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Abstract 16 

Far-from-equilibrium batch experiments have been performed to study the low temperature 17 

dissolution potential of crystalline submarine basalts (from Juan de Fuca Plate and Mid-18 

Atlantic Ridges) and of a highly altered gabbro from the Troodos ophiolite (Cyprus) in presence 19 

of seawater and carbon dioxide (CO2). The experiments have been carried out at 40 °C for up 20 

to 20 days with initial pH of ~4.8 and under ~1 bar pCO2 to identify the progressive water-rock 21 

interactions. Elemental steady-state release rates from the rock samples have been 22 

determined for silicon and calcium, the solution concentrations of which were found to be the 23 

most effective monitors of rock dissolution. Mass balance calculations based on dissolved Si 24 

and Ca concentrations suggest the operation of reaction mechanisms focussed on the grain 25 

surfaces that are characteristic of incongruent dissolution. Also, basic kinetic modelling 26 

highlights the role of mass-transport limitations during the experiments. Ca release rates at 27 

pH ~5 indicate significant contributions of plagioclase dissolution in all the rocks, with an 28 

additional contribution of amphibole dissolution in the altered gabbro. Si release rates of all 29 

solids are found to be similar to previously studied reactions between seawater and basaltic 30 

glass and crystalline basalt from Iceland, but are higher than rates measured for groundwater-31 

crystalline basalt interaction systems. This comparison with previous experimental results 32 

resumes the debate on the role of experimental variables, such initial rock mass and 33 

crystallinity, pCO2, and fluid chemistry on dissolution processes. Our new data suggest that 34 

CO2-rich saline solutions react with mafic rocks at higher rates than fresh water with low pCO2, 35 

at the same pH. Most significantly, both ophiolitic gabbro and Juan de Fuca basalts show Si 36 

and Ca release rates similar or higher than unaltered crystalline basalt from Iceland, 37 

highlighting the potential substantial role that ophiolitic rocks and offshore mafic reservoirs 38 

could play for the geological storage of CO2. 39 

40 
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1. INTRODUCTION 41 

Carbon dioxide (CO2) is the principal greenhouse gas emitted into the atmosphere through 42 

human activities, and repeated warnings by the United Nations have emphasised the urgent 43 

need to minimise its effects on global climate and the environment (e.g., UN, 2015; IPCC, 44 

2007; IPCC, 2014). One approach to curtail the increasing concentration of CO2 in the 45 

atmosphere is the long-term storage of anthropogenically produced CO2 within geologic 46 

reservoirs by converting gaseous CO2 into carbonate minerals (e.g., Lackner et al., 1995; 47 

Seifritz, 1990; Sipilä et al., 2008). Carbon dioxide mineralization strongly depends on the 48 

availability of divalent cations, such as Ca2+, Mg2+, and Fe2+, that once in contact with CO2-49 

rich fluids, can react with the bicarbonate (HCO3
-) and carbonate (CO3

2-) ions in solution to 50 

precipitate carbonate minerals, providing the permanent fixation of CO2 as a stable solid 51 

mineral phase. Multiple experiments, numerical modelling, and pilot injection studies on CO2 52 

dissolution and precipitation suggest that mafic and ultramafic rocks such as seafloor basalts, 53 

which cover more than 60% of the Earth’s surface, could supply both the required elevated 54 

cation content and the storage capacity (e.g., Dessert et al., 2003; Gadikota et al., 2014a; 55 

Gislason and Oelkers, 2014; Godard et al., 2011; Goldberg et al., 2008; Kelemen and Matter, 56 

2008; Marieni et al., 2013;Matter and Kelemen, 2009; Oelkers et al., 2008),with mineral 57 

carbonation happening on the order of years (e.g., Gysi and Stefánsson, 2008; Matter et al., 58 

2016; McGrail et al., 2016; Paukert et al., 2012; Rosenbauer et al., 2012; Schaef et al., 2010; 59 

Van Pham et al., 2012). Experimental approaches showing the high carbon removal potential 60 

of these rocks include studies on crystalline basalt and basaltic glass at low temperature (25 61 

– 75 °C) (Clark et al., 2019; Galeczka et al., 2014; Gislason and Oelkers, 2003; Gudbrandsson 62 

et al., 2011; Gysi and Stefánsson, 2012a; Oelkers and Gislason, 2001), and at high 63 

temperature (75 -250 °C) (Gysi and Stefánsson, 2012b, c; Hellevang et al., 2017; Kumar et 64 

al., 2017; Marieni et al., 2018; Xiong et al., 2018); on metabasalt (Critelli et al., 2014); and on 65 

peridotite (Andreani et al., 2009; Kelemen and Matter, 2008). Based on measurements of 66 

silicon release rates, it has been observed that under specific conditions, such as low pH and 67 
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high pCO2, basalt dissolution rates may be nearly as high as those for olivine or peridotite 68 

(Matter and Kelemen, 2009; Wolff-Boenisch et al., 2011). Also, mineral dissolution rates in 69 

mafic and ultramafic rocks in presence of CO2 have found to be enhanced by the increase of 70 

reactive surface area of the rock (e.g., Anbeek, 1992; Grandstaff, 1978), by increased 71 

temperatures (e.g., O'Connor et al., 2000), and by adding acids and bases (such as H2SO4, 72 

HNO3, NaOH, and NaHCO3) (e.g., Blum and Lasaga, 1988; Gadikota et al., 2014a; O’Connor 73 

et al., 2005; Oelkers, 2001; Teir et al., 2007). In addition, CO2 geochemical trapping can be 74 

enhanced by dissolving the gas in water to facilitate the fluid-rock interactions and to limit the 75 

risk of CO2 escaping back to the atmosphere due to the buoyancy of liquid or supercritical CO2 76 

(Gislason et al., 2010; Matter et al., 2016; McMillan and Bryant, 2009). In cases where fresh 77 

groundwater availability may be limited, solutions may lie in the use of seawater as the 78 

carbonation solution, for both on-land and offshore reservoirs. However, to date only a few 79 

experimental studies have focussed on reactions between CO2-rich seawater solutions and 80 

basic rock types (Crovisier et al., 1987; Seyfried and Mottl, 1982; Wolff-Boenisch et al., 2011; 81 

Wolff-Boenisch and Galeczka, 2018), and, despite their vast occurrence on Earth, no 82 

dissolution experiments have been conducted using submarine basalts from the vast mid-83 

ocean ridge flanks. 84 

This study investigates the primary rock dissolution rates associated with low temperature CO2 85 

injections, mimicking the typical thermal conditions at oceanic ridge flanks, and evaluates the 86 

suitability of several mafic rock types as cation sources for potential CO2 storage. Batch 87 

dissolution experiments have been carried out in a CO2-seawater-mafic rock system at far-88 

from equilibrium conditions, with a CO2 partial pressure (pCO2) of ~1 bar and 40 °C, using 89 

rocks from the upper oceanic crust and an ophiolitic gabbro. 90 

 91 

2. MATERIAL AND METHODS 92 

2.1. Reactive fluids 93 
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The artificial seawater used in the experiments (CaribSea Inc) has a salinity of ~35 psu, and 94 

the composition is in agreement with IAPSO seawater (Millero et al., 2008; Summerhayes and 95 

Thorpe, 1996) (Table 1). It was stored in the dark at 4 °C and warmed up to room temperature 96 

overnight prior to its use in the experiments. 97 

Seawater pH was measured with a semi micro plastic BNC electrode (FisherbrandTM), 98 

connected to a pH meter (Accumet AB 15/15+, Fisher ScientificTM). The electrode accuracy 99 

was calibrated against standard buffer solutions, with a standard deviation of 0.03 pH units. 100 

Total Alkalinity (TA) was determined with the Gran function using a modified titration 101 

methodology for a small-volume system (Haraldsson et al., 1997). Dissolved Inorganic Carbon 102 

(DIC) was calculated with the following equation (Grasshoff et al., 1999): 103 

 𝐷𝐼𝐶 =
Ac([H+]2/𝐾1 + [H+] + 𝐾2)

[H+] + 2𝐾2
 (1) 

with [𝐻+] derived from pH, Ac (carbon Alkalinity) assumed equal to TA, and the dissociation 104 

constants K1 = 1.89 x 10-6 and K2 = 1.85 x 10-9 estimated for T = 40 °C, pCO2 ~1 bar, and S = 105 

35 psu, using the database available in Millero et al. (2006). The corresponding pCO2 was 106 

calculated using Henry’s Law for CO2 solubility in water (Equation 2): 107 

 [𝐶𝑂2] =  𝐾0 ∗  𝑝𝐶𝑂
2
 (2) 

where [𝐶𝑂2] is the aqueous CO2 concentration in mol/L, and 𝐾0 is Henry’s constant. The 108 

aqueous CO2 concentration was calculated from carbon alkalinity (Ac) as follows (Dickson et 109 

al., 2007): 110 

 [𝐶𝑂2] =  
𝐴𝑐

(𝐾1/[𝐻+]) + (2 ∗ 𝐾1 ∗ 𝐾2/ [𝐻+]
2

)
 (3) 

To determine 𝐾0 at room temperature and 40 °C, the following expression proposed by Weiss 111 

(1974) was used: 112 

 
𝑙𝑛𝐾0 = 9345.17/𝑇 − 60.2409 + 23.3585 ln (𝑇/100) + 𝑆[0.023517 

−0.00023656𝑇 + 0.0047036(𝑇/100)2] 
(4) 

where T is the temperature in Kelvin, and S is the salinity (35 psu). 113 
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The Si, Na, Mg, Ca, K, Sr and S concentrations in seawater were measured by inductively 114 

coupled plasma optical emission spectrometry (ICP–OES, Perkin-Elmer Optima 4300 DV) at 115 

the National Oceanography Centre Southampton. Precision of ICP–OES analyses based on 116 

repeated measurements of in-house standards is better than ± 3% for all the elements. 117 

Concentrations of SO4 and Cl were measured by ion chromatography (IC, Dionex ICS2500). 118 

Repeat analysis of IAPSO seawater as well as single anion standards indicates that the 119 

precision of Cl and sulphate analyses is better than ±2% (Electronic supplement 1). 120 

 121 

2.2. Rocks 122 

The rocks used in this study are mid-ocean ridge basalts from the Juan de Fuca and Mid-123 

Atlantic Ridges, and a gabbro from the Troodos ophiolite in Cyprus. The mineralogy was 124 

determined by optical microscopy of polished thin sections (Electronic supplement 2), and 125 

confirmed by scanning electron microscopy (SEM) analyses (Leo 1450VP SEM combined with 126 

Oxford Instruments X-Act 10 mm2 area SDD EDS Detector). 127 

The Juan de Fuca (JdF) samples consist of forty subsamples of 3.5 Ma crystalline basalt 128 

collected from the Hole U1362A during IODP Expedition 327 (Fisher et al., 2011). These rocks 129 

are heterogeneous multi-mineral solids that consist on average of 38 vol% labradoritic 130 

plagioclase, 23 vol% augitic clinopyroxene, 14 vol% mesostasis, 15 vol% secondary minerals, 131 

with minor olivine, magnetite, and glass. The secondary mineralogy is composed of Mg-132 

saponite, celadonite, iron oxyhydroxides, and, where present, ~1 vol% calcite. This suite is 133 

typical of low temperature hydrothermal alteration, and is mainly associated with groundmass 134 

replacement, vesicle fill, and alteration halos (Fisher et al., 2011). Due to the small volume of 135 

individual specimen (~12 cm3 each), they were combined together to form three composite 136 

samples based on textural differences and composition. These composite samples, 137 

corresponding to cryptocrystalline, microcrystalline, and fine grained basalts, are identified as 138 

“JdF mix 1”, JdF mix 2”, and “JdF mix 3”, respectively. Amongst these JdF basalts, the JdF 139 
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mix 3 sample is characterised by the lowest volumetric abundance of labradoritic plagioclase 140 

(~32%). 141 

The pillow basalt CD80WP132 from the Mid-Atlantic Ridge (MAR) was dredged from the 142 

Reykjanes Ridge, SW of Iceland, during the RRS Charles Darwin Cruise 80, at the Way Point 143 

132 (28.66˚W, 60.54˚N) (Murton, 1995). The sample (MAR) is a vesicular cryptocrystalline 144 

olivine-bearing basalt consisting of 31 vol% labradoritic plagioclase, 20 vol% glass, 17 vol% 145 

augitic clinopyroxene, 11 vol% mesostasis, 6 vol% olivine, <1 vol% secondary minerals, and 146 

15 vol% unfilled vesicles. 147 

The gabbro from the Troodos ophiolite in Cyprus (G1) was sampled (at 32.93˚E, 34.93˚N) 148 

during fieldwork in May 2014, close to the village of Kato Amiandos. The medium-grained 149 

gabbro shows a high degree of hydrothermal alteration, with mineralogy consisting of 40 vol% 150 

anorthitic plagioclase, 40 vol% actinolitic amphibole almost completely replacing 151 

clinopyroxene (2 vol%), 13 vol% albitic plagioclase, 3 vol% chlorite, and 2 vol% talc. 152 

All solids were crushed and ground to obtain the 63–125 µm size fraction, ultrasonically 153 

cleaned with multiple deionised water cycles of 5 minutes each to remove finer particles, and 154 

dried on a flat glass dish at 60 °C overnight in a vacuum oven. The chemical and mineralogical 155 

compositions of the 63–125 µm size fraction of each rock were determined by inductively 156 

coupled plasma mass spectrometry (ICP-MS, Thermo Scientific X-Series 2) on fully digested 157 

samples, and X-ray diffraction (XRD) (Electronic supplements 3 and 4, respectively). 158 

Furthermore, whole rock chemical analyses with X-ray fluorescence spectroscopy (XRF) were 159 

run at the University of St. Andrews (Scotland, UK; Table 2). In general, all the basaltic sample 160 

compositions within the range of mid ocean ridge basalt (MORB, see GERM, 2000). 161 

The ground material was subjected to multiple physical analyses to constrain the grain size 162 

and morphology. The Brunauer-Emmett-Teller (BET) multipoint technique (Quantachrome 163 

NovaWin BET Analyzer via nitrogen, Columbia University, New York) was used to determine 164 
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the surface areas of the rock samples. Resulting BET surface areas (ABET) are listed in Table 165 

3.  166 

Specific geometric surface areas (Ageo) were also calculated assuming the grains are spherical 167 

(Equation 5): 168 

 𝐴𝑔𝑒𝑜 =
6

(𝑑 × 𝜌)
 (5) 

where Ageo is the total area (cm2/g), 𝑑 the average particle diameter (cm), and 𝜌 the density 169 

(g/cm3) (Cubillas et al., 2005; Gautier et al., 2001; Guy and Schott, 1989; Wolff-Boenisch et 170 

al., 2004). Given that the abundance of clay and silt sized particles in the JdF samples will 171 

affect the average particle diameter, grain size distribution (GSD) and relative particle diameter 172 

average (𝑑 in Equation 5) were measured for each of the five samples using a Malvern 173 

Mastersize analyser (National Oceanography Centre Southampton). The samples were 174 

shaken overnight in a 0.05% Calgon solution to disaggregate the grains prior to analysis. The 175 

measured volumetric weighted means of particles were used to estimate average particle 176 

diameter and are reported with Ageo calculations in Table 3. 177 

Between the two surface area measurements, ABET and Ageo, the geometric surface area is 178 

considered by many studies to be more appropriate for estimating dissolution rates (Gautier 179 

et al., 2001; Wolff-Boenisch et al., 2004; Wolff-Boenisch et al., 2011). In this study, the 180 

calculated geometric surface areas were more consistent with the SEM observations of 181 

particle size than BET measurements carried out with nitrogen. For these reasons, the 182 

geometric rather than BET surface area will be considered in the following evaluations. 183 

As for the bulk rocks, polished thin sections (PTS), and stubs were prepared for all the ground 184 

samples to further investigate and confirm the particle size distribution, composition and 185 

morphology by scanning electron microscopy. 186 

 187 

2.3. Experimental setup 188 
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CO2-water-rock batch experiments were carried out at 40 °C and pCO2 ~1 bar in a three-phase 189 

system, consisting of ocean crust rocks, seawater and gaseous CO2 in the headspace (Figure 190 

1). The initial settings of all the eight runs are provided in Table 4. The five experiments JdF 191 

mix 1, 2, and 3, MAR-A (a subsample of MAR), and G1-A (a subsample of G1) are the runs 192 

with the highest initial rock mass (80 g), following the method of Gysi and Stefánsson (2012a) 193 

for moderate CO2 concentrations. A portion (65 g) of the partially reacted rock used in each of 194 

the initial experiments with JdF mix 2 and MAR-A was used in follow-on experiments JdF mix 195 

2bis and MAR-Abis, respectively. MAR-B is the experimental run with 30 g subsample of MAR. 196 

The series JdF mix 2bis, MAR-Abis, and MAR-B, characterized by different initial rock weight 197 

and by different fine particle abundance, were run to better quantify the role of reactive surface 198 

area and fine particles during dissolution. The JdF mix 2bis and MAR-Abis runs also provided 199 

information on the reactivity of the rocks during progressive dissolution experiments. 200 

For each run, 4 fluorinated HDPE 1000 mL bottles were positioned in a 25 L stainless steel 201 

shaking water bath (MEDLINE BS-11). Each bottle was sealed with a Ley Rubber Ltd 202 

RB049/1H stopper with 4 holes: two of them for the inward and outward CO2 flux; one for the 203 

pH electrode; and the last one served as a sampling port. In each bottle, 500 ± 10 mL of 204 

seawater were added and warmed to 40 °C. Once the temperature was reached, seawater 205 

was saturated with CO2. The CO2 flux from the 50 L cylinder was controlled by a standard gas 206 

regulator, and measured by a gas flowmeter. The CO2 flux into each reaction bottle was further 207 

individually controlled with on/off gas valves (Swagelok®) positioned downstream of the 208 

flowmeter on each of the four gas lines. The CO2 injection rate was set at 0.3 L/min. To 209 

homogeneously disperse the CO2 (g) within the seawater, a stainless steel bubbler (0.5 µm 210 

pores) was positioned at the end of each gas line. The progressive oxidation of the bubbler 211 

was observed during the cleaning process, raising concerns about contamination from Fe in 212 

the experimental system. For this reason, Fe concentrations were not considered in our data 213 

analysis. The CO2-saturation process was monitored through in situ regular pH 214 

measurements. For each pH measurement, the probe was inserted into the reaction vessel 215 



10 
 

through a pre-made hole and then removed immediately after the value acquisition so that the 216 

exposure time of the electrode filling solution to CO2 was minimised. Once seawater reached 217 

saturation with respect to dissolved CO2 (1-3 days from the start of each experiment), 30 to 218 

80 g of ground rock was added to each of the 3 bottles. These powders passively filled the 219 

base of the containers, and other than the shaking due to the movement of the water bath, the 220 

vessels were not stirred to avoid the formation of fine particles (e.g., Metz and Ganor, 2001).. 221 

The fourth bottle contained CO2-saturated seawater without any rock, to provide a reference 222 

chemical composition throughout the duration of the experiments. After each run, bottles, 223 

tubing, and other materials used in the experiments were cleaned with 10% HNO3 and then 224 

rinsed with ultrapure water. 225 

Fluid samples were regularly collected from each bottle by opening the sampling ports one at 226 

the time, and temporarily closing the CO2 gas line. For each sampling, 1 mL of solution was 227 

extracted with a plastic syringe: 0.5 mL was immediately analysed for alkalinity, whereas the 228 

other 0.5 mL was kept in the refrigerator for ICP-OES and IC analyses. To preserve the major 229 

cation content in the ICP-OES samples, a drop of concentrated sub-boiled HNO3 was added. 230 

Considering the initial seawater volume, and an average total sampling volume of 12 mL, the 231 

original ratio between rock sample and water was not significantly modified. 232 

 233 

2.4. Geochemical calculations 234 

Aqueous absolute (Ca/Si) and relative (ΔCa/ΔSi) ratios have been calculated for all the 235 

collected fluid samples, to better characterise the reaction stoichiometry. The Ca/Si ratio 236 

expresses the elemental concentration variations with time, whereas the ΔCa/ΔSi ratio takes 237 

into account the initial solution composition, using: 238 

 ∆𝐶𝑎/∆𝑆𝑖 = (𝐶𝑎𝑥 − 𝐶𝑎0)/(𝑆𝑖𝑥 − 𝑆𝑖0) (6) 

where “𝑥” is the relative time in days, and “0” represents the initial concentration measured at 239 

time zero, just before adding the rock. 240 
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The reactivity of rocks has been determined at steady-state conditions for Ca and Si, which is 241 

defined as a condition where dissolution rates are time independent and where dissolution is 242 

stoichiometric (Oelkers, 2001). The elemental release rates have been calculated following 243 

the equation: 244 

 𝑟𝑋 = log [(∆𝑋 ∗ 𝑀𝑤)/(A ∗ 𝑀𝑟 ∗  𝑡)] (7) 

where 𝑟𝑋 is the release rate of element 𝑋 expressed as log [mol/cm2/s], ∆𝑋 the differential 245 

aqueous concentration of element 𝑋 in mol/kg, 𝑀𝑤 the water mass in kg at each sampling 246 

time, 𝐴 the sample-specific surface area pre-experiment in cm2/kg, 𝑀𝑟 the original rock mass 247 

in kg, and t the elapsed time in seconds. A further attempt to determine the rock reactivity was 248 

made using the far-from-equilibrium dissolution rate proposed by Gislason and Oelkers (2003) 249 

for the kinetic calculations carried out with the PHREEQC program (Parkhurst and Appelo, 250 

2013), via the recently developed thermodynamic database carbfix (Voigt et al., 2018) and the 251 

Si-Al basaltic glass phase defined by Galeczka et al. (2014). The potential moles of Si 252 

dissolved from the rock within CO2-rich seawater in 10 days as a function of initial rock mass 253 

have been calculated as follows: 254 

 𝑚𝑆𝑖 =  𝐴𝑎 ∗ 𝑒𝑥𝑝
−(

𝐸𝑎
𝑅𝑇

)
 ∗ (

𝑎𝐻+
3

𝑎𝐴𝑙3+
)

1
3

∗ 𝐴 ∗ 𝑡 (8) 

where𝑚𝑆𝑖 is the potential dissolved mole of Si, 𝐴𝑎 a constant equal to 10-5.6 (mol of Si)/cm2/s, 255 

𝐸𝑎 the activation energy equal to 25.5 kJ/mol, 𝑅 the gas constant in J/K/mol, T the absolute 256 

temperature in K, 𝑎𝑖 the activity of the subscripted aqueous species, 𝐴 the geometric surface 257 

area in cm2/g, and 𝑡 the elapsed time in s. 258 

 259 

3. RESULTS 260 

3.1. Fluid chemistry 261 

The evolution of solution chemistry (pH, alkalinity, and DIC) as a function of time show similar 262 

compositional trends in all experiments (Figure 2). The composition of reference seawater 263 



12 
 

solutions (blanks 2, 3, and 4) demonstrate how CO2 saturation was reached at pH ~4.8, and 264 

alkalinity ~3.3 mM, with a slight oversaturation during the first day of experiment highlighted 265 

by the calculated DIC. In general, dissolved carbon concentrations were <40 mM. Experiments 266 

using rock powders show a rapid increase in pH and alkalinity during the first five days, from 267 

initial values of 4.6 and ~2.5 mM, to the maximum of 5.2 and ~5.0 mM, respectively. Because 268 

even the reference solutions showed increases in pH and alkalinity, the mass change was 269 

further investigated, weighing the bottles before and after each experiment. The analyses on 270 

the aqueous solutions (Electronic supplement 5) confirmed the progressive evaporation of 271 

seawater during the experiments, indicating mass losses of between 1 to 20% in each bottle. 272 

Assuming that chloride and sulphate are conserved, the concentrations of Na, Mg, Ca, K, Si 273 

and S in the fluids have been recalculated averaging the evaporation corrections from the IC 274 

data of chloride (Cl-), and sulphate (SO4
2-), and the ICP-OES data of total sulphur (S) analyses. 275 

The concentrations of Na, Mg, Ca, K, Sr and S have been corrected from the “initial saturation 276 

process” day, whereas Si concentrations only from the “rock addition” day because of the 277 

absence of silicon in the artificial seawater. 278 

Amongst all the measured elements in solution, silicon and calcium show concentrations 279 

consistently increasing over time (Figure 3). Si is a key element in silicate mineral dissolution 280 

reactions, because it holds together the mineral framework (Oelkers, 2001). In addition, the 281 

absence of Si in the artificial seawater makes the chemical changes easier to detect in 282 

laboratory experiments. Nevertheless, Ca2+ is one of the divalent cations needed to precipitate 283 

CO2 as a carbonate phase, and the determination of its release rate is essential to investigate 284 

the rock carbonation potential. Other dissolved ions are either present in very small quantities 285 

(e.g. Al), or do not show consistent variations in the solution with time (e.g., Na, Mg, and K). 286 

The Ca concentrations appear to reach steady-state after ~5 days, whereas Si concentrations 287 

continue to increase throughout the experiments (Figure 3). The Ca/Si stoichiometric ratio for 288 

basalts and gabbro used in these experiments is ~0.25, for reference seawater is ~100, 289 

whereas for artificial seawater used in the experiments is ~500 (Table 1). The Ca/Si ratio of 290 
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artificial seawater is ~5 times higher than in reference seawater just because the overall low 291 

Si concentrations are slightly lower (0.02 and 0.10 mM, respectively), favouring the clear 292 

distinction of Si coming from the dissolution of the rocks. 293 

 294 

3.2. Fine particles 295 

Figure 4 shows GSD measurements, and the associated SEM images, for the samples before 296 

and after the experiments. The analyses of samples G1 and MAR confirm the absence of fine 297 

particles (<10 µm). In contrast, the JdF samples present a different scenario, with 16 to 40% 298 

in volume of particles less than 63 µm in the samples before the dissolution. Grain size 299 

analyses of the JdF samples following the first experimental runs measure lower clay-sized 300 

contents (2-5% by volume). This is partly due to the dissolution process during the experiment, 301 

and partially due to post-experiment cleaning cycles. Hence, given that the change in grain 302 

size is a critical parameter in the kinetic rate interpretation, particle diameters and 303 

corresponding geometric surface areas (Ageo) were measured and calculated, respectively, 304 

and repeated for samples that had already been used in previous experiments.  Considering 305 

the GSD means, the particle diameters of JdF mix 2 increased from 42 µm (pre-experiment) 306 

to 74 µm (post-experiment), whereas GSD means were constant (~110 µm) for MAR-A. The 307 

calculated initial Ageo of JdF mix 2bis and MAR-Abis are then 279 and 188 cm2/g, respectively 308 

(Table 3). 309 

 310 

3.3. Rock dissolution 311 

In these far-from equilibrium experiments, an almost constant pH is reached after five days in 312 

all the runs, and the rock stoichiometric dissolution is approached after 5-10 days. Considering 313 

the grain size distribution differences between the samples, the release rates have been 314 

normalized to the geometric surface area (Figure 5). 315 
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For the considered elements, Si and Ca, the corresponding release rates decrease with time. 316 

In general, Si release rates range from -13.2 to -14.1 log (mol/cm2/s), whereas Ca release 317 

rates range from -12.3 to -14.1 log (mol/cm2/s). The release rates for Si and Ca measured at 318 

the end of each experimental run are the closest to the stoichiometric dissolution, and range 319 

from -13.7 to -14.1 log (mol/cm2/s), and from -13.3 to -14.1 log (mol/cm2/s), respectively. 320 

 321 

4. DISCUSSIONS 322 

4.1. Effects of particle size on dissolution rates 323 

The surface area available for reaction is one of the most important factors determining the 324 

reaction rate for a given rock volume, shape and time. Fine particles (<10 µm) have a higher 325 

ratio of surface area to volume, which in turn leads to higher dissolution rates. Consequently, 326 

the highest aqueous concentrations of Si and Ca shown by the JdF samples (Figure 3) are 327 

most probably related to their higher specific surface area, due to the abundance of very fine 328 

particles, in agreement with the observations in previous studies (Andreani et al., 2009; 329 

Beckingham et al., 2016; Gadikota et al., 2014b; Helgeson et al., 1984). However, the 330 

similarity among the calculated release rates of JdF fines-rich samples, and those of MAR and 331 

G1 fines-poor samples (Figure 5) confirms that the fastest kinetics related to fine particle 332 

abundance are accommodated by the surface area normalisation, enabling the appropriate 333 

comparison of samples. Overall, the strongly altered ophiolitic gabbro shows higher or similar 334 

surface area normalised release rates than the Jdf basalts. The MAR basalts are 335 

characterised by a wide range of release rates that are comparable or lower than JdF and 336 

gabbroic samples. There are no discernible changes in release rates associated with different 337 

degrees of crystallinity or grain size. The release rates of the medium-grained holocrystalline 338 

Troodos gabbro (G1) are similar to those of the more glassy MAR basalts and the 339 

cryptocrystalline JdF mix 1. 340 

 341 
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4.2. Effects of mass-transport limitations on dissolution ratesChanges in the initial 342 

sample mass used during the experiments (from 80 to 30 g) did not significantly affect the Ca 343 

and Si concentrations in the final solutions (Figure 3). Therefore, the following hypothesis is 344 

proposed that the reactions are only occurring within the top-most layer of rock powder in the 345 

reactor due to mass-transport limitation caused by the experimental setup itself (Figure 6). In 346 

general, such mass-transport limitations arise when transport of reactants and/or products 347 

from/to the reaction sites (e.g. the water-rock interface) become the rate controlling reaction 348 

step, which can occur due to slow fluid advection or diffusion, or slow diffusion in the solid. If 349 

this hypothesis is true, the relative portion of dissolved rock, called dissolution extent, and the 350 

calculated elemental release rates will be higher, depending on the thickness of the top- layer 351 

that is reactive. An attempt has been made to quantify the top-layer weight using the far-from-352 

equilibrium dissolution rate equation previously described (Equation 8), with normalization to 353 

geometric surface area.  354 

The initial conditions of the experimental run “JdF mix 2bis” have been used together with the 355 

Si-Al basaltic glass phase (“Stapafell”) as the rock phase as model inputs. No precipitation 356 

was allowed, in agreement with what was observed during the experiments. The kinetic 357 

calculations show that ~5 g of Al-Si basaltic glass are enough to reach the experimental Si 358 

concentrations in solution, producing ~0.5 mmol/L of Si from the dissolution of less than 1% 359 

of the hypothesized total rock mass (<0.05 g). The extent of rock dissolution has then been 360 

estimated as a ratio between aqueous concentration difference and rock content, for both Si 361 

and Ca. Using measured XRF SiO2 and CaO compositions of basalts and gabbro (Table 2), it 362 

is possible to estimate the maximum Si and Ca release, respectively, from the whole rock 363 

mass and from the top-layer only, and compare them with the actual ΔSi and ΔCa aqueous 364 

concentrations (Table 5). Calculations show that the average values of Si and Ca dissolution 365 

extent for the whole rock sample mass of 0.04% and 0.30%, respectively, would increase one 366 

order of magnitude if the reactions are only taking place within the top-layer (Table 5). The 367 

same order of magnitude difference is reflected by the elemental release rates (Figure 6). 368 
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A further mass-transport limitation is reflected by the incongruent dissolution within all the 369 

experimental runs. The extent of dissolution, as measured by Ca/Si ratios, decreases with 370 

rock dissolution progress, and approaches the whole rock Ca/Si stoichiometric ratio (~0.25), 371 

but without reaching it (Figure 3). These “non-stoichiometric” reactions may result from the 372 

formation of leached layers that are commonly an initial stage of the dissolution process 373 

(Oelkers, 2001). Previous observations on olivine dissolution show that the leaching of cations 374 

and incongruent mineral dissolution result in the formation of a Si-rich mass-transfer-limiting 375 

passivation layer, which eventually limits the extent of mineral dissolution (Béarat et al., 2006; 376 

Daval et al., 2011; Gadikota et al., 2014b). In this study, the formation of a passivation layer 377 

is suggested by evidence for incongruent dissolution and higher calcium release rates 378 

compared to Si (Figure 6). However, the close approach of Ca and Si release rates to the bulk 379 

rock Ca/Si ratio indicates that the fluid-rock exchange reactions are in the process of extending 380 

beyond the passivation layer, towards a more congruent dissolution. The same observation 381 

can be made from the ΔCa/ΔSi aqueous ratios (Figure 3), from which the artefacts due to the 382 

high cation content in seawater are removed. However, these preliminary considerations on 383 

mass-transport limitations have to be further tested and confirmed by additional experiments 384 

with different quantity of grains, and/or more vigorously agitated samples, to better constrain 385 

the rock mass exposed to dissolution. 386 

 387 

4.3. Calcium source 388 

The different aqueous calcium concentrations at pH ~5 from all the mafic rocks used during 389 

the experiments (Figure 3) can be used to determine which of the calcium-bearing phases are 390 

the most susceptible to dissolution. From previous experiments, calcite, glass and olivine are 391 

the most susceptible phases to dissolution, followed by pyroxene (diopside), amphibole, and 392 

plagioclase (e.g., Banfield et al., 1991; Crovisier et al., 1987; Eggleton et al., 1987). However, 393 

the alteration order of the last three minerals is not well established, because this depends on 394 

pH, temperature, and mineral composition (e.g., Fridriksson et al., 2001; Gudbrandsson et al., 395 
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2011; Nesbitt and Wilson, 1992).  In general, for pH ~5, as measured in this experimental 396 

study, the kinetic calculations suggest that the mineral dissolution order is calcite > olivine and 397 

glass > anorthitic plagioclase > pyroxene > hornblendic amphibole > albitic plagioclase. The 398 

whole rock dissolution rates defined at 40 °C and pH 5 in this study are compared to dissolution 399 

rates of olivine, basaltic glass, plagioclase and pyroxene at 25 °C and pH 5 from the available 400 

literature. In general, mineral dissolution rates at 25 °C are up to ~0.5 log units slower than 401 

rates at 40 °C (Chen and Brantley, 1997; Knauss et al. 1993; Gislason and Oelkers, 2003; 402 

Rosso and Rimstidt, 2000; Schott et al. 1981). 403 

Given the mineral average abundances within the samples used in this study (details in 404 

Electronic supplement 2), the Ca-bearing phases to be considered as potential Ca-sources 405 

from the basalts are mesostasis, labradoritic plagioclase, augitic pyroxene, and calcite, with 406 

the addition of glass for the MAR samples. In contrast, for the ophiolitic gabbro G1, the main 407 

Ca-bearing phases are amphibole, anorthitic plagioclase, and augitic pyroxene. The MAR 408 

basalts and JdF mix 3, do not show particularly high Ca release rates despite including 15-409 

30% mesostasis and glass, and ~20% of pyroxene (Figure 5). In contrast, the JdF samples 410 

mix 1 and mix 2 – that have similar mesostasis, glass and pyroxene modal contents as the 411 

JdF mix 3 – and the ophiolitic gabbro G1 yield the highest release rates of Ca (-13.32, -13.48, 412 

and -13.59 log (mol/cm2/s), respectively). This higher Ca-reactivity from the JdF mix 1 and mix 413 

2 is too low to be explained by the presence of ~1% calcite, which is recognised in literature 414 

as very reactive (Cubillas et al., 2005), but could instead result from the dissolution of 415 

labradoritic plagioclase, which is less abundant in JdF mix 3 (~40% vs ~30%). Furthermore, 416 

the G1 has no calcite, and almost no clinopyroxene (~2%), so that the main mineral sources 417 

of Ca are amphibole and/or anorthitic plagioclase. There is no published experimental data on 418 

single-phase Ca release rates from amphiboles, but Si release rates from whole rock 419 

dissolution experiments at 25 °C of metabasalt with 50% of actinolite (Critelli et al., 2014) are 420 

slightly slower than our results even after compensating for the temperature effect (see below). 421 

On the other hand, several experiments have been carried out on plagioclase, although only 422 
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a few have measured the Ca release rate directly (Berg and Banwart, 2000; Carroll and 423 

Knauss, 2005; Casey et al., 1991). Overall, these single-phase investigations demonstrate 424 

that the plagioclase dissolution rates increases with increasing anorthite content (Blum, 1994; 425 

Carroll and Knauss, 2005; Casey et al., 1991; Chou and Wollast, 1985; Gudbrandsson et al., 426 

2014; Holdren and Speyer, 1987; Oelkers and Schott, 1995; Oelkers et al., 1994; Oxburgh et 427 

al., 1994; Stillings et al., 1996), for the pH range from 2 to 12 and temperatures up to 150 °C. 428 

Hence, the fast Ca release rates in the experimental runs with gabbro, JdF mix 1 and mix 2 429 

are consistent with literature data on Ca-rich plagioclase, reflecting the high plagioclase 430 

abundance in the rocks, but does not exclude a Ca contribution from the amphibole in the 431 

ophiolitic gabbro. Also, the slower Ca release rates in the basalts (JdF mix 3 and MAR) can 432 

be related to the lower abundance of calcic plagioclase and/or to the lack of amphibole and 433 

calcite. 434 

 435 

4.4. Comparison with literature 436 

Among the experimental studies investigating fluid-rock interactions in CO2-rich seawater, 437 

data from Wolff-Boenisch et al. (2011) are comparable to the current study results, due to 438 

similarities in the experimental setup (Table 6). Specifically, the initial values of the series 439 

“SWC-Cl” at 25 °C that studied the effect of the chemical components of seawater on 440 

dissolution rates are considered here because they represent the steady-state composition of 441 

the solution in the presence of basaltic glass, crystalline basalt, and peridotite. The Si release 442 

rates of SWC-Cl series as a function of pH are summarised in Figure 7, together with the 443 

elemental rates from all the experimental runs of this study, all normalized to geometric surface 444 

areas. The mafic rocks from Wolff-Boenisch et al. (2011), with basaltic glass included, exhibit 445 

significantly lower dissolution rates (~1 log unit) than the 25 °C dissolution curve described by 446 

Gislason and Oelkers (2003) for geometrically-normalized basaltic glass rates. The release 447 

rates of the oceanic rocks presented in this study are significantly lower than the 50 °C 448 

dissolution curve (Figure 7), being from  less than 1 to ~2 log units lower in case of top-layer 449 
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or whole rock mass assumptions, respectively. Hence, even though the major cation 450 

chemistries are relatively similar, discrepancies can be observed amongst the experimental 451 

sets of data and between experimental data and modelled curves. The explanations can be 452 

related to four crucial factors: mass-transport limitations, pCO2, , fluid chemistry, and rock 453 

crystallinity (Table 6). The mass-transport limitations in the batch experiments of this study 454 

would explain the lowest release rates for the whole rock mass case, leaving the data from 455 

the top-layer option less than one log unit lower than the 50 °C dissolution curve from well 456 

mixed basaltic glass experiments. This is in agreement with the influence of experimental 457 

setups on measured release rates already observed by many authors (Clow and Drever, 1996; 458 

van Grinsven and van Riemsdijk, 1992), who measured higher rates with stirred (“mixed”) 459 

batch reactors than with column experiments (“flow-through”) or non-stirred batch reactors. 460 

The second factor potentially responsible for the rate discrepancies is the pCO2. In the case 461 

of mixed-flow experiments, the 4 bar pCO2 led to a pH of 3.5 and ~114 mM of dissolved 462 

inorganic carbon in solution (Wolff-Boenisch et al. 2011), which are ~1.5 and two orders of 463 

magnitude higher than for the batch experiments presented in this study, respectively. 464 

However, mixed-flow and top-layer batch experiments show a similar log unit discrepancy 465 

from the modelled curves for basaltic glass dissolution rates (at 25 and 50 °C, respectively) 466 

so that pCO2 is interpreted to directly affect the pH, with higher H+ activity resulting in higher 467 

cation release rates (Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2004). This 468 

interpretation is supported by other experimental studies (e.g., Golubev et al., 2005) that found 469 

that silicate dissolution rates are weakly affected (±0.2 log units) by the presence of higher 470 

CO2 concentration in solution, but are mainly driven by pH (H+ activity).Fluid chemistry, with 471 

experiments run in presence of seawater and modelled curves based on fresh water systems 472 

(Table 6), could have inhibitory or catalytic effects on release rates. The catalytic effect of a 473 

number of acids and bases in solution (such as H2SO4, HNO3, F-, NaOH, and NaHCO3) has 474 

been suggested by a number of studies (Gadikota et al., 2014a; O’Connor et al., 2005; 475 

Oelkers, 2001; Wolff-Boenisch, 2011). On the other hand, less conclusive interpretations have 476 

been obtained for the effect of ionic strength and NaCl contained in seawater on dissolution 477 
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rates (Gadikota et al., 2014a; Gruber et al., 2019; Olsen et al., 2015; Wolff-Boenisch, 2011). 478 

Finally, to understand if crystallinity may play a role in the discrepancy between experiments 479 

and modelled curves, the Si release rate data in Figure 7 can be compared with the elemental 480 

release rates obtained by previous studies on crystalline phases (e.g., Figure 8: Critelli et al., 481 

2014; Gudbrandsson et al., 2011). These authors carried out mixed-flow dissolution 482 

experiments on a metabasalt from an ophiolitic sequence (Monte Reventino, Italy), and a 483 

crystalline basalt from the Stapafell Mountain (SW-Iceland), respectively, to investigate the 484 

steady state elemental release rates in a CO2-free aqueous solution (Table 6). The metabasalt 485 

consists of 50 vol% actinolitic amphibole, 32 vol% chlorite, 9 vol% epidote, 7 vol% albitic 486 

plagioclase, 1 vol% calcite, and 1 vol% phengite. The crystalline basalt used by Gudbrandsson 487 

et al. (2011) is the same as the crystalline basalt described by Wolff-Boenisch et al. (2011). 488 

Figure 7 shows that the Si release rates from this study calculated with the top-layer 489 

assumption are lower than the 50 °C basaltic glass dissolution curve (Gislason and Oelkers, 490 

2003). However, Figure 8 shows that the same rates are higher than the elemental release 491 

rates measured for crystalline phases at 25 °C by Critelli et al. (2014), and Gudbrandsson et 492 

al. (2011) for pH ~5. A similar observation is apparent by comparing the Ca release rates, with 493 

the rates from the top-layer assumption from this study higher than the whole rock Ca release 494 

rates for crystalline basalt (Gudbrandsson et al., 2011) for a range of pH and temperatures 495 

(Figure 9). In particular, the actinolite-rich gabbro and the two Ca-plagioclase-rich JdF samples 496 

mix 1 and mix 2 show the highest Ca release rates. However, no further comparison can be 497 

made with other crystalline phases because plagioclase (Chou and Wollast, 1985; 498 

Gudbrandsson et al., 2011) and amphibole (Golubev et al., 2005) dissolution rates, as well as 499 

the data from Critelli et al. (2014), are normalized to BET rather than geometric surface area, 500 

which in general decreases the rates up to two order of magnitude, depending on grain 501 

roughness. 502 

 503 
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Hence, the rate differences can be related to mineralogy, as previously discussed, suggesting 504 

a major role of plagioclase in influencing Ca release rates, but also to mass-transport 505 

limitations, rock crystallinity, and solution composition. A catalytic effect of CO2-rich seawater 506 

could explain the ~0.5 log unit difference at pH ~3.5 between the Si release rates measured 507 

by Wolff-Boenisch et al. (2011) and those by Gudbrandsson et al. (2011) (around -12.8 508 

mol/cm2/s), both obtained through mixed flow experiments on crystalline rocks, using the same 509 

apparatus in the same laboratory. 510 

Further investigation on Si release rates of JdF, MAR, and G1 should be carried out with a 511 

variety of experimental setups, such as flow-through or stirred mixed-flow, varying pCO2 512 

values, and rock mass content, to have an improved perspective on their reactivity and to 513 

define the dependence on each experimental factor. 514 

 515 

4.5. Implications for CO2 sequestration sitesThe CO2 storage potentials in ocean crust 516 

basalt and ophiolitic gabbro have been investigated in this study with the aim of diversifying 517 

the environments of possible permanent CO2 storage reservoirs. 518 

The experimental runs conducted on offshore basalts (JdF and MAR samples) with CO2-rich 519 

seawater simulate the low temperature hydrothermal circulation typical of mid-ocean ridge 520 

flanks, and focus on the rock dissolution processes. The results show cation release rates in 521 

agreement with previously proposed rates for terrestrial mafic rocks, which include both 522 

crystalline and basaltic glass, in particular if mass-transport limitation is taken into account. 523 

Our results suggest a ~0.5 log unit accelerating effect of seawater and/or pCO2 on elemental 524 

release rates, but a decrease due to crystallinity in comparison to reactivity of amorphous 525 

phases. Moreover, the release rates determined in this study are comparable with the 526 

reactivity measured for the basaltic rocks involved in the CarbFix Project (Iceland), where the 527 

CO2 captured from a geothermal power plant mineralised within the nearby basaltic formation 528 

in less than 2 years (Matter et al. 2016). Hence, this study not only confirms the capacity of 529 
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seafloor basalts to dissolve relatively quickly, but also highlight the potential role of seawater 530 

and oceanic crust basalts for CO2 sequestration offshore (Marieni et al., 2013). Given the 531 

significant porosity and permeability within the extrusive rocks of the ocean crust, the modern 532 

ocean floor presents a vast possible expansion of the suitable CO2 geological storage. 533 

Furthermore, the aqueous results from the experimental run on the ophiolitic gabbro show 534 

how, from a geochemical perspectives, on-land rocks beyond basalts could be used as 535 

potential CO2 reservoirs. However, the evolution of physical properties, such as porosity and 536 

permeability as a function of reaction progress still need to be addressed in order to quantify 537 

the exploitable potential of ophiolites for carbon sequestration. 538 

 539 

5. CONCLUSIONS 540 

Geochemical trapping of CO2 in mafic and ultramafic rocks via CO2 mineralization could be 541 

part of international carbon capture and storage mitigation strategies to reduce the growth rate 542 

of atmospheric CO2 concentrations efficiently and permanently. The experimental work 543 

conducted in this study provides the first dissolution reaction data of basalts from the modern 544 

ocean floor, and gabbro from the Troodos ophiolite, in the presence of CO2-rich seawater 545 

solutions. The elemental release rates for these rocks at low temperature (40 °C), and pCO2 546 

of ~1 bar have been determined from Si and Ca aqueous concentrations and range from -13.7 547 

to -14.1 log (mol/cm2/s), and from -13.3 to -14.1 log (mol/cm2/s), respectively. Our experiments 548 

did not reach congruent dissolution in the elapsed time due to reactions focussed on the 549 

surface of mineral grains and, most probably, the formation of a passivation layer, enriched in 550 

Si and depleted in alkaline earth metals (e.g. Ca). The mass balance calculations based on Si 551 

and Ca concentrations and a basic kinetic model suggest that only the ~5 g top-layer of rock 552 

in the reaction vessel was actually involved in the reactions and providing the source for the 553 

dissolved ions. This highlights the need to identify the mass-transport limitation effects during 554 

experiments. The similarity of Si release rates of ophiolitic gabbro and basalts, the higher Ca 555 

release rate from the gabbro, JdF mix 1, and JdF mix 2, and the suggested catalytic effect of 556 
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seawater and/or pCO2 on mafic rock dissolution highlight the potential of ophiolitic and 557 

offshore rocks as CO2 geological storage reservoirs. 558 

Further investigations need to be carried out on seafloor and ophiolitic rocks to develop a more 559 

complete perspective on their reactivity and to define the extent of each experimental factors. 560 

561 
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TABLES 844 

Table 1: Chemical composition of the starting solution for the experimental work. Values are 845 

given in mM. 846 

 pH / °C TA DIC Si Na Mg Ca K S SO4 Cl 

IAPSO 

reference* 
8.10 / 20 2.30 1.94 0.10 469 53.1 10.3 10.2 28.2 28.2 546 

            

IAPSO 

measured 
7.66 / 20 2.38 2.23 0.11 468 52.6 10.5 10.0 28.1 27.5 555 

            

SEAWATER 

measured 
7.46 / 20 2.43 2.36 0.02 469 50.6 10.5 10.1 28.7 28.5 565 

* from Summerhayes and Thorpe (1996), and Millero et al. (2008) 847 

848 
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Table 2: Rock chemical compositions for 63-125 µm size fraction, measured with XRF 849 

analyses, and expressed in percent. Negative LOI values are most probably due to gain in 850 

mass due to oxidation of Fe2+ to Fe3+. International standard OU-6 was used to test for 851 

accuracy (in general ≤2%; for P2O5, Na2O, MgO < 11%), and precision (in general < 1%; for 852 

P2O5, Na2O, MgO < 5%). 853 

ID SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 SO3 LOI TOT 

JdF mix 1 49.6 1.93 13.6 11.7 0.23 6.47 12.4 2.35 0.20 0.15 0.10 1.33 100 

JdF mix 2 48.6 1.66 13.7 11.2 0.20 7.40 13.9 2.15 0.12 0.07 0.13 0.93 100 

JdF mix 3 50.1 1.70 13.7 11.6 0.20 6.79 12.9 2.12 0.18 0.06 0.08 0.58 100 

MAR 49.0 1.24 12.5 14.5 0.22 7.65 12.9 1.70 0.03 0.05 0.24 -0.18 99.8 

G1 44.9 0.09 17.2 5.54 0.11 11.1 17.1 0.95 0.04 <0.01 <0.03 2.70 99.7 

 854 

855 
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Table 3: Surface areas measured with BET (ABET) and geometrically calculated (Ageo) for each 856 

sample. Volumetric weighted means measured with Mastersizer and used as particle diameter 857 

averages in the Ageo calculations are shown. Density is assumed to be 2.9 g/cm3 for all the 858 

samples. 859 

 ABET Ageo 
Volumetric 

weighted mean 
of particles 

 (cm2/g) (cm2/g) (µm) 

JdF mix 1 57240 406 51 

JdF mix 2 123420 489 42 

JdF mix 2bis  279 74 

JdF mix 3 8760 781 27 

MAR 22140 188 110 

Mar Abis  188 110 

G1 12670 191 108 

  860 

861 
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Table 4: Summary of the initial conditions for the CO2-seawater-oceanic rock dissolution 862 

experiments. The experimental runs containing only seawater (“blanks”), and used as 863 

reference to monitor the effect of rocks in solution, are shown at the top of each run series. 864 

 
T

o
ta

l 

D
u

ra
ti

o
n

 
Initial conditions 

S
a
tu

ra
ti

o
n

 Saturated conditions at 40 °C 

 T 
pH / 
40°C 

TA DIC pCO2 
pH / 
40°C 

TA DIC pCO2 

Sample (day) (°C)  (mM) (mM) (x10-3 bar) (day)  (mM) (mM) (bar) 

blank 2 11 13.5 7.35 2.51 2.47 1.93 1 4.62 2.83 38.8 1.76 

JdF mix 1 11 13.5 7.35 2.51 2.47 1.93 1 4.63 2.66 35.5 1.62 

JdF mix 2 11 13.5 7.35 2.51 2.47 1.93 1 4.62 2.58 35.3 1.60 

JdF mix 3 11 13.5 7.35 2.51 2.47 1.93 1 4.67 2.95 36.3 1.63 

blank 3 24 16.2 7.69 2.46 2.17 0.75 3 4.79 2.91 27.8 1.22 

MAR-A 23 16.2 7.69 2.32 2.17 0.75 2 4.81 2.83 26.0 1.13 

G1 24 16.2 7.69 2.32 2.17 0.75 3 4.86 3.10 25.7 1.10 

blank 4 13 15.0 7.64 2.46 2.32 0.91 3 4.74 3.05 32.4 1.43 

JdF mix 2bis 13 15.0 7.64 2.46 2.32 0.91 3 4.78 2.98 29.1 1.28 

MAR-Abis 13 15.0 7.64 2.46 2.32 0.91 3 4.76 2.80 29.1 1.29 

MAR-B 13 15.0 7.64 2.46 2.32 0.91 3 4.77 2.97 29.6 1.30 

 865 
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Table 5: Rock dissolution extent in % using ΔSi and ΔCa concentrations for all the samples 867 

used during the experiment. Two cases are considered: “whole rock (WR)”, where all the rock 868 

is considered to be reactive, and “top-layer (TL)”, where only the topmost layer of ~5 g always 869 

in contact with the CO2-rich solution is considered as reactive. All the aqueous concentrations 870 

are those collected on day 10. 871 

  

AQUEOUS SOLUTIONS 
 

WHOLE ROCK  TOP-LAYER 

 
 

ΔSi ΔCa 
 

Mass WR Si WR Ca WR  Mass TL Si TL Ca TL 

Sample 
 

(mol) (mol) 
 

(g) (%) (%)  (all 5 g) (%) (%) 

JdF mix 1 
 0.0004 0.0013  80 0.06 0.70  

5 

0.98 11.22 

JdF mix 2 
 0.0003 0.0011  80 0.05 0.59  0.73 9.50 

JdF mix 3 
 0.0004 0.0006  80 0.06 0.32  0.98 5.18 

JdF mix 2bis 
 0.0002 0.0003  65 0.04 0.20  0.49 2.59 

G1-A 
 0.0002 0.0007  80 0.03 0.29  0.53 4.62 

MAR-A 
 0.0001 0.0002  80 0.02 0.11  0.24 1.73 

MAR-B 
 0.0001 0.0001  30 0.04 0.14  0.24 0.86 

MAR-Abis 
 0.0001 0.0001  65 0.02 0.07  0.24 0.86 

 872 
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Table 6: Summary of experimental conditions of current study and previous works. 874 

  
Reactor setup 

T pCO₂ DIC 
pH Phases 

  °C bar mM 

This study batch, seawater 40 1 <40 4.8 crystalline mafic rocks 

Critelli et al. (2014) mixed flow 25 - - 2 - 12 metabasalt 

Wolff-Boenisch et al. (2011) mixed flow, seawater 25 4 114 3.5 
basaltic glass, 

crystalline basalt, 
peridotite 

Gislason and Oelkers (2003) mixed flow 25 - 50 - - 2 - 12 basaltic glass 

Gudbrandsson et al. (2011) mixed flow 5 - 75 - - 2 - 11 crystalline basalt 

 875 
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FIGURES 877 

Figure 1: Experimental setup for the CO2-seawater-oceanic rock dissolution experiments. The 878 

crosses at the bottom of the HDPE bottle represent the ground sample. The CO2 continuous 879 

inlet flux starts from the cylinder, where it is controlled by a standard gas regulator, continues 880 

through an on/off gas valve that further regulates the CO2 flux, and enters into the reaction 881 

vessel, where it is homogeneously dispersed within the solution with a bubbler. 882 

 883 

884 
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Figure 2: pH (a), total alkalinity (b) and DIC (c) trends throughout all the duration of the 885 

experiments. The pH has been measured in situ at 40 °C. For each run, the first output refers 886 

to the measurement taken at time “zero”, just before adding the solid sample, when the 887 

seawater is CO2-saturated. All the reference solutions are shown in shades of blue and 888 

identified as blank 2, 3, and 4, respectively. 889 

890 
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Figure 3: Si (a) and Ca (b) concentrations, together with Ca/Si (c) and ΔCa/ΔSi (d) ratios 891 

overtime during the dissolution experiments. In plots a and b, error bars represent the average 892 

1σ (0.060 and 0.19 mmol/L for Si and Ca, respectively). In plots c and d, the rock stoichiometric 893 

ratio is indicated with a red line. For each run, the first output refers to the measurement taken 894 

at time “zero”, just before adding the rock, when the seawater is CO2-saturated. All the 895 

reference solutions are shown in blue and identified as “blank”. 896 

 897 
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Figure 4: Grain size distribution analyses and SEM images for all the samples, before and 899 

after the experiments (pre and post, respectively). The SEM images were taken with 500x of 900 

magnification.901 

 902 
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 Figure 5: Si (a) and Ca (b) release rates as a function of time normalized to the initial 903 

geometric surface area of rock for all experimental runs. Ca release rates for MAR-Abis (days 904 

0.8, 1.8, and 2.8) and MAR-B (days 1.8 and 2.8) have not been plotted due to analytical errors. 905 

Error bars (Si) or size of symbols (Ca) correspond to a ±0.24 or ±0.01 log unit estimated 906 

uncertainty calculated from the precision of Si and Ca concentrations measurements, 907 

respectively. 908 

 909 
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Figure 6: Si and Ca release rates normalized for the geometric surface area as a function of 911 

pH, for all the experimental runs of this study at 40 °C considering (a) the whole rock mass or 912 

(b) only the 5g top-layer, as shown by the additional explanatory sketches. Error bars (Si) or 913 

size of symbols (Ca) correspond to a ±0.24 or ±0.01 log unit estimated uncertainty calculated 914 

from the precision of Si and Ca concentrations measurements, respectively. 915 

 916 
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Figure 7: Si release rates normalized for the geometric surface area as a function of pH, for 918 

all the experimental runs of this study at 40 °C (coloured symbols: full colour for whole rock 919 

mass, shaded for top-layer only) and for SWC-Cl series from Wolff-Boenisch et al. (2011) at 920 

25 °C, where G-basaltic glass, X-crystalline basalt, and P-peridotite. The blue lines indicate 921 

the overall dissolution rates proposed by Gislason and Oelkers (2003) for basaltic glass mixed-922 

flow experiments at 25 and 50 °C as a function of pH, based on multioxide dissolution model. 923 

Error bars correspond to a ±0.24 log unit estimated uncertainty calculated from the precision 924 

of Si concentrations measurements. 925 

 926 
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Figure 8: Si release rates normalized for geometric surface area for all the experimental runs 928 

as a function of pH (coloured symbols: full colour for whole rock mass, shaded for top-layer 929 

only), compared to experimental results of Critelli et al. (2014), Gudbrandsson et al. (2011), 930 

and Wolff-Boenisch et al. (2011) at 25 °C. The forsterite, diopside, albite, and hornblende rates 931 

at 25 °C illustrated in this figure are taken from Rimstidt et al. (2012), Knauss et al. (1993), 932 

Chou and Wollast (1985), and Golubev et al. (2005), respectively. The labradorite curve was 933 

taken from Gudbrandsson et al. (2011), who in turn obtained it multiplying the albite dissolution 934 

curve of Chou and Wollast (1985) by 4 to fit the bytownite and andesine rate data taken from 935 

Oxburgh et al. (1994). Error bars correspond to a ±0.24 log unit estimated uncertainty 936 

calculated from the precision of Si concentrations measurements. The rates for plagioclase, 937 

horneblende and metabasalt are shown as normalized to BET because geometric surface 938 

area cannot be calculated with the published data provided by the authors. 939 
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Figure 9: Ca release rates normalized to geometric surface area for all the experimental runs 942 

as a function of pH (coloured symbols: full colour for whole rock mass, shaded for top-layer 943 

only), compared to the experimental results of Gudbrandsson et al. (2011) at 25 and 50 °C 944 

renormalized for the geometric surface area. Size of symbols correspond to a ±0.01 log unit 945 

estimated uncertainty calculated from the precision of Ca concentrations measurements. 946 
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