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14 ABSTRACT

15 The world adds about 51 gigatons of greenhouse gases to the atmosphere each year, which will 

16 yield dire global consequences without aggressive action in the form of Carbon Dioxide Removal 

17 (CDR) and other technologies. A suggested guideline requires that proposed CDR technologies be 

18 capable of removing at least 1% of current annual emissions –  about half a gigaton – from the 

19 atmosphere each year once fully implemented for them to be worthy of pursuit. Basalt carbonation 

20 coupled to Direct Air Capture (DAC) can exceed this baseline, but it is likely that implementation 

21 at the gigaton-per-year scale will require increasing per-well CO2 injection rates to a point where 

22 CO2 forms a persistent, free-phase CO2 plume in the basaltic subsurface.  Here, we use a series of 

23 thermodynamic calculations and basalt dissolution simulations to show that the development of a 

24 persistent plume will reduce carbonation efficiency (i.e., the amount of CO2 mineralized per kg of 

25 basalt dissolved) relative to existing field projects and experimental studies.  We show that 

26 variations in carbonation efficiency are directly related to carbonate mineral solubility, which is a 

27 function of solution alkalinity and pH/CO2 fugacity.   The simulations demonstrate the sensitivity 

28 of carbonation efficiency to solution alkalinity and caution against directly extrapolating 

29 carbonation efficiencies inferred from laboratory studies and small-injection-rate field studies 

30 conducted under elevated alkalinity and/or pH conditions to gigaton-per-year scale basalt 

31 carbonation. Nevertheless, all simulations demonstrate significant carbonate mineralization, and 

32 thus imply significant mineral carbonation can be expected even at the gigaton-per-year scale if 

33 basalts are given time to react.

34
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35 Keywords: basalt carbonation, alkalinity, carbon dioxide, direct air capture, 
36 geochemical modeling

37

38 Synopsis: This study highlights the differing carbonation efficiencies expected during 
39 gigaton-per-year scale CO2 injection into basalts versus those inferred from lab and pilot-scale 
40 studies.

41

42 INTRODUCTION

43 Atmospheric CO2 concentrations are expected to double during the latter half of the twenty-

44 first century unless aggressive action is taken to reduce anthropogenic emissions1.  The 2015 Paris 

45 Agreement was set to curb greenhouse gas emissions and limit anthropogenic warming to 1.5-2℃, 

46 which is the largely cited threshold above which many of the most severe consequences of global 

47 climate change would become inevitable2,3.  However, the International Panel on Climate Change 

48 has noted that, even if emissions are kept to the levels prescribed by the Paris Agreement, global 

49 temperature increases would still be expected to exceed 1.5℃4. Thus, restricting emissions alone 

50 will likely be insufficient, and Carbon Dioxide Removal (CDR) techniques such as mineral 

51 carbonation coupled to Direct Air Capture (DAC)5 of CO2 will be required to prevent the most 

52 dire consequences of global climate change2.

53 Mineral carbonation mimics Earth’s so-called silicate weathering “thermostat”, in which 

54 weathering of silicate rocks converts atmospheric CO2 gas into carbonate minerals6.  Mineral 

55 carbonation is thus a method for “mineral trapping”, which is the most stable CO2 trapping 

56 mechanism (in order of increasing stability, these are: structural/stratigraphic trapping; residual 

57 trapping, solubility trapping, and mineral trapping5,7). The carbonation process is heavily 

58 dependent on the presence of divalent cations (Mg2+, Ca2+, and Fe2+), such that ultramafic and 
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59 mafic rocks –i.e., peridotite and basalt, respectively – are ideal for mineral carbonation5,8,9. Due to 

60 their abundance at Earth’s surface (they underly all of Earth’s oceans, and are commonly exposed 

61 in continental settings); high concentrations of cation-rich silicate minerals; and generally 

62 favorable porosity, permeability, and injectivity, basaltic rocks have become ideal target 

63 lithologies for the rapid injection and mineralization of large volumes of CO2
5
.  When coupled with 

64 DAC technologies, basalt carbonation holds promise for regulating global atmospheric CO2 

65 concentrations, since CO2 in the atmosphere can be accessed globally and a coupled DAC-basalt 

66 carbonation operation can be sited in any location where favorable basalt lithologies are available.

67 Pilot-scale basalt carbonation 

68 The development of successful pilot-scale field experiments in Iceland (CarbFix8,10 and 

69 CarbFix211, where CO2 was injected as a dissolved phase,) and Wallula, Washington12 (where CO2 

70 was injected in supercritical form) has cemented the promise of basalt carbonation as a CO2 

71 immobilization strategy. These projects have demonstrated significant, rapid mineralization of 

72 injected carbon – over 95% of the injected CO2 was mineralized within two years in the CarbFix 

73 project8,  >50% of the CO2 was mineralized within the first three years at CarbFix211, and  ~60% 

74 of the CO2 was mineralized at Wallula after two years13.  A prominent characteristic of all three 

75 field experiments is their limited amounts and rates of CO2 injection, and the consequent, elevated 

76 pH range of the formation fluids mediating the mineralization reactions. In the CarbFix 

77 demonstration project, aquifer pH in monitoring wells never dropped much lower than about 6.5 

78 from initial values of ~9.58.  Moreover, although the more recent CarbFix2 project saw injected 

79 fluid pH as low as 4.7 during the most rapid CO2 injection phase11, pH rebounded quite quickly in 

80 both CarbFix scenarios.  In the Wallula demonstration, CO2 was injected as a free (supercritical) 

81 phase into an aquifer with elevated (9.8) pH14.  Although a monitoring well was not available to 
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82 monitor post-injection pH, models predict that pH briefly dropped as low as ~5.5 at the injection 

83 point before swiftly rebounding15.  Together, these field projects demonstrate that carbon 

84 mineralization in basalts can be an effective means of permanently removing CO2 from the 

85 atmosphere or preventing it from ever entering it.  Nonetheless, the fact that pH recovered, or was 

86 predicted to recover, rapidly in these small-scale injection operations suggests that the quantity of 

87 injected CO2 is small enough so as to not overwhelm the buffering capacity of the aquifer fluids.  

88 Intuitively, injecting CO2 at higher rates should stretch the limits of aquifer buffering and basalt 

89 dissolution-driven pH maintenance beyond that explored in these field experiments, but this has 

90 not yet been quantified.

91 Experimental studies of mineral carbonation

92 In addition to field demonstrations, numerous experimental studies have quantified 

93 primary silicate dissolution (e.g., Refs. 16–19 and works cited therein) and carbonation (e.g., Refs. 

94 20–22 and works cited therein) rates.   Gadikota et al.23 reviewed the sensitivity of mineral 

95 carbonation – i.e., coupled primary silicate dissolution and carbonate precipitation – to various 

96 parameters, and showed that, while changes in CO2 partial pressure and salinity had limited impact, 

97 increasing the reaction temperature and fluid alkalinity (in the form of NaHCO3) notably increased 

98 the extent of carbonation. Thus, although silicate dissolution rates tend to be slower at 

99 circumneutral pH18,19, the rates of carbonation tend to be more rapid in NaHCO3-buffered systems, 

100 likely, as discussed in more detail below, due to the decreasing solubility of carbonate minerals 

101 with increasing pH. Overall, laboratory-based basalt carbonation studies have shown that, at 

102 elevated alkalinity and pH conditions, mineral carbonation can be achieved in time periods as short 

103 as a few hours to a few days23–26.
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104 Importantly, many of these laboratory-based carbonation experiments have used solutions with 

105 alkalinity (NaHCO3 or KHCO3) concentrations of 0.4 – 1.0 M, and even as high as 8 M, to buffer 

106 pH (at values of ~8), pCO2, or both21–23,27–29.  Concentrations this high would be semi-

107 representative of alkaline lakes – i.e., the highest-pH, naturally occurring solutions in equilibrium 

108 with Earth’s atmosphere30 – but several orders of magnitude above the maximum several 

109 millimolar HCO3
- concentrations in seawater30, peridotite-hosted hyperalkaline springs31, basaltic 

110 groundwaters32, and sub-seafloor basaltic aquifers33.  Thus, when large amounts of NaHCO3 or 

111 KHCO3 are used to buffer alkalinity and/or pCO2 in laboratory experiments, the alkalinity budget 

112 of the experimental system is dramatically elevated in relation to high-injection-rate CO2 

113 mineralization operations, where the process of dissolving CO2 (either gaseous or supercritical) 

114 into solutions itself has no effect on fluid alkalinity34.  It is important to note that, even in 

115 experiments where the initial NaHCO3 or KHCO3 charge is used to buffer pH, while an additional 

116 free-phase CO2 source (e.g., a supercritical CO2 “bubble”) is used to buffer pCO2, the pH buffering 

117 of the initial charge of NaHCO3 or KHCO3 is enough to make the experiments unrepresentative of 

118 field-scale systems.  The Na+ or K+ concentrations are unlikely to be depleted to any significant 

119 degree under representative carbonation conditions, and thus the buffering effects of the initial 

120 charge last throughout the experiment. Simply put, the addition of one mole of Na+ for every one 

121 mole of HCO3
- is effectively the equivalent of adding one mole of NaOH base alongside every 

122 mole of CO2, which would obviously be infeasible if not impossible at the field scale.  This, in 

123 turn, suggests that, although they provide valuable insight into the rates and mechanisms of mineral 

124 carbonation reactions, many of the laboratory experiments that have been used as evidence to 

125 support the efficiency of mineral carbonation for permanent CO2 storage are not directly 
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126 representative of carbonation conditions in basaltic or peridotite aquifers where fluid chemistry 

127 has not been manipulated to dramatically increase alkalinity. 

128 Interestingly, flow-through experiments performed at the opposite end of the alkalinity 

129 spectrum – i.e., no initial alkalinity35,36 demonstrated no detectable carbonation over the examined 

130 time scales of the fluid-basalt reaction.  Although the 5-39 minute residence times in these 150°C, 

131 150 bar, 0.65 molal CO2 ( = 92 bar) experiments were considerably lower than the expected 𝑓𝐶𝑂2

132 residence time of fluids in the basaltic oceanic crust (on the order of thousands or tens of thousands 

133 of years37),  they are on par with the shortest timescales of complete carbonation discussed above38. 

134 On the other hand, longer-duration, batch experiments reacting powdered basaltic glass with CO2-

135 charged basaltic groundwaters39,40 and artificially fractured basalt cores with CO2-charged 

136 deionized water 41,42 demonstrated mineralization is possible over longer timescales (several 

137 months), at least at fairly low water-to-rock ratios (<5).  It is important to note, however, that CO2 

138 partial pressures were not maintained over the course of the powdered basaltic glass experiments, 

139 and thus the partial pressure of CO2 decreased as the mineralization reaction proceeded.  

140 The contrasting behaviours observed in the various experiments discussed above reaffirms 

141 the governing role of alkalinity and pCO2 on basalt carbonation efficiency.  Although neither 0 

142 mmol/kg alkalinity nor >500 mmol/kg alkalinity are representative of carbonation fluids present 

143 in real aquifers, the 2.3 mmol/kg alkalinity representative of seawater is much closer to the lower 

144 end of this spectrum.  In this regard, it is important to point out that, even over the relatively short 

145 residence times of the zero initial alkalinity flow-through experiments, concentrations of Ca in 

146 outlet fluids were all >10 μmol/kg, which would have enabled them to precipitate calcite at the 

147 temperature (260°C) and   (~0.5 bar) conditions of the CarbFix2 project11 (see calculations 𝑓𝐶𝑂2

148 below). 
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149 Meeting the scale of the climate problem with mineral carbonation

150 The world adds about 51 billion tons (1 Gigaton (Gt) = 1 billion tons) of greenhouse gases 

151 to the atmosphere each year43. Increasingly, funding organizations and investment groups are tying 

152 their willingness to support proposed CDR technologies to this number for annual emissions.  

153 Specifically, organizations such as Breakthrough Energy will only support technologies capable 

154 of removing at least 1% of annual emissions – around half a gigaton – from the atmosphere each 

155 year once fully implemented44.     The theoretical storage capacity of the basaltic oceanic crust is 

156 100,000 – 250,000 Gt CO2
5, well in excess of this requirement, suggesting that carbon 

157 mineralization in subseafloor basalts is a viable technology for meeting the scale of the climate 

158 crisis.  Importantly, however, global CO2 capture and storage operations (including those which 

159 are injecting into sedimentary formations) only currently amount to ~40 megatons of CO2/year, 

160 and the CarbFix project itself is currently injecting just ~12,000 tonnes/year captured from the 

161 Hellisheiði power plant5. 

162 Achieving gigaton-per-year levels of CO2 mineralization in basalts – a ~100× scaleup of 

163 total current capture and storage and ~105× scaleup of CarbFix – will likely require increased 

164 implementation of DAC techniques in which CO2 is directly removed from the atmosphere, in 

165 addition to upscaling point source capture projects like CarbFix, and increased capacity for 

166 transporting CO2 into, or capturing it directly in, offshore environments5. Siting CO2 

167 mineralization projects offshore would enable exploitation of the vast quantity of sub-seafloor 

168 basalts5,45,46, the largest aquifer system on the planet47. Although abundant seawater would be 

169 available for dissolved CO2 injection (cf. CarbFix) in an offshore environment, it is likely that 

170 many offshore CO2 injection operations would inject free phase CO2 in order to save on costs for 

171 deep water drilling, since the per-well capacity of CO2 injection as a dissolved phase is reduced by 
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172 the volume of water that accompanies the CO2
5. Similarly, many onshore CO2 injection operations 

173 would inject free phase CO2 in order to reduce the demand for water, which would be sizeable at 

174 the gigaton-per-year scale – typical water demand is on the order of 35 tonnes of H2O per tonne 

175 of CO2
5.

176 This discussion leads to the paradox that, although the CarbFix projects have proven that 

177 injecting dissolved CO2 into basalts can yield rapid mineralization, meeting the scale of the climate 

178 crisis with combined DAC and basalt carbonation is likely to require more rapid, free-phase CO2 

179 injection, which, in turn, will shift the dynamics away from this high-carbonation-efficiency 

180 regime. Thus, in order to quantify this technology’s promise for meeting the challenge of the 

181 climate crisis, we must ask the vital question: How efficient will basalt carbonation be at the 

182 gigaton-per-year scale? To address this question in the context of previously published 

183 experiments and pilot tests, we examine how the initial alkalinity and thus pH of carbonation fluids 

184 affects mineral carbonation.  We do this using a series of thermodynamic calculations and 

185 numerical experiments with starting conditions representative of aquifer fluids in the Cascadia 

186 Basin in the Northeastern Pacific Ocean, an area under active exploration for a basalt carbonation 

187 demonstration project. The results suggest that, at conditions characteristic of free phase CO2 

188 injection into permeable basaltic aquifers, carbonation is significantly less efficient than in high-

189 alkalinity laboratory experiments and low-volume (dissolved) CO2 injection projects.  Although 

190 mineralization is predicted to be less efficient, the results confirm that CO2 mineralization is 

191 nevertheless viable at this scale.

192 METHODS

193 Calcite solubility calculations
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194 To explore the effect of temperature, fugacity of CO2 ( ), and alkalinity on carbonate 𝑓𝐶𝑂2

195 mineral solubility during mineral carbonation, we performed a series of parameter space 

196 exploration calculations using the Phase2 module of The Geochemist’s Workbench software 

197 package48.  For these calculations, we designate the temperatures and pressures relevant to sub-

198 seafloor basaltic aquifers to be 0.01°C °C – 65 °C and < 100 bars, respectively.  At 𝑓𝐶𝑂2

199 temperatures exceeding 250°C, Clark et al.11 suggest that the thermodynamics of interactions 

200 between basaltic mineral carbonation is no longer thermodynamically favorable (i.e., higher 

201 temperatures can lead to decarbonation reactions). However, their conclusion is a consequence of 

202 the low partial pressures of CO2(g) used in the CarbFix2 operation, and the limit of carbonation 

203 reactions should in fact be much higher than 250°C in situations where CO2 is injected as a 

204 supercritical phase (Fig. S1).  Nevertheless, such high temperatures present unique challenges for 

205 drilling and injection operations in oceanic settings, and much of the permeable basaltic oceanic 

206 crust is present at temperatures much lower than this37,49,50, and we therefore use 65°C as the upper 

207 limit in our calculations.   In calculations of the impact of a free (gaseous or supercritical) CO2 

208 phase on aqueous geochemical reactions in this paper, we use fugacity, rather than partial pressure, 

209 to ensure compatibility with the Geochemist’s Workbench thermodynamic formulation without 

210 the added complexity of a temperature/pressure-dependent fugacity model.  Fugacity coefficients 

211 vary from ~0.2 to nearly 1 over the range studied here, with the highest pressures and lowest 

212 temperatures, where the CO2 is densest (i.e., the least gas-like) and hence the most non-ideal, 

213 having the lowest fugacity coefficients (Fig. S251).  This translates to maximum fugacities that are 

214 a fraction of the partial pressure at these conditions. We use seawater chemistry52 as a 

215 representative aquifer fluid for CO2 storage in our calculations of the solubility limits of calcite 

216 (Table S1).  Although, as discussed below, differences should be expected for various aquifer 
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217 fluids and/or other carbonate minerals, these calculations are sufficiently representative that 

218 conclusions based upon them are generally applicable. Indeed, as discussed above, most relevant 

219 fluids have alkalinity concentrations similar to or lower than that of seawater. 

220 Simulating alkalinity generation and its effect on carbonation reactions

221 To test the effect of initial alkalinity, and alkalinity generation, on the efficiency of basalt 

222 carbonation reactions, we performed a series of numerical experiments in which we reacted aquifer 

223 fluids from the Cascadia Basin53 with a typical basaltic protolith (Table S2) using the Geochemist’s 

224 Workbench React module48. The starting aquifer fluid (Table S3) was sampled at International 

225 Ocean Discovery Program Site 130153, which is representative of aquifer chemistry for CO2 

226 mineralization in the basaltic oceanic crust46.  Importantly, fluids derived from this basaltic aquifer 

227 lack dissolved oxygen and nitrate33,53, suggesting any Fe2+ released from basalt dissolution would 

228 remain as Fe2+ rather than being oxidized to Fe3+.  We therefore do not simulate Fe redox in our 

229 kinetic reaction path models. Simulations were performed at 60°C to represent conditions at 

230 Cascadia53 and 25°C to represent the often lower aquifer temperatures in other parts of the basaltic 

231 oceanic crust47.  CO2 fugacity was fixed at 100 bars (representative of ~250 bars pCO2 at 60°C, 

232 Figs. 1 and S1)  by swapping CO2(g) for H+ as a primary component in the initial solution. The 

233 concentration of HCO3
- was then adjusted automatically to facilitate charge balance.  Initial basalt 

234 composition was estimated based on x-ray diffraction analyses of basalts reported by Marieni et 

235 al.54.  These analyses suggest that the remaining primary mineralogy of basalts recovered from 

236 ocean drilling in the Juan de Fuca plate is ~55-68% plagioclase and ~41-44% augitic 

237 clinopyroxene with trace amounts of olivine.  Ignoring the contribution of “mesostasis,” glass, and 

238 opaques, we arrived at an estimated “primary” basalt composition consisting of 55% plagioclase 

239 (70% anorthite/30% albite), 40% clinopyroxene (85% diopside/15% hedenbergite), and 5% 
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240 olivine (85% forsterite/15% fayalite) (Table S2).   Because primary mineral dissolution is expected 

241 to be the rate-limiting step during basalt carbonation, secondary minerals common to hydrothermal 

242 alteration of basalt, including analcime, ankerite, annite, calcite, diaspore, dolomite, gibbsite, 

243 hematite, kaolinite, K-feldspar, magnesite,  chalcedony (not quartz)55, Fe/Mg-saponite56, and 

244 siderite, were allowed to precipitate if they became supersaturated (i.e., partial equilibrium with 

245 respect to these phases was assumed).  Kinetic effects requiring appreciable supersaturation for 

246 carbonate precipitation would require more basalt dissolution to precipitate an equivalent amount 

247 of carbonate minerals57 and thereby decrease carbonation efficiency. Total initial surface area of 

248 all primary minerals was assumed to be 2500 cm2; thus, variations in reaction rates are attributable 

249 only to variations in intrinsic, pH- and temperature-dependent rate constants rather than being 

250 dependent upon highly uncertain estimates of mineral reactive surface areas in basalts.  As such, 

251 all basalt dissolution simulations are plotted as a function of normalized time (t/tmax), which was 

252 calculated by dividing time (t) by the total simulated time (tmax) required to dissolve 1 kg of basalt.  

253 Although this modeling approach does not capture the important effects of chemical and pH 

254 gradients28 that will accompany field-scale mineralization operations, it does provide a constant 

255 reference frame for all simulated scenarios, which can then be used as a foundation for future 

256 studies of these important reactive transport processes. 

257 The sensitivity of carbonation reactions to the initial solution alkalinity was examined by 

258 repeating the simulations with 5% and 10% higher  initial Na+ concentrations and hence alkalinity 

259 (Table S3), due to the charge balancing mechanism. As a base-case scenario, basalt dissolution 

260 simulations were run at a water-to-rock mass ratio of 100, which is a typical value inferred for 

261 water circulating through basaltic oceanic crust58,59.  The effect of water-to-rock ratio was also 

262 tested by re-running the simulations with water-to-rock ratios spanning the range of plausible 

Page 17 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



263 values60 for fluid circulation in basaltic aquifers (1, 10, 100, 1000, and 10000).  The water-to-rock 

264 ratio was varied in these simulations by increasing the mass of solution with which the 1 kg of 

265 primary basaltic minerals was reacted.  Results of all carbonation simulations are included as a 

266 multi-tab spreadsheet in the supporting information.

267 Thermodynamic and kinetic data 

268 All geochemical calculations were performed using the Geochemist’s Workbench48 outfitted 

269 with a custom 250 bar thermodynamic database created using the DBCreate software package61 

270 and the extended Debye-Huckel formulation62 for calculating activity coefficients of charged 

271 species.  Equilibrium constants for plagioclase, clinopyroxene, and olivine dissolution were 

272 calculated using end-member thermodynamic data from Robie and Hemingway63 and solid-

273 solution interaction parameters from Stefánsson et al.64 (Table S4). Thermodynamic properties for 

274 most clay minerals were taken directly from Blanc et al.65 or calculated using techniques detailed 

275 therein; thermodynamic properties for analcime were taken from Helgeson et al.66.  Aqueous 

276 speciation data is consistent with Tutolo et al.67, except for the properties of SiO2(aq), which were 

277 updated from H4SiO4(aq)68 to SiO2(aq)69 to facilitate database creation and compatibility.  Both 

278 are consistent with the Rimstidt70 paradigm for low-temperature thermodynamic properties of 

279 SiO2(aq).  All other thermodynamic data are consistent with the SUPCRT9271 data set and its 

280 recent additions.  Kinetic data used to simulate the dissolution of primary olivine, plagioclase, and 

281 pyroxene were taken from Palandri and Kharaka16 and are consistent with Pollyea et al.19  (Table 

282 S2).  These parameters were used with the following relationship: 

283 ,        (1)𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 10
([log (𝑘𝑎𝑐𝑖𝑑) ―

𝐸𝑎
𝑎𝑐𝑖𝑑

𝑅 𝑙𝑛(10)(1
𝑇 ―

1
298.15) ― 𝑛𝑎𝑐𝑖𝑑 𝑝𝐻] + [log (𝑘𝑛𝑒𝑢𝑡𝑟𝑎𝑙) ―

𝐸𝑎
𝑛𝑒𝑢𝑡𝑟𝑎𝑙

𝑅 𝑙𝑛(10) (1
𝑇 ―

1
298.15)])
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284 where k is the dissolution rate constant for the subscripted rate mechanism, Ea is the activation 

285 energy the superscripted dissolution mechanism, T is temperature in Kelvin, and nacid accounts for 

286 the dependence of the rate on pH, in order to calculate the evolution of dissolution rate with 

287 increasing pH over the course of simulations at both 25 °C and 60 °C.

288 RESULTS AND DISCUSSION

289 Alkalinity controls on mineral carbonation

290 Simple calculations using seawater as a representative fluid can help to illustrate the 

291 mechanisms for rapid carbonation in NaHCO3-buffered solutions in spite of diminished rates of 

292 primary silicate dissolution at circumneutral pH (Fig. 1). These calculations demonstrate the 

293 fundamental role that alkalinity plays in controlling pH in CO2-enriched fluids (Fig. 1a,c), which, 

294 in turn, controls carbonate solubility (Fig. 1b,d) and hence plays an important role in CO2 

295 mineralization efficiency – i.e. the amount of CO2 mineralized per mass of basalt dissolved. In 

296 general, calcite solubility increases with increasing  (i.e., decreasing  pH) and decreasing 𝑓𝐶𝑂2

297 temperature at CO2 mineralization conditions (Fig. 1b,d).  The most significant increases in calcite 

298 solubility with increasing occur at temperatures less than ~60 °C, which are representative of 𝑓𝐶𝑂2

299 fluid circulation in the subseafloor basaltic aquifer system47,53.  At typical basaltic aquifer 

300 temperatures and the range of CO2 fugacities representative of supercritical CO2 injection, calcite 

301 solubility increases more than ten times, from ~10 mmol/kg in seawater to >110 mmol/kg, as pH 

302 is driven below ~5 with increasing  over the plausible pCO2 range for free-phase CO2 injection 𝑓𝐶𝑂2

303 into seawater-filled aquifers (Fig. 1a,b).  If, on the other hand, the initial alkalinity of the seawater 

304 is increased to 500 mmol HCO3
-/kg, which, although unrealistic, is representative of the lower end 

305 of the alkalinity used in many published carbonation experiments reviewed above, the resulting 
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306 values of both pH and calcite solubility over the plausible range are dramatically transformed.  

307 Indeed, at the lowest , calcite is around three orders of magnitude less soluble than at similar 𝑓𝐶𝑂2

308 temperature and pressure conditions in seawater without the alkalinity addition, while at the 

309 highest  and lowest temperatures, Ca concentrations are just beginning to approach their levels 𝑓𝐶𝑂2

310 in seawater (~10 mmol/kg)52.   

311 It is important to note that these calculations are also in excellent agreement with the pH 

312 (~7.3) and CO2 fugacities (~0.3-0.9) measured on the ~260°C waters sampled from the CarbFix2 

313 injection site11, but that those conditions are unusual with respect to the range of possibilities for 

314 sub-seafloor basaltic aquifers (Fig. 1), especially in scenarios where CO2 injection rates are great 

315 enough to permit the development of a free phase plume.  As demonstrated in Fig. 1, calcite and 

316 other carbonates play a governing role in carbonation efficiency via their thermodynamic solubility 

317 – it simply takes more basalt dissolution to yield similar amounts of CO2 mineralization in realistic 

318 aquifer solutions than in strongly NaHCO3-buffered solutions or low  solutions.  Thus, 𝑓𝐶𝑂2

319 although elevated pH and/or low-  solutions highly favor carbonate mineralization due to the 𝑓𝐶𝑂2

320 insolubility of the carbonate minerals at these conditions, similar results are not guaranteed or even 

321 likely elsewhere, especially if mineral carbonation is implemented at gigaton-per-year scales and 

322 CO2 is injected as a plume-forming supercritical phase, a possibility which is explored in more 

323 detail below. 

324 Although calcite rather than Fe- or Mg-rich carbonate (e.g., ankerite, magnesite, or 

325 dolomite) solubility is plotted in Fig. 1 to illustrate the limits of carbonation reactions, similar 

326 results would be expected for these other carbonate minerals, whose general behavior as a function 

327 of , pH, and temperature is quite similar -i.e., all relevant carbonate minerals become more 𝑓𝐶𝑂2
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328 soluble with increasing  /decreasing pH and decreasing temperature over the relevant 𝑓𝐶𝑂2

329 conditions. Since the kinetics of calcite precipitation are generally rapid, equilibrium with respect 

330 to CaCO3 is a reasonable guide to the limits of carbonate solubility72, although minerals such as 

331 ankerite, magnesite and dolomite may be more kinetically limited in their precipitation.  Of course, 

332 pH is not just a simple function of  , but also of the solution’s alkalinity. The cations released 𝑓𝐶𝑂2

333 from the dissolution of primary plagioclase, clinopyroxene, and/or olivine that do not go towards 

334 the production of carbonates and clays will tend to increase solution alkalinity and buffer pH to 

335 higher values than would otherwise be possible, hence generating a positive feedback wherein 

336 alkalinity generation increases carbonation efficiency. The intricacies of this process and this 

337 feedback are discussed in the following section. 

338 Alkalinity generation during mineral carbonation

339 Given the demonstration, in the previous section, that increased alkalinity can increase 

340 carbonation efficiency, it is worthwhile to place limits on the expected amounts of alkalinity that 

341 may be generated following CO2 injection into sub-seafloor basalts.  During CO2-basalt-water 

342 interactions, dissolved CO2 will promote plagioclase (e.g., Ca0.7Na0.3Al1.7Si2.3O8) and other 

343 primary mineral (e.g., clinopyroxene and olivine) dissolution through alkalinity-generating 

344 reactions such as:

345 An70 + 6.8 H+ = 1.7 Al+++ + 0.3 Na+ + 0.7Ca++ +  2.3 SiO2(aq) + 3.4 H2O . (2)

346 However, after some amount of reaction, secondary clay minerals (e.g., cation-poor 

347 aluminosilicates such as kaolinite or cation- (e.g., Ca, Na, Mg, and/or Fe) bearing phyllosilicates 

348 such as analcime and saponite) and carbonates (e.g., calcite/aragonite (CaCO3) and 

349 dolomite/ankerite/siderite ((Ca,Mg,Fe)(CO3)2) become supersaturated, begin to precipitate, and 
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350 curtail the alkalinity generation capacity of these reactions.  Thus, the rate of alkalinity generation 

351 ultimately depends not only on the rate of dissolution of the primary minerals, but also on the 

352 solubility of secondary clays and carbonates and the rates at which they remove alkaline cations 

353 from the solution.  For example, a plagioclase carbonation reaction may be written:

354 plagioclase  + CO2(aq)  + 1.85 H2O   

355 0.85 kaolinite + 0.3 Na+ + 0.7 calcite  + 0.6 SiO2(aq)  + 0.3 HCO3
-, (4)

356 where the right hand side has been generalized in the most simplistic way allowable (i.e., to avoid 

357 the stoichiometric considerations accompanied by the formation of more complex clays and/or 

358 carbonates), although more complex reactions are possible, as discussed below.

359 Aquifer fluids circulating at Cascadia and venting at the Baby Bare outcrop have notably 

360 lower alkalinity (0.43 mmol/kg) than measurements of bottom seawater (2.4 mmol/kg)33, 

361 suggesting the basaltic aquifer system is in an alkalinity reducing, rather than generating, regime 

362 (note that mmol alkalinity/kg = meq/kg alkalinity, provided that the alkalinity measurement 

363 implies mmol HCO3
-/kg, which it does here).  However, the perturbation supplied by the injection 

364 of large volumes of CO2 will dramatically increase reactivity and thus impact the aquifer’s 

365 alkalinity generation and/or reduction regime.  Simple, fully coupled kinetic simulations of CO2-

366 water-basalt reactions offer a useful guide for the magnitude of alkalinity generation at feasible 

367 water-to-rock ratios (Fig. 2).  As expected, these calculations show that basalt dissolution increases 

368 alkalinity by 10s of meq/kg (~40-80 meq/kg), depending on the extent of reaction, but that even 

369 after 1 kg of basalt is dissolved into 100 kg of aquifer fluid, the pH reaches a maximum of ~4.5, 

370 where carbonate minerals maintain their elevated solubility relative to higher-pH solutions.  At 

371 this pH, carbonate mineralization efficiency will remain much lower than in many NaHCO3-
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372 buffered experiments (Fig. 1 and associated discussion).  In the following section, we present a 

373 series of simulations  designed to explore the potential for mineral carbonation in representative 

374 Cascadia Basin aquifer fluids, and their contrast with otherwise identical fluids with increased 

375 alkalinity.  In the interest of providing a realistic, quantitative perspective on basalt carbonation at 

376 gigaton-per-year scales, we do not consider the extreme (500 mmol/kg) levels of alkalinity 

377 discussed above any further. 

378 Mineral carbonation efficiency as a function of aquifer alkalinity

379 Our simulations of alkalinity generation in Cascadia aquifer fluids at both 25 °C and 60 °C  

380 demonstrate that alkalinity concentrations may increase by a maximum of several tens of meq/kg 

381 at extreme extents of CO2-driven basalt dissolution (depending on temperature), with concomitant 

382 increases in pH from initial, CO2-equlibrated values below 3 up to ~4.5 (Fig. 2). To examine the 

383 effect that this alkalinity generation may have on basalt carbonation efficiency and demonstrate 

384 the significant sensitivity of carbonation reactions to initial alkalinity, we performed an additional 

385 sequence of basalt dissolution simulations using Cascadia aquifer fluids with arbitrarily increased 

386 (by 5 and 10%) Na+ concentrations.  Increasing Na+ while keeping  and the concentrations of 𝑓𝐶𝑂2

387 all other major cations and anions (except HCO3
-) constant yields higher initial pH and higher 

388 initial alkalinity (18 meq/kg for +5% Na+ and 39 meq/kg for +10% Na+ versus ~0.7 for the initial 

389 solution at 60°C – Table S3), both of which, in turn, reduce carbonate solubility in the aquifer fluid 

390 and increase carbonation efficiency.  

391 Across all carbonation simulations, basalt dissolution yields the precipitation of kaolinite 

392 and chalcedony, as well as increasing quantities of dolomite and ankerite with increasing initial 

393 alkalinity (Fig. 3). The lower solubility of carbonate minerals at 60°C relative to 25°C also tends 
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394 to yield greater extents of carbonation and hence carbonation efficiency. Overall, the comparison 

395 between the amount of carbonate formed in actual aquifer fluids versus that formed in the aquifer 

396 fluids with artificially enhanced alkalinity demonstrates that these artificial increases in alkalinity 

397 yield significant increases in carbonation.  The sequence of depletion of primary minerals observed 

398 in the simulation results is consistent with expectations based on field observations, where olivine 

399 is often completely reacted out of recovered seafloor basalts54. Interestingly, many of the other 

400 secondary minerals common to hydrothermal alteration of basalt, such as saponite53, did not 

401 precipitate in these simulations.  Activity diagram calculations show that, at this low pH, Al 

402 released from plagioclase dissolution is preferentially incorporated into kaolinite, thereby 

403 preventing precipitation of other Al-bearing minerals such as chlorite or saponite (Fig. S3) and 

404 permitting Fe incorporation into ankerite and Mg incorporation into dolomite (Fig. 3).   

405 Sensitivity of carbonation efficiency to water-rock ratios

406 All basalt dissolution simulations discussed to this point were conducted at a water-rock 

407 mass ratio of 100, but the results of course depend upon the simulated water-to-rock mass ratio.  

408 Although a water-to-rock ratio of 100 is a typical value inferred for water circulating through 

409 basaltic oceanic crust58,59, the plausible range inferred from geochemical and heat flow studies 

410 suggests that higher values are possible60.  Nevertheless, these values are representative of the 

411 natural system and significant changes in the hydrogeologic regime – i.e., the onset of two-phase 

412 flow conditions and injection- induced pressure gradients – should be expected following the 

413 injection of large quantities of CO2.  Intuitively, lower water-to-rock ratios will yield higher 

414 carbonation efficiency because of the greater increases in solute concentration (and thus alkalinity) 

415 per mass of basalt dissolved.  On the other hand, changes in the initial alkalinity will have the most 

416 pronounced effect at the highest water-to-rock ratios, not only in the field, but also in the lab, where 
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417 high water-to-rock ratio experiments are generally less difficult to conduct.  The 5 and 10% 

418 increases in initial Na+ explored for a water-to-rock ratio of 100 above (Fig. 3) yield increases in 

419 carbonation efficiency at all water-to-rock ratios ≥10, to the extent that, at the highest water-to-

420 rock ratios (≥1000), the increased initial alkalinity means carbonates are precipitated in simulations 

421 where they otherwise would not have been (Fig. 4).    

422 Overall, the calculations presented in Fig. 4 confirm that replicating aquifer alkalinity in 

423 laboratory experiments and geochemical reaction path and reactive transport models is vital for 

424 predicting the extent of carbonation in any proposed basalt carbonation operation, especially 

425 during plume-forming CO2 injection into sub-seafloor basaltic aquifers.  Importantly, these 

426 calculations should not be taken as a recommendation that increasing aquifer alkalinity is a strategy 

427 by which carbonation efficiency may be increased.  Rather, these calculations provide strong 

428 evidence against directly extrapolating carbonation efficiencies inferred from laboratory studies 

429 and small-injection-rate field studies conducted under elevated alkalinity and/or pH conditions to 

430 gigaton-per-year scale basalt carbonation, since even our comparatively modest adjustments to 

431 initial alkalinity have had such significant effects over the plausible range of water-to-rock ratios.

432 IMPLICATIONS FOR GIGATON-PER-YEAR SCALE BASALT 

433 CARBONATION

434 If direct air capture (DAC) coupled to basalt carbonation is implemented at the gigaton-per-

435 year scale, it is likely that many offshore CO2 injection operations would inject free-phase CO2 in 

436 order to maximize per-well capacity of CO2 injection.  In these situations, our thermodynamic and 

437 kinetic calculations show that carbon mineralization will be less efficient than suggested by many 

438 published experiments and field demonstration projects, due to the heightened solubility of 
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439 carbonate minerals at free phase CO2-buffered conditions. Simply put, more basalt will need to 

440 dissolve in order to yield comparable amounts of carbonation when free-phase CO2 sets the pH 

441 and solubility of carbonate minerals at representative values of solution alkalinity and water-to-

442 rock ratio.  Assuming similar rates of basalt dissolution, carbonation is likely to take longer in 

443 these systems because it will take longer to dissolve enough basalt to generate enough alkalinity 

444 to exceed the thermodynamic saturation of carbonate minerals.  These results imply that serious 

445 consideration should be given to alternating CO2 injection with water injection (i.e., water-

446 alternating-gas (WAG) injection), even if dissolved CO2 injection is not feasible, in order to 

447 promote CO2 dissolution and increase carbonation efficiency. Nevertheless, our simulations 

448 demonstrate that, given time, and the ability of the impermeable sediments overlying sub-seafloor 

449 basalts to prevent leakage as the free phase CO2 dissolves and converts to carbonates, significant 

450 mineral carbonation can be expected.
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466 FIGURE CAPTIONS

467 Figure 1 pH and calcite solubility in calcite-saturated seawater (a,b) and 500 mmol/kg alkalinity 

468 seawater analogue solution (c,d) as a function of temperature and fugacity of CO2 (  ).  See 𝑓𝐶𝑂_2

469 Methods and Fig. S1 for a discussion and visualization, respectively of the relationship between 

470  and partial pressure of CO2.𝑓𝐶𝑂2

471 Figure 2 Alkalinity and pH increases as a function of CO2-driven basalt dissolution into 

472 Cascadia basin aquifer fluids at a water-to-rock mass ratio of 100. Calculations assume a 

473 constant  = 100 bar.𝑓𝐶𝑂2

474 Figure 3 Masses of mineral present in the system during CO2-driven basalt dissolution into the 

475 Site 1301 aquifer fluids (Na+= 463 mmol/kg), and into otherwise identical fluids with initial 

476 alkalinity adjusted by increasing the initial Na+ by 5 and 10% and charge-balancing on HCO3
-.  

477 Calculations assume a constant  = 100 bar and a water-to-rock mass ratio of 100. Mineral 𝑓𝐶𝑂2

478 abundances plotted at 25 °C (a, c, d) and 60 °C (b, e, f) demonstrate that aquifer alkalinity and 

479 temperature have a dramatic effect on the amount of carbonate (dolomite and ankerite) 

480 precipitated, and thus the amount of CO2 mineralized.  Note the differing y-axis scales at 25 °C 

481 versus 60 °C due to the larger amount of carbonate precipitation at 60°C.

482 Figure 4 Variation in carbonation efficiency  at three different initial alkalinities as a function of 

483 water-to-rock mass ratio.  Initial alkalinity was adjusted by increasing the concentration of Na+ 

484 in the Site 1301 aquifer fluids by 5 and 10% and charge-balancing on HCO3
-.  Typical values of 

485 water-to-rock ratio inferred for fluids circulating in the basaltic oceanic crust are >100.  
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