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and geochemical calculations showed that more than 95% of the CO2 injected into these rocks having a subsurface temperature of ~35 o C was mineralized within two years [START_REF] Matter | Rapid carbon mineralization for permanent disposal of anthropogenic carbon dioxide emissions[END_REF][START_REF] Snaebjörnsdóttir | The chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2S at the CarbFix site in SW-Iceland[END_REF]Snaebjörnsdóttir et al., , 2018a)). This effort has subsequently been upscaled to capture and store more than half of the CO2 and all of the H2S emitted from the Hellishedi powerplant since 2014 as part of the CarbFix2 project [START_REF] Gunnarsson | The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site[END_REF][START_REF] Clark | CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more than 250 °C[END_REF]. In this latter effort both CO2 and H2S were captured directly from the power plant emissions by their dissolution in water within a scrubbing tower. The CO2 and H2S charged water was injected without depressurizaion into a subsurface aquifer containing altered basalts located at a depth of 800 m and having a temperature of ~250 o C. More than 50% of the CO2 and all of the H2S injected into this system was observed to have been mineralized within 4 months of its injection.

An alternative subsurface mineralizaion approach was adopted at the Wallula basalt demonstrataion project in the United States, where 1,000 tons of pure liquid CO2 was injected into Columbia river basalts [START_REF] Mcgrail | Injection and monitoring at the Wallula Basalt Pilot Project[END_REF]. Geophysical monitoring and modelling indicated that a substaintial part of the injected CO2 was mineralized within two years [START_REF] Mcgrail | Field Validation of Supercritical CO2 Reactivity with Basalts[END_REF]. Each approach to subsurface mineralization offers its advantages and disadvantages.

In the CarbFix approach, the dissolution of the CO2 into water prior to or during its injection 1) removes the buoyancy of the carbon such that the presence of impermeable cap rocks is not necessary, and 2) accelerates the subsurface carbonation reactions. In contrast, the Wallula approach requires only the injection of supercritical CO2 potentially limiting injection costs.

This study is a part of a broader initiative to evaluate the CO2 sequestration potential of basaltic volcanic and subvolcanic rocks the Jizan region. Towards this goal, the geology and structure of the subsurface has been reviewed, representative rock samples have been collected and analyzed, the reactivity of selected samples has been measured in the laboratory and geochemical modeling has been performed to assess the likely fate of water-dissolved CO2 injected into the Jizan subsurface. The purpose of the present communication is to report the results of this field, experimental, and computational study illuminating the possibility of subsurface mineral storage of CO2 in the Jizan region of Saudi Arabia. Detailed studies on the structural geology, petrology, and geochemistry of the Jizan rocks will be presented separately.

Geologic setting

The geology of the Jizan coastal region is dominated by continental rifting that preceded the opening of the Red Sea (Schmidt et al., 1983, Hughes and[START_REF] Hughes | Lithostratigraphy of the Red Sea region[END_REF][START_REF] Tapponnier | Revisiting seafloor-spreading in the Red Sea: Basement nature, transforms and ocean-continent boundary[END_REF].

Of interest for mineral carbonation are the Oligocene basalts of the Jizan Group and the sheeted basalt dikes of the Tihamat Asir complex which intrude them. These rocks filled the southern part of the Oligocene continental rift and extend along the coastal plain from Yemen to Jeddah [START_REF] Pallister | Magmatic history of Red Sea Rifting: Perspective from the central Saudi Arabian coastal plain[END_REF][START_REF] Torres | The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts[END_REF]. In the Jizan region these rocks are exposed in Wadis along the eastern side of the coastal plain about 20 to 30 km inland from the Red Sea (Fig. 1a). The surface geology of the area was mapped and described by [START_REF] Blank | Explanatory notes to the Geologic Map of the Jizan Quadrangle sheet 16F, Kingdom of Saudi Arabia Ministry of Petroleum and Mineral Resources[END_REF], [START_REF] Bohannon | Tectonic configuration of the Western Arabian Continental Margin Southern Red Sea, Kingdom of Saudi Arabia[END_REF] and Voggenreiter et al. (1989). This was combined with published and unpublished seismic and well data (e.g., [START_REF] Ahmed | Geology and petroleum prospects in Eastern Read Sea[END_REF] and our field studies to produce the geologic map and cross section in Figure 1 [START_REF] Torres | The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts[END_REF].

The stratigraphy of the Jizan Group was described by Schmidt et al. (1983) and Schmidt and Hadley (1983) as a sequence of bimodal volcanic and volcanoclastic rocks that filled the continental rift during the Oligocene. It consists mainly of basalt lava flows, agglomerates, and tuff-breccias of the Ad Darb and Damad Formations. These are interspersed with dacitic-rhyolitic lavas and ignimbrites of the Liyyah Formation and the lacustrine siliceous tuffs of the Baid Formation, which contains fossils of fresh water fish (Tilapia sp.) and vertebrates. The Jizan Group uncomfortably covers the Precambrian basement and erosional remnants of Paleozoic and Mesozoic sedimentary rocks. It is overlain with angular unconformity by Miocene and younger post-rift clastic sedimentary rocks and evaporites. The thickness of the Jizan Group is variable and poorly resolved on seismic data. It fills seaward-tilted half grabens (Figure 1b) and its exposed thickness ranges up 2,000 m (Schmidt et al., 1983).

The volcanics of the Jizan Group and older rocks are intruded by dense swarms of basalt dikes which trend N to NW and dip between 60 to 90 degrees east. These intrusive rocks are called the Tihamat Asir dike swarm (Coleman et al., 1983) and are dated 21-24 Mya by [START_REF] Sebai | 40 Ar/ 39 Ar dating of alkaline and tholeiitic magmatism of saudi arabia related to the early red sea rifting[END_REF].

The dikes are mainly basalt, diabase, and gabbro. In some areas, the basalt dikes are closely spaced with few or no rock screens between them, similar to sheeted dikes in ophiolites (Coleman et al., 1983). Based on paleomagnetic measurements, [START_REF] Kellogg | Paleomagnetic evidence bearing on Tertiary tectonics of the Tihamat Asir coastal plain, Southwestern Saudi Arabis[END_REF] determined that the basalt dikes have been rotated by ~20 degrees towards the Red Sea. In addition to the dikes, there are small plutons of layered gabbro and granite that intrude the basement and Jizan Group, the most notable at Jabal at Tirf east of Jizan (Figure 1). [START_REF] Torres | The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts[END_REF] observed that these plutonic rocks were clustered along the base of the Jizan Group (figure 1), and that they are compositionally similar to the Jizan Group, and considered them as shallow magma chambers that fed the volcanics.

The basalts of the Jizan group contain primary phenocrysts of plagioclase, clinopyroxene, and magnetite, but lack olivine. They are variably altered to secondary albite, chlorite, calcite, epidote, hematite, and pumpellyite which are indicative of hydrothermal metamorphism.

However, most of the intrusive dikes and gabbros are relatively unaltered, and it is likely that their intrusion caused the hydrothermal alteration of the volcanics [START_REF] Torres | The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts[END_REF]. Outcrop studies by Al Malalah (2021) and Fedorik et al. (in preparation) reveal that the Jizan Group is highly faulted and densely fractured in several directions. These fractures are essential to provide permeability for injection of CO2 charged waters in the subsurface, particularly because primary porosity in vesicles, breccias, and interflow layers was largely plugged by hydrothermal minerals.

There are several active and inactive hot springs in the area [START_REF] Berthier | Geothermal Resources of the Kingdom of Saudi Arabia[END_REF], which also indicate the presence of deep open faults and fractures in the subsurface.

Methods

Field sampling and rock analysis

Thirty rock samples were collected during field work in the area in 2019. A total of 14 samples of volcanic and subvolcanic (dike) rocks were selected for detailed analysis. The mineralogical and geochemical compositions of these samples were determined by optical and reflected light microscopy, semi-quantitative X-Ray Diffractometry (XRF), and by a whole rock X-Ray Fluorescence (XRF) analyses. The analytical methods are described below.

X-Ray powder diffraction: Samples were dried at 60ºC and grinded to grain sizes smaller than 0.062 mm. The analyses were done on a BRUKER D2 PHASER powder diffractometer at 30 kV, intensity of 10 mA and Kα1 λ° = 1.54060 Å Cu radiation. The data was processed using DIFFRAC.EVA software. The proportions of individual minerals obtained from highly alerted and/or weathered samples using this method can be impacted by refinement errors (e.g. preferential orientation of certain minerals in the samples) as well as by the presence of poorly crystalline or non-crystalline (amorphous) phases in the rocks. Therefore, results for such samples should be regarded as semi-quantitative, maximum values. In an attempt to improve resolution, highly altered/weathered samples were crushed and reanalyzed by using Rietveld refinement. The structures of the crystalline phases in those samples were processed by minimizing the difference, calculated by the least squares method, between a calculated theoretical diffraction pattern and the measured one. A known percentage (10 to 20 wt.%) of a zincite (ZnO2) reference phase was added to each sample for quantification and to check the reliability of results. The powdered mixture was homogenized prior to mounting onto randomly oriented powder sample holders. Measurements were performed on the same equipment and the measurements were performed at θ/2θ between 2 and 70° with steps of 0.02° with a measuring time of 1 s per step. Results were processed using the FullProof Suite software. The mineral structural entry data for the theoretical model have been obtained from the Crystallography Open Database. The peak profile used is a Pseudo-Void function.

X-Ray Fluorescence (XRF): The samples were finely grounded and introduced to XRF sampling cups, sealed with 4 micron thick polypropylene film. Elemental analyses were performed on a wavelength dispersive X-ray fluorescence spectrometer, model S4 Pioneer of Bruker AXS GmbH under helium atmosphere. A 4 kW excitation technology and optimized beam geometry was used to improve sensitivity for the light and trace elements. Analytical performance for light elements was optimized by using a thin Beryllium tube window in combination with optimized excitation parameters. Estimated uncertainties are on the order of ±1% of the reported value. The Loss on Ignition (LOI) was determined by using a Carbolite muffle furnace and an electronic analytical balance Mettler-Toledo XP-205.

Experiments to assess rock reactivity of the Jizan basaltic rocks

Selected rock samples were cut and crushed. Each sample was dry sieved to obtain the 50 to 100 μm size fraction. This fraction was then repeatedly cleaned ultrasonically in ethanol.

Between each ultrasonic cleaning the particles were allowed to settle for 20 minutes. The resulting crushed rock powders were then dried overnight and kept at ambient temperature before being used in the experiments.

Batch experiments were performed in 250 ml polypropylene Nalgene reactors. Into each reactor was placed 2 gm of crushed cleaned rock sample and 248 g of a pH 3 aqueous HCl solution.

This fluid pH was selected so that it would have a similar pH to likely CO2 charged injection waters.

The reactors were sealed and placed into a 25 ± 1 o C shaking water bath. At selected times, 2 g samples of the reactive fluids were collected from each reactor using a 0.22 μm filtered syringe.

Fluid samples were immediately acidified to 2% HNO3 for subsequent elemental analysis using a Varian 720-ES ICP-OES. The estimated uncertainties on these analyses are 2%. The reactive fluid pH was measured using a Mettler Toledo LF422 pH probe with an accuracy of ±0.02 pH units at the time of each sampling.

Reaction path and reactive transport modelling

The potential for mineral carbonation is assessed in this study though the use of reaction path and reactive transport calculations. All calculations were performed using the PHREEQC software package [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 [START_REF] Voigt | Evaluation and refinement of thermodynamic databases for mineral carbonation[END_REF]. The compositions, chemical formulas, molar volumes and thermal stability fields of the secondary phases considered in the calculations are listed in Table 1. This list was adopted from [START_REF] Marieni | Mineralization potential of water-dissolved CO2 and H2S injected into basalts as a function of temperature: Freshwater versus seawater[END_REF] and it is based on the minerals observed in naturally altered basaltic rocks and those observed in fluid-basalt interaction experiments. The thermal stability fields in Table 1 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 aqueous reduced carbon species and methane (CH4) was restricted.

Reaction path calculations

To assess the fate of water dissolved CO2 into the basaltic rocks, reaction path calculations were performed where a 0.1 molal NaCl aqueous solution was initially charged with 10 bar of CO2 pressure. A fixed quantity of the rock is added to one kg of this CO2-charged water sequentially. The model calculates the fluid speciation and the saturation state of each potentially forming mineral as the basalt is titrated into the system. For the calculations in this study the minerals listed in Table 1 were allowed to precipitate from the aqueous solution at local equilibrium if they become supersaturated. Such calculations provide a first estimate of the order and identity of minerals that might form during basalt-CO2 charged water interaction.

Reactive transport calculations

The current state of the art in calculating the temporal evolution of a mineral-water system is limited by our understanding of the reaction rates. Whereas there is a large and detailed set of mineral dissolution rates measured in the literature (c.f. [START_REF] Palandri | A Compilation of Rate Parameters of Water-Mineral Interaction Kinetics for Application to Geochemical Modeling[END_REF][START_REF] Marini | Geological Sequestration of Carbon Dioxide: Thermodynamics, Kinetics, and Reaction Path Modeling[END_REF], there are nearly no measured precipitation rates of the major secondary minerals. As such the calculations generated in this study are based on the assumption that all minerals allowed to precipitate do so at local equilibrium. This assumption will lead to significant uncertainties in the calculated results, as the precipitation rate behaviors observed in the laboratory vary greatly from mineral to mineral. Whereas some minerals like calcite are observed to precipitate readily in laboratory experiments and in natural systems, other minerals like dolomite and magnesite, are not observed to precipitate at temperatures less than ~80 o C (e.g., [START_REF] Saldi | Magnesite growth rates as a function of temperature and saturation state[END_REF]. So too quartz does not precipitate at ambient temperatures. Moreover, the precipitation rates of many Al-bearing clay minerals are sluggish (e.g. [START_REF] Nagy | Dissolution and Precipitation kinetics of kaolinite at 80℃ and pH 3: the dependence on solution saturation state[END_REF][START_REF] Yang | Kaolinite dissolution and precipitation kinetics at 22 °C and pH 4[END_REF][START_REF] Schott | The Link Between Mineral Dissolution/Precipitation Kinetics and Solution Chemistry[END_REF], though not well quantified. Such uncertainties limit greatly the precision of any temporal mineral-fluid calculation.

Although the literature of experimentally measured dissolution rates is extensive, these experimental rates exhibit much scatter and they must be considered to have uncertainties ranging toward 1 order of magnitude (cf. [START_REF] Brantley | 5.03 -Reaction Kinetics of Primary Rock-forming Minerals under Ambient Conditions[END_REF][START_REF] Palandri | A Compilation of Rate Parameters of Water-Mineral Interaction Kinetics for Application to Geochemical Modeling[END_REF][START_REF] Marini | Geological Sequestration of Carbon Dioxide: Thermodynamics, Kinetics, and Reaction Path Modeling[END_REF][START_REF] Sverdrup | The weathering of silicate minerals in soils and watersheds: The parameterization of the weathering kinetics module in the PROFILE and ForSAFE models[END_REF]. These rates have been shown to depend on the fluid composition fluid pH, the chemical affinity of the dissolving mineral and the mineral-fluid interfacial surface area. Rates used in the calculation of this report come from the internally consistent kinetic database for the PHREEQC code generated by [START_REF] Hermanska | A comprehensive and consistent mineral dissolution rate database: Part 1 Primary silicate minerals and glasses[END_REF].

The calculation of the temporal evolution of a mineral-fluid system is complicated by the need to define the surface area of the dissolving minerals. These surface areas will depend greatly on the hydrology of the system (cf. [START_REF] Oelkers | Summary and review of the physical and chemical properties of rocks and fluids[END_REF]. For example, the surface area of a fluid flowing through a 1 mm wide smooth fracture will have a mineral surface area of 2 m 2 /kg(H2O).

If this fracture is not smooth one might expect this surface area to increase to something on the order of 8 to 10 m 2 /kg H2O. In contrast, if the flow is through a porous rock consisting of 1 mm grains with a 10% porosity one might expect a surface area on the order of 100 m 2 /kg H2O.

To allow for a representative estimate of the reactivity of the Jizan basaltic rocks, we will focus on the evolution of the fluids and mineral precipitated in a 1 mm wide crack, though which the fluid is travelling 20 m/yr. The relative surface areas of the minerals in the rock will be set to their relative volume fraction and the total surface area is set to 8 m 2 /kg H2O. The Lagrangian approximation was adopted to account for the spatial distribution of precipitated phases in the system [START_REF] Lichtner | Continuum, model for simultaneous chemical reactions and mass trasnport in hydrothermal systems[END_REF]1996). Only pure advective transport is considered; the contribution of diffusion, dispersion, and subsurface fluid mixing are not taken into account, although each could have a contribution to the natural subsurface system. As the water is moving through the fracture, secondary minerals that form will not dissolve in response to the fluid compositional changes observed downstream from where these secondary minerals precipitated.

Results

Jizan basaltic rock compositions

The mineral and whole rock chemical compositions of the 14 basaltic rock samples analyzed are listed Tables 2 and3. The compositions and mineral proportions determined from XRD are for the most part consistent with the optical examinations and whole rock analyses of the samples. The elevated proportions of quartz in some volcanic samples reported in Table 2 is explained by the presence of significant quantities of amorphous material (e.g. Fe and Al-rich phases). Amorphous phases are commonly reported from weathered basalts elsewhere (c.f. [START_REF] Smith | Amorphous Weathering Products: Evidence for Basalt-Water Interactions and the Relevance to Paleo-environments on Mars. A Dissertation Presented in Partial Fulfillment of the Requirements for the Degree Doctor of Philosophy[END_REF][START_REF] Lewis | Effects of mineralogy, chemistry and physical properties of basalts on carbon capture potential and plant-nutrient element release via enhanced weathering[END_REF]. Since these are difficult to identify, their presence will increase artificially the proportions of the identifiable crystalline phases in the X-Ray diffractograms, which appears to be the case with some of Jizan volcanic rocks reported in Table 2. Attempts to improve resolution by using Rietveld refinement had only limited success. Therefore, the mineral proportions reported in Table 2 should be regarded as maximum values.

In thin sections, the Jizan Group volcanic rocks are generally fine-grained massive to porphyritic or vesicular with millimeter-sized phenocrysts groundmass, whereas the Tihamat Asir dikes exhibit medium to coarse-grained, predominantly phaneritic (holocrystalline) gabbro/dolerite textures. The alteration of the volcanic rocks resulted in the nearly complete loss of their volcanic glass and much of their primary minerals. As a result, the principal mineral in the volcanic rocks is Na-plagioclase (albite) and with lesser augite, quartz, epidote, titanite, Fechlorite (chamosite) and potassium feldspar. These samples also contain minor amphibole (actinolite), as well as prehnite, zeolite, hematite and calcite (Table 2). Those mineral assemblages indicate that the volcanic rocks have been altered at temperatures of about 300 o C, likely during the emplacement of the Tihamat Asir dikes and other intrusive rocks.

As reported in the literature, the dikes are less altered than the volcanics. The mildly altered to unaltered dikes consist almost entirely of Ca-plagioclase (labradorite) and clinopyroxene (augite) with subordinate Fe-and Ti-oxide minerals (i.e. magnetite, Ti-magnetite). The more heavily altered dikes contain albite, amphibole (actinolite, hornblende), chlorite and epidote. Some dike samples also contain prehnite, zeolites (analcime, epistillbite) and calcite (Table 2).

The low SiO2 content of the samples is consistent with their basaltic origin (Table 3). On the basis of their alkaline element contents, the rocks vary in compositions from alkaline basalts (basanite) to basaltic trachyandesites, with the Jizan Group volcanics exhibiting greater variability, while most dike samples fall into the basanite group (Table 3; Fig. 2). The CaO, MgO, and Fe2O3 contents of these rocks, which range from 3.5 to 11.2, 1.6 to 8.1 and 10.2 to 15.1 wt. %, respectively, indicate that these could be good sources of the divalent cations needed for the mineral carbonation of injected CO2.

Four rock samples (JG 202, WJU 01, WJS 02 and WJU 03) were selected for laboratory reactivity studies. The first two are volcanic rocks collected from the Jizan Group, while the other two are Tihamat Asir dikes. Because of their different origins and variable degree of alteration and hence mineral contents, the samples are considered representative of the predominant basaltic lithologies in the Jizan region (Table 2).

Experimentally measured Jizan rock reactivities

Temporal evolutions of the pH and reactive fluid Si concentrations of all experiments performed in this study are presented in Fig 3 . Each batch experiment lasted from 60 to 80 days.

The interaction of the samples with mildly acidic solutions leads to the relatively rapid increase in fluid pH and a continuous increase in the aqueous fluid Si concentration. In each experiments the fluid pH increased rapidly from ~3 to more than 6. The Si release rates from each experiment were fit assuming that their rates could be described as a linear function of pH in accord with

r= 𝑘𝑠𝑎 H + 𝑛 (1)
where k refers to a rate constant, s designates the geometrically calculated surface area of crushed rock in the reactor, n stands for a reaction order, and aH+ denotes the activity of H + in the reactive aqueous fluid. The surface area used in these calculations are the geometric surface areas of the rock samples, which was taken to be 0.23 m 2 /g, assuming the grains to be spherically A close correspondence can be seen between the measured and calculated Si concentrations.

Table 4 reports Si release rates as determined from Eqn. (1) and the parameters provided in this table. The measured Si release rates are similar for all of the samples, and range from 10 -9.3 to 10 -8.8 mol/m 2 /s at pH 4 and 10 -10.1 to 10 -11.1 mol/m 2 /s at pH 6. Overall, a good reproducibility is observed between duplicate experiments performed on the same powders.

A summary of the relative release rates of Ca and Mg relative to that of Si are presented in Fig. 4. It can be seen that there is a rapid initial release of calcium and magnesium to the fluid phase in all experiments. Although the relative concentration of these elements tends to decrease with time, the [Ca]/[Si] molar ratios generally remain more than an order of magnitude higher than that of the dissolving rock throughout the experiments, whereas the corresponding [Mg]/[Si] molar ratios tend to remain on average a half an order of magnitude higher than that of the dissolving rocks. The preferential release rates of these elements persist throughout the experiments. In contrast, the measured dissolved Fe and Al concentrations were at or below the detection limit in all measured samples, likely reflecting the rapid precipitation of these phases in sparingly soluble metal hydroxide phases.

Geochemical modelling

Reaction path modelling

Taking account of the compositions of the rock samples collected and analyzed in this study (Table 2), a rock containing 65% albite, 15% clinopyroxene 10% epidote and 10% chlorite was reacted, with the aid of the PHREEQC software, with a 0.1 M NaCl solution charged with 10 bars of CO2-charged water as a function of the mass of rock dissolved. This rock is similar in composition and mineralogy of the moderately altered rocks described in Tables 2 and3. Each mineral in the rock is assumed to dissolve stoichiometrically into the fluid phase at a relative rate proportional to its volume fraction. All potential secondary minerals are allowed to precipitate at local equilibrium. Minerals that might become supersaturated but not observed to form in nature, such as pure end-member pyroxenes, however, were not allowed to form in the calculations, consistent with the list of minerals listed in Table 1. Results of this reaction path calculation for a fluid-rock system at 25 and at 100 o C are shown in Figs. 5 and6.

At 25 o C the pH of the initial CO2 charged saline water was 3.4 and contained 0.32 mol/kg of CO2.

The interaction of this water with the dissolving altered Jizan basalt provokes an increase in pH to ~10 as 1 mole of this rock dissolves. The reaction between the fluid and rock leads to the supersaturation and precipitation of a number of secondary minerals. A suite of smectite clay minerals, nontronite and beidellite, begin to precipitate once 10 -4 moles of altered Jizan basalt rock/kg H2O has dissolved. Calcite begins to precipitate after ~0.01 mol/kg H2O of the altered basalt has dissolved, and some zeolites, notably mordenite, thomsonite and analcime are computed to precipitate after 0.001 mol/kg H2O of sample dissolved. As the result of the calcite precipitation, all of the injected carbon is eventually captured and stored as in this mineral. This can be visualized in the center diagram of Fig. 5, where is can be seen that essentially all of the dissolved carbon has been removed from the aqueous phase before 1 mol/kg H2O of rock has dissolved.

A corresponding calculation for the dissolution of altered basalt at 100 °C is shown in Fig. 6.

These results are similar to those generated for the 25 °C fluids with several distinct differences.

First, the total amount of CO2 dissolved into the initial water was ~3 times lower than that at 25 o C reflecting the retrograde solubility of this gas in water. Diaspore is calculated to form after 1x10 -4 mol/kg H2O of altered Jizan basalt dissolves. Its presence at 100 o C compared to 25 o C is due to the lower initial CO2 concentration of the injected fluid and thus lower acidity of the initial system; the pH of the initial fluid is 3.65, slightly less acidic than the initial fluid at 25 o C. Note that diaspore is calculated to be the most stable Al hydroxide phase at this temperature and pressure condition. Its stability is similar to that of boehmite and gibbsite, so in natural systems one or the other might form in the place of diaspore. The exact identity of the Al-hydroxide phase formed in the model calculation changes negligibly the computed evolution of the waterrock system. As observed at 25 o C, beidellite clay begins to precipitate after 1x10 -4 mol/kg H2O of rock dissolves followed by other clay minerals. Calcite begins to precipitate after 0.01 mol/kg H2O of rock dissolved. The total amount of calcite formed at 100 o C is approximately 3 times less than that formed at 25 o C due to the lower initial mass of CO2 in the fluid. Zeolites begin to appear after 0.1 mol/kg H2O of rock dissolves. Additional reaction path models were run to assess if the use of seawater rather than a dilute saline water would alter substantially the secondary mineral formation and carbon consumption in this system. The use of seawater for CO2 dissolution and injection changes little the carbonation potential of the hypothetical rock at both 25 and 100 o C compared to that in the dilute aqueous NaCl solution considered in the above calculation.

Reactive transport modelling

Insight into the potential time required for the carbonation of CO2-charged water injected into the mafic volcanic and subvolcanic rocks can be gained though reactive transport Amorphous SiO2 is calculated to be the dominant SiO2 phase; although quartz and calcedony are more stable thermodynamically, these were not allowed to precipitate in the model calculation to be consistent with field observations [START_REF] Neuhoff | Seoplite paragenesis in the North Atlantic igneous provence: Implications for geotechtonics and groundwater quality of basaltic crusts[END_REF]. Only minor carbonate minerals are calculated to form. Calcite remained undersaturated during the simulation, minor siderite was calculated to precipitate. The amount of siderite calculated negligibly changed the total dissolved carbon in the injected fluid during the 100-year simulation. Despite the low degree of carbonation, the partial pressure of CO2 of the fluid phase decreased from 10 to 6 bars over time due to the increased pH of the system.

The results of corresponding calculations for the injection of a CO2-charged aqueous 0.1 m NaCl solution into a 1 mm fracture of altered Jizan basalt at 100 o C are shown in Fig. 8. The dissolution of the altered basaltic rocks at this temperature is dominated the dissolution of both albite and augite. The dissolution rate of albite decreases to near zero after ~3 years and the fluid has traveled 60 m. At this point the fluid approaches equilibrium with albite arresting its dissolution. The fluid, however, remains significantly undersatured with respect to augite until the dissolved carbon concentration decreases to below ~10 -3 mol/kg. As the relative rates of albite versus augite changes as the fluid interacts with the Jizan rock along the flow path, the major Ca bearing secondary phase changes from the aluminum bearing zeolite, Ca mordenite, to the carbonate calcite. Again, in this calculation the secondary minerals epidote and chamosite contribute relatively little material to the aqueous phase due to their slower dissolution rates.

In contrast to the corresponding calculation for the 25 o C system, substantial carbon dioxide mineralization is observed in the 100 o C simulation. Carbonate mineral formation is calculated to begin within the first month of the injection at 100 o C and dominated by the precipitation of siderite and magnesite for the first seven months after injection. From months 8 to 12 the carbonate ankerite is calculated to dominate carbon mineralization, whereas after this time, calcite precipitation is calculated to dominate carbon mineralization. As a result of the precipitation of these carbonate minerals, the roughly two third of the originally injected CO2 is calculated to be mineralized within 3 year and over 95% within 5 years. Moreover, as the pH increases as the Jizan basalt dissolves, the partial pressure of CO2 in the fluid phase drops below its partial pressure in the atmosphere after only 2.6 years.

The secondary minerals calculated to precipitate are dominated by the precipitation of the zeolite mineral Ca-mordenite during the first 8 months, whereas saponite clay is calculated to be the most voluminous secondary mineral after this time. The calculated net mineral volume change due to the combined effects of primary mineral dissolution and secondary mineral precipitation are close to zero for most of the fracture, with the exception of near the inlet. This result suggests that the fracture system should remain open for extended time during the injection of carbon dioxide charged water.

Discussion

The relative release rates of metals from the Jizan basaltic rocks.

A notable aspect of the experimental rate measurements is the initial fast release of Ca and Mg compared to Si to the fluid phase. There are several potential reasons for the relatively rapid release of Ca and/or Mg at the beginning of the experiments. First, these metals could be sourced from the presence of a minor rapidly dissolving phase, such as a carbonate mineral in the rock phase. Although calcite was not detected in these samples, minor secondary calcite is found in some of the rock samples (see Table 2). The early rapid release of both Ca and Mg could also be the consequence of metal for proton for exchange reactions from the fresh mineral surfaces exposed to the initial acidic fluid phase. The preferential early release of Ca and Mg from the surfaces of pyroxene minerals was reported at acid pH by [START_REF] Oelkers | The surface chemistry of multi-oxide silicates[END_REF] and attributed to such exchange reactions. A similar rapid release of Ca from epidote has been reported by Mareni et al. (2021). These exchange reactions may also be the source of the rapid increase in pH observed in the experiments. The continued preferential release of Mg and Ca from the Jizan rocks after the first part of the experiments may reflect the preferential dissolution of Mg and Ca rich phases in the rocks. For example, the preferential dissolution of pyroxenes would favor the preferential release of these elements. It should be noted, however, that this preferential release is not observed in the results of reactive transport model calculations performed in this study, which suggest that plagioclase would tend to be the mineral dominating the dissolution of the Jizan basalts at 25 o C.

Comparison of the results of reaction path and reactive transport calculations

Both reaction path and reactive transport calculations were run at identical conditions in this study. Nevertheless, although the results of the distinct calculations are similar in some aspects, they differ in some other aspects. In each case, the interaction of the injected CO2 charged aqueous NaCl solution provokes the dissolution of the original altered rock, leading to an increase in the fluid pH. As the concentration of dissolution products build up in the fluid phase secondary minerals precipitate dominated at first by the formation of smectite clays and zeolite.

The calculations for the 25 o C system, however, exhibit significant differences in terms of the carbon-dioxide fixation potential for the Jizan basaltic rocks. The reaction path calculation suggest that the fixation of the injected CO2 would begin to carbonate after ~0.1 moles of altered Jizan basalt dissolved into the fluid, and carbonation would be close complete after less than a mole of rock had dissolved. In contrast, only negligible mineral carbonation was observed in the corresponding reactive transport calculation over the 100-year duration of the simulation. The major reason for this apparent difference is the slow dissolution rates of the divalent metal bearing minerals in the altered Jizan basalt. Over the 100-year duration of the reactive transport simulation, 0.13 moles/kgw of albite was calculated to dissolve but only 0.02 moles/kgw of augite and less than 0.005 moles/kgw of either epidote or chamosite. The relatively slow dissolution rates of these minerals in the not only limits the release rates of the divalent metals required for the formation of carbonate minerals, but also preferentially releases Al to the fluid phase compared to the composition of the bulk altered Jizan basalt. The preferential addition of Al to the fluid phase favors the formation of Al-bearing secondary minerals such as clay and zeolite minerals compared the carbonates.

Similarly, the 100 o C reaction path model calculation also yields somewhat different results compared to the reactive transport model calculation in terms of mineral carbonation. At this temperature the only carbonate to form in the reaction path calculations is calcite, which begins to precipitate after ~0.03 mol/kgw of altered basalt has dissolved (Fig. 6); carbonation of the injected CO2 is complete once one mole of this basalt has dissolved into each kg of injected CO2 charged fluid. In contrast, the reactive transport model predicts a suite of carbonate minerals will form, starting with siderite and magnesite within the first month after fluid injection. These carbonate minerals begin to precipitate after less than 0.03 moles/kgw of the altered basalt begins to dissolve. These carbonate minerals are followed by the precipitation of ankerite, and finally calcite after ~0.15 mol/kgw of the altered basalt had dissolved approximately one year after the injection of the CO2 charged fluid (Fig 8.). At this point the fluid pH is ~8.5 and albite is close to equilibrium with the fluid phase, so augite dissolution is relatively fast. At these conditions there is relatively less Al but more divalent cations being released to the aqueous solution, favoring the formation of secondary carbonate rather than Ca-bearing zeolite minerals.

Comparison of experimentally measured element release rates with reactive transport calculation results.

The experiments performed in this study determining the element release rates from the selected samples can be compared directly to those obtained from the 25 o C reactive transport calculations. The Si release rates of the experiments at pH 6 were determined to range from and 10 -10.1 to 10 -11.1 mol Si/m 2 /s. This compares to the calculated Si release rates of 10 -10.86 mol Si/m 2 /s determined in the reactive transport calculations. This coherence in rates supports both 1) the use of the Hermanska et al. (2021) mineral dissolution rate database to estimate the carbonation of altered Jizan basalts, and 2) the estimated volume percentage of the mineral present in the altered Jizan rocks used in the geochemical calculations.

A noteworthy difference between the experimental results and the reactive transport calculations is the relative release rates of the divalent cations Ca and Mg. In the experiments, these elements were preferentially released to the fluid phase compared to Si both initially and throughout the duration of the experiments. In contrast, in the 25 o C reactive transport calculations these elements are preferentially retained by the altered basalt due to the relatively fast dissolution rate of albite compared to the other primary minerals present in the system. In the calculations, molar Ca/Si and Mg/Si ratios released to the fluid phase are less than half of these ratios in the altered basalt. The difference between the results of the experiments and the reactive transport calculations suggest that the calculations are missing provision for the nonstoichiometric preferential release of divalent metals from the minerals present in the altered basalt, perhaps by proton for metal exchange reactions on the mineral surfaces (e.g. Oelkers et al., 2009). As Ca and Mg are elements that promote carbonation in the subsurface this difference suggests that the reactive transport calculations underestimate the carbonation potential of the Jizan basaltic rocks.

Application to the carbonation potential of the basaltic rocks of the Jizan region of Saudi

Arabia.

The results summarized this this study indicate that the altered volcanic and subvolcanic rocks at Jizan have the potential to rapidly store carbon-dioxide via mineralization in the subsurface at relatively moderate temperatures of ~100 o C or more. Note, however, that several studies reported that the efficiently of mineral carbonation in basalts will decline significantly at temperatures above 250 o C. (e.g. Mareni et al., 2021b). This suggests that CO2 injection at Jizan should target subsurface zones where the temperatures of the basaltic rocks are in the 100 to 250 o C range.

An estimate of the potential carbon storage capacity of the basaltic rocks of the Jizan region can be made using Monte Carlo calculations. Such calculations were performed in the present study using the code 'CrystalBall 3'. Taking into account the geology of the Jizan region, the surface area occupied by basaltic rocks was estimated to have the likeliest surface extent of 150 km 2 with a minimum and maximum extent of 50 and 500 km 2 , respectively. The thickness of the basalts was estimated to most likely be 1 km, with a minimum and maximum thickness ranging from 0.3 to 1.5 km. The carbon storage capacity of the Jizan basalts, based on the observed carbon mineralization capacity of Icelandic basalts was taken to most likely be 55 (kg CO2)/(m 3 of basalt) with a range of 10 to 90 kg/m 3 [START_REF] Wiese | CO2 Fixation by Calcite in High-temperature Geothermal Systems in Iceland[END_REF][START_REF] Snaebjörnsdóttir | CO2 storage potential of basaltic rocks in Iceland and the oceanic ridges[END_REF]. The accessibility of the basalt to the injected CO2-charged water was taken to range from 10 to 90% with the most likely accessibility being 40%. A triangular distribution of each potential was considered in the storage capacity. The median storage capacity of the Jizan basalts estimated through the calculation was 4.2 Gt, with a 10% probability that this capacity would be less than 1.4 Gt or more than 10.2 Gt. It is estimated that the Jizan Economic City will generates 10 million tons of CO2 annually [START_REF] Vahrenkamp | The Geological Potential of the Arabian Plate for CCS and CCUS -An Overview[END_REF]. The storage capacity estimates made in the present study indicate that the basaltic rocks of this region will have the capacity to store from 140 to 1000 years of CO2 emissions generated from the Jizan Economic City as stable carbonate minerals.

Conclusions

This study of the basaltic rocks of the Jizan region of southwest Saudi Arabia indicate that these rocks have the potential to store substantial carbon-dioxide through surface mineralization reactions. Notably: 1) Experimental rate measurements performed at 25 o C show that four representative samples of variably altered basaltic rock exhibit Si release rates that match those calculated using mineral dissolution rates available in the literature. This coherence suggests that we can use these existing mineral dissolution rates with confidence to assess the temporal fate of CO2 charged waters injected into these rocks.

2) Reaction path models suggest the altered Jizan rocks should carbonate at both 25 and 100 o C in response to the injection of both CO2-rich fresh water and/or seawater.

3) One-dimensional reactive transport model calculations suggest that the injection of CO2 charged seawater into a 1 mm wide fracture in altered basaltic rock will fix the injected carbon into newly formed carbonate minerals within 5 years at 100°C. At 25 o C this process may take in excess of 100 years. Rates will, however, be accelerated in hydrologic systems where the fluid flows through porous regions of the basalts where the mineralfluid surface area could be substantially higher than in a fracture. 4) Experimental rate measurements showed a preferential release of Ca and Mg into the fluid phase, which may indicate that these metals could be preferentially released in the natural system through metal for proton exchange reactions. As the presence of Ca and Mg promote the precipitation of carbonate minerals, the mineral carbonation rates of the reactive transport calculations, which do not take account of this exchange reaction, may underestimate significantly the carbonation rates of the altered Jizan basalts.

5) The potential storage capacity of the Jizan basalts is estimated to range from 1.4 to 10.2 Gt, sufficient to store from 140 to 100 years of the CO2 likely to be emitted from the Jizan Economic City.

Taken together these results encourage the exploitation of the basaltic rocks at Jizan for subsurface carbon disposal. 

  shaped and the average of the 50 to 100 μm diameter basalt grains used in the experiments. Measured aqueous Si concentration during the experiments were fit to Eqn. (1) by first fitting measured fluid pH as a function of time to a logarithmic fit equation. The quality of the resulting temporal pH fits equations can be assessed in Fig 3. The temporal pH fit equation was then used to numerically integrate Eqn (1) to generate the values of Si concentrations shown by the curves in Fig. 3. The obtained values of k and n, which are provided in Table4, were generated by trial and error to obtain the best fit of measured reactive fluid Si concentrations in each experiment.

  calculations. Results from the reaction of a 0.1 m/kg NaCl aqueous solution charged with 10 bars of CO2 pressure injected into a fracture within altered Jizan basalts at 25 o C are shown in Fig. 7. The results shown in this figure span over 100 years with the injected CO2 charged water flowing at a rate of 20 m/year within a 1mm wide fracture. During this time, injected water moved 2 km through the fracture. The dissolution of the altered Jizan basalt is dominated by the dissolution of albite. Despite the presence of substantial augite, epidote and chlorite in this rock, these minerals contribute relatively little mass to the fluid phase as their dissolution rates are substantially lower than those of albite. The dissolution of altered Jizan basalt increases the pH of the injection fluid from ~3.4 to ~6.0 over the course of 100 years. The rate at which albite dissolves decreases with time and distance in the fracture as the dissolution rates slow due to increasing fluid pH. Similar to the corresponding reaction path model (see Fig. 5), the mass of secondary minerals formed are dominated by the formation of clay and zeolite minerals, identified here by the clays beidellite and montmorillonite, and the zeolite mordenite.

Figure

  Figure 1a, b. Top: a) A simplified geologic map of the southwest coast of Saudi Arabia. Rock sampling locations are shown by red symbols. Bottom, b) a simplified geologic cross section from east to west from the Red Sea. The width of the cross section is approximately 30 km.

Figure 2 .

 2 Figure 2. Total Akali-Silica (TAS) classification diagram (Le Bas et al. 1986) for the volcanic (red) and subvolcanic/dike (blue) basaltic rocks from the Jizan region.

Figure 3 (

 3 Figure 3 (part 2). Temporal variation of reactive pH and Si concentration in all experiments. The symbols represent measured values. The curves in the pH plots correspond to a least squares fit of the measured values, with the resulting fit equation and goodness of fit parameter provided. The curves in the Si concentration plots present a fit of these data to Eqn. (1) using the corresponding temporal pH equation provided in the Figure.

Figure 4

 4 Figure 4. a) The molar Ca to Si ratio and b) the molar Mg to Si ratio of the fluids sampled during all experiments as a function of time. The grey rectangles indicate the corresponding molar elemental ratios of the dissolving solids in the experiments. The identity of each experiment is noted by the symbol as defined in the figure.

Figure 5 .Figure 6 .

 56 Figure 5. Results of reaction path calculations for a representative altered Jizan basalt reacted with an aqueous 0.1 M NaCl solution charged with initially 10 bar of CO2 pressure as a function of the mass of rock dissolved at 25 o C. Top: pH; middle: Dissolved inorganic carbon; bottom; secondary minerals formed

Figure 7 Figure 8

 78 Figure 7. a) Volume of minerals dissolved, b) precipitated c) net volume change per 100 meter distance in a 1mm fracture in response to the injection of a 0.1 m NaCl solution initially charged with 10 bar CO2 into a representative altered Jizan basalt at 25 o C d) the pH and e) the total dissolved inorganic carbon in the fluid phase over time as it moves 2 km along the fracture over 100 years.

Table 1 .

 1 Compositions, formulas, molar volumes and thermal stability field of the secondary phases allowed to precipitate during the reaction path calculations presented in the present study.

	Phase	Reaction	Molar volume (cm 3 /mol)	Thermal stability	Reference

Table 2 A

 2 summary of the relative mineral volume percentages in basaltic rock samples as determined by X-ray diffractometry. The rock samples used for the reactivity experiments are highlighted.

	Sample	Plag Aug Qtz Amph Ttn Cham Or Mt Ep	Other
	Volcanics									
	AND 03	64.5 1	-	0.7	-	15.9 9.2	-	-	-	Hm (7.4)
	WDP 01 46.0 1	-	13.1	-	6.6	5.6 16.1 -	4.2	Mghm (8.4)
	WDP 05 54.5 1	-	6.7	-	1.9 26.5 10.5 -	-	Hm (0.3)
	WJB 03	42.0 1 6.9 21.0 5.8 5	5.3 10.2	-	-	4.4	Prhn (4.4)
	WJU 01	59.0 1 2.8 12.3 1.2 5 22.8 2.0	-	-	-	-
	JG 202	55.1 1	-	4.6	-	13.7 7.3	-	-17.8	Hm (1.5)
	Dikes									
	AND 02	61.0 2 25.7 8.2	-	-	3.5	-	-	-	Tmt (3.5)
	WDH 01 64.0 4 15.1 3.5	1.8 5	3.9	7.8	-	-	-	Analc (1.5), Cal
											(1.5), Tmt (0.9)
	WJS 02	59.2 1 20.2	-	1.9 5	7.7	9.7		1.3	-	-
	WJU 03	49.3 4 18.0	-	9.1 7	4.1	9.8	3.3	-	6.5	-
	JG 101	48.1 1 20.3 7.3	6.2 5	6.1	5.9	5.1 1.1	-	-
	JG 103	48.2 1 7.4	-	15.7 5 5.2	6.6 11.1 -	5.8	-
	JG 105	59.7 2 27.0	-	5.1 6	-	0.7	1.6 3.9	-	Cal (1.1), Ilm (0.8)
	JG 203	47.8 4 20.3	-	8.0 7	-	10.0	-	-	5.8	Epist (7.3), Py
											(0.7)
	The abbreviations, Plag, Aug, Amph, Analc, Cal, Cham, Dsp, Ep, Epist, Hm, Iml, Liz, Mt, Or, Prhn, Py, and Tmt,
	refer to plagioclase, augite, amphibole, analcime, calcite, chamosite, diaspore, epidote, epistilbite, hematite,
	ilmenite, lizardite, magnetite, orthoclase, prehnite, pyrite and titanomagnetite, respectively.
	1) Reported as Albite								
	2) Reported as Andesine							
	3) Reported as Oligioclase							
	4) Reported as Labradorite							
	5) Reported as Actinolite							
	6) Reported as Cummingtonite						
	7) Reported as Horneblende						

Table 3

 3 Major chemical compositions of the Jizan basaltic rocks, reported as oxide percent determined by X-ray fluorescence (XRF) analyses. The rock samples used for the reactivity experiments are highlighted.

	Sample	SiO2 Al2O3 Fe2O3	CaO	Na2O MgO	TiO2	K2O	P2O5	MnO	LOI 1
	Volcanics										
	AND 03	40.7 18.0	13.4	5.4	5.2	9.3	2.0	0.12	0.26	0.17	5.0
	WDP 01	45.6 14.5	14.1	6.6	5.7	3.6	2.6	< 0.1	0.44	0.15	4.8
	WDP 05	52.6 15.8	10.4	3.5	7.1	2.7	2.2	1.3	0.85	0.11	2.9
	WJB 03	51.1 13.2	12.4	6.1	4.5	4.7	2.1	0.79	0.32	0.20	3.3
	WJU 01	50.7 13.1	12.8	5.1	4.1	5.0	2.4	0.98	0.34	0.22	4.3
	JG 202	43.5 17.6	10.7	11.2	3.7	8.1	1.8	0.26	0.32	0.16	2.1
	Dikes										
	AND 02	43.7 14.8	11.4	9.7	4.6	7.2	1.2	0.09	0.18	0.18	6.4
	WDH 01 45.7 21.2	10.2	11.0	4.6	3.7	2.0	0.61	0.32	0.15	<0.1
	WJS 02	45.0 15.0	15.1	6.0	6.5	5.2	2.5	0.84	0.36	0.22	2.7
	WJU 03	43.2 15.4	15.6	8.0	5.6	4.3	2.3	1.1	0.41	0.26	3.1
	JG 101	47.2 15.1	14.3	8.3	5.6	3.9	2.2	0.99	0.28	0.21	1.8
	JG 103	44.9 13.9	15.5	8.1	5.2	4.7	2.5	0.76	0.42	0.25	3.3
	JG 105	42.2 16.0	13.4	9.9	5.3	5.8	3.2	0.52	0.32	0.20	2.4
	JG 203	46.8 15.8	13.3	7.5	5.6	3.8	2.4	0.71	0.59	0.20	2.9
	1) Loss on Ignition									

Table 4

 4 Summary of the experimentally measured Si release rates from selected Jizan area rocks and corresponding rate parameters for Eqn. (1).

	Sample	k (mol/m 2 /s)	n	Log	Log
				(r/(mol/m 2 /s)) at	(r/(mol/m 2 /s)) at
				pH=4	pH=6
	JG202 a	1.51 x 10 -5	-1.0	-8.82	-10.82
	JG 202 b	6.34 x 10 -6	-0.95	-8.99	-10.89
	JG 202 c	7.54 x 10 -6	-1	-9.12	-11.12
	WJS 02a	3.79 x 10 -8	-0.45	-9.16	-10.16
	WJS 02 c	1.81 x 10 -8	-0.40	-9.34	-10.14
	WJU 01	2.68 x 10 -7	-0.60	-8.94	-10.14
	WJU 03	1.81 x 10 -7	-0.60	-9.14	-10.34

Carbonates