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Abstract 23 

In-situ CO2 mineralization in basalts is among the most secure forms of geological carbon storage. Field 24 

pilots report rapid mineralization and, where monitored, stable injectivity, yet many laboratory experiments 25 

show that carbonation slows or stops long before the reactive cation inventory of the rock is consumed. We 26 

synthesise four field pilots (CarbFix1, CarbFix2, Wallula, Jizan) and 37 laboratory studies (36 experimental, 27 

one modelling) spanning 5–200 °C and 0.1–30 MPa to identify why, and to ask whether these limits apply at 28 

reservoir scale. Three microscale mechanisms are distinguished: (i) chemical isolation of olivine, glass and 29 

pyroxene by nanometre-thick Si-rich amorphous layers, which lower dissolution rates by two to more than 30 

four orders of magnitude; (ii) precipitation of smectites, zeolites and serpentine-type phases that coat pore 31 

walls, bridge micro-cracks and compete with carbonates for divalent cations; and (iii) clogging of pore 32 

throats and micro-fractures by carbonates; if all products are retained in place, carbonation increases the 33 

solid volume by 35–90%. Where both were measured, permeability and porosity were decoupled: in five of 34 

seven experiments permeability fell by up to one to two orders of magnitude for porosity losses of less than 35 

0.2–4 percentage points — 3–60 times more than Kozeny–Carman predicts for an initial porosity of 10% — 36 

whereas in the other two permeability increased despite secondary precipitation. A Pilling–Bedworth-type 37 

volume criterion predicts that leached Si residues and calcite crusts on plagioclase are porous, so that the 38 

dense passivating layers observed on olivine require interfacial silica reprecipitation; pyrite armour proved 39 

temporary. Transport regime (Péclet and Damköhler numbers) and pore connectivity, rather than bulk 40 

porosity, decide whether reaction proceeds, passivates or clogs. Only 3 of the 37 studies imaged the reacting 41 

interface at the nanometre scale. We therefore propose a correlative workflow in which time-lapse micro-CT 42 

locates clogging and site-specific FIB-SEM/TEM resolves passivating interfaces, and formulate a research 43 

agenda for parameterising reactive-transport models of CO2 mineralization. 44 

Keywords: CO2 mineralization; Carbon storage; Basalt carbonation; Reactive surface passivation; Pore 45 

clogging; Permeability evolution; Micro-CT; FIB-SEM 46 

Abbreviations 47 

Abbreviation Definition 

BET Brunauer–Emmett–Teller (gas-adsorption surface area) 

BIB broad ion beam 

CAMP Central Atlantic Magmatic Province 

CCUS carbon capture, utilisation and storage 

CRBG Columbia River Basalt Group 
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Abbreviation Definition 

CT computed tomography 

Da Damköhler number 

DRP digital rock physics 

EDS energy-dispersive X-ray spectroscopy 

FIB focused ion beam 

ICDP interfacial coupled dissolution–reprecipitation 

k, k0 permeability, initial permeability 

LBM lattice Boltzmann method 

MORB mid-ocean-ridge basalt 

Pe Péclet number 

PNM pore-network modelling 

REV representative elementary volume 

RSA reactive surface area 

RTM reactive-transport model 

SANS small-angle neutron scattering 

scCO2 supercritical CO2 

SEM scanning electron microscopy 

(S)TEM (scanning) transmission electron microscopy 

Vp/Vr molar volume of solid products / molar volume of reactant 

XRD X-ray diffraction 

ΔVs change in solid volume upon reaction 

φ, φ0 porosity, initial porosity 

 48 

1. Introduction 49 

Limiting global warming requires not only deep emission cuts but also the permanent removal and 50 

storage of billions of tonnes of CO2 per year. Conventional geological storage injects supercritical CO2 into 51 

depleted hydrocarbon fields or deep saline aquifers, where it is retained by a low-permeability caprock and, 52 

over centuries to millennia, by residual, solubility and mineral trapping [1,2]. Because mineral trapping is the 53 

slowest of these mechanisms in siliciclastic reservoirs, the long-term security of such sites depends on 54 

caprock integrity and monitoring. 55 

Mafic and ultramafic rocks offer a fundamentally different trapping pathway. Basalts typically contain 56 

about 10 wt% CaO, 5–10 wt% MgO and about 10 wt% FeOT, hosted in olivine, pyroxene, Ca-rich 57 

plagioclase and volcanic glass [3]. When CO2-charged water dissolves these phases, the released divalent 58 

cations combine with dissolved inorganic carbon to precipitate calcite, magnesite, siderite and their solid 59 

solutions (ankerite, Fe-dolomite), converting CO2 into thermodynamically stable carbonate minerals [4–7]. 60 

Basalts are among the most widespread rocks on Earth, and their theoretical storage capacity exceeds 61 

anthropogenic emissions by orders of magnitude [3,8,9]. The CarbFix pilot in Iceland demonstrated that 62 

more than 95% of the CO2 injected as an aqueous solution was mineralised within two years [10], and the 63 

Wallula pilot in the Columbia River Basalt Group showed that supercritical CO2 injected as a separate phase 64 

also mineralises within months to years [11,12]. 65 
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These successes have shifted the scientific question from whether basalts can mineralise CO2 to how 66 

much, how fast and for how long. Here the record is more ambiguous. Laboratory dissolution rates of olivine 67 

and basaltic glass fall by two to more than four orders of magnitude once Si-rich surface layers develop [13–68 

15]; dissolution of Jizan basalts slowed considerably over 250 days of batch reaction [16], although in a 69 

closed reactor part of this slowdown reflects the approach to equilibrium; and core-flooding experiments 70 

report permeability losses of up to one to two orders of magnitude after porosity changes of a few tenths of a 71 

percent to about 1.5 percentage points [17–19]. In these cases, the reaction appears to be limited not by the 72 

exhaustion of reactive cations but by the progressive isolation of fresh mineral surfaces from the fluid — a 73 

phenomenon collectively termed reactive surface passivation — and by the loss of hydraulic access to the 74 

pore space, termed pore clogging. Field observations, by contrast, have not yet shown such limits: the 75 

CarbFix2 injection well retained stable injectivity over 3.5 years of continuous injection [33]. The open 76 

question is therefore not whether passivation and clogging occur, but under which conditions they will 77 

matter at reservoir scale and over decades. 78 

Recent reviews have summarised field projects, reaction chemistry, storage capacity and modelling 79 

needs for basalt carbonation [3,20–27]. Lu et al. [21] identified the extent of passivation layers and the 80 

evolution of reactive surface area as two of the main knowledge gaps that currently prevent reactive-81 

transport models (RTMs) from reproducing laboratory data. Akanji et al. [26] highlighted the pore-network 82 

consequences of injecting CO2-saturated water, and Yin et al. [23] stressed the need for practical control of 83 

reaction rates. However, no review has yet focused specifically on the microscale mechanisms that terminate 84 

the reaction, compared them quantitatively across experimental designs, or asked which analytical methods 85 

can actually observe them. 86 

This review addresses that gap. We (i) contrast what field pilots can and cannot tell us about passivation 87 

(Section 2); (ii) show why continuum RTMs systematically miss it (Section 3); (iii) dissect the three 88 

microscale mechanisms — Si-rich interfacial layers, secondary silicates and carbonate clogging — together 89 

with the effects of gas impurities and the conditions under which coatings fail to passivate (Section 4); (iv) 90 

synthesise 37 laboratory studies in a single comparative table and analyse it statistically (Section 5); (v) 91 

evaluate the controls exerted by thermodynamic regime, transport regime and pore topology (Section 6); and 92 

(vi) propose a correlative multiscale imaging workflow and a research agenda (Sections 7–8). Throughout, 93 

we distinguish observations from interpretations and flag where the evidence is contradictory. 94 

2. Field-scale evidence: what pilot projects reveal and conceal 95 

Four pilots now provide quantitative constraints on in-situ carbonation in basalt (Table 1). They differ in 96 

injection strategy, which directly shapes the fluid–rock contact and therefore the passivation and clogging 97 

risks. 98 

Table 1. CO2 mineralization pilots in basalt: injection strategy, reservoir conditions, mineralisation efficiency and the extent of 99 

direct microstructural evidence. 100 

Site Injection Reservoir and 

conditions 
Mineralisation Microstructural evidence 
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Site Injection Reservoir and 

conditions 
Mineralisation Microstructural evidence 

CarbFix1, Hellisheiði 

(Iceland) [10,28–32] 
2012; 175 t pure CO2 + 73 t 

CO2–H2S mixture, 

dissolved in water during 

injection 

Basaltic lavas and 

hyaloclastites, 400–800 

m; ~20–50 °C 

>95% of injected CO2 

mineralised within <2 years 

(14C, SF6 tracer mass balance); 

calcite confirmed by Ca 

isotopes 

No post-injection core; 

mineralisation inferred from fluid 

chemistry and isotopes — 

location of precipitates in the pore 

network unknown 

CarbFix2, Hellisheiði 

(Iceland) [33,34] 
2014–2017; 23,200 t CO2 + 

11,800 t H2S (geothermal 

gas), dissolved in 

condensate 

Basalt, ~750 m injection 

depth; >250 °C 
>50% (phase 1) and >60% 

(phase 2) of injected C, 76–

>85% of S mineralised within 

4–9 months 

Mass balance only; high-T 

secondary assemblage 

(carbonates, sulfides, Ca–Al 

silicates) competes for Ca; 

injectivity stable over 3.5 years 

[33] 

Wallula Basalt Pilot 

(WA, USA) 

[11,12,35–37] 

2013; 977 t supercritical 

CO2 over ~3 weeks (two-

phase injection) 

Columbia River Basalt 

Group interflow zones, 

830–890 m 

~60% of CO2 mineralised 

within 2 years (hydraulic-test 

inversion); injected-CO2 origin 

of the nodules confirmed by C 

isotopes; carbonates occupy 

~4% of available pore space 

Chemically zoned ankerite–

siderite–aragonite nodules in 

vesicles and vugs (micro-CT, 

SEM); nodule morphology 

depends on host-rock mineralogy 

Jizan Group pilot 

(Saudi Arabia) 

[16,38,39] 

2023; 131 t CO2 co-injected 

with recirculated formation 

water (CO2:H2O ≈ 1:65 by 

mass) 

Altered Oligocene–

Miocene basalts, ~350 

m; 45 °C; flow focused 

in a few wide-aperture 

fracture zones 

70 ± 5% mineralised ~10 

months after injection 
Batch tests on Jizan basalts: 

calcite growth on grains, but 

dissolution rates slowed 

considerably with time 

 101 

At CarbFix1 (Hellisheiði, Iceland), CO2 was dissolved in water within the injection well so that a 102 

single-phase, buoyancy-free carbonic-acid solution entered the basaltic lavas and hyaloclastites at 400–800 103 

m depth [28–30]. Tracer mass balance using 14C and SF6 showed that over 95% of the injected carbon was 104 

mineralised within two years [10], and Ca isotopes confirmed rapid calcite precipitation [32]. The low-pH 105 

injectate dissolves the host rock near the well and the precipitation front migrates downstream as the fluid is 106 

neutralised [31,40]. The price is water: dissolved injection requires tens of tonnes of water per tonne of CO2 107 

[3,38]. 108 

At CarbFix2, a geothermal gas mixture of CO2 and H2S was co-injected with condensate into basalt at 109 

>250 °C. More than 50–60% of the carbon and 76–85% of the sulfur were mineralised within four to nine 110 

months [33,34]. The higher temperature accelerates basalt dissolution but also stabilises Ca-bearing silicates 111 

and sulfides that compete with carbonates for the same cations [33]. Notably, the injectivity of the injection 112 

well remained stable throughout 3.5 years of injection, indicating that host-rock permeability was not 113 

measurably affected at the well scale [33]. 114 

The Wallula pilot (Washington, USA) injected 977 t of supercritical CO2 into Columbia River basalt 115 

interflow zones at 830–890 m [11,35]. Here carbonation proceeds in water films and in the formation water 116 

contacted by the buoyant CO2 phase. Side-wall cores recovered two years later contained chemically zoned 117 

ankerite nodules in vesicles and vugs [11,36], and micro-CT of these cores quantified the nodules and pore 118 

networks in 3D [37]. Inversion of pre- and post-injection hydraulic tests indicated that approximately 60% of 119 

the CO2 had mineralised and that the new carbonates occupied about 4% of the available pore space [12]. 120 

Wallula is thus the only pilot for which the spatial distribution of precipitates has been directly imaged — 121 
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and it shows that nodules form in vesicles and vugs, with a morphology that depends on the host mineralogy 122 

of each micro-environment [36]. 123 

The most recent pilot, in the Jizan Group basalts of Saudi Arabia, co-injected 131 t of CO2 with 124 

recirculated formation water between two wells, reaching 70 ± 5% mineralisation within about ten months 125 

without importing external water [38]. Wellbore logs showed that flow is focused in a few wide-aperture 126 

fracture zones [39], and batch experiments on the same basalts recorded calcite growth on grains 127 

accompanied by a marked slowdown of dissolution with time [16]. 128 

Three conclusions follow. First, all pilots confirm rapid initial mineralisation, and at CarbFix2 injectivity 129 

remained stable over 3.5 years [33]; however, the pilots have been monitored for at most a few years and at 130 

injection rates far below the Mt yr−1 scale, and clogging at intermediate distances from the well (Section 6.2) 131 

would not necessarily be detected by wellhead injectivity. Second, with the partial exception of Wallula, 132 

mineralisation is quantified indirectly — by tracers, isotopes, fluid chemistry or hydraulic inversion — so 133 

where the carbonates precipitate within the pore network, and what happens to the residual primary-mineral 134 

surfaces, remains unobserved. Third, the pilots span a broad range of temperatures, CO2 phase states and 135 

fracture- versus matrix-dominated flow, which means that the passivation mechanisms that matter differ 136 

from site to site. Industrial up-scaling to Mt yr−1 injection rates will require predictive control of these 137 

mechanisms, and that control has to come from the microscale. 138 

3. Why continuum reactive-transport models miss passivation 139 

Predictions of mineral trapping rely on RTMs such as TOUGHREACT, PHREEQC, CrunchFlow and 140 

related codes [41–43], which have been applied to CarbFix and Wallula [12,40,44] and, more recently, to 141 

stochastic fracture networks [45]. These codes discretise the reservoir into grid blocks that are treated as 142 

representative elementary volumes (REVs), each characterised by a single porosity, permeability and set of 143 

mineral surface areas (Fig. 1a). For a primary mineral m, the dissolution rate is usually written in transition-144 

state-theory form [46–48]: 145 

 rm = Am [ ka(T) aH
+n + kn(T) ] (1 − Ωm

p)q,     ki(T) = ki,25 exp[−(Ea,i/R)(1/T − 1/298.15)] (1) 146 

where Am is the reactive surface area (RSA) per unit volume of rock, ka and kn are the acid and neutral 147 

rate constants, aH+ is the proton activity, Ωm the saturation ratio and p, q empirical exponents. The RSA is 148 

typically initialised from BET or geometric surface areas and then updated with the mineral volume fraction, 149 

e.g. 150 

 Am(t) = Am,0 [φm(t)/φm,0]2/3 (2) 151 

and permeability is updated from porosity by a Kozeny–Carman-type relation [49–51]: 152 

 k/k0 = (φ/φ0)3 [(1 − φ0)/(1 − φ)]2 (3) 153 

Equations (1)–(3) embody three assumptions that are violated by passivation. First, RSA is assumed to 154 

scale with the remaining volume of the primary phase. In reality, the surface that is accessible to the fluid is 155 

a small and variable fraction of the BET or geometric area [52–54], and a nanometre-thick Si-rich layer can 156 

reduce the effective rate by orders of magnitude while more than 90% of the mineral remains unreacted 157 

[13,14]. A model that tracks only volume fractions cannot represent this core–shell isolation. Second, the 158 
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rate is evaluated from the grid-averaged fluid composition, whereas precipitation is controlled by local 159 

supersaturation at mixing fronts, in dead-end fractures and in confined pores, where concentrations can differ 160 

strongly from the mean [55–57]. Third, Eq. (3) links permeability to the total volume of precipitate 161 

irrespective of its location. For φ0 = 10%, a 2% loss of porosity reduces k by only about a factor of two (Fig. 162 

1a). Pore-scale experiments, by contrast, show that small volumes of carbonate or clay placed in pore throats 163 

and micro-cracks reduce permeability by one to two orders of magnitude (Fig. 1b; Section 5.3) [17,18,58]. 164 

Alternative φ–k laws, such as the tubes-in-series model with a critical porosity [59], reproduce such drops 165 

only through fitted parameters that have no independent microstructural basis [51]. 166 

 167 

Fig. 1. Conceptual discrepancy between (a) continuum reactive-transport models, which assign one porosity, permeability and 168 

bulk reactive surface area to each grid block and assume uniform precipitation, and (b) the pore-scale reality of vesicular and 169 

fractured basalt, where a small volume of carbonate seals a hydrodynamic choke point, a Si-rich film isolates an olivine 170 

crystal, clay fills a dead-end crack and a large vesicle remains open but hydraulically disconnected. The Kozeny–Carman 171 

estimate in (a) is computed for φ0 = 10%. 172 

The consequence is that continuum models tend to overestimate both the rate of mineral trapping and the 173 

longevity of injectivity, and their calibration against laboratory data is often poor [21,60]. Calibrating rate 174 

constants or RSA multipliers to match one experiment does not solve the problem, because the controlling 175 

variables — coating thickness and porosity, precipitate location, throat connectivity — are not represented. 176 

Resolving these variables requires direct observation at the scale where fluid and mineral meet. 177 

4. Microscale mechanisms of passivation and clogging 178 

We distinguish three mechanisms that act at different length scales (Fig. 2): chemical isolation of 179 

reactive surfaces by Si-rich interfacial layers (nm), coating and bridging by secondary silicates (nm–µm), 180 

and obstruction of pore throats and fractures by carbonates (µm–mm). They are coupled: the first controls 181 

cation release, the second competes for the released cations and the third converts them into solid volume 182 

where it matters most hydraulically. We then examine gas impurities and, equally important, the evidence 183 

that coatings often do not passivate. 184 
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 185 

Fig. 2. Microscale mechanisms that limit CO2 mineralization in basalt (suggested graphical abstract). (A) Chemical isolation: 186 

a 15–40 nm Si-rich amorphous layer forms on olivine (comparable layers on glass are inferred but not yet measured under 187 

storage conditions), shifting the reaction to diffusion control, whereas plagioclase remains active (patchy passivation). (B) 188 

Secondary silicates: Fe–Mg smectite, zeolite and chlorite coat walls and bridge micro-cracks, consuming the cations needed 189 

for carbonates. (C) Physical clogging: carbonate crystals nucleate in pore throats and isolate downstream porosity. (D) 190 

Conditions under which coatings do not passivate: porous carbonate crusts on plagioclase and reaction-driven cracking of 191 

olivine. 192 

4.1. Chemical isolation by Si-rich interfacial layers 193 

Carbonation of a basalt begins with proton-promoted dissolution of its primary phases. For forsterite, the 194 

overall reaction can be written as 195 

 Mg2SiO4 + 4 CO2(aq) + 4 H2O → 2 Mg2+ + 4 HCO3
− + H4SiO4(aq) (4) 196 

 Mg2+ + HCO3
− → MgCO3 + H+ (5) 197 

with analogous reactions for fayalite, pyroxenes, Ca-plagioclase and glass. Basalt dissolution is non-198 

stoichiometric: divalent cations are released faster than Si and Al [61–63], and the reactivity of the phases 199 

differs by orders of magnitude (Fig. 3). Under acidic conditions typical of a CO2-charged injectate (pH 3–4), 200 

the far-from-equilibrium rates of forsterite, diopside and augite exceed that of labradorite by one to two 201 

orders of magnitude, whereas Ca-rich anorthite dissolves rapidly at low pH but becomes almost pH-202 

independent above pH ~4.5 and is the least temperature-sensitive phase (Fig. 3) [48,64]. Basaltic glass, often 203 

the dominant reactive component of hyaloclastites, dissolves at rates comparable to or faster than olivine and 204 

releases Al as well as Si [62,65]. 205 
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 206 

Fig. 3. Far-from-equilibrium dissolution rates of the main basalt-forming minerals computed with Eq. (1) (Ω → 0) using the 207 

acid and neutral rate parameters compiled by Palandri and Kharaka [48]: (a) as a function of pH at 60 °C; (b) as a function of 208 

temperature at pH 5. Arrows show the rate decrease measured for olivine after formation of Si-rich surface layers at 60 °C 209 

[14] and 90 °C [13]. The rates are normalised to mineral surface area and do not include the effect of coatings, which is the 210 

subject of this review. The shaded band in (b) marks the reservoir temperatures of CarbFix1, Wallula and Jizan (CarbFix2, 211 

>250 °C, lies off scale); rates above the temperature range of the underlying experiments are Arrhenius extrapolations. 212 

Where the dissolving surface is enriched in Si relative to the bulk mineral, a residual amorphous layer 213 

develops. Two contrasting interpretations exist. In the classical leached-layer model, cations diffuse out of a 214 

partially depolymerised silicate framework that remains in place. In the interfacial coupled dissolution–215 

reprecipitation (ICDP) model, the mineral dissolves congruently at a sharp interface and amorphous silica 216 

precipitates immediately from a thin, locally supersaturated fluid film [66–69]. The distinction is not 217 

academic: an ICDP layer can be dense and pore-poor once the interfacial fluid reaches amorphous-silica 218 

saturation, whereas a leached residue is inherently porous because the Si residue alone occupies less volume 219 

than the parent mineral (Section 4.3). 220 

Experiments on olivine document both the formation and the kinetic consequences of these layers. 221 

Béarat et al. [15] showed at ~185 °C and ~13.5 MPa PCO2 that a highly defective, glassy Si-rich passivating 222 

layer inhibits olivine carbonation, and that carbonation increased markedly when particle abrasion in stirred 223 

reactors chipped this layer away. Daval et al. [13] used FIB-prepared TEM foils to characterise a ubiquitous, 224 

15–40 nm thick, pore-poor Si-rich amorphous layer on olivine reacted at 90 °C and 20–25 MPa CO2; long-225 

term rates were at least four orders of magnitude lower than predicted by standard kinetic laws, and the rate 226 

was controlled by saturation with respect to amorphous silica. Johnson et al. [14] found that a Si-rich layer 227 

formed on olivine within two days at 60 °C and 10 MPa CO2, and the dissolution rate decreased by two 228 

orders of magnitude over four days, while no more than 7 mol% of the olivine was converted to carbonate 229 

after 94 days. Passivation also operates when water is scarce: in humid supercritical CO2 at 50 °C and 9 230 

MPa, where reaction proceeds in thin water films — the Wallula configuration — forsterite dissolution 231 

slowed markedly after about 24 h, even far from equilibrium, because of a 2–3 nm thick Mg-depleted layer 232 

of highly polymerised amorphous silica [70]. King et al. [71] demonstrated more generally that the nature of 233 

secondary phases formed at the olivine surface decides whether carbonation continues or stalls. 234 
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Because the phases dissolve at different rates and have different Si/cation ratios, passivation in a 235 

polymineralic basalt is spatially heterogeneous — a condition we refer to as patchy passivation (Fig. 2A). 236 

Olivine and glass are attacked first and are the first to become shielded, whereas plagioclase, which supplies 237 

most of the Ca for calcite, continues to dissolve at a slower but steadier rate. In the Jizan experiments, 238 

plagioclase dissolution dominated cation release, but the overall dissolution rate still slowed considerably 239 

over time [16], although in these closed-system experiments the fluids rapidly approached pyroxene 240 

equilibrium and calcite saturation, so that the slowdown cannot be attributed to surface layers alone. 241 

Reactive-transport simulations built on a segmented image of reacted fractured basalt [72] show that the 242 

arrangement of minerals does not change the amount of carbonate formed but controls where it forms by 243 

setting local saturation states; the mineral mosaic at the pore wall, not only the bulk composition, therefore 244 

determines where reaction continues and where it stops. 245 

Mechanistically, the layer shifts the rate-limiting step from surface reaction to diffusion of protons 246 

inward and cations outward. If the layer thickness δ grows and its effective diffusivity Deff decreases as it 247 

densifies, the cation flux scales approximately as DeffΔC/δ, so that the rate falls with time even at constant 248 

bulk fluid chemistry. Neither δ nor Deff is known for basalt-hosted phases under storage conditions, and both 249 

are accessible only to nanometre-scale methods (Section 7). 250 

4.2. Secondary silicates: competition for cations and pore-wall coatings 251 

As the fluid is neutralised, it becomes supersaturated not only with respect to carbonates but also to a 252 

suite of Al- and Si-bearing phases: Fe–Mg smectites (saponite, nontronite), zeolites (chabazite, stilbite, 253 

analcime), chlorite and, in olivine-rich rocks, serpentine-type minerals [21,73,74]. Their formation has two 254 

adverse consequences. 255 

Competition for cations. Smectites and zeolites consume Ca, Mg and Fe that would otherwise form 256 

carbonates. In basaltic-glass batch experiments at 40 °C lasting up to 260 days, Fe-rich carbonates and Ca–257 

(Mg)–Fe smectites formed together at pH < 6.5, and above pH 6.5 the solutions became supersaturated with 258 

calcite, zeolites and Mg-rich clays, which jointly controlled the availability of Ca, Mg and Fe [74]. In a 108-259 

day large-column experiment at 50 °C and 8 MPa, no carbonate was detected in the solids although siderite 260 

was saturated; a four-day interruption of CO2 supply raised the outlet pH to about 8, and reactive-transport 261 

modelling indicated that such pauses favour saponite and zeolite precipitation that would consume pore 262 

space [75]. Flow-through experiments at 90 °C showed that when divalent cations are limited, secondary 263 

silicates fill the pore space, whereas supplying additional Ca and Mg with seawater produced massive 264 

carbonate precipitation instead [76]. At the CarbFix site, reaction-path modelling predicts that zeolites and 265 

smectites compete with calcite as the fluid evolves [40], and at >250 °C Ca-bearing silicates become an 266 

important sink [33]. 267 

Pore-wall coatings and bridging. Unlike conformal Si-rich films, phyllosilicates grow as platy, 268 

honeycomb or fibrous aggregates projecting into the pore space. Nishiyama et al. [18] found at 200 °C that 269 

permeability decreased continuously by up to about two orders of magnitude while porosity changed by less 270 

than 1%, and identified phyllosilicate coatings that clogged pore throats downstream as the controlling 271 

factor. In fractured basalt cores flooded at 100–150 °C, high-alkalinity fluids (640 mM NaHCO3) enhanced 272 

carbonation in diffusion-limited zones but also deposited clays along the advective flow paths, which the 273 
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authors considered capable of eventually obstructing flow [77]. In percolation experiments on sintered 274 

olivine at 180 °C and 12 MPa, permeability fell to 10−18 m2 within 55–90 h as serpentine-type coatings 275 

formed on olivine downstream [78]. Smectites can additionally swell by interlayer hydration, the magnitude 276 

of which depends on layer charge and interlayer cation [79]; swelling allows small masses of clay to bridge 277 

micro-cracks and compartmentalise the pore network (Fig. 2B). Whether swelling at reservoir salinity and 278 

CO2 activity is significant for basalt-hosted smectites has not been measured directly and is an open question. 279 

4.3. Carbonate precipitation, solid-volume change and clogging 280 

The success of carbonation is also its main hydraulic hazard: carbonation reactions increase the solid 281 

volume. Table 2 and Fig. 4 quantify this effect for the principal reactions, using standard molar volumes 282 

[80]. If all products remain where the reactant dissolved, the solid volume increases by 35% for anorthite → 283 

calcite + kaolinite and by 76–90% for olivine and pyroxene carbonation (ΔVs in Table 2). At the reservoir 284 

scale, this expansion consumes porosity; at the pore scale, its effect depends almost entirely on where the 285 

solids are deposited. 286 

Table 2. Solid-volume budget of carbonation and sulfation reactions of basalt-forming silicates (per mole of primary phase). 287 

Primary phase Reaction Vr V 

carbonate 

/ sulfate 

V Si(–Al) 

phase 
ΔVs (%) Vp/Vr 

carbonate 

only 

Vp/Vr Si(–

Al) only 

Forsterite Mg2SiO4 + 2CO2 → 2MgCO3 + SiO2(am) 43.79 56.04 27.27 +90 1.28 0.62 

Fayalite Fe2SiO4 + 2CO2 → 2FeCO3 + SiO2(am) 46.39 58.76 27.27 +85 1.27 0.59 

Enstatite MgSiO3 + CO2 → MgCO3 + SiO2(am) 31.33 28.02 27.27 +76 0.89 0.87 

Diopside CaMgSi2O6 + 2CO2 → CaCO3 + MgCO3 + 

2SiO2(am) 
66.09 64.95 54.54 +81 0.98 0.83 

Anorthite CaAl2Si2O8 + CO2 + 2H2O → CaCO3 + 

Al2Si2O5(OH)4 
100.79 36.93 99.52 +35 0.37 0.99 

Anorthite (SOx) CaAl2Si2O8 + H2SO4 + H2O → CaSO4 + 

Al2Si2O5(OH)4 
100.79 45.94 99.52 +44 0.46 0.99 

Anorthite (SOx) CaAl2Si2O8 + H2SO4 + 3H2O → CaSO4·2H2O + 

Al2Si2O5(OH)4 
100.79 74.69 99.52 +73 0.74 0.99 

Molar volumes (cm3 mol−1) from Robie and Hemingway [80]: forsterite 43.79, fayalite 46.39, enstatite 31.33, diopside 66.09, anorthite 100.79, 288 
magnesite 28.02, siderite 29.38, calcite 36.93, SiO2 glass (proxy for amorphous silica) 27.27, kaolinite 99.52, anhydrite 45.94, gypsum 74.69. Vp/Vr > 289 
1 is the Pilling–Bedworth–Velbel condition for a potentially continuous, protective layer [81]. 290 
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 291 

Fig. 4. Solid-volume budget of carbonation and sulfation reactions per mole of primary silicate, calculated from molar 292 

volumes in Table 2. Blue: all products retained in place (ΔVs). Orange: only the carbonate (or sulfate) retained, Si and Al 293 

exported. Grey: only the Si(–Al) residue retained, cations exported. The dashed line marks Vp/Vr = 1, the Pilling–Bedworth–294 

Velbel threshold above which a surface layer can be continuous and pore-free [81]. 295 

Precipitation in large vesicles, as observed in the Wallula cores [11,36,37], consumes storage volume 296 

but barely affects permeability. Precipitation in pore throats and micro-cracks, by contrast, disconnects 297 

whole clusters of porosity (Fig. 1b, Fig. 2C). Several factors favour throat-localised precipitation: fluid 298 

mixing and neutralisation are fastest where flow converges; reactive surfaces exposed in micro-cracks have 299 

the highest surface-to-volume ratio; and diffusion-limited dead ends allow supersaturation to build up 300 

[77,82]. In fractured basalt cores, precipitates filled 5.4% and 15% of the fracture volume after up to 40 301 

weeks at 100 and 150 °C, respectively [83], and carbonate precipitation was maximal 10–25 mm from the 302 

open end of dead-end fractures [82]. In core-flooding experiments on fractured basalt, carbonate and clay 303 

precipitation reduced the fracture volume by 35% at 100 °C and 48% at 150 °C over 10–12 days, with 304 

carbonate bridging that increased with distance into dead-end fractures [77]. Time-lapse X-ray CT of 305 

mixing-induced precipitation in cracked basalt showed carbonate nucleating on pore walls and in the micro-306 

cracks that connect larger pores; permeability fell by one to two orders of magnitude within hours, whereas 307 

porosity declined by less than 4% over 24–90 h [58]. In naturally fractured basalt at 40 °C, CaCO3 308 

accumulated at the fracture outlet and in transverse fractures, reducing permeability from 30.65 to about 2.5 309 

mD (−92%) while porosity decreased by less than 0.2% [17]; part of this decline, however, was attributed to 310 

migration of fine particles and dissolution of fracture asperities rather than to precipitation. 311 

Pore size itself modulates precipitation. Solubility and nucleation barriers depend on pore size and 312 

surface chemistry, so that precipitation can be suppressed in nanopores and favoured in larger pores, or vice 313 

versa, depending on the substrate [84–86]. In vesicular basaltic glass flooded with CO2-acidified seawater at 314 

80 °C, precipitation was nucleation-limited and became visible only after the flow rate was reduced tenfold 315 

[87]. These observations imply that the timing and location of the first nuclei, which no continuum model 316 

resolves, largely determine the subsequent permeability evolution. 317 
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The volume budget also offers a simple, testable criterion for when a coating can be protective. By 318 

analogy with the Pilling–Bedworth rule for metal oxidation, Velbel [81] argued that a surface layer can be 319 

continuous and pore-free only if the volume of product exceeds that of the reactant consumed (Vp/Vr > 1). 320 

Applying this criterion to carbonation (Fig. 4, Table 2) yields three insights. (i) A pure leached Si residue on 321 

olivine or pyroxene has Vp/Vr = 0.59–0.87 and should therefore be porous; the dense, passivating layers 322 

observed experimentally [13] require additional silica reprecipitation from the interfacial fluid, i.e. an ICDP-323 

type mechanism at or near SiO2(am) saturation. (ii) Magnesite or siderite retained on olivine or fayalite gives 324 

Vp/Vr ≈ 1.3, so carbonate rims on these phases can in principle armour the grain. (iii) Calcite retained on 325 

plagioclase gives Vp/Vr = 0.37; calcite crusts on Ca-plagioclase are expected to be discontinuous and porous, 326 

in agreement with experiments showing that calcite coatings have negligible effects on silicate dissolution 327 

rates [88]; earlier companion studies addressed the same question for basaltic glass and diopside [89,90]. The 328 

criterion ignores interfacial energies and crystal habit, but it rationalises why passivation is phase-specific 329 

and why the same carbonate may be harmless on one substrate and protective on another. Strictly, the 330 

criterion applies to layers formed in place from the components of the reactant; carbonate overgrowths 331 

nucleated from solution need not obey it, and calcite precipitated on olivine and enstatite also failed to slow 332 

their dissolution [88]. 333 

Finally, the volume increase can generate stresses large enough to fracture the reacting rock. Reaction-334 

driven cracking has been predicted theoretically [91–93] and observed in olivine carbonation experiments as 335 

polygonal cracking and dissolution channels imaged by synchrotron micro-CT [94,95]. In dunite deformed 336 

under CO2-rich fluids, precipitate layers along fractures acted as compliant 'proppants' while permeability 337 

nevertheless declined log-linearly [96]. Whether such self-sustaining fracturing occurs in basalts under 338 

realistic effective stresses, and whether it can outpace clogging, is unresolved. 339 

4.4. Co-injected impurities 340 

Industrial CO2 streams and geothermal gases contain H2S, SOx, NOx and O2. Their effects on passivation 341 

are mixed. In batch experiments with 1% H2S at 90 °C and 10 MPa, pyrite coatings formed before 342 

carbonates, but this armouring proved temporary over 3.5 years and carbonation subsequently proceeded 343 

[97]; at CarbFix2, sulfur was mineralised as efficiently as carbon [33,34], and co-mineralisation of carbon 344 

and sulfur has been proposed as a general strategy for geothermal reservoirs [98]. With 1 wt% SO2 and 1 345 

wt% O2 in scCO2, gypsum blades and natrojarosite–natroalunite spherules nucleated first and served as 346 

templates for later phases, and carbonation was delayed [99]. Sulfates are hydraulically more consequential 347 

than calcite: per mole of Ca, anhydrite (45.9 cm3) and gypsum (74.7 cm3) occupy 24% and 102% more 348 

volume than calcite (36.9 cm3) [80], and the Vp/Vr of gypsum retained on anorthite (0.74) is double that of 349 

calcite (Table 2). The lower pH generated by SOx may delay Si-layer formation, but faster and bulkier sulfate 350 

precipitation is likely to dominate the clogging risk; this trade-off has not been tested in flow-through 351 

experiments. 352 

4.5. When coatings do not passivate: reconciling contradictory evidence 353 

Passivation is not universal, and a credible model must explain the negative results as well as the 354 

positive ones. Rosenbauer et al. [100] reacted MORB, tholeiite and picrite with CO2-charged brine at 50–200 355 
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°C and 30 MPa for up to 4400 h and observed no grain armouring even after repeated CO2 additions; uptake 356 

reached 8–26 wt% CO2, with a maximum at 100 °C. Stockmann et al. [88] precipitated calcite on olivine, 357 

enstatite, augite, labradorite, basaltic glass and peridotite and found that the coatings negligibly affected 358 

silicate dissolution, although earlier mixed-flow experiments had interpreted carbonate precipitates as 359 

blocking reactive surfaces [101]. Pyrite armouring was temporary [97], serpentine mesh textures in peridotite 360 

enhanced rather than inhibited fluid infiltration [102], and reaction-driven cracking continuously generated 361 

new porosity in olivine aggregates [94,95]. 362 

These results are compatible with the mechanisms in Sections 4.1–4.3 once three conditions are 363 

considered. (1) Layer density: only layers with Vp/Vr > 1 or with reprecipitated, pore-poor silica passivate; 364 

porous carbonate crusts do not. (2) Fluid saturation state: Si-rich layers become protective near SiO2(am) 365 

saturation, which is reached quickly in batch reactors with high surface-area-to-volume ratios [13] and, in 366 

flow-through systems, mainly in preferential, fast-flow zones and at high flow rates, where the fastest-367 

dissolving phases are attacked first [17,103]. (3) Mechanical feedback: crystallisation pressure and 368 

differential volume change can crack coatings and grains. Passivation is therefore a conditional outcome 369 

determined by the coupled chemistry, transport and mechanics of each micro-environment — which explains 370 

why bulk experiments with different designs reach opposite conclusions. 371 

5. Synthesis of laboratory evidence 372 

5.1. Scope and structure of the compilation 373 

Table 3 compiles 37 laboratory studies that report secondary mineralogy, passivation or permeability 374 

changes during basalt– or olivine–CO2–water interaction, together with the field pilots in Table 1. For each 375 

study we list the material, experimental set-up, temperature, pressure or PCO2, fluid, duration, secondary 376 

phases, quantified petrophysical changes, the dominant mechanism(s) according to the classification of 377 

Section 4, and the diagnostic methods used. Set-ups are grouped as batch (closed reactors), mixed-flow 378 

(stirred, open powder reactors) and flow-through (core, column or percolation) experiments. One entry (#23) 379 

is a reactive-transport model of flow-through experiments; it is listed because it isolates the effect of 380 

transport, but it is excluded from the statistics in Fig. 5. Mechanism codes are: SL — Si-rich interfacial layer; 381 

SS — secondary silicates; CC — carbonate precipitation or clogging; IM — impurity-derived (S-bearing) 382 

phases; NP — no measurable passivation or dissolution-dominated behaviour; RC — reaction-driven 383 

cracking. Peridotite and olivine-aggregate experiments are included because they isolate the most reactive 384 

component of basalt and provide most of the nanoscale evidence. Values marked ‡ are taken from the 385 

compilation of Lu et al. [21] where the primary paper does not state them explicitly.386 
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Table 3. Synthesis of laboratory studies of basalt– and olivine–CO2–water interaction: conditions, secondary phases, petrophysical changes and the dominant passivation/clogging 387 

mechanisms. 388 

# Ref. Material Set-up; fluid T (°C) P (MPa) Duration Secondary phases Δk, Δφ, rate Mech. Diagnostics Key observation 

A. Interfacial layers, carbonate coatings and whole-rock batch reactivity 

1 [15] Olivine powder Stirred autoclave (batch); 1 M 

NaCl + 0.64 M NaHCO3 
~185 ~13.5 (PCO2) —† Magnesite; Si-rich amorphous 

rims 
— SL SEM, TEM Defective, glassy Si-rich layer inhibits 

carbonation; abrasion that chips the layer enhances 

carbonation 

2 [13] San Carlos olivine 

powder 
Batch (Teflon capsules; Dickson 

autoclave); H2O–CO2 
90 20–25 (scCO2) 1–45 d Amorphous SiO2 layer (15–40 

nm) 
Rates ≥4 log units below 

model 
SL FIB-TEM, 

STEM-EDXS 
Dense (pore-poor) layer once SiO2(am) saturation 

is reached 

3 [14] Olivine (Fo92) Batch; H2O / 0.5 M NaCl 60 10 (PCO2) ≤94 d Si-rich layer, SiO2(am), 

magnesite 
Rate ↓ 2 log units in 4 d SL SEM, solution 

chemistry 
Layer forms within 2 d; ≤7 mol% olivine 

carbonated 

4 [70] Forsterite In-situ high-pressure IR cell, 

humid scCO2 (thin H2O film); 

Adsorbed/thin water film 

50 9 (scCO2) 3 h – 5 d 2–3 nm Mg-depleted, highly 

polymerised amorphous SiO2 

layer; Mg-carbonate 

Dissolution slows after ~24 

h 
SL In-situ IR, 29Si 

MAS NMR, 

TEM-EDS 

Passivation far from equilibrium in water-limited 

(Wallula-type, two-phase) conditions 

5 [101] Diopside; basaltic glass Mixed-flow reactor; pH 8.2 

solution 
70 — 45–60 d Calcite — CC Solution 

chemistry, SEM 
Carbonate precipitates interpreted to block reactive 

surfaces (early evidence) 

6 [88] Olivine, enstatite, augite, 

labradorite, basaltic 

glass, peridotite seeds 

Mixed-flow reactor; Calcite-

supersaturated solutions 
25 — ~10 and 

~70 d 
Calcite coatings (extensive on 

olivine/enstatite; minimal on 

glass) 

— NP SEM Calcite coatings negligibly affect silicate 

dissolution — porous carbonate crusts are not 

passivating 

7 [100] MORB, tholeiite, picrite Batch (flexible-cell); CO2-

charged brine 
50–200 30 ≤4400 h Ferroan magnesite; SiO2(am) 8–26 wt% CO2 uptake NP XRD, SEM Maximum rate at 100 °C; no grain armouring after 

repeated CO2 injections 

8 [61] Crystalline basalt 

(Stapafell) 
Mixed-flow reactor; pH 2–11 

solutions 
5–75 — steady state — — NP Solution 

chemistry 
Baseline kinetics: non-stoichiometric 

(incongruent) element release; olivine/glass > 

pyroxene > plagioclase reactivity 

9 [16] Jizan Group basalts 

(375–665 m) 
Closed batch; Na2CO3/NaHCO3 

solutions 
60 — ≤250 d Calcite; no Al-bearing secondary 

phases detected 
— CC SEM-EDS, 

solution chemistry 
Plagioclase-dominated dissolution slowed 

considerably over time in a closed system 

(approach to equilibrium contributes); flow-

through operation recommended 

B. Basaltic glass, seawater and secondary silicates 

10 [74] Basaltic glass (Stapafell) Batch; CO2-charged water 40 PCO2 ≈0.1–1.3 

(24–305 mmol 

kg−1 CO2) 

≤260 d Ca–Mg–Fe carbonates; Ca–

(Mg)–Fe smectites; Fe-

(oxy)hydroxides 

— SS/CC SEM-EDS, 

EPMA 
Clays and carbonates compete for Ca, Mg, Fe; at 

pH > 6.5 calcite, zeolites and Mg-clays become 

supersaturated 
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# Ref. Material Set-up; fluid T (°C) P (MPa) Duration Secondary phases Δk, Δφ, rate Mech. Diagnostics Key observation 

11 [60] Basaltic glass High-pressure column (2.3 m 

flow path); Pure vs CO2-charged 

water (0.3 M CO2) 

22, 50 PCO2 ≤2.2 37–104 d Fe-bearing secondary phases; 

carbonates only on outlet 

degassing 

— SS Solution 

chemistry, SEM 
pH 3.4 → 4.5 only; fluid supersaturated with clays 

and Fe/Al hydroxides; models mispredicted outlet 

chemistry 

12 [75] Basaltic glass Large column reactor (flow); 

CO2-charged water (20 mM CO2, 

PCO2 ≈0.06 MPa); 4-day CO2 

interruption 

50 8 108 d (66 d 

reported) 
No carbonate detected in solids 

(siderite saturated); modelled 

Fe/Mg-saponite, allophane, 

moganite 

— SS XRD, SEM, RTM CO2 interruption raised pH to ~8 → 

saponite/zeolite stability; such pauses would 

consume pore space (modelled) 

13 [21,76] Basaltic glass; crystalline 

basalt 
Flow-through reactor; NH4HCO3 

solutions vs CO2-charged 

synthetic seawater, neutral pH 

90 PCO2 0.4–4 ‡ 4.6–68 d ‡ Smectites/zeolites, Fe-oxides, 

NH4-dawsonite (cation-poor); 

calcite, magnesite (seawater) 

Pore space lost to silicates 

when Ca, Mg depleted 
SS/CC SEM-EDS, XRD Cation supply decides between silicate and 

carbonate pore filling; risk of clogging near the 

well with seawater 

14 [104] MORB glass Batch; CO2-charged seawater 130 0.25 and 1.6 

(PCO2) 
7 months Calcite, aragonite, siderite, 

ankerite (low PCO2); magnesite 

(high PCO2) 

~20% of CO2 mineralised in 

5 months 
CC XRD, SEM Seawater supplies extra Ca/Mg; PCO2 selects 

carbonate phase 

15 [105] Basalt, basanite cores 

(Auckland VF) 
Batch; Rock-equilibrated water + 

CO2 
100 5.5 140 d Ankerite; zeolite; phyllosilicates Porosity ↑ (dissolution 

dominant) 
NP/SS SEM, ultrasonics Precipitation highest in glass-rich, porous samples 

16 [106] Basalt cores (Idaho) Batch reactor; Basalt-equilibrated 

water + CO2 (3.5 mol L−1) 
100 8.3 30 weeks Carbonates in fractures and 

compliant pores 
k ↓ ≤1 order; φ ↓ 2–3% CC Ultrasonics, thin 

sections 
VP ↑ 4–20%; compliant-pore filling dominates 

elastic and hydraulic response 

C. Flood-basalt series and gas impurities 

17 [21,107] Flood basalts (CRBG, 

CAMP, Deccan, Karoo) 
Static batch; CO2-saturated water 

(± 1.5% H2S) 
100 ‡ 10.3 ‡ ≤854 d ‡ 

(H2S series 

181 d) 

Fe-rich globular carbonates; 

calcite; zoned Ca/Fe carbonates 
— CC SEM, XRD Similar bulk chemistry, strongly different 

carbonation rates and morphologies 

18 [108] CRBG, CAMP basalts Batch (scCO2 and aqueous 

phases); Wet scCO2 / CO2-

saturated water 

34–116 7.4–25.5 30–180 d Aragonite, calcite, ankerite 

nodules; kutnohorite-like phases 
— CC SEM, XRD Reactivity rises with depth-equivalent P–T; faster 

carbonation in wet scCO2 

19 [97] Five flood basalts Batch; scCO2-saturated water + 

1% H2S 
90 10 ≤3.5 yr Pyrite coatings, then cation-

substituted carbonates 
— IM SEM, XRD Pyrite armouring precedes carbonation but proved 

temporary 

20 [99] Five basalts Batch; Water + scCO2 with 1 

wt% SO2 + 1 wt% O2 
90 10 48 and 98 d Gypsum blades; natrojarosite–

natroalunite spherules; onset of 

carbonation 

— IM XRD, TGA, SEM Sulfate/jarosite phases nucleate first and template 

later minerals 

D. Fractures, cores and permeability evolution 

21 [83] Flood and serpentinised 

basalt, engineered 

fractures 

Static batch; Water equilibrated 

with CO2 
100, 150 10 ≤40 weeks Siderite, Mg–Ca–Fe carbonates Precipitates fill 5.4% (100 

°C) and 15% (150 °C) of 

fracture volume 

CC SEM-EDS, 

Raman 
Carbonation detectable after 6 weeks; RTM 

predicts siderite after ~1 d 
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# Ref. Material Set-up; fluid T (°C) P (MPa) Duration Secondary phases Δk, Δφ, rate Mech. Diagnostics Key observation 

22 [82] Unaltered and 

serpentinised basalt, 

grooved fractures 

Flow-through (120 h) vs batch (6 

weeks); CO2-saturated water 
45, 100 10 120 h / 6 

weeks 
Mg-bearing siderite (batch only) — CC SEM-EDS, 

Raman 
Advective flow → net dissolution; diffusion-

limited dead ends → carbonate maximum 10–25 

mm from fracture mouth 

23 [72] Fractured basalt 

(segmented reacted core) 
2D reactive-transport model 

(CrunchTope) of flow-through 

experiments; CO2-acidified fluid; 

9 flow conditions 

100 10 simulated 

≤10 yr 
Calcite, magnesite, siderite 

(modelled) 
— CC Segmented SEM 

image + RTM 
Diffusion sustains reactions longer and yields more 

carbonate than advection; mineral mosaic controls 

where, not how much 

24 [77] Fractured basalt cores 

(main path + dead-end 

fractures) 

Core flooding; 6.3 or 640 mM 

NaHCO3 equilibrated with CO2 
100, 150 10 10–12 d Carbonates localised on cation-

supplying grains; clays in 

advective paths; carbonate 

bridges in dead ends 

Fracture volume ↓ 35% 

(100 °C), 48% (150 °C) 
CC/SS X-ray CT, SEM-

EDS, Raman, 2D 

RTM 

High alkalinity boosts carbonation in diffusion-

limited zones, but clays filling flow paths could 

obstruct injection 

25 [109] Naturally porous 

(vesicular) basalt 
Static batch; CO2-saturated water 100 10 20 weeks Carbonates in fracture network ~1.24 kg CO2 m

−3 yr−1 CC Micro-CT, SEM Projected filling of accessible pores in ~40 yr 

26 [110,11

1] 
Intact basalt cores Core flooding; 1 M NaCl, PCO2 

12.5 MPa, pH 3.3; 0.1 vs 0.01 

mL min−1 

150 15 (pore), 20 

(confining) 
0.5–32.8 d Al–Si secondary phases; siderite k ↑ (>10× in one core) at 

high Q; k ↓ slightly at low 

Q 

NP/SS X-ray CT, SANS, 

SEM 
Flow rate and initial pore structure, not initial k, 

controlled the outcome 

27 [19] Basalt cores (7 samples) Exposure + permeametry; CO2-

rich seawater 
~21 1.5 (pore), 5 

(confining) 
28–110 d Carbonates (from fluid 

chemistry) 
k ↓ up to 1 order (3/7 

samples); macro-φ ↓ ≤1.5% 
CC Micro-CT (50 

µm), PNM 
Fit requires up to 43% loss of sub-50-µm 

microporosity — clogging hides below CT 

resolution 

28 [18] Basalt cores (200 mm 

long) 
Flow-through, constant ΔP (3 

runs); CO2-saturated water; 

0.0003–0.7 mL min−1 

200 10 (pore); PCO2 

≈10 
15–21 d Phyllosilicate coatings 

downstream 
k ↓ to 1.2–2.6% of k0; φ 

change <1% 
SS X-ray CT, SEM-

EDS 
Pore-throat clogging by phyllosilicate coatings 

controls permeability loss 

29 [17] Naturally fractured basalt Reactive percolation; CO2–water; 

0.1 then 0.01 mL min−1 
40 4 (back), 10 

(confining) 
192 h CaCO3 at fracture outlet and 

transverse fractures; Si-rich 

layers at the higher flow rate 

k: 30.65 → ~2.5 mD 

(−92%); φ ↓ <0.2% 
CC/SL CT, SEM-EDS Lower flow rate drove an additional 83% 

permeability loss; fines migration contributed at 

the higher rate 

30 [58] Thermally cracked 

Icelandic basalt cores 
Flow-through, mixing-induced 

precipitation (two-fluid co-

injection); Ca- and carbonate-

bearing solutions 

~23 

(ambient

) 

0.34 (inlet), ΔP 

0.24 
24–90 h Carbonate nucleating on pore 

walls and in micro-cracks linking 

larger pores 

k ↓ 1–2 orders within hours; 

φ ↓ <4% 
CC Time-lapse X-ray 

CT, ultrasonics 
Flow and precipitation continued after the 

permeability drop 

31 [87] Vesicular basaltic glass 

(3 facies) 
Flow-through; CO2-acidified 

seawater, pH 5.4–5.5 
80 ~1 30 d Calcite, smectite-like coatings, 

amorphous CaCO3 
No significant k change; 

modal coordination number 

= 2 

CC Micro-CT (5 µm), 

SEM-EDS, PNM 
Nucleation-limited; precipitation only at 0.005 mL 

min−1; serial connectivity → high clogging 

vulnerability 
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# Ref. Material Set-up; fluid T (°C) P (MPa) Duration Secondary phases Δk, Δφ, rate Mech. Diagnostics Key observation 

32 [112] Basalt cores (Ø 5 cm) Flow-through, two-fluid co-

injection; 1 M CaCl2 + 1 M 

Na2CO3; 0.142 or 0.035 mL min−1 

per inlet 

24 ~0.6 

(confining); 

outlet 

atmospheric 

hours (in-

situ 

imaging); 

CT after 6 

months 

Calcite — CC 4D neutron + X-

ray imaging (ILL, 

PSI, ESRF) 

Steady transverse mixing vs fluctuating mixing 

caused by trapped air; late calcite from diffusive 

mixing 

E. Olivine-rich and ultramafic analogues 

33 [103,11

3] 
Sintered dunite Reactive percolation; 0.6 M 

NaHCO3 + CO2 
160 12 (PCO2 9.5) —† Magnetite + Si-rich layer 

(preferential-flow zones); 

magnesite, siderite, Mg-

phyllosilicates (reduced-flow 

zones) 

φ decreases only where 

diffusion dominates 
SL/CC X-ray 

microtomography, 

SEM 

Si-rich layer inhibits olivine dissolution in fast-

flow zones; moderate injection rates sustain 

carbonation and permeability 

34 [78] Sintered olivine (± 

basalt) 
Reactive percolation; NaHCO3–

CO2 water; 1 vs 0.1 mL h−1 
180 12 55–90 h Ca–Mg carbonates; serpentine-

type coatings on olivine 

(downstream) 

k → 10−18 m2 in 55–90 h SS/CC Solution 

chemistry, SEM 
Hydration competes with carbonation; flow rate 

controls both 

35 [102] Partially serpentinised / 

weathered peridotite 
Batch; NaCl or CaCl2 solutions 200 13–18 (PCO2) 15–25 d Magnesite (NaCl); calcite (CaCl2) — NP SEM, EMP Serpentine mesh not reactive but improved fluid 

infiltration 

36 [96] Dunite (thermally 

cracked) 
Triaxial / hydrostatic flow; DI 

water; 0.6–1.5 M NaHCO3 
23, 150 10 (pore), 15 

(confining) 
3–7 d Magnesite, calcite, lizardite, 

brucite along fractures 
Log-linear k decline; 

steeper with CO2 
CC/SS SEM Precipitate layers act as compliant 'proppants', 

reducing stiffness and strength 

37 [94,95] Sintered olivine 

aggregate cups + olivine 

sand 

In-situ synchrotron imaging cell; 

NaHCO3 solution 
200 10 (pore), 13 

(confining) 
30–140 h Magnesite; serpentine Porosity generated RC Synchrotron 

3D/4D micro-CT 
Polygonal cracks after ~65 h; non-uniform 

expansion and dissolution channels keep fresh 

surface accessible 

Mechanism codes: SL — Si-rich interfacial layer; SS — secondary silicates (smectite, zeolite, chlorite, serpentine-type); CC — carbonate precipitation / clogging; IM — impurity-derived (S-bearing) phases; NP — no 389 
measurable passivation or dissolution-dominated; RC — reaction-driven cracking / porosity generation. P is total or confining/pore pressure unless PCO2 is indicated. ‡ — value taken from the compilation of Lu et al. [21] (Table 390 
B1); † — not stated in the accessible abstract or open full text; see the original paper. k — permeability; φ — porosity; Q — flow rate; VF — volcanic field.391 
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5.2. P–T coverage and experimental design 392 

Figure 5a plots the 41 P–T conditions for which both values were reported. Three biases are apparent. 393 

First, experiments cluster at 90–150 °C and 10–15 MPa — a window chosen for fast kinetics rather than for 394 

representativeness — whereas the operating pilots span ~20–50 °C (CarbFix1, Wallula, Jizan) and >250 °C 395 

(CarbFix2). Second, low-temperature (<60 °C) flow-through experiments, which are most relevant to 396 

shallow, water-saturated injection, are scarce. Third, only 3 studies addressed gas impurities (one as an H2S 397 

sub-series), and none of them in a flow-through configuration. 398 

 399 

Fig. 5. Quantitative synthesis of Table 3. (a) Temperature–pressure conditions of the experiments (colour: dominant 400 

mechanism; symbol: set-up) and of the field pilots (stars; pressure estimated as hydrostatic from injection depth). (b) 401 

Permeability ratio k/k0 versus absolute porosity loss for experiments that report both quantities; arrows indicate upper bounds 402 

on porosity loss; vertical bars show ranges of k/k0 and the upward arrow a lower bound. Luhmann et al. [110]: high-flow 403 

cores, porosity loss from X-ray CT of the larger pores ((U)SANS porosity increased); their low-flow cores (slight k decrease) 404 

and Kanakiya et al. [105] (k and porosity increased) are not plotted because no numerical values are reported. Curves are 405 

Kozeny–Carman predictions (Eq. 3) for initial porosities of 5, 10 and 20%. (c) Frequency of mechanisms reported in batch, 406 

mixed-flow and flow-through/core experiments (row 23, a model, excluded) (studies with several mechanisms are counted 407 

once per mechanism). 408 
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5.3. Permeability is decoupled from porosity 409 

The most consistent quantitative result of the compilation is the decoupling of permeability from 410 

porosity (Fig. 5b). In five of the seven experiments that report both quantities, permeability fell by up to one 411 

to two orders of magnitude while porosity decreased by less than 0.2–4 percentage points [17–19,58,106]: by 412 

about one order of magnitude in naturally fractured basalt [17], seawater-exposed cores [19] and Idaho basalt 413 

[106], and by up to two orders of magnitude at 200 °C [18] and during mixing-induced precipitation [58]. 414 

The decoupling also operates in the opposite direction: at high flow rates, basalt cores at 150 °C gained 415 

permeability (by more than an order of magnitude in one core) although X-ray CT showed a net 0.7–0.8% 416 

loss of larger-pore porosity [110], and Auckland basalts gained both porosity and permeability despite 417 

ankerite and aluminosilicate precipitation [105]. For φ0 = 5–20%, Eq. (3) predicts k/k0 ≈ 0.5–0.85 for a 1% 418 

porosity loss; for φ0 = 10% the observed values are 3–60 times lower than predicted, the discrepancy being 419 

largest where the porosity change is smallest, whereas for a low initial porosity (5%) and the larger porosity 420 

losses [58,106] Eq. (3) comes within a factor of about two of the observations. Pore-network modelling of 421 

the basalt experiments of Stavropoulou et al. [19] required up to a 43% reduction of the sub-50-µm 422 

microporosity — invisible at the 50 µm CT resolution — to reproduce the measured permeability loss. 423 

Nooraiepour et al. [87] measured a modal pore coordination number of only 2 in vesicular basalts, compared 424 

with 4–6 in sandstones, and concluded that serial connectivity makes such rocks inherently vulnerable to 425 

permeability impairment by modest, distributed precipitation. Together, these data indicate that Kozeny–426 

Carman-type laws are structurally inappropriate for carbonating basalts and that φ–k relations must be 427 

derived from the connectivity and throat-size distribution of the specific rock. 428 

5.4. Mechanisms differ between batch and flow-through experiments 429 

Figure 5c shows that Si-rich interfacial layers were identified mostly in batch experiments (4 of 6 430 

studies), whereas secondary-silicate coatings and carbonate clogging dominate in flow-through and core 431 

experiments. This pattern is not merely a sampling artefact: batch reactors with high surface-area-to-volume 432 

ratios reach SiO2(am) saturation quickly and therefore favour dense interfacial layers [13], whereas flow-433 

through systems export Si and Al and concentrate precipitation where the fluid is neutralised. The flow rate 434 

is a key control within flow experiments: in basalt cores at 150 °C, permeability increased at 0.1 mL min−1 435 

but decreased at 0.01 mL min−1 [110,111]; in fractured basalt, reducing the rate from 0.1 to 0.01 mL min−1 436 

caused an additional 83% permeability loss [17]; and in grooved fractures, advective flow produced net 437 

dissolution while diffusion-limited dead ends hosted siderite [82]. In percolated sintered dunite, preferential-438 

flow zones developed magnetite and a Si-rich layer that inhibited olivine dissolution, whereas reduced-flow 439 

zones hosted magnesite, siderite and Mg-phyllosilicates, and porosity decreased only where diffusion 440 

dominated [103]; serpentine-type coatings controlled the permeability collapse of percolated olivine at 180 441 

°C [78]. 442 

5.5. The observational gap 443 

Of the 37 studies, 11 used X-ray or neutron tomography, but only 3 imaged the reacting mineral–fluid 444 

interface at the nanometre scale (TEM or FIB-TEM), and all of these were performed on olivine powders 445 

rather than on basalt. No study has yet combined time-lapse micro-CT localisation of clogging with site-446 
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specific FIB-SEM or TEM of the same interfaces in basalt. The thickness, porosity and composition of 447 

passivating layers on basaltic glass, pyroxene and plagioclase under storage conditions — the parameters 448 

needed to replace Eq. (2) — are therefore unknown. This is the central gap addressed in Section 7. 449 

6. Controls exerted by thermodynamic regime, transport regime and pore topology 450 

6.1. Temperature, pH, PCO2 and fluid chemistry 451 

Temperature accelerates both dissolution and precipitation (Fig. 3b), but not equally. Activation energies 452 

for olivine and pyroxene dissolution (~67–96 kJ mol−1 for the acid mechanism) exceed those of plagioclase 453 

(~17–42 kJ mol−1) [48], so heating increases the contrast between fast- and slow-dissolving phases and thus 454 

the degree of patchy passivation. Carbonate precipitation kinetics also rise steeply with temperature 455 

[114,115], and the maximum extent of basalt carbonation in batch experiments occurred at about 100 °C 456 

[100]. At higher temperatures and lower PCO2, smectites, zeolites, chlorite and Ca–Al silicates become 457 

increasingly competitive [33,73], and at 200 °C phyllosilicate coatings controlled permeability loss [18]. 458 

Reactivity of flood basalts in the presence of scCO2 increased with depth-equivalent P–T, from limited 459 

carbonation at 7.4 MPa and 34 °C to extensive ankerite nodules at 25.5 MPa and 116 °C [108]. The 'optimal' 460 

window is therefore a compromise between fast cation release and avoidance of non-carbonate sinks, and the 461 

threshold at which the balance tips toward clogging is site-specific. 462 

The pH trajectory is the second master variable. The injectate (pH 3–4) dissolves primary phases near 463 

the well; as cations are released, the pH rises and supersaturation develops downstream [31]. In column 464 

experiments with CO2-charged water, the pH rose only from 3.4 to 4.5 and carbonates did not precipitate 465 

inside the column [60], whereas an interruption of CO2 supply raised the pH to about 8 and, according to 466 

reactive-transport modelling, shifted the system toward clay and zeolite stability [75]. PCO2 selects the 467 

carbonate phase: at 130 °C, calcite, aragonite, siderite and ankerite formed at ~0.25 MPa PCO2 but magnesite 468 

formed exclusively at ~1.6 MPa [104]. Finally, cation supply matters: CO2-charged seawater reacts with 469 

mafic rocks at higher rates than fresh water at the same pH [65,116] and favours carbonates over silicates 470 

[76,104], but it also increases the volume of precipitate per unit of pore fluid and therefore the clogging risk 471 

[19,87]. 472 

6.2. Transport regime: Péclet and Damköhler numbers 473 

The outcomes compiled in Section 5 can be organised by two dimensionless numbers (Fig. 6a): the 474 

Péclet number, Pe = uL/D, which compares advective and diffusive transport over a characteristic length L, 475 

and the Damköhler number, Da = krL/u, which compares reaction and advection rates (in diffusion-476 

dominated zones, where u → 0, the relevant measure is the second Damköhler number, DaII = krL2/D). In 477 

advection-dominated, low-Da conditions, the fluid remains undersaturated and dissolution prevails, with 478 

stable or increasing permeability. In advection-dominated, high-Da conditions, reaction fronts develop and 479 

precipitation is localised where the fluid first neutralises, often in throats and at fracture outlets. Under 480 

diffusion-limited conditions (Pe < 1) — dead-end fractures, the rock matrix and poorly connected vesicle 481 

clusters — supersaturation builds up, carbonates and amorphous silica accumulate, and passivation and 482 

sealing of the entrances dominate [72,77,82]. Most flow-rate series in Table 3 move from the first toward the 483 

second or third regime as the rate decreases; an exception is the 200 °C series of [18], in which the rate of 484 
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permeability loss was almost independent of flow rate. Because injection rates decline with distance from the 485 

well, a single injection creates all three regimes in sequence, which suggests — as a hypothesis still to be 486 

tested — that clogging is most likely not at the wellbore but at intermediate distances where the fluid is 487 

neutralised in poorly connected pore space; this would be consistent with the stable wellhead injectivity at 488 

CarbFix2 [33]. 489 

 490 

Fig. 6. (a) Transport–reaction regimes defined by the Péclet (Pe) and Damköhler (Da) numbers, with the direction of change 491 

observed in flow-rate series of Table 3 (qualitative placement). (b) Effect of pore connectivity: in vesicular basalt with a 492 

modal coordination number z ≈ 2 [87], one sealed throat disconnects the chain, whereas in a meshed network (z ≈ 4–6) flow 493 

reroutes. (c) Dual porosity: precipitation at the entrances of micro-cracks and matrix pores isolates a large reactive surface 494 

with a small volume of solid. 495 

6.3. Pore topology and dual porosity 496 

Basalts are dual- or multi-porosity media: large vesicles and cooling joints are connected by narrow 497 

micro-cracks, inter-crystal pores and altered glass. Fluid flow and advective mass transfer follow the few 498 

highest-conductivity paths — at Jizan, three wide-aperture fracture zones [39] — and stochastic modelling 499 

identifies fracture-network connectivity as the primary control on mineralisation efficiency [45]. Two 500 

topological features make basalts particularly sensitive to clogging (Fig. 6b, c). First, low coordination 501 

numbers mean that the network has little redundancy: a sealed throat disconnects all downstream pores [87]. 502 

Second, the entrances of micro-cracks and matrix pores branching off the main pathways are diffusion-503 

limited zones in which precipitation is favoured [77,82]; sealing these entrances isolates a large fraction of 504 
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the reactive surface with a very small volume of solid. Evaluating the clogging risk of a candidate formation 505 

therefore requires a shift from 'how much pore space is available' to 'how the pore space is connected', i.e. 506 

from porosity to topology. Comparable non-linear and non-monotonic permeability responses to fluid–rock 507 

reaction and thermal exposure have been documented in organic-rich shales and carbonate reservoirs using 508 

the same combination of CT, NMR and ion-milling microscopy [117–120], which supports the 509 

transferability of these imaging workflows to basalts. 510 

7. Bridging the gap: a correlative multiscale imaging workflow 511 

7.1. Limits of conventional characterisation 512 

Bulk methods (XRD, XRF, thermogravimetry, effluent chemistry, BET) quantify how much carbonate 513 

formed and how fast cations were released, but provide no spatial context (Table 4). They cannot distinguish 514 

a carbonate that filled a vesicle harmlessly from one that sealed a throat, and they are blind to amorphous 515 

silica. Conventional SEM-EDS of reacted surfaces shows only the outermost precipitates and hides the 516 

underlying interface; mechanical polishing of thin sections plucks clays and destroys nanometre-thick 517 

leached or reprecipitated layers. Effluent mass balance also suffers from the 'multi-source, multi-sink' 518 

problem of polymineralic systems [21]. 519 

Table 4. Analytical methods for passivation and clogging studies: resolution, information content and limitations. 520 

Method Resolution / field of 

view 
Information on passivation and clogging Limitations Refs. 

XRD (Rietveld), XRF, 

TGA 
Bulk; LOD ~0.5–2 wt% Identity and amount of carbonates, clays, 

zeolites 
No spatial context; amorphous SiO2 

and poorly ordered clays under-

detected 

[21] 

Effluent chemistry, mass 

balance 
Reactor scale Dissolution rates, saturation states, extent 

of carbonation 
Multi-source/multi-sink ambiguity; 

cannot locate sinks 
[21,60] 

BET gas adsorption Bulk specific surface Initial surface area for RSA Overestimates accessible RSA; 

crushing destroys texture 
[52–54] 

SEM-EDS on polished 

sections 
~10 nm–1 µm; mm–cm 

field 
Coating morphology, phase maps 2D; polishing plucks clays and 

damages nm-thick layers 
[121] 

BIB-SEM nm imaging over ~1–2 

mm2 cross-sections 
Artefact-poor large-area sections of 

coatings and throats; statistics 
2D; site selection must be guided by 

3D data 
[121–

123] 

Laboratory X-ray micro-

CT 
~0.5–50 µm voxel; mm–

cm field 
3D pore network; precipitate location 

before/after reaction; DRP input 
Sub-voxel films and microporosity 

invisible; weak carbonate/basalt 

contrast 

[19,37,12

4,125] 

Synchrotron 4D CT; 

neutron imaging 
~0.3–2 µm; seconds–

minutes 
In-situ dynamics of dissolution, 

precipitation, cracking; neutrons sensitive 

to H (water, clays) 

Beam-time access; small samples [94,112,1

26,127] 

FIB-SEM serial 

sectioning 
~3–20 nm voxel; 10–50 

µm field 
3D geometry and porosity of coatings; 

throat closure; layer continuity 
Small field — needs CT targeting; 

Ga implantation, curtaining, beam 

damage of hydrous phases 

[128–

131] 

FIB-TEM, STEM-

EDS/EELS 
<1 nm Layer thickness, composition gradients, 

crystallinity, sharp vs diffuse interfaces 

(ICDP vs leaching) 

~10 × 5 µm lamellae; limited 

statistics 
[13,66,67

] 

SANS, NMR Bulk, nm–µm pore sizes Evolution of surface area and micro-

/nanoporosity 
Indirect; model-dependent inversion [110,118] 

DRP: PNM, LBM, direct 

Navier–Stokes 
Voxel-based Δk from imaged precipitates; rock-specific 

φ–k laws; upscaled reaction rates 
Segmentation sensitivity; REV size [55,57,13

2,133] 
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 521 

7.2. Non-destructive 3D localisation by X-ray micro-CT and digital rock physics 522 

X-ray micro-CT resolves the pore network of a core plug at voxel sizes of ~0.5–50 µm without altering 523 

it [124,125]. Scanning the same sample before and after (or during) reaction, registering the volumes and 524 

subtracting them localises dissolution and precipitation relative to the original pore bodies and throats 525 

[57,126,127,134]. In basalt, this approach has located carbonate nodules in Wallula cores [37], precipitates in 526 

engineered and natural fractures [17,77,109] and carbonate in micro-cracks during mixing-induced 527 

precipitation [58]; time-lapse neutron and synchrotron imaging further resolve the dynamics of mixing fronts 528 

[112]. Segmented images are the input for digital rock physics: pore-network models and lattice-Boltzmann 529 

or Navier–Stokes solvers compute permeability directly from the imaged geometry, replacing Eq. (3) with a 530 

rock-specific φ–k relation [55,132,133]. The limitation is resolution. Si-rich films, clay coatings and the sub-531 

50-µm microporosity that controls permeability in some basalts [19] lie below the voxel size, and partial-532 

volume effects make thin carbonate rims difficult to segment from the basalt matrix. 533 

7.3. Site-specific nanoscale analysis by FIB-SEM and TEM 534 

Dual-beam FIB-SEM removes material with a focused Ga+ or Xe+ plasma ion beam, exposing pristine 535 

cross-sections at a site chosen from the CT data, and can acquire serial-section 3D volumes with voxel sizes 536 

of a few nanometres [128–131]. It can cut through the carbonate crust, the clay coating and the Si-rich layer 537 

into the unreacted primary phase, measuring the thickness, continuity, internal porosity and composition of 538 

each layer, and it can extract electron-transparent lamellae for (S)TEM-EDS/EELS analysis of the interface 539 

at sub-nanometre resolution, as done for olivine [13] and feldspar [66,67]. Broad-ion-beam (BIB) polishing 540 

complements FIB by providing artefact-poor cross-sections over mm2 areas for statistical analysis of 541 

coatings and pore throats [121,122]. These ion-milling and correlative imaging methods are mature in shale 542 

and carbonate petrophysics, where they have been combined with CT and NMR to quantify the alteration of 543 

mineral matrix, organic matter and pore structure under thermal and thermobaric exposure [118,123,135]; 544 

transferring them to reactive mafic systems is technically straightforward. Specific precautions for basalt 545 

carbonation include low-dose imaging of hydrous phases (smectite, amorphous silica), protective Pt or C 546 

caps, use of plasma FIB to avoid Ga implantation in Fe-rich phases, and correlative registration of FIB sites 547 

within the CT volume. 548 

7.4. Proposed workflow 549 

We propose the following correlative workflow (Fig. 7), designed to deliver the parameters that current 550 

RTMs lack: 551 

1. Characterise the pristine core (petrography, XRD, porosity, k0) and acquire a baseline micro-CT volume 552 

at the highest resolution compatible with a representative volume (in practice, a whole-plug scan at 553 

~10–25 µm complemented by sub-plugs 2–5 mm across at ≤2 µm). 554 

2. React the core under controlled P–T and flow conditions spanning at least two Péclet regimes, 555 

recording permeability and effluent chemistry continuously. 556 
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3. Re-image the same core, register the volumes and map precipitates relative to pore bodies, throats and 557 

dead ends; compute k from the images by DRP and compare with measured k(t). 558 

4. Select interfaces from the CT data — olivine, glass, pyroxene and plagioclase walls in throats, bodies 559 

and dead ends — and analyse them by FIB-SEM tomography and FIB-TEM. 560 

5. Translate the measurements into model parameters: layer thickness and effective diffusivity per phase 561 

(replacing Eq. 2), coverage fractions of carbonate and clay coatings, and a rock-specific φ–k law 562 

(replacing Eq. 3). 563 

6. Validate the parameterised RTM by predicting k(t) and CO2 uptake of an independent core before the 564 

experiment is run. 565 

 566 

Fig. 7. Proposed correlative workflow linking core-scale experiments, micro-CT localisation of clogging and site-specific 567 

FIB-SEM/TEM analysis of passivating interfaces, and the model parameters delivered at each scale. Panel 5 is schematic. 568 

8. Research agenda 569 

Table 5 summarises the main open questions identified in this review, each formulated as a testable 570 

hypothesis together with the approach required to test it. Three priorities stand out. First, the conditions 571 

under which Si-rich layers become dense and passivating in polyphase basalts (rather than in olivine 572 

powders) must be established, with explicit comparison of batch and flow-through designs. Second, the 573 

location of the first carbonate and clay nuclei relative to pore throats must be measured in 4D and translated 574 

into φ–k laws that account for connectivity. Third, experiments should move closer to operating conditions: 575 

low-temperature, water-saturated flow at realistic rates; intermittent injection; seawater and recirculated 576 

formation water; and industrial gas impurities. Wherever possible, experiments should be run on cores from 577 

operating pilots (CarbFix, Wallula, Jizan), whose field performance provides an independent test of the up-578 

scaled predictions. 579 

 580 
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Table 5. Research agenda: open questions, testable hypotheses and recommended approaches. 581 

Knowledge gap Why it matters Testable hypothesis Recommended approach 

Conditions for dense, 

passivating Si-rich layers in 

polyphase basalt 

Controls the 2–4 order rate 

drop; unknown for glass, 

pyroxene, plagioclase 

Layers become passivating only where 

the interfacial fluid reaches SiO2(am) 

saturation; at Pe > 1 they remain porous 

Paired batch/flow-through tests on 

the same basalt; FIB-TEM of each 

phase; Si isotopes 

Coverage and porosity of 

carbonate crusts per substrate 
Decides whether carbonation 

self-limits 
Crusts are protective only where Vp/Vr > 

1 (olivine, fayalite), not on plagioclase 
FIB-SEM tomography of crust 

porosity; tracer diffusion through 

crusts 

Location of first nucleation 

(throats vs bodies vs dead ends) 
Governs permeability loss per 

unit precipitate 
Nuclei form preferentially in micro-

cracks and dead ends where 

supersaturation builds 

Time-lapse micro-CT/neutron 

imaging with registration; PNM 

Rock-specific φ–k relations Kozeny–Carman under-

predicts k loss by 10–100× 
k/k0 follows a percolation-type law 

controlled by coordination number and 

throat-size distribution 

DRP on 4D CT data; PNM 

calibrated on measured k(t) 

Clay–zeolite vs carbonate 

competition during realistic 

operation 

Non-carbonate sinks consume 

cations and pore space 
Injection pauses and pH excursions 

switch precipitation to smectite/zeolite 
Column/core tests with intermittent 

CO2; XRD + TEM of coatings 

Impurities (H2S, SOx, O2) under 

flow 
Industrial streams are impure Sulfate phases precipitate first and clog 

faster than carbonates 
Flow-through tests with impurity-

bearing CO2; FIB-SEM of templates 

Mechanical feedback: cracking 

vs sealing 
Could sustain reactivity Reaction-driven cracking requires low 

effective stress and fast reaction 
Triaxial flow tests with synchrotron 

CT; acoustic emission 

Up-scaling from cores to pilots Design of Mt-scale injection Microscale parameters predict field k(t) 

and mineralisation 
Imaging of cores from CarbFix, 

Wallula and Jizan; blind prediction 

of field data 

9. Conclusions 582 

1. Passivation and clogging, not cation exhaustion, limit carbonation in many laboratory systems. Field 583 

pilots show rapid initial mineralisation and, at CarbFix2, stable injectivity over 3.5 years, but laboratory 584 

data show that olivine dissolution can fall by two to more than four orders of magnitude after Si-rich 585 

layers form, and that permeability can collapse while most of the reactive inventory remains. Whether 586 

these limits operate at reservoir scale and over decades remains to be shown. 587 

2. Three coupled microscale mechanisms operate at different scales: nanometre-thick Si-rich interfacial 588 

layers that isolate fast-dissolving phases (patchy passivation); secondary silicates that coat pore walls, 589 

bridge micro-cracks and compete for cations; and carbonates (and sulfates, when impurities are present) 590 

that obstruct pore throats and fractures. 591 

3. Permeability is decoupled from porosity, in both directions. In five of seven compiled experiments that 592 

report both, k decreased by up to one to two orders of magnitude for porosity losses below ~0.2–4 593 

percentage points — 3–60 times more than Kozeny–Carman predicts for φ0 = 10%; in the other two, k 594 

increased despite secondary precipitation. Pore connectivity, not bulk porosity, governs injectivity in 595 

vesicular and fractured basalt. 596 

4. Passivation is conditional. A Pilling–Bedworth–Velbel volume criterion, the Si saturation state of the 597 

interfacial fluid and mechanical feedback (reaction-driven cracking) together help explain why dense 598 

Si-rich layers can passivate olivine whereas calcite crusts on plagioclase do not, and why batch and 599 

flow-through experiments reach different conclusions. 600 
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5. The decisive parameters are unmeasured in basalts. Only a few studies imaged the reacting interface at 601 

the nanometre scale, all on olivine powders. A correlative workflow combining time-lapse micro-CT, 602 

digital rock physics and site-specific FIB-SEM/TEM can deliver layer thicknesses, coating coverage 603 

and rock-specific φ–k laws, which are required to turn reactive-transport models into predictive design 604 

tools for industrial CO2 mineralization. 605 
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