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1. Abstract  14 

In situ mineralization of CO2 in ultramafic rock-hosted aquifers is one of the promising 15 

solutions for decreasing CO2 concentrations in the atmosphere. Naturally altered ultramafic 16 

rocks suggest that carbonation processes are controlled by local heterogeneities in the 17 

structure of the rock and fluid transport at the water-rock interfaces. We studied the role of 18 

rock crystallographic anisotropy relative to the global fluid flow direction on the 19 

mineralization of CO2 by means of electron microscope analyses from the macro- to the 20 

micrometer scale (EBSD-FIB). The sample used for the measurements was a hot pressed 21 

olivine core percolated by water enriched in CO2 (pCO2=10 MPa) at 180°C. During the 22 

percolation experiment, olivine was dissolved and two types of carbonates, dolomite and 23 

magnesite, were precipitated on olivine surfaces. The results showed that the dissolution of 24 

olivine is controlled by its crystallographic properties as shown by the development of etch-25 

pits only on the (010)ol planes and with elongated shapes parallel to the [010]ol axes. In 26 
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contrast, the precipitation of carbonates is governed by hydrodynamic properties. Carbonates 27 

are heterogeneously distributed in the percolated rock. They are mainly located along the 28 

moderate (for dolomite) and the minor (for magnesite) flow paths, both oriented parallel to 29 

the principal fluid flow direction, which allow carbonates to be supplied with divalent cations 30 

(e.g. Ca2+, Mg2+ and Fe2+). In these flow paths, carbonate growth is systematically oriented 31 

normal to the flow that facilitates the development of chemical gradients with cationic 32 

supersaturation conditions for carbonate precipitation near the walls.  33 

In natural systems, the (010)ol planes are parallel to the Moho and the (100)ol planes are 34 

vertical; our study suggests that flow of CO2-rich fluids will induce precipitation of 35 

carbonates localized along, and preferentially clogging, vertical flow paths while favoring 36 

olivine dissolution along horizontal fluid pathways. This dual control of structure and fluid 37 

flow on carbonation mechanisms could be an important parameter allowing sustainable CO2 38 

storage in peridotites while limiting the risks of leakage toward the surface. 39 

Keywords: 40 

EBSD-FIB, CO2 mineralization, ultramafic rocks, etch-pits, oriented growth, crystallographic 41 

relationships. 42 

 43 

2. Introduction 44 

 45 

In situ carbonation of ultramafic rocks is potentially an effective and safe means for 46 

mitigating atmospheric carbon dioxide (CO2) concentrations (Bachu et al., 1994; Goff and 47 

Lackner, 1998; Jun et al., 2013; Matter and Kelemen, 2009; Oelkers et al., 2008; Seifritz, 48 

1990). Carbonation (or CO2 mineralization) consists in transforming CO2 into stable 49 



3 

 

carbonates through a suite of chemical fluid-rock reactions; it is a process commonly 50 

observed in natural ophiolitic (for example, Kelemen and Matter, 2008; Kelemen et al., 2011) 51 

and oceanic environments (for example, Alt and Teagle, 1999; Bach et al., 2004; Kelley et al., 52 

2005; Ludwig et al., 2006). These chemical reactions are coupled to the transport of reactants 53 

and products of reactions at the fluid-mineral interface: first, CO2 reacts with water to produce 54 

H+ and bicarbonates/carbonates ions (HCO3
-/CO3

2-); the H+ ions then trigger the dissolution 55 

of silicate minerals and bicarbonates/carbonates ions combine with the divalent cations 56 

provided by silicate dissolution and/or fluids precipitate carbonates (Kelemen et al., 2011). 57 

Ultramafic rocks are widely distributed at the Earth’s surface (Bodinier and Godard, 2003; 58 

Deschamps et al., 2013); they also have the highest potential to mineralize CO2 due to their 59 

high proportion of divalent cations (40-50 weight % MgO ± CaO ± FeO) and their high 60 

reactivity (Matter and Kelemen, 2009; Oelkers et al., 2008; Xu et al., 2004). Thus they could 61 

represent one of the natural sinks for atmospheric CO2 (Alt and Teagle, 1999; Früh-Green et 62 

al., 2004). They are also a possible target for industrial CO2 geological storage (Kelemen and 63 

Matter, 2008; Matter and Kelemen, 2009), provided the development of methods allowing to 64 

overcome the mechanisms limiting carbonation kinetics (e.g., formation of silica layer on 65 

dissolving olivine grains (Johnson et al., 2014; Sissmann et al., 2013)); this requires a better 66 

understanding of the mechanisms driving carbonation reactions in ultramafic systems..  67 

Laboratory experiments and natural observations of altered peridotites indicate that 68 

carbonation reactions are controlled by fluid flow and also by the structure of the reacting 69 

rocks (e.g. Andreani et al., 2009; Kelemen and Matter, 2008). Kelemen and Matter (2008) 70 

reported a geometric distribution of carbonate veins in altered ophiolite outcrops (Samail 71 

ophiolite, Sultanate of Oman). The veins show a possible organization of the carbonation 72 

processes (i.e. dissolution of olivine and precipitation of carbonates) with respect to the fluid 73 
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circulation in the altered peridotites and/or the initial structure of the rock (e.g. pores/fractures 74 

geometry, fracture network, rock anisotropy, crystallographic orientation). Serpentinization, 75 

another natural example of olivine alteration could also be controlled by the coupling between 76 

fluid flow and rock structure. Boudier et al. (2009) showed a control of mantle peridotite 77 

anisotropy, inherited from the asthenospheric mantle flow, on water flow during 78 

serpentinization at mid-ocean ridges. They proposed that the topography of olivine-serpentine 79 

interfaces was governed by the (100)olivine microcracks forming vertical and open fluid 80 

pathways in the cooling lithospheric mantle. Laboratory percolation experiments conducted 81 

on porous olivine-rich aggregates also point to the strong effect of pore geometry and thus of 82 

the local heterogeneities in fluid flow on the nature and efficiency of hydration and CO2 83 

mineralization processes (Andreani et al., 2009; Godard et al., 2013; Peuble et al., 2014). 84 

Finally, etch-pits formed during the dissolution of olivine are generally limited to certain 85 

surfaces suggesting a control by the crystallographic properties of olivine (e.g. Arvidson and 86 

Luttge, 2010; Daval et al., 2013; Dove et al., 2005; Grandstaff, 1978; King et al., 2010; King 87 

et al., 2014; Lasaga and Blum, 1986; Velbel and Ranck, 2008). Awad et al. (2000) showed 88 

that the dissolution rate of olivine is the highest along its [010]ol axes (~10 times higher than 89 

the other axes) due to the olivine dense atomic packing in this plane.  90 

Although natural and experimental observations indicate a possible control of fluid flow and 91 

of the rock structure on the mineralization of CO2, the respective roles of these parameters are 92 

still poorly understood. In this paper we investigate the interplay between fluid flow 93 

distribution and the rock structure, in particular we focus on the role of mineral 94 

crystallographic orientation and pore-fracture network, in olivine aggregates, to improve the 95 

modeling of the sustainability of carbonation in ultramafic aquifers. We performed Electron 96 

Backscatter Diffraction (EBSD) analyses at millimeter to micrometer scale on two initially 97 
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similar olivine cores (ø 6.35 mm × L 13 mm), one of them having been percolated by a CO2-98 

rich fluid at P-T conditions analogous to that expected for in situ carbon storage (Peuble et al., 99 

2014). 100 

3. Material & method 101 

 102 

Analyses have been performed on two mineral aggregates composed of olivine Fo87. The first 103 

olivine-rich aggregate (sample H0; φ = 5.71 %) is the control sample. The second sample 104 

(sample H2; φ = 6.02 %) was percolated during 56 hrs by a CO2-rich fluid at controlled 105 

temperature and pressure conditions (T=185°C; pCO2 = 10 MPa; Ptotal = 12 MPa) at a constant 106 

flow injection rate of 0.1 mL.h-1. The injected fluid was a 0.57M NaHCO3 solution prepared 107 

with MilliQ water and “pure grade” Panreac salts; it contained trace amounts of Ca and Si 108 

brought in by the Panreac salts. The conditions, methodology and results of the experiment 109 

are summarized in Appendix 1 and detailed in a companion paper (Peuble et al., 2014). 110 

Both sintered porous aggregates were obtained by first, compacting the olivine powder using 111 

uniaxial cold-pressing (T = 25°C; Paxial = 5 MPa), then sintering the compacted aggregate  by 112 

isotropic hot-pressing (T = 1180°C; Pconfining = 150 MPa) using a gas-medium high-pressure 113 

and high-temperature vessel (Paterson, 1990). 114 

After the percolation experiment, the reacted core samples were cut in half along the cylinder 115 

axis (i.e. parallel to the main fluid flow direction) and polished for EBSD analyses. The 116 

sample was dry sawed and impregnated in an Araldite® 2020 epoxy. Pre-polishing was then 117 

made with sandpapers (from 120 to 2400 FEPA standards). Final polishing was performed 118 

with diamond paste from 6 to 0.25 µm. Lubrication was performed with Vaseline® oil to 119 

avoid carbonate dissolution. The sample was cleaned at each step of polishing with 120 

dishwashing liquid, rinsed with alcohol and finally dried with compressed air. 121 
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Directions and dips of fracture planes in the control and percolated olivine-rich aggregates 122 

were measured using an optical microscope equipped with a five axes U-stages (Geosciences 123 

Montpellier, France). Measurements were realized with the X axis parallel to the cylinder 124 

axis. 125 

Backscattered (BSE) and secondary electron (SE) images were obtained using FEI Quanta 126 

FEG 200 Scanning Electron Microscope installed at the University of Montpellier 2 (France). 127 

This device operated at an acceleration voltage of 15 kV and a water partial pressure about 128 

93.3 Pa. 129 

Crystal structures of the control and the percolated aggregates were determined by EBSD 130 

analyses performed at the sample scale and at the micrometer scale. Sample scale EBSD 131 

analyses were made with a CamScan X500FE CrystalProbe equipped with an EBSD system 132 

(Geosciences Montpellier, France). Charging effects on the uncoated rock were avoided by 133 

low vacuum conditions with a chamber pressure of 5 Pa and an acceleration voltage of 15 kV. 134 

For each scanning point, interactions of electrons with sample surface produced a diffraction 135 

pattern fitted with a set of 8 Kikuchi lines to deduce the nature and orientation of the crystal. 136 

Results were recorded on digital CCD camera. Indexation was made with a step of 4 µm 137 

between each point of measurement. In order to increase forward scattered electron (FSE) 138 

yield, the sample surface is inclined at 20° respectively to the electron beam for sample scale 139 

EBSD analyses. This provides the best compromise between sufficient electron diffraction 140 

pattern intensity and good spatial resolution. But the hardness of olivine is different from that 141 

of carbonates: it is therefore not possible to avoid steps between those two phases even with 142 

very careful polishing. Because of the sample inclination any topographic defect is amplified 143 

and this can lead to shadowing at the olivine-carbonates interfaces. To further characterize the 144 

interface, micrometer scale EBSD analyses were performed on 150 nm thick TEM lamella 145 
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prepared by Focused Ion Beam (ZEISS NVision 40 Focused Ion Beam). Two TEM lamellae 146 

were made in the inlet zone of the percolated sample. The sample was previously coated with 147 

a 20 nm-thick carbon layer. A 10-15 nm-thick layer of carbon was deposited by induced 148 

electron beam to avoid amorphization of the sub-surface (i.e. 10-20 nm). A thicker layer of 149 

carbon was added by FIB induced deposition (1-2 µm) to protect TEM lamellae during the 150 

observations. Excavations were made on the top and bottom of the TEM lamella at each 151 

location. All millings were performed with a 30 kV ion beam. TEM lamella was separated 152 

from the bulk sample and lifted out when a depth between 1 and 2 µm was reached. It was 153 

fixed by carbon ion-beam deposition on a classical half copper grid. The TEM lamella 154 

thickness was reduced to the desired value of 150 nm with an olivine-carbonates interface free 155 

of topography and then cleaned for traces of Ga ion implantation at 2 kV-50 pA during 1 min. 156 

Transmission-EBSD (Keller and Geiss, 2012), also called transmission Kikuchi diffraction 157 

(Trimby, 2012); was performed on the TEM lamellae with a ZEISS Supra 55 VP equipped 158 

with a Nordlys Sensitive camera (Oxford Instruments). TEM lamellae were tilted about 20° 159 

respectively to the electron beam (Keller and Geiss, 2012; Trimby, 2012). The measurement 160 

step size was 50 and 80 nm for the first and the second TEM lamellae, respectively. 161 

Carbonates have been indexed using the structural x-ray cell, where the perfect cleavage 162 

rhombohedral plane (r) has the indices (10-14). 163 

After the EBSD acquisition on both scales, data have been processed with the CHANNEL-5 164 

software (Oxford Instruments HKL) to delete all the grains with a diameter of less than 3 165 

times the measurement step size and thus remove the measurement uncertainties. Then, Euler 166 

angle triplets (α, β, γ), corresponding to the orientation of each crystal in the rock, are 167 

described by using radially symmetric kernel functions and orientation distribution function 168 

(ODF). Data are first approximated by a linear combination of the individual unimodal bell-169 

shaped kernels (Hielscher and Schaeben, 2008) and then treated using the MatLab open-170 
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source and free toolbox MTEX (Bachmann et al., 2010; Hielscher and Schaeben, 2008) 171 

(http://code.google.com/p/mtex/). The default kernel for texture analysis in MTEX is the De 172 

la Vallée-Poussin kernel, which has the unique property that it is exactly represented in 173 

spherical harmonics (Schaeben, 1999) with a 10° half-width. The resulting crystal preferred 174 

orientation (CPO) of each mineral phase was plotted as pole figures. Accuracy of statistical 175 

analyses was ensured by a large number of grains obtained during measurements. Sample 176 

scale data were reduced to one point per grain analyses to study the precipitation processes of 177 

minerals present in very small volume fractions. All grains measured on the FIB sections are 178 

represented on the pole figures because this representation allows the characterization of any 179 

crystallographic orientation changes within carbonates at a micrometer scale.   180 

4. Results 181 

4.1 Unreacted olivine-rich aggregate 182 
 183 

The EBSD measurements of the orientation distribution of the olivine aggregate before the 184 

percolation experiment are presented first. The [100]ol and [010]ol axes are respectively 185 

oriented perpendicular and parallel to the X direction corresponding to the cylindrical axis of 186 

the core sample (see Figure 1). The [001]ol axes are more dispersed throughout the pole 187 

figure. Optical measurements reveal the formation of a large fracture networks within the 188 

olivine grains resulting from the uniaxial cold-pressing of the ultramafic powder. These 189 

fractures, on average 10 µm wide, are generally straight and parallel to each other. The poles 190 

to these fracture planes are correlated with the [100]ol axes indicating that fractures are 191 

parallel to the (100)ol  planes (Figure 1). 192 

4.2 Percolated olivine-rich aggregate 193 

 194 
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4.2.1 Sample scale analyses 195 
 196 

The percolation of the CO2-rich water into sample H2 resulted in the dissolution of olivine 197 

initially present in the aggregate and the precipitation of secondary phases: carbonates 198 

(dolomite, magnesite) upstream and serpentine-type minerals downstream. When referring to 199 

crystallographic directions and planes we will use the subscripts ol, carb, mgn, dol for olivine, 200 

carbonates, magnesite and dolomite respectively. Olivine has the same CPO as the control 201 

sample (see Figure 2): the [100]ol and [010]ol axes are dominantly oriented normal and parallel 202 

to the X axis, respectively, while the [001]ol axes are more scattered in the pole figure with a 203 

slight concentration parallel to the Z axis. The main fluid flow direction was therefore 204 

oriented parallel to the dominant alignment of (100)ol and (001)ol planes, and normal to the 205 

(010)ol  planes during the percolation experiment. Optical measurements revealed the same 206 

arrangement of the fracture network as previously observed on the control sample (Figure 1). 207 

Indexed points on the EBSD map allowed the identification of dolomite and magnesite 208 

representing 1.41 % and 0.61 % of the total sample surface, respectively. These carbonates 209 

have a strong CPO in the percolated sample with the r[10-14]carb and c[0001]carb  axes both 210 

oriented normal to the cylinder axis (i.e. the X axis). The a(2-1-10)dol planes of dolomite and 211 

the m(10-10)mgn planes of magnesite are both aligned in the cylinder axis. In both carbonates, 212 

the c[0001]carb axis, which is the unique axis without multiplicity in carbonates crystals, is the 213 

most concentrated axis with a maximum of 24 and 19 times a uniform distribution for 214 

dolomite and magnesite, respectively (Figure 2). Carbonates are also highly correlated with 215 

olivine crystal orientations in two preferred models: [100]ol axes || c[0001]dol axes ; (010)ol 216 

planes || a(2-1-10)dol planes for dolomite and [001]ol axes || c[0001]mgn axes ; (010)ol planes || 217 

m(10-10)mgn  planes for magnesite, where || signifies parallel.  218 
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4.2.2 Micrometer scale characterization 219 
 220 

Dissolution areas 221 

The dissolution of olivine is marked by symmetrical and regular etch-pits preferentially 222 

limited to the olivine surfaces oriented normal to the main fluid flow direction (Figures 3a and 223 

b). We recognized two types of dissolution figures. The first consists of small polyhedral 224 

mounts with amplitudes less than 1 µm and oriented perpendicular to the olivine surface 225 

(Figure 3a). The second forms conical shaped peaks (up to 5 µm) limited to the (010)ol planes 226 

and with elongation normal to the surface, hence parallel to [010]ol axes (Figure 3b). 227 

Precipitation areas 228 

Carbonates are heterogeneously distributed in the percolated rock at the sample scale (Peuble 229 

et al., 2014) and at the pore scale (see Figures 3c and 4). They are observed only within the 230 

first 5 mm at the fluid inlet and, depending on their composition, they are distributed in 231 

specific areas. Dolomite precipitates in fractures formed in olivine during uniaxial cold-232 

pressing (Fig. 3c) and magnesite is observed mainly on former dissolution sites at olivine 233 

grain boundaries (Fig. 4). Chemical maps indicate that the precipitation of magnesite is 234 

locally accompanied by microparticles of silica and calcite in the adjacent narrow pores 235 

(Figure 4). The calcite grains were too few and too small to be identified by EBSD analyses.  236 

The crystallographic contact between olivine and carbonates was studied by the FIB-EBSD 237 

method. Two FIB sections were cut perpendicular to the olivine fracture planes (in which 238 

dolomite precipitated), oriented normal and parallel to the cylinder axis respectively (see 239 

Figure 5). On the first FIB section (Figure 5a-d), the five olivine grains have the same CPO 240 

but it is different from that previously described at the sample scale: the [100]ol axes are 241 

grouped in the XY plane while the [010]ol and [001]ol axes are both oriented oblique to the X 242 
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axis (i.e. the cylinder axis). In contrast, dolomite grains have the same CPO as that of the 243 

sample scale: the r[10-14]dol and c[0001]dol  axes are both oriented subparallel to the Y axis 244 

and normal to the X axis.  The a(2-1-10)dol planes are subparallel to the cylinder axis. 245 

On the second FIB section (Figure 5e-h), the olivine CPO is also different from that observed 246 

at the sample scale: the [100]ol and [010]ol axes are both oriented oblique to the X axis and the 247 

[001]ol ones are parallel to the Z axis. But again, dolomite grains have the strong CPO as in 248 

the rest of the sample: the r[10-14]dol and c[0001]dol axes are still oriented perpendicular to the 249 

cylinder axis (i.e. the X axis) while the a(2-1-10)dol planes are aligned with the cylinder axis. 250 

5. Discussion 251 

 252 

5.1 What factors control olivine dissolution? 253 
 254 

The control and percolated olivine-rich aggregates have the same anisotropic structure marked 255 

by the (010)ol planes perpendicular to the cylindrical axis of the core sample (Figure 6). This 256 

anisotropy was acquired during the sample preparation when the uniaxial cold-pressing of the 257 

olivine-rich powder oriented [010]ol axes parallel to the main compression (σ1), mimicking 258 

the natural behavior of mantle peridotites submitted to pure shear (Jung et al., 2006; 259 

Mainprice et al., 2000; Tommasi et al., 1999). Uniaxial cold-pressing (T = 25°C; Paxial = 5 260 

MPa) moreover promoted the propagation of a dense fracture networks along the (100)ol 261 

planes also observed in natural samples;  the (100)ol plane being the preferential plane for 262 

edge dislocation in olivine (Boudier et al., 2009; Gaboriaud et al., 1981; Nicolas and Poirier, 263 

1976). During the percolation experiment, the (100)ol fracture planes were oriented 264 

subparallel to the main fluid flow direction; it is worth noting that in peridotite outcrops, 265 

similarly oriented fracture networks have been proposed as major flow paths during the 266 

serpentinization of mantle peridotites (Boudier et al., 2009). These observations lead to the 267 
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following question: could the initial heterogeneities in the rock structure govern the 268 

dissolution of olivine during CO2-rich fluid injection in ultramafic aquifers?  269 

In the percolated sample, the dissolution of olivine results in the development of symmetrical 270 

etch-pits limited to the (010)ol surfaces and with an elongation axis parallel to the [010]ol axes. 271 

Similar figures have been described in the literature on experimental (Awad et al., 2000; 272 

Grandstaff, 1978; King et al., 2010; King et al., 2014; Malvoisin et al., 2012; Wegner and 273 

Christie, 1976) and natural samples (Velbel, 2009; Velbel and Ranck, 2008). They are 274 

generally restricted to some olivine surfaces suggesting that the dissolution of this mineral is 275 

anisotropic (King et al., 2010; King et al., 2014).  276 

In our study, etch-pits indicate a preferential dissolution of olivine along the (010)ol surfaces, 277 

which can be explained by three reasons. First, the (010)ol plane is the preferred cleavage 278 

plane in the olivine crystal (Atkinson and Meredith, 1987; Boudier et al., 2009). Cleavage 279 

could lead to the formation of microdefects along the (010)ol plane, which could then facilitate 280 

the anisotropic dissolution of olivine (associated with the development of etch-pits) as noted 281 

in several studies (Arvidson and Luttge, 2010; Daval et al., 2013; Dove et al., 2005; Lasaga 282 

and Blum, 1986).  283 

Second, the (010)ol plane has also been described as the plane with the greatest reactive 284 

surface area in the olivine crystal due to its largest faces inter-planar spacing (Donnay and 285 

Harker, 1937). This could facilitate fluid-rock interactions (and thus dissolution) along this 286 

plane, especially since it is oriented normal to the main fluid flow direction. Because of this 287 

orientation, much of the fluid has been in contact with the (010)ol planes during the injection. 288 

The fluid that is not yet enriched in Mg, Fe, Si (i.e. the products of olivine dissolution) 289 

remains in an undersaturated state, which drives the dissolution of olivine and the etch-pits 290 

growth (Godinho et al., 2012 and references therein; Lüttge, 2005; Smith et al., 2013). Etch-291 
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pits may then change the mineral topography (Lüttge, 2005), reinforcing the anisotropic 292 

dissolution of olivine by increasing the reactive surface areas of the (010)ol planes.  293 

Third, the anisotropic dissolution of olivine could be produced by its crystallography. 294 

Previous studies proposed a stronger chemical affinities of H+ with atoms present along the 295 

(010)ol planes because these planes have the highest negative net charge in the olivine crystal 296 

due to more abundant O(1) type oxygen (Awad et al., 2000 and references therein).  297 

5.2 On the control of fluid flow on carbonation 298 
 299 

The main products of olivine dissolution (i.e. Fe, Mg and Si) were mixed and transported 300 

along different flow paths in the percolated rock. Optical and SEM observations coupled with 301 

EBSD analyses have identified four types of flow paths in the olivine-rich aggregate: (i) the 302 

main flow paths are formed by the larger pores of the sample (up to 50 µm) interconnected to 303 

each other independently of the olivine crystallography, (ii) secondary flow paths formed 304 

along the 10 µm wide (100)ol fracture planes oriented parallel to the main fluid flow 305 

direction, (iii) minor flow paths located at the olivine grain boundaries along the (001)ol 306 

planes, i.e. narrower paths than the (100)ol fractures but still oriented parallel to the main fluid 307 

flow direction, and finally, (iv) those with a more restricted flow along the olivine grain 308 

boundaries oriented perpendicular to the flow i.e. the (010)ol surfaces. Carbonates were 309 

essentially localized along the secondary and the minor flow rate paths of the percolated 310 

sample. They show a strong crystallographic relationship with olivine, marked by: [100]ol 311 

axes || c[0001]dol axes and [001]ol axes || c[0001]mgn axes (Figure 6). But no strong 312 

crystallographic correlation was observed on both FIB sections, which suggests a non-313 

topotactic growth of carbonates on the olivine surfaces.  314 
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However, at all scales, the r[10-14]carb axis, marking the preferential carbonate growth 315 

direction (Churakov et al., 2004; Jordan et al., 2001; Pokrovsky and Schott, 2002; Schott et 316 

al., 2009), is systematically oriented normal to the main fluid flow direction. EBSD-FIB 317 

analyses also indicate that there is no change in the crystallographic orientation of carbonates 318 

during their growth as the (10-14)dol pole figures show only one maximum for each FIB 319 

section (see Figures 5d and 5h). These results suggest that the precipitation of carbonates is 320 

controlled by the fluid flow rate in relation to the initial structure of the aggregate. Carbonates 321 

nucleated preferentially on olivine surfaces oriented parallel to the flow (i.e. along the 322 

secondary and minor flow paths of the rock) and then grew with a systematic orientation 323 

normal to the flow. The secondary and minor flow paths of the olivine aggregate are wide 324 

enough to provide abundant cation arrival and small enough to reduce locally the flow rate, 325 

maintaining local supersaturation conditions for carbonate precipitation. This interpretation is 326 

consistent with Andreani et al. (2009) showing the preferential distribution of carbonates in 327 

reduced-flow zones. Similarly, a slight chemical gradient develops perpendicular to the main 328 

fluid flow direction and the nucleation of carbonates is preferentially located where the fluid 329 

velocity field tends toward zero, i.e. on the (100)ol and (001)ol surfaces. This arrangement 330 

facilitates the growth of carbonates sustaining a large interaction area between the (10-14)carb 331 

planes and the fluid. This plane is also known to control the kinetics of carbonate 332 

precipitation by promoting the adsorption of hydrated species (>CO3Me+·nH2O; with Me 333 

representing a divalent metal cation like Ca2+, Mg2+, Fe2+) at the surface of carbonates 334 

(Pokrovsky and Schott, 2002; Saldi et al., 2009; Schott et al., 2009).  335 

Our results indicate changes in the distribution of carbonates within the rock depending on 336 

fluid pathways: dolomite was typically localized in secondary flow paths while magnesite 337 

preferentially formed in minor fluid pathways. This suggests that variations in pores/fractures 338 
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geometry (i.e. size, distribution, connectivity and orientation) impact the local fluid flow 339 

(local changes in velocity, …) and thus the solution composition which, in turn, impacts 340 

mineral reactivity and carbonate precipitation. The (100)ol fracture planes favor (i) the supply 341 

of products from different sources mixed together in the fluid flow (magnesium and iron from 342 

the olivine dissolution; calcium from the fluid) and (ii) nucleation points on numerous defects 343 

induced by fracturing, both of which promote the precipitation of dolomite. The formation of 344 

magnesite is limited to more confined flow zones. The precipitation of magnesite is 345 

kinetically less favored than that of Ca-rich carbonates because of the different chemical 346 

properties of Mg2+ and Ca2+ ions (Pokrovsky and Schott, 2002; Schott et al., 2009): the 347 

limiting step for carbonate crystallization is the divalent metal cation dehydration at the 348 

surface i.e. the formation of surface metal sites (>MeOH2
+) from hydrated adsorbed species 349 

(>CO3Me+·nH2O) (Pokrovsky and Schott, 2002 and references therein). The rate of water 350 

molecule exchange from the fluid into the cation hydration sphere is faster for Ca2+ than Mg2+ 351 

(Casey and Westrich, 1992; Pokrovsky and Schott, 2002) and this mechanism provides a way 352 

to explain the difference in the precipitation rates of Ca-rich (fast) and Mg-rich (slow) 353 

carbonates . This may explain that : (i) both dolomite and magnesite are observed in the 354 

percolated olivine-rich aggregate although the fluid/rock system is rich in magnesium and 355 

poor in calcium,  and (ii) magnesite is limited to the narrow olivine grain boundaries, where 356 

fluid renewal (and thus the supply in Ca2+)  is less efficient (e.g. minor flow paths). However, 357 

when the chemical conditions are favorable for its precipitation, magnesite will thrive 358 

(growing up to ten microns in thickness) regardless of other chemical products (e.g. Si, Ca) 359 

precipitating as isolated microparticles in the surrounding narrow pores. 360 

6. Implications for in situ mineralization of CO2 361 

 362 
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Olivine dissolution and carbonate precipitation are two independent processes, controlled by 363 

different chemical conditions, yet intimately coupled. The dissolution of olivine is promoted 364 

by H+ while the precipitation of carbonates is induced by cationic supersaturation conditions 365 

mainly provided by olivine dissolution. Thus, in situ mineralization of CO2 in the ultramafic 366 

aquifer may persist in the long term only if specific chemical conditions are satisfied. This 367 

study suggests that these chemical conditions are locally facilitated by the structural 368 

anisotropy characterizing the host rock: the orthorhombic fabric of olivine is oriented (such 369 

that (100)ol planes are statistically vertical and (010)ol planes horizontal) and the fractures 370 

network is preferentially developed along the (100)ol planes sub-boundary (or dislocation 371 

wall). Mantle peridotites typically display a structural anisotropy characterized by the 372 

crystallographic preferred orientations of silicate minerals that have a much stronger CPOs 373 

than in our cold pressed samples. Serpentinised oceanic lithosphere has (010)ol planes aligned 374 

in the asthenospheric mantle flow direction and the preferred fracture planes which represent 375 

the preferential flow paths for hydrothermal fluids are (100)ol (Boudier et al., 2009; Mainprice 376 

et al., 2000; Nicolas and Poirier, 1976). The circulation of the fluid in the percolated 377 

aggregate was controlled by the vertical flow paths created along the (100)ol fracture planes is 378 

similar to what has been observed in serpentinised oceanic mantle lithosphere.  379 

Because mantle peridotites have a (100)ol fracturing and an orthorhombic olivine fabric 380 

inherited from the asthenospheric mantle flow, carbonates are expected to have a preferred 381 

direction for precipitation in natural ultramafic aquifers, inherited from the host rock structure 382 

and its hydrodynamic properties. This allows the extrapolation of our results to larger scale 383 

models to simulate in situ mineralization of CO2 in natural ultramafic reservoirs. In this case, 384 

we expect that olivine will be preferentially dissolved along (010)ol surfaces, assuming 385 

horizontal fabrics similar to what has been observed by Boudier et al.  (2009). The CPO of 386 
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mantle peridotites found in ophiolite massifs targeted for CO2 sequestration (e.g. Oman) are 387 

dominated by an olivine CPO with the a-axis and c-axis horizontal and b-axis vertical, this 388 

CPO represents over 70% of the Ben Ismaïl and Mainprice (1998) CPO database. The 389 

resulting dissolution products will be easily transported through various flow paths in the 390 

percolated rock, including the (100)ol fracture planes oriented parallel to the main direction of 391 

fluid percolation for a vertical injection well. During percolation into the ultramafic aquifer, 392 

H+ are progressively consumed onto the (010)ol dissolution surfaces to form silica and water 393 

(e.g., Matter et al., 2011), which are then converted into silicic acid carried away in the fluid. 394 

This will cause a local increase in the fluid pH. The concentration of divalent cations will also 395 

increase which will facilitate the nucleation and growth of carbonates. Precipitation will be 396 

favored perpendicular to the main fluid flow direction (i.e. vertical fluid flow), on the (100)ol 397 

fracture planes and the (001)ol surfaces, both aligned parallel to the flow. The composition of 398 

carbonates will depend on local fluid flow conditions: Ca-rich carbonates will precipitate in 399 

moderate flow paths when water contains Ca even in a Mg-rich reservoir, and magnesite will 400 

precipitate in zones of more reduced flow conditions (rock dominated systems). This implies 401 

that a good knowledge of the reservoir structure could allow predicting the preferential areas 402 

of silicate dissolution and of precipitation of various carbonates in the host rock. It suggests 403 

also that the rate of in situ mineralization of CO2 can be enhanced (i) in presence of calcium 404 

(provided by the fluid and/or the dissolution of Ca-rich silicates) and (ii) by decreasing the 405 

flow injection rate to facilitate the precipitation of Mg-rich carbonates. But these results also 406 

indicate that the precipitation of carbonates is located along vertical flow paths in the 407 

reservoir, with a risk of clogging the pore network of the host rock. This could in turn favor 408 

horizontal fluid flow within the aquifer along the (010)ol dissolution planes.  409 
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The sustainability of CO2 storage in highly reactive systems such as ultramafic reservoirs will 410 

mainly depend on an efficient dissolution of olivine to provide divalent cations for carbonate 411 

precipitation. The dual control of the structure of ultramafic rocks and fluid flow on 412 

carbonation processes could also be an important parameter favoring sustainable carbon 413 

storage by maintaining horizontal flow paths and thus allowing continuous CO2 injection into 414 

the ultramafic reservoir over long periods while limiting the risks of leakages toward the 415 

surface.  416 
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Figure captions 426 

Figure 1: Analyses of the olivine-rich aggregate before the percolation experiment. (a) Sketch 427 

of the sintered olivine core (ø 6.35 mm × L 13 mm) on which was realized the polished 428 

section parallel to the X axis (cylinder axis and main flow direction during percolation 429 

experiments). (b) Pole figures showing the crystal preferred orientation (CPO) of the olivine 430 

grains (n = 4 479). Lower hemisphere projection; one point per grain. The minimum and 431 

maximum densities are respectively written on the left and right sides of each pole figures. 432 

The Electron Back Scattered Diffraction (EBSD) data were previously smoothed using the 433 
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kernel De la Vallee-Poussin function with a 10° full-width-at-half-maximum (FWHM). See 434 

text and methods section for more details. (c) On the left side, plot of poles to fracture planes. 435 

Data are presented as equal area on lower-hemisphere projection. On the right side, fractures 436 

formed parallel to the X axis within the olivine grains (optical microscope, transmitted light). 437 

Figure 2: EBSD analyses performed on the percolated olivine-rich aggregate at the sample 438 

scale. The polished section was realized along the main fluid flow direction (X axis). Band 439 

contrast EBSD map (a) and pole figures (b) of the three minerals present in the reacted sample 440 

such as olivine (n = 15 423), dolomite (n = 226) and magnesite (n = 100). The units of map 441 

axes are in µm. Pole figure data are projected on lower hemisphere with one point per grain 442 

representation. Pole figures are represented with [hkl] axes and (uvw) planes Miller indices 443 

for olivine and carbonates, respectively. The minimum and maximum densities of EBSD data 444 

are written on the left and right sides, respectively, of each pole figure. Note that sample 445 

polishing created a shift in relief between olivine and carbonates. Consequently, dolomites for 446 

which the r[10-14]carb and c[0001]carb  axes are strictly horizontal are not quantified on the 447 

EBSD analyses because they are hidden by fractures wherein they precipitated. 448 

Figure 3: Scanning electron microscope images showing dissolution figures (a, b) and 449 

carbonate precipitation areas (c) in the percolated sample. (a) Polyhedral and micrometer 450 

mounts developed on specific olivine (Ol.) surfaces oriented normal to the main fluid flow 451 

direction. (b) Conical shaped peaks observed on the (010)ol plane with elongation axes 452 

parallel to the [010]ol axis. (c) Dolomite (Dol.) precipitation in the olivine fractures.  453 

Figure 4: Chemical maps showing the repartition of all compiled cations (a), Si (b), Ca (c) 454 

and Mg (d) in a sample pore located in the extremity at which the fluid entered the rock. The 455 

cation concentrations are highlighted by the point densities measured on each chemical map. 456 

Results show large magnesite grain localized at the olivine grain boundaries. Black ellipses 457 
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present on image (a) symbolize the surrounding olivine grain boundaries containing Ca-rich 458 

micrograins and Si amorphous material. 459 

Figure 5: EBSD analyses performed on the percolated olivine-rich aggregate at a micrometer 460 

scale using FIB (Focused Ion Beam) sections. The first FIB section (a, b, c) was realized 461 

parallel to the X axis (i.e. the main fluid flow direction) and the second one (e, f, g) 462 

perpendicular to the X axis. Images (a) and (e) show the areas where both FIB sections were 463 

cut (white squares). The axes of olivine fracture planes are symbolized by white dotted lines. 464 

(b) and (f) illustrate both thinned FIB sections attached on the sample holder. (c) and (g) show 465 

the EBSD maps of olivine (light gray) and dolomite (dark gray) grains on both FIB sections. 466 

(d) and (h) are the corresponding pole figures results. Pole figures data are projected on lower 467 

hemisphere with all measured points representation. 468 

Figure 6: Schematic model deduced from the results of this study. The sample preparation 469 

oriented the [010]ol axis parallel to the main fluid flow direction and promoted an intense 470 

fracturing along the (100)ol planes. These rock heterogeneities facilitated the precipitation of 471 

dolomite along the (100)ol fractures acting as secondary flow paths during fluid injection and 472 

of magnesite on the (001)ol surfaces where olivine grain boundaries ensured more reduced-473 

flow conditions. Olivine dissolution is crystallographically controlled by the atoms present on 474 

its (010)ol planes leading to the development of etch-pits on (010)ol surfaces and with 475 

elongation axes parallel to [010]ol axes.   476 
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