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Abstract 24 

To test if hydrogen incorporation by ionic diffusion can occur between a volatile-rich kimberlitic 25 
liquid and forsterite, results of high pressure, high temperature experiments using a piston-cylinder 26 
apparatus at 1200-1300°C and 1 GPa for durations of 1 min, 5h, and 23h, are reported here. Kimberlitic 27 
liquid in the system CaO-MgO-Al2O3-SiO2-CO2-H2O and synthetic forsterite single crystals were chosen 28 
as a first simplification of the complex natural kimberlite composition. Unpolarized Fourier transform 29 
infrared spectroscopy was used to quantify the concentrations of OH in the crystallographically oriented 30 
forsterite. Scanning electron microscopy, electron backscattered diffraction, electron microprobe analysis, 31 
and transmission electron microscopy were performed to identify the run products. After 5h and 23h, a 32 
forsterite overgrowth crystallized with the same orientation as the initial forsterite single crystal. The 33 
kimberlitic liquid has crystallized as micron-scale euhedral forsterite neocrystals with random 34 
crystallographic orientations, as well as a nano-scale aluminous phase and a calcic phase. Despite 35 
theoretical water-saturation of the system and long duration, none of the initial forsterite single crystals 36 
display signs of hydration such as hydrogen diffusion profile from the border toward the center of the 37 
crystal. Most likely, the presence of CO2 in the system has lowered the H2O fugacity to such an extent that 38 
there is no significant hydration of the starting forsterite single crystal or its overgrowth. Also, CO2 has 39 
enhanced rapid forsterite crystal growth. Forsterite growth rate is around 2 x108 µm3/h at 1250°C.  These 40 
experimental results suggest a deep mantle origin of the high OH content found in natural mantle-derived 41 
xenoliths transported in kimberlites, as reported from the Kaapvaal craton. In agreement with previous 42 
studies, it also points out to the fact that significant hydration must take place in a CO2-poor environment. 43 

 44 
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 46 
 47 
Introduction 48 

Incorporation of hydrogen in nominally anhydrous minerals (NAMs), even at trace 49 
concentrations (ppm by weight level), is known to have a significant impact on the chemical and 50 
physical properties of the rocks and minerals in Earth’s mantle such as melting temperature, 51 
electrical conductivity, seismic velocities, and rheology (e.g., Karato et al., 1990; Mackwell et al., 52 
1985; Hirth and Kohlstedt, 1996; Demouchy et al., 2012; Gaetani and Grove, 1998; Jacobsen et 53 
al., 2008). For instance, in terms of rheology, olivine controls the viscosity of the lithosphere 54 
root.  The low OH- concentrations (< 20 ppm H2O wt, with concentration calculated using the 55 
FTIR calibration of Paterson, 1982) of olivine have been proposed to increase the mantle 56 
viscosity of the South African craton, and hence could be responsible for its longevity (Peslier et 57 
al., 2010; Baptiste et al., 2012). To test if it is also the case for other cratons, concentration of 58 
hydrogen was recently measure in mantle peridotites from the Siberian craton, but the results 59 
have not confirmed the observation of the South African craton (Doucet et al., 2014). Prior to 60 
these recent studies, several publications have reported high concentrations of OH (> 30 ppm 61 
H2O wt) in olivine from mantle xenoliths, olivine megacrysts, and kimberlitic olivine phenocrysts 62 
from several cratons (e.g., South Africa, Siberia, and Canada; see Miller et al., 1987; Matsyuk et 63 
al., 1998; Bell et al., 2004; Matsyuk and Langer, 2004; Kamenetsky et al., 2008; Peslier et al., 64 
2010; Peslier, 2010, Doucet et al., 2014). In particular, relatively high concentrations of OH  in 65 
olivine (up to 150 ppm H2O wt) have been reported in olivine of mantle xenoliths from the 66 
Kaapvaal craton (Peslier et al., 2010; Baptiste et al., 2012), except for the deepest  samples, 67 
which are almost anhydrous (<10 ppm H2O wt). Further, high concentrations of OH in olivine 68 
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(54-419 ppm H2O wt) have been measured in megacrysts and macrocrysts from kimberlites (Bell 69 
et al., 2004, Matsyuk and Langer, 2004; Matveev and Stachel, 2007) suggesting that kimberlite 70 
would be a favorable environment for important hydrogen incorporation in olivine. 71 

 Studies on Kaapvaal mantle xenoliths usually report homogeneous OH concentration 72 
profiles across olivine grains suggesting the absence of hydration or dehydration process caught-73 
in-the-act (Peslier et al., 2010; Baptiste et al., 2012). However, the origin of hydrogen in olivines 74 
from the cratonic mantle still remains unclear. High concentration of OH in olivine in Kaapvaal 75 
xenoliths could have been inherited from (1) metasomatism, if water-saturated fluids or water-76 
saturated percolating melts impregnated the cratonic root, or (2) during transport by the volatiles-77 
rich (mostly CO2 and H2O) kimberlitic magmas (Brooker et al., 2011; Baptiste et al., 2012). Yet, 78 
so far, experimental studies have not tested the second hypothesis or quantified the diffusion of 79 
hydrogen between a volatile-rich kimberlitic melt/magma and olivine. 80 

The aim of this study is to test if hydrogen incorporation by ionic diffusion can occur 81 
between a model volatile-rich kimberlitic liquid in the system CaO-MgO-Al2O3-SiO2-CO2-H2O 82 
(CMAS-CO2-H2O) and iron-free forsterite at high pressure and temperature during transport 83 
toward the surface. 84 

     85 
Sample preparation and experimental method 86 

A synthetic volatile-rich kimberlite starting material was prepared with high purity oxides 87 
(SiO2 - Aldrich, 99.995%, Al2O3 - Alfa Aesar, 99.998%, MgO - Alfa Aesar, 99.998%), high 88 
purity calcium carbonate (CaCO3 - Alfa Aesar, 99.998%), magnesium hydroxide (brucite, 89 
Mg(OH)2 - Alfa Aesar, 99.998%), and a very pure natural magnesite (MgCO3) from Oberdorf 90 
(Austria, see Buob et al., 2006). The silicate portion of the starting mixture was prepared first. 91 
The components MgO, Al2O3, and SiO2 were fired in platinum (Pt) crucibles for at least 18-20 92 
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hours in air at 1250oC, and CaCO3 at 400oC. Pt crucibles were used that had not been previously 93 
utilized to dry either iron metal or iron oxides. Afterwards, the fired oxides and CaCO3 were 94 
immediately mixed in appropriate proportions, and ground for at least 1 hour under ethanol in an 95 
agate mortar. After drying under an infrared (IR) heat lamp, the mixture was decarbonated in air 96 
in a high temperature, room pressure furnace. To decarbonate, the temperature of the furnace was 97 
slowly ramped to 1000°C over 10 hours, and maintained at this temperature for 6-7 hours. After 98 
this step, the mixture was taken out of the furnace, and then transferred to another high 99 
temperature furnace to prepare a glass by melting the mixture in air at 1650oC for about 4 hours. 100 
To quench this liquid to a glass, the Pt-crucible containing the mixture was partially immersed in 101 
an ice-water bath, and the resulting glass was optically clear and transparent. This glass was 102 
finely ground under ethanol for about 30-40 minutes, and using the same procedure, glassing was 103 
repeated twice more. To ensure homogeneity, the silicate glass was then re-ground for 1 hour 104 
under ethanol in an agate mortar, and then dried under an IR heat lamp for about 1 hour. Finally, 105 
CO2 and H2O were added in the silicate glass as magnesite and brucite, respectively. Ground 106 
magnesite and brucite were fired at 250°C and 120°C, respectively in air in a Pt-crucible for over 107 
17 hours, to obtain stoichiometric components, then mixed and ground with the silicate glass in 108 
an agate mortar under ethanol for another 1 hour. The final powder was stored in a desiccator. 109 
The composition of this starting composition is reported in Table 1 and was designed on the basis 110 
of published compositions of: (1) erupted kimberlites (Smith et al., 1985a, b; Mitchell, 1986, 111 
1995; Becker and Le Roex, 2006; Kamenetsky et al., 2008; Kjarsgaard et al., 2009; Sparks et al., 112 
2009, Brooker et al., 2011), (2) the results of experimental petrology of kimberlites in the system 113 
CMAS-CO2 (Dalton and Presnall, 1998; Gudfinnsson and Presnall, 2005), and (3) the solubility 114 
of water (H2O) in model carbonatitic melts (Keppler, 2003). From studies in the system CMAS-115 
CO2 (e.g., Gudfinnsson and Presnall, 2005), it appears that kimberlites are not stable liquids at 1 116 
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GPa, but at higher pressures >5 GPa (Gudfinnsson and Presnall, 2005). At such high pressures, 117 
the liquid used here will be in equilibrium with forsterite, orthopyroxene (opx), clinopyroxene 118 
(cpx), and garnet (Gudfinnsson and Presnall, 2005). Here, the starting composition was chosen to 119 
target hydration of olivine from kimberlite liquid during transport toward the surface (e.g., then 120 
in a rising metastable kimberlitic liquid), and accordingly, the experiments were run at a lower 121 
pressure than their estimated depth of genesis, on the basis of previous experimental petrology 122 
studies (Dalton and Presnall, 1998; Gudfinnsson and Presnall, 2005).  123 

 Crystallographically oriented iron-free forsterite, from the company Roditi, was used in 124 
the experiments. Original crystallographic orientation provided by Roditi was checked and 125 
confirmed using polarized FTIR and using Si-O bands. All the experiments reported here were 126 
performed at Laboratoire Magmas et Volcans, Clermont-Ferrand (France). High pressure 127 
assemblies were prepared by placing a crystallographically oriented single crystal of forsterite 128 
within ~60 mg of the kimberlitic starting material, in 4 mm outer diameter and 7 mm length gold-129 
palladium (Au75Pd25; simply AuPd from now on) capsules (see Fig. 1), which were then welded. 130 
AuPd capsules were chosen to minimize water loss. Single crystals of forsterite were on average 131 
2.20 × 2.65 × 1.9 mm in dimensions (for [100], [010], and [001] being the crystallographic axes, 132 
respectively). The capsules were then placed in salt (NaCl) cylinders. Experiments were 133 
performed in a 19.1 mm non end-loaded piston cylinder apparatus (pressure calibrations detailed 134 
in Xirouchakis et al., 2001). Temperature was controlled using a W74Re26-W95Re5 thermocouple. 135 
Five runs at 1 GPa were annealed at 1200°C for 1 min, 5h and 23h, or annealed at 1250 and 136 
1300°C for 5h. Annealing duration over 2 hours at temperature above 900 °C is long enough to 137 
permit detectable hydrogenation of olivine or forsterite, including diffusion profile (Demouchy 138 
and Mackwell, 2003, 2006) at pressures above 0.2 GPa. Temperature quench rate was 50°C.s-1. 139 
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Experimental conditions are summarized in Table 2. Short duration experiments (<100 h) were 140 
chosen to avoid significant hydrogen loss or reaction with the capsule (<50h). The experimental 141 
duration of 1 min was chosen to test if significant hydrogen diffusion between the forsterite 142 
crystal and kimberlitic liquid occurred while heating the experimental charge. After experimental 143 
runs, each capsule was pierced to check for excess free fluid to ensure or negate fluid-saturation 144 
of the liquid; each capsule had visibly escaping fluid bubbles. 145 
 146 
Sample analysis 147 
 148 
Electron microprobe analysis (EMPA) 149 
 Major element composition of the forsterite crystals was determined before the 150 
experiments using a Cameca SX100 electron microprobe at the Microsonde Sud facility, in 151 
Montpellier (France). Analytical conditions were a focused beam of 20 kV of accelerating 152 
voltage and 10 nA probe current at the Faraday cup. After experimental runs, the compositions of 153 
the forsterite crystal and the newly formed phases were also determined. Results are reported in 154 
Table 1. Typical composition of natural Group-I and Group-II kimberlites from Becker and Le 155 
Roex (2006) are also provided for comparison.  156 
 157 
Fourier transform infrared spectroscopy  158 

Each capsule was doubly hand-polished for unpolarized Fourier transform infrared 159 
spectroscopy (FTIR) analysis. The capsule sections were immersed in pure acetone for at least 160 
12h to dissolve any intergranular CrystalBond glue before analysis. FTIR spectroscopy analyses 161 
were performed at the Laboratoire des Colloïdes, Verres, Nanomatériaux in Montpellier (France) 162 
using a Bruker IFS66v coupled with a HYPERION 3000 Bruker microscope and a liquid 163 
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nitrogen-cooled mercury-cadmium-telluride (MCT) detector. A Globar light source and a Ge-164 
KBr beam splitter were used to generate unpolarized mid-infrared radiation. A background 165 
measurement was performed before analysis. Measurements were acquired with a squared 166 
aperture yielding a squared beam spot between 30 and 100 μm, with the IR beam being parallel 167 
to [010] crystallographic axis of the forsterite crystals and on a [100]-[001] plane (i.e., across the 168 
basal plane of the capsule). Two hundred scans were accumulated with a resolution of 4 cm− 1 for 169 
each measurement. A baseline correction was applied on each spectrum using the OPUS 170 
software. Spectra were then normalized to a sample thickness of 1 cm. Fractures and inclusions 171 
were strictly avoided. The sample thickness was measured using a micrometer with an accuracy 172 
of ± 1 μm. The calibration of Paterson (1982) was used to quantify the concentration of OH in 173 
forsterite: 174 

COH =
Xi

150ζ
k(v )

(3780 − v )∫ dv 
                                                   eq.1 175 

where COH is the hydroxyl concentration (in mol H/l), ζ is an orientation factor (1/3 for 176 
unpolarized measurements), and k(ν ) is the absorption coefficient in cm−1 for a given 177 
wavenumber ν . Xi is a density factor equal to 2750 ppm H2O wt, for iron-free forsterite (for the 178 
calculation method, see Bolfan-Casanova et al., 2000). For a given thickness of the forsterite 179 
sample, the detection limit of FTIR spectroscopy is 0.5 ppm H2O wt, and uncertainty on the 180 
hydrogen concentration is ± 15% (Demouchy and Mackwell, 2003). 181 
 182 
Scanning electron microscopy and electron backscattered diffraction  183 
 After experimental runs, section cut through VB6 and VB12 capsules were mounted on 184 
epoxy plugs and carefully polished. Analyses were performed with a scanning electron 185 
microscope (SEM) CamScan X500FE CrystalProbe equipped with an electron backscattered 186 
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diffractometer (EBSD) at Geosciences Montpellier (France), using an acceleration voltage of 187 
25kV and a working distance of 20 mm. To avoid charging of the samples, low vacuum 188 
conditions were chosen (5 Pa of gaseous nitrogen). EBSD patterns were produced by interaction 189 
between an electron beam at 20° to the horizontal sample stage (see Demouchy et al. 2011 for a 190 
detailed description of the CrystalProbe-EBSD). Data were acquired using CHANNEL5 191 
software. Punctual measurements were made to determine the crystallographic orientation of the 192 
forsterite single crystals and the newly produced crystalline phases. 193 
 194 
Transmission electron microscopy. 195 

 Transmission electron microscopy (TEM) was used to identify nano-scale mineral phases 196 
within the forsterite overgrowth.  After SEM-EBSD, a VB6 basal section was cut in half. 197 
Focused ion beam technique (FIB) was used to extract two electron-transparent samples from the 198 
overgrowth region. TEM investigations were performed in Lille (France) with a FEI® Tecnaï 199 
G220Twin microscope, operating at 200 kV with a LaB6 filament. Precession electron diffraction 200 
was performed in the selected area mode using a “Spinning Star” precession module from the 201 
Nanomegas company. Elemental distributions were obtained in the TEM by EDS X-ray intensity 202 
maps, using spectral imaging wherein each pixel of a spectrum image contains a full EDS 203 
spectrum mode. Spectrum images were acquired in the Scanning Transmission Electron 204 
Microscopy (STEM) mode. 205 

 206 
Results 207 

Results from SEM-EBSD are presented first, followed by the characterization using 208 
EMPA, TEM-EELS and finally FTIR results. SEM images of the typical recovered capsule are 209 
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shown in Fig. 2. During the experiments, the original shape of the forsterite single crystal has 210 
been largely well preserved; yet, due to decompression, few fractures developed. Micrometer-211 
size forsterite overgrowths, which formed, display the same crystallographic orientation (homo-212 
epitaxy) as the initial forsterite single crystal as shown by the Kikuchi bands pattern in Fig. 3a 213 
and 3b. The size of the forsterite overgrowth increases with increasing run duration and reaches 214 
up to 135 microns after 23h. In addition, the kimberlitic melt has crystallized euhedral 215 
neocrystals of forsterite with variable crystallographic orientations as shown in Figs. 2c and 3. 216 
From EBSD and Energy Dispersive X-ray (EDX), a minor spinel-like (cubic) Al-rich crystalline 217 
phase was also identified, occurring mostly as small crystallites (tens of nanometers) within the 218 
forsterite overgrowth as shown in Fig. 2e, and by point analysis in Fig. 3d. A Ca-rich phase with 219 
well-defined crystallographic planes has also been identified (Fig. 2, and 3e). Several vesicles 220 
were present (20 μm in diameter), but  glass was not observed. 221 

 Subsequent EMPA analyses (Table 1) reveal that the forsterite single crystal, forsterite 222 
overgrowths, and the forsterite neocrystals have very similar major element composition;   223 
although the forsterite overgrowths and the forsterite neocrystals are slightly enriched in Ca 224 
(0.43-0.31 wt.% CaO, Table 1). The Al-rich phase has a composition closer to spinel than 225 
sapphirine and corundum (Ackermand et al., 1975), but is enriched in CaO (>10 wt.%), an 226 
unavoidable consequence of beam overlap between the very small Al-rich and the Ca-rich 227 
phases. The Ca-rich phase has a composition close to monticellite (CaMgSiO4, Deer et al., 1992, 228 
p354-355; Brooker et al., 2011) but with lower silica content; the possibility that it could be a 229 
carbonate-like phase as well (probably calcite) cannot be disregarded. For both the Al-rich and 230 
Ca-rich phases, the size of the phases (below 10 nanometers) has significantly limited the quality 231 
of the EMPA analyses, and thus proper phase identification. 232 
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TEM-EDX analyses confirm the occurrence of Al-rich spinel, a Ca- and C- rich and SiO2 233 
poor nano-scale mineral phase (carbonate-like) as illustrated in the TEM-EDX map in Fig. 4. The 234 
slight enrichment in Ca of forsterite overgrowth (Table 1) is confirmed as well by TEM-EDX 235 
spectra.  236 

FTIR analyses were performed on post-run forsterite single crystals (center and border) as 237 
well as on the adjacent forsterite overgrowths. The unpolarized border spectra are displayed in 238 
Fig. 5 and 6. For the same border position in the forsterite single crystal, the FTIR spectra neither 239 
change as a function of temperature/experimental duration (Fig. 5), nor display significant 240 
absorption bands within the OH absorption field in forsterite. Only a very weak band at 3350 cm-241 
1 in VB10 is observed (Fig. 5) in the forsterite single crystal and a minor OH band at 3612 cm-1 in 242 
VB12 in the forsterite overgrowths (Fig. 6). These minor bands at 3350 cm-1 and 3612 cm-1 are 243 
characteristic of iron-free forsterite (Demouchy and Mackwell, 2003, Lemaire et al., 2004), and 244 
the large broad band at 3427 cm-1 has been previously  attributed to inter-granular water (e.g., 245 
Keppler and Rauch, 2000; Demouchy et al., 2012). The calculated concentration of OH in the 246 
forsterite samples does not exceed 2 ppm H2O wt. (Fig. 5 and Table 2). The main absorption 247 
band at 3698 cm-1 recorded by the FTIR spectra measured in the forsterite overgrowth as well as 248 
in the surrounding matrix is attributed to serpentine (Miller et al., 1987) or brucite, and is not 249 
typical of the OH IR band in forsterite. The amplitude of these bands increases with increasing 250 
distance away from the interface as the vertical beam path (i.e., the convergent beam is a square 251 
of 50 microns in the focus plane) includes more and more matrix material and less forsterite 252 
single crystal. In the next section, we discuss the lack of significant hydration of the forsterite 253 
single crystal and the possible consequences for the hydration mechanism of the lithospheric 254 
mantle. 255 
 256 
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Discussion 257 
 258 
 Effect of CO2 on OH solubility in forsterite 259 
 260 

Unpolarized FTIR analyses have demonstrated that despite the use of a H2O-rich system 261 
and long duration, none of the forsterite single crystals display signs of typical hydration at OH 262 
saturation level or significant diffusion profile of OH from the border toward the center of the 263 
crystal. Furthermore, FTIR spectra and absorption level measured in the forsterite do not match 264 
the forsterite spectra from hydration experiments at high pressure and temperature in CO2-free 265 
system for only few hours at temperature above 1100°C as previously reported in a fair number 266 
of studies (Demouchy and Mackwell, 2003; Zhao et al., 2004; Grant et al., 2007; Lemaire et al., 267 
2004; Sokol et al., 2013a, 2013b; Bali et al., 2008; Yang et al., 2014). The only high absorbance 268 
IR peaks present are linked to hydrous minerals (brucite and/or serpentine), and are most likely 269 
the result of crystallization during the rapid pressure and temperature quench. 270 

 The experiments reported here were set up to test if a model CO2-H2O-rich kimberlitic 271 
liquid could hydrate mantle-derived olivine during its transport toward the surface. The absence 272 
of dehydration profile in olivine crystals transported by kimberlites in natural settings, as well as 273 
the high water contents reported in mantle-derived olivine from the cratonic settings could be the 274 
consequence of hydration, which took place at depths during rapid transport (Baptiste et al, 2012; 275 
Bell et al. 2004; Doucet et al., 2014; Kamenetsky et al., 2008; Kurosawa et al., 1997; Miller et al. 276 
1987). In all the experiments reported here, significant OH was not found in the single crystal of 277 
forsterite, whatever the duration of the experiment.  278 

The solubility of hydroxyl in olivine in a CO2-free system under water-saturated 279 
conditions is usually defined as (following Kohlstedt et al., 1996):  280 
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                                     eq. 2 281 
where A is a mineral-dependant constant, fH2O is the fugacity of pure water, n is the fugacity 282 
exponent which is equal to 1 (e.g., Kohlstedt et al., 1996, Bali et al., 2008), Q is the activation 283 
energy, P is the confining pressure, ΔV is the volume change due to H incorporation in the 284 
crystalline structure, R is the gas constant, and T the absolute temperature. According to the 285 
equation of state of Pitzer and Sterner (1994), at 1 GPa and 1200°C, fH2O of pure water should be 286 
equal to 2.06 GPa. According to the hydrogen solubility law applicable to pure forsterite in Bali 287 
et al. (2008), and at pressure and temperature of this study as well as water-saturated conditions 288 
in a CO2-free system, the solubility of OH reaches 38 ppm H2O wt. in forsterite. The run products 289 
reported here are far from such high concentration of OH (< 2 ppm H2O wt.). It is recognized that 290 
in mixed fluids, which are, for instance, composed of CO2 and H2O (Holloway and Blank, 1994), 291 
the fugacity of H2O is reduced with the addition of CO2, and vice-versa. Conceivably relevant to 292 
the experiments reported here, the simplest interpretation is that despite the high H2O bulk 293 
content (>10 wt.%; Table 1) in the starting kimberlitic liquid, the presence of CO2 has lowered 294 
the H2O fugacity to such an extent that it has almost completely prohibited  hydration of either 295 
the forsterite single crystal or the overgrowth (Fig. 5 and 6). According to Duan and Zhang 296 
(2006), at 1 GPa and 1200°C in an ideal binary H2O-CO2 system, the activity of water is defined 297 
as: 298 

                                                        eq. 3 299 
For XCO2 =0.46, aH2O = 0.6220 and aCO2 = 0.5233 (Duan and Zhang, 2006). Therefore, fH2O 300 
decreases from a value of 2.03 GPa  (pure system) down to 1.28 GPa (binary system), while fCO2 301 
decreases from 12 .7 GPa down to 6.65 GPa (i.e., CO2-H2O fugacity ratio of 5:1). Then, even if 302 
CO2 is not the dominant volatile in relative mole fraction, it is by far the most abundant in a 303 



 14

binary vapor mix. It is to be noted that the above calculations are purely for fluid species; and, 304 
due to the non-availability of equations of state, the same calculations cannot be performed for 305 
dissolved volatile species in kimberlitic liquids.  Also, additional dissolved oxides are not likely 306 
to severely inverse the relative, dominant interplay between CO2 and H2O fugacity in the whole 307 
system. The same limitations on quantitative fugacities have been discussed by Yang et al., 308 
(2014) for a multi-volatiles component solubility law, which can be presented as follow: 309 

                             eq. 4 310 
with aH2O  being a function of T, P, the mole fraction of CO2 (XCO2) and other oxides in the 311 
system, and m being the new exponent on the pure water fugacity in a complex volatile system. 312 
Moreover, despite occurrence of bubbles inside the capsule and during capsules opening, the 313 
kimberlitic liquid might not have reached water saturation at this pressure. On the basis of high-314 
pressure, high-temperature crystallization experiments on olivine phenocrysts from a powder 315 
with a composition of an exotic erupted kimberlite (from Udachnaya, Siberia; Kamenetsky et al., 316 
2008), the influence of CO2 on lowering H2O fugacity in kimberlitic liquids was previously 317 
anticipated by Sokol et al. (2013b). Also, recent experimental  studies from Gaetani et al. (2014) 318 
and Yang et al. (2014) have assessed the effect of CO2 on lowering H2O fugacity and the 319 
solubility of H in olivine in a melt-free system (i.e., hydrothermal annealing of natural olivine + 320 
free H2O + NaHCO3 or Ag2C2O4). However, in these studies (Gaetani et al., 2014; Yang et al., 321 
2014), hydration was not completely inhibited and hydrogen incorporation in olivine was only 322 
reduced by a factor 2-3 under a pressure of 1-5 GPa and a temperature of 1100-1300 °C. Thus, 323 
the present results extend the ones from Gaetani et al. (2014) and Yang et al. (2014) in iron-324 
bearing olivine (Fo90), to iron-free forsterite and confirm that the presence of CO2 in the system 325 
drastically decrease the hydrogen incorporation of both forsterite and olivine crystals. 326 
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 327 
 Possible interplay between hydrogen diffusion and forsterite growth.  328 
 329 

The important forsterite overgrowth is another notable result from the experiments 330 
reported here, and was previously reported in CO2-free hydration experiments (e.g., Kohlstedt et 331 
al., 1996; Bali et al., 2008). One may enquire whether there is a link between crystal overgrowth 332 
and the lack of significant OH incorporation in the experiments. From over 20 measurements per 333 
crystallographic axis on the high resolution SEM images, it was seen that the overgrowth length 334 
is on average after 5h at 1250°C: 72 µm parallel to [100] and 102 µm parallel to [001]; and after 335 
23h at 1200°C: 179 µm parallel to [100] and 153 µm parallel to [001]). Such fast crystal growth 336 
could compete with ionic diffusion in the crystal. Therefore, diffusion and growth length must be 337 
compared. To calculate possible diffusion length, and on the basis of two types of point defects in 338 
forsterite, two mechanisms of hydrogen diffusion can be considered. Indeed, hydrogen diffusion 339 
is rate limited by Mg-vacancy or by Si-vacancy diffusivity. Also, using the diffusion coefficients 340 
determined experimentally (Demouchy and Mackwell, 2003), one can calculate the characteristic 341 
distance (x) of hydrogen diffusion in forsterite (i.e., x = 2 × (Dt)1/2, where D is the diffusion 342 
coefficient in m2/s and t time in s.). Assuming that hydrogen diffusivity is controlled by Mg-343 
vacancy (Demouchy and Mackwell 2003, Padron-Navarta, et al., 2014), for a duration of 5h at 344 
1250°C, it yields a characteristic distance of 263 µm parallel to [100] and 823 µm parallel to 345 
[001]; after 23h at 1200°C, the same calculation yields a characteristic length of 419 µm parallel 346 
to [100] and 1337 µm parallel to [001]. Therefore, if this mechanism of diffusion is assumed, the 347 
characteristic distance of hydrogen diffusion by far exceeds the overgrowth length and should 348 
have permitted full hydration of the forsterite overgrowth and notable hydration of the forsterite 349 
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single crystal. Assuming hydrogen diffusivity is controlled by Si-vacancy (Padron-Navarta, et al., 350 
2014), which is a slower mechanism of diffusion, calculations for a duration of 5h at 1250°C, 351 
yield a characteristic distance of 149 µm and after 23h at 1200°C a length of 174 µm. In this case, 352 
the characteristic distance is close to the length of the overgrowth, and therefore, even if the 353 
initial forsterite single crystal was not hydrated, the overgrowth should have incorporated 354 
significant H (approx. 114 ppm H2O wt, using polarized IR, equivalent to 38 ppm H2O wt, when 355 
compared with the same method as in our study: calibration of Paterson and unpolarized IR, see 356 
Bali et al., 2008 for details). All available hydrogen diffusion data and solubility experiments 357 
converge toward efficient hydrogen incorporation in a CO2-free system. Except for the drastic 358 
reduction of water fugacity in this study, the only remaining possibility to explain the lack of 359 
hydration would be an extremely slow diffusivity of hydrogen, on the order of 1 to 5 × 10-15 m2s-360 
1. Incorporation of Ca in the forsterite overgrowth and euhedral forsterite crystals could also have 361 
inhibited H incorporation, but not in the forsterite single crystal (Ca diffusion is slower than H 362 
diffusion; Chakraborty, 2010). It would also imply an unrealistic low vacancy concentration in 363 
forsterite for annealing experiments at such high temperatures.  364 

 365 
Estimation of forsterite growth rate 366 
 367 
Furthermore, the crystallization experiments in this study allow estimation of the rate of 368 

grain growth of forsterite crystals. In silicate systems with crystals and liquid at chemical 369 
equilibrium (with very small ΔT), Ostwald ripening (Ostwald, 1901) allows growth of large 370 
grains at the expense of the small ones and layer growth mechanism should control grain growth 371 
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instead of continuous growth (Cabane et al., 2005). Following the relation linking grain size and 372 
time as (e.g., Ardell, 1972; Kirkpatrick, 1975; Cabane et al., 2005): 373 

 dn-do
n=kt,   374 

where d and do are the final and initial grain size, respectively, n the grain growth 375 
exponent,  k  the growth rate and t  time. For diffusion-control or spiral layer-growth control (i.e., 376 
screw dislocation based), the n exponent is equal to 3 (e.g., Cabane et al., 2005). When applied to 377 
experiments in this study, at 1250°C (VB12), calculations yield a growth rate k of 2.34 × 108 ± 378 
0.90 x108 µm3/h for the [100] axis and 2.28 × 108 ± 1.14 x108 µm3/h for the [001] axis. At 379 
1200°C (VB6), it yields a growth rate k of 1.34 × 108 ± 0.41 × 108 µm3/h for the [100] axis and of 380 
0.69 × 108 ± 0.29 × 108 µm3/h for the [001] axis. Several studies on grain growth experiments in 381 
nano-scale monocrystalline aggregates (melt-free) reported generally slower forsterite (Fo100) 382 
growth rates than in the present study (with n determined to be equal to 4 in Ohuchi and 383 
Nakamura 2007a, 2007b; Hiraga et al. 2010). Ohuchi and Nakamura (2007a, 2007b) obtained fast 384 
growth rates on dry and wet forsterite aggregates (2.29 × 104/h and 6.31 × 103 µm4/h, 385 
respectively) at similar pressure and temperature (1.2 GPa, 1200°C). At lower pressure and 386 
higher temperature (1-atm, 1380°C), Hiraga et al. (2010) measured slower growth rates (36 387 
µm4/h) from grain growth experiments on dry nano forsterite monominerallic aggregates (50 nm 388 
to 6 μm). Finally, grain growth experiments on dry nano forsterite plus 5%-enstatite aggregates 389 
conducted by Tasaka and Hiraga (2013) at similar pressure and temperatures (1-atm, 1260-390 
1380°C) resulted in growth rates (1.3-34.4 µm4/s) of the same order of magnitude as in Hiraga et 391 
al. (2010). In the olivine-basalt systems, based on the extrapolation of Cabane et al. (2005) and 392 
their experimental data, forsterite grain should grow by 5.79 and 9.45 µm after 5h and 23h, 393 
respectively. In the forsterite-kimberlite system studied here, the forsterite single crystal grew 394 
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more than ten times faster than the estimates from Cabane et al. (2005) for the same duration, 395 
emphasizing the potential role of volatiles (here CO2 and H2O) on the depolymerization of the 396 
melt and its enhancing effect on the grain growth kinetics. Finally, the length of forsterite 397 
overgrowth reported here, is similar to the one observed around euhedral olivine (xenocrysts and 398 
phenocrysts) transported by kimberlite lavas from Greenland (<0.1-0.2 mm, Arndt et al., 2010). 399 
This observation on natural samples indicates very short duration of olivine residence and 400 
transport in kimberlite lavas, and thus, very rapid ascent rate of kimberlite lavas from depth >150 401 
km. 402 
 403 
Implications 404 

At the scale of point defects, despite the simplified system under consideration, the results 405 
of this study emphasize the complex and rather interesting interplay between mixed volatiles 406 
(here CO2 and H2O) and their incorporation in the crystalline lattice of nominally anhydrous 407 
minerals. The results point to the necessity to adjust with care the amount of the respective 408 
volatiles when quantification for ‘water capacity’ or ‘CO2 capacity’ for the deep Earth is 409 
attempted, since significant hydration (> 100 ppm H2O wt) at pressure relevant for the 410 
lithospheric mantle (1-3 GPa) seems to take place in a CO2-poor system only. 411 

At larger scale, the main consequence from this experimental study is that the high 412 
concentrations of OH measured in mantle-derived olivine from deep peridotites in cratonic 413 
settings must be representative of the mantle hydrogen concentration at depth (i.e., for instance, 414 
garnet stability field). The concentrations of OH also seem to be unaffected (in-take or out-take) 415 
by their transport in kimberlitic liquids from depths. Therefore, the high concentrations of OH   in 416 
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Kaapvaal craton xenoliths as reported by Baptiste et al. (2012) were likely acquired during their 417 
mantle history, and were further controlled by metasomatism (Baptiste et al., 2012).  418 
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 601 
 602 
 603 
Figure captions 604 
Figure 1: Schematic illustration of the capsule assembly for high pressure diffusion experiments. 605 
 606 
Figure 2: SEM-images of the run VB12 after experiment, showing (a) the entire capsule section 607 
with the forsterite single crystal displaying a well-defined overgrowth, (b) the forsterite single 608 
crystal boundary, its overgrowth, and the surrounding euhedral forsterites, (c) the euhedral 609 
forsterite and the carbonate phase are circled by a white line, (d) the forsterite single crystal 610 
boundary, its overgrowth, and the surrounding euhedral forsterites (e) Spinel (indicated by 611 
arrows) within the forsterite overgrowth and in contact with the euhedral grains of forsterite.  612 
 613 
Figure 3: SEM images of VB12 and electron back-scattered diffraction patterns (Kikuchi’s 614 
bands; Kikuchi, 1928) of (a) the forsterite single crystal, (b) the forsterite overgrowth, (c) a 615 
euhedral forsterite, (d) the Al-rich phase, (e) the Ca-rich phase. 616 
 617 
Figure 4: TEM images of the run VB6 showing (a) euhedral nano-scale phases in the forsterite 618 
overgrowth (TEM Bright field), (b) EXD chemical maps (200x200 pixels, acquired in the STEM 619 
mode with a 500 ms dwell time) combining Al (yellow) + Si (green) + Ca (blue) identifying Al-620 
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rich spinel, Ca-rich phase (carbonate), and the forsterite matrix, respectively, (c) precession (2.5°) 621 
electron diffraction pattern along the [100] axis for Al-rich spinel, [010] and [001] are indexed in 622 
the image. Abbreviations are: Fo: Forsterite, Sp: spinel, Carb: carbonate 623 
 624 
Figure 5: Unpolarized infrared spectra of the forsterite crystals after experiments (at 1 GPa) from 625 
this study. FTIR spectrum from olivine in Kaapvaal xenoliths (transported by kimberlite, Baptiste 626 
et al., 2012), in Malaita xenoliths (transported by alnoites, Demouchy et al., 2015), and in 627 
synthetic forsterite single crystals during diffusion experiments in a piston-cylinder experiments 628 
at variable temperature, pressure conditions, and for different duration (Demouchy and 629 
Mackwell, 2003) are presented for comparison. All spectra are normalized to a sample thickness 630 
of 1 cm. Star indicates peaks attributed to serpentine. 631 
 632 
Figure 6: Unpolarized FTIR profile across the forsterite single crystal interface after the 633 
experiment, VB6. Six spectra were measured with a step size of 30 µm. All spectra are 634 
normalized to a sample thickness of 1 cm.  Stars indicate peaks attributed to serpentine, see main 635 
text for details on OH band attribution. 636 
 637 
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