area in altered rocks is created by rather unreactive phases with large surface areas such as clays [START_REF] Murray | Surface Area of Clays[END_REF].

Relative element release rates

The temporal evolutions of the Ca to Si ratio in the reactive fluids of the experiments are shown in figure 6. B83S3 is not plotted as values are high due to the presence of calcite.

There is a rapid initial release of Ca to the fluid phase in all experiments. This phenomenon is interpreted to stem from rapid metal for proton exchange reactions [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]. One way of looking at the preferential release of elements is to calculate the percentage of each element initially present in the samples released to the reactive fluid. The results of this calculation are summarized in Table 4. Ca is preferentially release in all samples. Mg is also preferentially released but to a lesser extent than Ca. Electronic copy available at: https://ssrn.com/abstract=4283769

Conclusions and implications for subsurface storage efforts

Our results suggest that altered basalts overall dissolved 0.5 to 2 orders of magnitude slower than basaltic glass and fresh crystalline basalt. The altered basalts of this study preferentially released Ca and Mg, both at the beginning of the experiment and at steady-state. The former is attributed to rapid metal for protons exchange reactions, while the latter is more probably due to the preferential dissolution of fast reacting phases such as pyroxenes and zeolites.

Mineral carbonation requires both a supply of carbonate forming cations such as Ca and Mg, and the neutralization of acidic CO2-rich fluids. The results of this study suggest that altered basalts can provide these cations but at a rate slower than that of basaltic glass or fresh crystalline basalt. These results, therefore, confirm the potential for the carbonation of altered basalts. Targeting reservoirs having temperatures of ~100 °C or greater, however may be preferred to compensate for their slower reactivity compared to fresh basalts. Such conditions might be readily found in regions where geothermal energy is being developed and used. By targeting geothermal regions, one can couple energy generation with carbon storage for both cost savings through shared infrastructure and enhanced revenue streams for the combined operations.
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 1 Figure 1: Mineral composition of the studied altered basalts in weight percent.
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 2 Figure 2: Schematic illustration of the batch experimental system used in this study
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 3 Figure 3: Evolution of the measured Si concentration over time (black) together with the regression curve obtained from equation (3) (grey) for the sample GRVP_15. The uncertainty on the measured values corresponds to the thickness of the symbols.
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 45 Figure 4: Temporal evolution of reactive fluid in-situ pH during the five experiments
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 6 Figure 6: Temporal evolution of the Ca to Si ratio in the fluids of each experiment, except B83S3 due to the presence of calcite.

Table 1 :

 1 BET surface area measured for all samples

		7.705
	GRVP_15	4.696
	B83S3	2.528
	B130S2	1.729
	B316S3	0.4273

Table 2 :

 2 Chemical composition in weight percent of the studied samples, as determined by XRF analysis.

	Sample	SiO2	Al2O3	Fe2O3	FeO CaO	MgO Na2O	TiO2	K2O	P2O5	MnO Mn2O3	SO3	Sum	LOI*
	00A060	51.5	14.1		12.3 10.5	5.5	2.6	2.4	0.5	0.3	0.2		99.9	
	GRVP_15 45.3	13.9	12.7	11	5.5	2.2	2.1	0.5	0.3	0.2	0	99.2	5.5
	B83S3	49.3	11.4	12.8	7.5	3.8	3.4	2.7	0.3	0.3	0.2	0.4	101.1 9.1
	B130S2	55.7	10.3	9.9	4.7	2	2.3	1.9	1.1	0.5	0.2	0.6	101	11.7
	B316S3	56.5	9.8	10.4	12.3	4	0.2	1.9	0.1	0.3	0.2	0	101.1 5.4
	Basaltic													
	glass**	48.12 14.62	1.11	9.82 11.84 9.08	1.97	1.56	0.29	0.2	0.19		98.8	
	* Lost of ignition												
	** from [25]													

Table 3 :

 3 Mineralogy of the studied samples in weight percent as determined by XRD and Rietveld analysis

	Sample	Amorphous	phase	Calcite	Plagioclase	K feldspar	Quartz	Augite/Diopside	Pigeonite	Epidote	Chlorite	Smectite*	Analcime	Clinoptilolite/ Heulandite	Laumontite	Titanite	Ilmenite	Hematite	Magnetite
	B83S3	9.6		4	37.6	-	12	10	-	-	8.1		-	-	10.6	2.9 -	4.6 0.6
	B130S2	10.4	-	24.9	2.7 35.6	5.3	-	-	6.4		-	-	10	2.7 -	1.2 0.8
	GRVP_15	11.2	-	52.1	-	-	33.5	2	-	-	Y -	-	-	-	0.4 0.8 -
	B316S3	20.7	-	-	-	36.6	8.6	-	28.3	3.5		-	-	-	2.3 -	-	-
	EE_00A060 67.4	-	18.8	-	-	9.4	2.8 -	0.6 Y 0.6 0.4	-	-	-	-	-

*clays are only reported as presence/absence but not quantified in this analysis. Y indicates that the sample has clays/smectites

Table 4 :

 4 Percentage of the total Ca, Mg and Si originally present in the rock powers released to the reactive fluid during each experiment based on mass balance calculations, and the initial Ca/Si and Mg/Si ratios of the dissolved rocks.

			Mol% released		Initial Ca/Si	Initial Mg/Si
					ratios of the	ratios of the
	Sample	Ca	Mg	Si	rocks	rocks
	00A060	2.8	1.2	0.8	0.22	0.16
	GRVP_15	2.8	0.5	0.2	0.26	0.18
	B83S3	7.3	0.1	0.1	0.16	0.12
	B130S2	6.0	0.4	0.1	0.09	0.05
	B316S3	0.8	1.3	0.2	0.23	0.11

Electronic copy available at: https://ssrn.com/abstract=4283769