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Abstract

To test if hydrogen incorporation by ionic diffusion can occur between a volatile-rich kimberlitic
liquid and forsterite, results of high pressure, high temperature experiments using a piston-cylinder
apparatus at 1200-1300°C and 1 GPa for durations of 1 min, 5h, and 23h, are reported here. Kimberlitic
liquid in the system CaO-MgO-Al,05-Si0,-CO,-H,O and synthetic forsterite single crystals were chosen
as a first simplification of the complex natural kimberlite composition. Unpolarized Fourier transform
infrared spectroscopy was used to quantify the concentrations of OH in the crystallographically oriented
forsterite. Scanning electron microscopy, electron backscattered diffraction, electron microprobe analysis,
and transmission electron microscopy were performed to identify the run products. After 5h and 23h, a
forsterite overgrowth crystallized with the same orientation as the initial forsterite single crystal. The
kimberlitic liquid has crystallized as micron-scale euhedral forsterite neocrystals with random
crystallographic orientations, as well as a nano-scale aluminous phase and a calcic phase. Despite
theoretical water-saturation of the system and long duration, none of the initial forsterite single crystals
display signs of hydration such as hydrogen diffusion profile from the border toward the center of the
crystal. Most likely, the presence of CO; in the system has lowered the H,O fugacity to such an extent that
there is no significant hydration of the starting forsterite single crystal or its overgrowth. Also, CO, has
enhanced rapid forsterite crystal growth. Forsterite growth rate is around 2 x10® um*/h at 1250°C. These
experimental results suggest a deep mantle origin of the high OH content found in natural mantle-derived
xenoliths transported in kimberlites, as reported from the Kaapvaal craton. In agreement with previous

studies, it also points out to the fact that significant hydration must take place in a CO,-poor environment.

Keywords. Kimberlite, water, hydrogen, diffusion, olivine, point defect.
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Introduction

Incorporation of hydrogen in nominally anhydrous minerals (NAMs), even at trace
concentrations (ppm by weight level), is known to have a significant impact on the chemical and
physical properties of the rocks and minerals in Earth’s mantle such as melting temperature,
electrical conductivity, seismic velocities, and rheology (e.g., Karato et al., 1990; Mackwell et al.,
1985; Hirth and Kohlstedt, 1996; Demouchy et al., 2012; Gaetani and Grove, 1998; Jacobsen et
al., 2008). For instance, in terms of rheology, olivine controls the viscosity of the lithosphere
root. The low OH™ concentrations (< 20 ppm H,O wt, with concentration calculated using the
FTIR calibration of Paterson, 1982) of olivine have been proposed to increase the mantle
viscosity of the South African craton, and hence could be responsible for its longevity (Peslier et
al., 2010; Baptiste et al., 2012). To test if it is also the case for other cratons, concentration of
hydrogen was recently measure in mantle peridotites from the Siberian craton, but the results
have not confirmed the observation of the South African craton (Doucet et al., 2014). Prior to
these recent studies, several publications have reported high concentrations of OH (> 30 ppm
H,0O wt) in olivine from mantle xenoliths, olivine megacrysts, and kimberlitic olivine phenocrysts
from several cratons (e.g., South Africa, Siberia, and Canada; see Miller et al., 1987; Matsyuk et
al., 1998; Bell et al., 2004; Matsyuk and Langer, 2004; Kamenetsky et al., 2008; Peslier et al.,
2010; Peslier, 2010, Doucet et al., 2014). In particular, relatively high concentrations of OH in
olivine (up to 150 ppm H,O wt) have been reported in olivine of mantle xenoliths from the
Kaapvaal craton (Peslier et al., 2010; Baptiste et al., 2012), except for the deepest samples,

which are almost anhydrous (<10 ppm H,O wt). Further, high concentrations of OH in olivine
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(54-419 ppm H,O wt) have been measured in megacrysts and macrocrysts from kimberlites (Bell
et al., 2004, Matsyuk and Langer, 2004; Matveev and Stachel, 2007) suggesting that kimberlite
would be a favorable environment for important hydrogen incorporation in olivine.

Studies on Kaapvaal mantle xenoliths usually report homogeneous OH concentration
profiles across olivine grains suggesting the absence of hydration or dehydration process caught-
in-the-act (Peslier et al., 2010; Baptiste et al., 2012). However, the origin of hydrogen in olivines
from the cratonic mantle still remains unclear. High concentration of OH in olivine in Kaapvaal
xenoliths could have been inherited from (1) metasomatism, if water-saturated fluids or water-
saturated percolating melts impregnated the cratonic root, or (2) during transport by the volatiles-
rich (mostly CO, and H,0) kimberlitic magmas (Brooker et al., 2011; Baptiste et al., 2012). Yet,
so far, experimental studies have not tested the second hypothesis or quantified the diffusion of
hydrogen between a volatile-rich kimberlitic melt/magma and olivine.

The aim of this study is to test if hydrogen incorporation by ionic diffusion can occur
between a model volatile-rich kimberlitic liquid in the system CaO-MgO-Al,03-Si0,-CO,-H,0O
(CMAS-CO,-H;0) and iron-free forsterite at high pressure and temperature during transport

toward the surface.

Sample preparation and experimental method

A synthetic volatile-rich kimberlite starting material was prepared with high purity oxides
(SiO, - Aldrich, 99.995%, Al,O; - Alfa Aesar, 99.998%, MgO - Alfa Aesar, 99.998%), high
purity calcium carbonate (CaCOs; - Alfa Aesar, 99.998%), magnesium hydroxide (brucite,
Mg(OH), - Alfa Aesar, 99.998%), and a very pure natural magnesite (MgCO3) from Oberdorf
(Austria, see Buob et al., 2006). The silicate portion of the starting mixture was prepared first.
The components MgO, Al,Os, and SiO, were fired in platinum (Pt) crucibles for at least 18-20

4
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hours in air at 1250°C, and CaCOs at 400°C. Pt crucibles were used that had not been previously
utilized to dry either iron metal or iron oxides. Afterwards, the fired oxides and CaCO; were
immediately mixed in appropriate proportions, and ground for at least 1 hour under ethanol in an
agate mortar. After drying under an infrared (IR) heat lamp, the mixture was decarbonated in air
in a high temperature, room pressure furnace. To decarbonate, the temperature of the furnace was
slowly ramped to 1000°C over 10 hours, and maintained at this temperature for 6-7 hours. After
this step, the mixture was taken out of the furnace, and then transferred to another high
temperature furnace to prepare a glass by melting the mixture in air at 1650°C for about 4 hours.
To quench this liquid to a glass, the Pt-crucible containing the mixture was partially immersed in
an ice-water bath, and the resulting glass was optically clear and transparent. This glass was
finely ground under ethanol for about 30-40 minutes, and using the same procedure, glassing was
repeated twice more. To ensure homogeneity, the silicate glass was then re-ground for 1 hour
under ethanol in an agate mortar, and then dried under an IR heat lamp for about 1 hour. Finally,
CO; and H,O were added in the silicate glass as magnesite and brucite, respectively. Ground
magnesite and brucite were fired at 250 C and 120°C, respectively in air in a Pt-crucible for over
17 hours, to obtain stoichiometric components, then mixed and ground with the silicate glass in
an agate mortar under ethanol for another 1 hour. The final powder was stored in a desiccator.
The composition of this starting composition is reported in Table 1 and was designed on the basis
of published compositions of: (1) erupted kimberlites (Smith et al., 1985a, b; Mitchell, 1986,
1995; Becker and Le Roex, 2006; Kamenetsky et al., 2008; Kjarsgaard et al., 2009; Sparks et al.,
2009, Brooker et al., 2011), (2) the results of experimental petrology of kimberlites in the system
CMAS-CO; (Dalton and Presnall, 1998; Gudfinnsson and Presnall, 2005), and (3) the solubility
of water (H,O) in model carbonatitic melts (Keppler, 2003). From studies in the system CMAS-
CO; (e.g., Gudfinnsson and Presnall, 2005), it appears that kimberlites are not stable liquids at 1
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GPa, but at higher pressures >5 GPa (Gudfinnsson and Presnall, 2005). At such high pressures,
the liquid used here will be in equilibrium with forsterite, orthopyroxene (opx), clinopyroxene
(cpx), and garnet (Gudfinnsson and Presnall, 2005). Here, the starting composition was chosen to
target hydration of olivine from kimberlite liquid during transport toward the surface (e.g., then
in a rising metastable kimberlitic liquid), and accordingly, the experiments were run at a lower
pressure than their estimated depth of genesis, on the basis of previous experimental petrology
studies (Dalton and Presnall, 1998; Gudfinnsson and Presnall, 2005).

Crystallographically oriented iron-free forsterite, from the company Roditi, was used in
the experiments. Original crystallographic orientation provided by Roditi was checked and
confirmed using polarized FTIR and using Si-O bands. All the experiments reported here were
performed at Laboratoire Magmas et Volcans, Clermont-Ferrand (France). High pressure
assemblies were prepared by placing a crystallographically oriented single crystal of forsterite
within ~60 mg of the kimberlitic starting material, in 4 mm outer diameter and 7 mm length gold-
palladium (Au7sPdys; simply AuPd from now on) capsules (see Fig. 1), which were then welded.
AuPd capsules were chosen to minimize water loss. Single crystals of forsterite were on average
2.20 X 2.65 x 1.9 mm in dimensions (for [100], [010], and [001] being the crystallographic axes,
respectively). The capsules were then placed in salt (NaCl) cylinders. Experiments were
performed in a 19.1 mm non end-loaded piston cylinder apparatus (pressure calibrations detailed
in Xirouchakis et al., 2001). Temperature was controlled using a W74Rez6-WosRes thermocouple.
Five runs at 1 GPa were annealed at 1200°C for 1 min, 5h and 23h, or annealed at 1250 and
1300°C for Sh. Annealing duration over 2 hours at temperature above 900 °C is long enough to
permit detectable hydrogenation of olivine or forsterite, including diffusion profile (Demouchy

and Mackwell, 2003, 2006) at pressures above 0.2 GPa. Temperature quench rate was 50°C.s1.
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Experimental conditions are summarized in Table 2. Short duration experiments (<100 h) were
chosen to avoid significant hydrogen loss or reaction with the capsule (<50h). The experimental
duration of 1 min was chosen to test if significant hydrogen diffusion between the forsterite
crystal and kimberlitic liquid occurred while heating the experimental charge. After experimental
runs, each capsule was pierced to check for excess free fluid to ensure or negate fluid-saturation

of the liquid; each capsule had visibly escaping fluid bubbles.

Sample analysis

Electron microprobe analysis (EMPA)

Major element composition of the forsterite crystals was determined before the
experiments using a Cameca SX100 electron microprobe at the Microsonde Sud facility, in
Montpellier (France). Analytical conditions were a focused beam of 20 kV of accelerating
voltage and 10 nA probe current at the Faraday cup. After experimental runs, the compositions of
the forsterite crystal and the newly formed phases were also determined. Results are reported in
Table 1. Typical composition of natural Group-I and Group-II kimberlites from Becker and Le

Roex (2006) are also provided for comparison.

Fourier transform infrared spectroscopy

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

forsterite:

X, k() _
COH = —av
1504 (3780 -v) eq.1

where Cop is the hydroxyl concentration (in mol H/I), { is an orientation factor (1/3 for
unpolarized measurements), and k(V) is the absorption coefficient in cm™' for a given
wavenumber V. Xi is a density factor equal to 2750 ppm H,O wt, for iron-free forsterite (for the
calculation method, see Bolfan-Casanova et al., 2000). For a given thickness of the forsterite
sample, the detection limit of FTIR spectroscopy is 0.5 ppm H,O wt, and uncertainty on the

hydrogen concentration is + 15% (Demouchy and Mackwell, 2003).

Scanning electron microscopy and electron backscattered diffraction
After experimental runs, section cut through VB6 and VB12 capsules were mounted on
epoxy plugs and carefully polished. Analyses were performed with a scanning electron

microscope (SEM) CamScan X500FE CrystalProbe equipped with an electron backscattered
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diffractometer (EBSD) at Geosciences Montpellier (France), using an acceleration voltage of
25kV and a working distance of 20 mm. To avoid charging of the samples, low vacuum
conditions were chosen (5 Pa of gaseous nitrogen). EBSD patterns were produced by interaction
between an electron beam at 20° to the horizontal sample stage (see Demouchy et al. 2011 for a
detailed description of the CrystalProbe-EBSD). Data were acquired using CHANNELS
software. Punctual measurements were made to determine the crystallographic orientation of the

forsterite single crystals and the newly produced crystalline phases.

Transmission electron microscopy.

Transmission electron microscopy (TEM) was used to identify nano-scale mineral phases
within the forsterite overgrowth. After SEM-EBSD, a VB6 basal section was cut in half.
Focused ion beam technique (FIB) was used to extract two electron-transparent samples from the
overgrowth region. TEM investigations were performed in Lille (France) with a FEI® Tecnai
G*20Twin microscope, operating at 200 kV with a LaBg¢ filament. Precession electron diffraction
was performed in the selected area mode using a “Spinning Star” precession module from the
Nanomegas company. Elemental distributions were obtained in the TEM by EDS X-ray intensity
maps, using spectral imaging wherein each pixel of a spectrum image contains a full EDS
spectrum mode. Spectrum images were acquired in the Scanning Transmission Electron

Microscopy (STEM) mode.

Results
Results from SEM-EBSD are presented first, followed by the characterization using

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

Subsequent EMPA analyses (Table 1) reveal that the forsterite single crystal, forsterite
overgrowths, and the forsterite neocrystals have very similar major element composition;
although the forsterite overgrowths and the forsterite neocrystals are slightly enriched in Ca
(0.43-0.31 wt.% CaO, Table 1). The Al-rich phase has a composition closer to spinel than
sapphirine and corundum (Ackermand et al., 1975), but is enriched in CaO (>10 wt.%), an
unavoidable consequence of beam overlap between the very small Al-rich and the Ca-rich
phases. The Ca-rich phase has a composition close to monticellite (CaMgSiO,, Deer et al., 1992,
p354-355; Brooker et al., 2011) but with lower silica content; the possibility that it could be a
carbonate-like phase as well (probably calcite) cannot be disregarded. For both the Al-rich and
Ca-rich phases, the size of the phases (below 10 nanometers) has significantly limited the quality

of the EMPA analyses, and thus proper phase identification.
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TEM-EDX analyses confirm the occurrence of Al-rich spinel, a Ca- and C- rich and SiO;
poor nano-scale mineral phase (carbonate-like) as illustrated in the TEM-EDX map in Fig. 4. The
slight enrichment in Ca of forsterite overgrowth (Table 1) is confirmed as well by TEM-EDX
spectra.

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

mantle.
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Discussion

Effect of CO; on OH solubility in forsterite

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

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

The solubility of hydroxyl in olivine in a CO,-free system under water-saturated
conditions is usually defined as (following Kohlstedt et al., 1996):
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B n o {=Q+PLY
Cou(T: P frze) = A fgo exp (T eq. 2

where A is a mineral-dependant constant, fioo is the fugacity of pure water, n is the fugacity
exponent which is equal to 1 (e.g., Kohlstedt et al., 1996, Bali et al., 2008), Q is the activation
energy, P is the confining pressure, AV is the volume change due to H incorporation in the
crystalline structure, R is the gas constant, and T the absolute temperature. According to the
equation of state of Pitzer and Sterner (1994), at 1 GPa and 1200°C, fi0 of pure water should be
equal to 2.06 GPa. According to the hydrogen solubility law applicable to pure forsterite in Bali
et al. (2008), and at pressure and temperature of this study as well as water-saturated conditions
in a CO,-free system, the solubility of OH reaches 38 ppm H,O wt. in forsterite. The run products
reported here are far from such high concentration of OH (< 2 ppm H,O wt.). It is recognized that
in mixed fluids, which are, for instance, composed of CO, and H,O (Holloway and Blank, 1994),
the fugacity of H,O is reduced with the addition of CO,, and vice-versa. Conceivably relevant to
the experiments reported here, the simplest interpretation is that despite the high H,O bulk
content (>10 wt.%; Table 1) in the starting kimberlitic liquid, the presence of CO, has lowered
the H,O fugacity to such an extent that it has almost completely prohibited hydration of either
the forsterite single crystal or the overgrowth (Fig. 5 and 6). According to Duan and Zhang
(2006), at 1 GPa and 1200°C in an ideal binary H,O-CO; system, the activity of water is defined
as:

amo = FES / Flg eq. 3
For Xcoz =0.46, amo = 0.6220 and acor = 0.5233 (Duan and Zhang, 2006). Therefore, fino
decreases from a value of 2.03 GPa (pure system) down to 1.28 GPa (binary system), while fco»
decreases from 12 .7 GPa down to 6.65 GPa (i.e., CO,-H,O fugacity ratio of 5:1). Then, even if

CO; is not the dominant volatile in relative mole fraction, it is by far the most abundant in a
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binary vapor mix. It is to be noted that the above calculations are purely for fluid species; and,
due to the non-availability of equations of state, the same calculations cannot be performed for
dissolved volatile species in kimberlitic liquids. Also, additional dissolved oxides are not likely
to severely inverse the relative, dominant interplay between CO, and H,O fugacity in the whole
system. The same limitations on quantitative fugacities have been discussed by Yang et al.,
(2014) for a multi-volatiles component solubility law, which can be presented as follow:
Con(T.P. FES)} = B age (FEg )™ exp (%) eq. 4
with appo being a function of T, P, the mole fraction of CO, (XCO,) and other oxides in the
system, and m being the new exponent on the pure water fugacity in a complex volatile system.
Moreover, despite occurrence of bubbles inside the capsule and during capsules opening, the
kimberlitic liquid might not have reached water saturation at this pressure. On the basis of high-
pressure, high-temperature crystallization experiments on olivine phenocrysts from a powder
with a composition of an exotic erupted kimberlite (from Udachnaya, Siberia; Kamenetsky et al.,
2008), the influence of CO, on lowering H,O fugacity in kimberlitic liquids was previously
anticipated by Sokol et al. (2013b). Also, recent experimental studies from Gaetani et al. (2014)
and Yang et al. (2014) have assessed the effect of CO, on lowering H,O fugacity and the
solubility of H in olivine in a melt-free system (i.e., hydrothermal annealing of natural olivine +
free H,O + NaHCOs3 or Ag,C,04). However, in these studies (Gaetani et al., 2014; Yang et al.,
2014), hydration was not completely inhibited and hydrogen incorporation in olivine was only
reduced by a factor 2-3 under a pressure of 1-5 GPa and a temperature of 1100-1300 °C. Thus,
the present results extend the ones from Gaetani et al. (2014) and Yang et al. (2014) in iron-
bearing olivine (Fo90), to iron-free forsterite and confirm that the presence of CO; in the system

drastically decrease the hydrogen incorporation of both forsterite and olivine crystals.
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Possible interplay between hydrogen diffusion and forsterite growth.

The important forsterite overgrowth is another notable result from the experiments
reported here, and was previously reported in CO,-free hydration experiments (e.g., Kohlstedt et
al., 1996; Bali et al., 2008). One may enquire whether there is a link between crystal overgrowth
and the lack of significant OH incorporation in the experiments. From over 20 measurements per
crystallographic axis on the high resolution SEM images, it was seen that the overgrowth length
is on average after Sh at 1250°C: 72 um parallel to [100] and 102 pm parallel to [001]; and after
23h at 1200°C: 179 um parallel to [100] and 153 um parallel to [001]). Such fast crystal growth
could compete with ionic diffusion in the crystal. Therefore, diffusion and growth length must be
compared. To calculate possible diffusion length, and on the basis of two types of point defects in
forsterite, two mechanisms of hydrogen diffusion can be considered. Indeed, hydrogen diffusion
is rate limited by Mg-vacancy or by Si-vacancy diffusivity. Also, using the diffusion coefficients
determined experimentally (Demouchy and Mackwell, 2003), one can calculate the characteristic
distance (x) of hydrogen diffusion in forsterite (i.e., x = 2 x (Df)"* where D is the diffusion
coefficient in m?/s and ¢ time in s). Assuming that hydrogen diffusivity is controlled by Mg-
vacancy (Demouchy and Mackwell 2003, Padron-Navarta, et al., 2014), for a duration of 5h at
1250°C, it yields a characteristic distance of 263 um parallel to [100] and 823 pm parallel to
[001]; after 23h at 1200°C, the same calculation yields a characteristic length of 419 pm parallel
to [100] and 1337 um parallel to [001]. Therefore, if this mechanism of diffusion is assumed, the
characteristic distance of hydrogen diffusion by far exceeds the overgrowth length and should

have permitted full hydration of the forsterite overgrowth and notable hydration of the forsterite
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single crystal. Assuming hydrogen diffusivity is controlled by Si-vacancy (Padron-Navarta, et al.,
2014), which is a slower mechanism of diffusion, calculations for a duration of 5h at 1250°C,
yield a characteristic distance of 149 um and after 23h at 1200°C a length of 174 um. In this case,
the characteristic distance is close to the length of the overgrowth, and therefore, even if the
initial forsterite single crystal was not hydrated, the overgrowth should have incorporated
significant H (approx. 114 ppm H,O wt, using polarized IR, equivalent to 38 ppm H,O wt, when
compared with the same method as in our study: calibration of Paterson and unpolarized IR, see
Bali et al., 2008 for details). All available hydrogen diffusion data and solubility experiments
converge toward efficient hydrogen incorporation in a CO,-free system. Except for the drastic
reduction of water fugacity in this study, the only remaining possibility to explain the lack of
hydration would be an extremely slow diffusivity of hydrogen, on the order of 1 to 5 x 107> m*s"
! Incorporation of Ca in the forsterite overgrowth and euhedral forsterite crystals could also have
inhibited H incorporation, but not in the forsterite single crystal (Ca diffusion is slower than H
diffusion; Chakraborty, 2010). It would also imply an unrealistic low vacancy concentration in

forsterite for annealing experiments at such high temperatures.

Estimation of forsterite growth rate

Furthermore, the crystallization experiments in this study allow estimation of the rate of

grain growth of forsterite crystals. In silicate systems with crystals and liquid at chemical

equilibrium (with very small AT), Ostwald ripening (Ostwald, 1901) allows growth of large

grains at the expense of the small ones and layer growth mechanism should control grain growth
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instead of continuous growth (Cabane et al., 2005). Following the relation linking grain size and
time as (e.g., Ardell, 1972; Kirkpatrick, 1975; Cabane et al., 2005):

d'-d,"=kt,

where d and d, are the final and initial grain size, respectively, n the grain growth
exponent, k the growth rate and ¢ time. For diffusion-control or spiral layer-growth control (i.e.,
screw dislocation based), the n exponent is equal to 3 (e.g., Cabane et al., 2005). When applied to
experiments in this study, at 1250°C (VB12), calculations yield a growth rate k of 2.34 x 10% +
0.90 x10* pm*/h for the [100] axis and 2.28 x 10° + 1.14 x10® um?/h for the [001] axis. At
1200°C (VB6), it yields a growth rate k of 1.34 x 10° + 0.41 x 10® um*/h for the [100] axis and of
0.69 x 10% + 0.29 x 10° pm’/h for the [001] axis. Several studies on grain growth experiments in
nano-scale monocrystalline aggregates (melt-free) reported generally slower forsterite (Fojgp)
growth rates than in the present study (with » determined to be equal to 4 in Ohuchi and
Nakamura 2007a, 2007b; Hiraga et al. 2010). Ohuchi and Nakamura (2007a, 2007b) obtained fast
growth rates on dry and wet forsterite aggregates (2.29 x 10%h and 6.31 x 10° pum®h,
respectively) at similar pressure and temperature (1.2 GPa, 1200°C). At lower pressure and
higher temperature (1-atm, 1380°C), Hiraga et al. (2010) measured slower growth rates (36
um®*/h) from grain growth experiments on dry nano forsterite monominerallic aggregates (50 nm
to 6 um). Finally, grain growth experiments on dry nano forsterite plus 5%-enstatite aggregates
conducted by Tasaka and Hiraga (2013) at similar pressure and temperatures (1-atm, 1260-
1380°C) resulted in growth rates (1.3-34.4 um%/s) of the same order of magnitude as in Hiraga et
al. (2010). In the olivine-basalt systems, based on the extrapolation of Cabane et al. (2005) and
their experimental data, forsterite grain should grow by 5.79 and 9.45 pum after 5h and 23h,

respectively. In the forsterite-kimberlite system studied here, the forsterite single crystal grew
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more than ten times faster than the estimates from Cabane et al. (2005) for the same duration,
emphasizing the potential role of volatiles (here CO;, and H,O) on the depolymerization of the
melt and its enhancing effect on the grain growth kinetics. Finally, the length of forsterite
overgrowth reported here, is similar to the one observed around euhedral olivine (xenocrysts and
phenocrysts) transported by kimberlite lavas from Greenland (<0.1-0.2 mm, Arndt et al., 2010).
This observation on natural samples indicates very short duration of olivine residence and
transport in kimberlite lavas, and thus, very rapid ascent rate of kimberlite lavas from depth >150

km.

Implications

At the scale of point defects, despite the simplified system under consideration, the results
of this study emphasize the complex and rather interesting interplay between mixed volatiles
(here CO, and H,0O) and their incorporation in the crystalline lattice of nominally anhydrous
minerals. The results point to the necessity to adjust with care the amount of the respective
volatiles when quantification for ‘water capacity’ or ‘CO, capacity’ for the deep Earth is
attempted, since significant hydration (> 100 ppm H,O wt) at pressure relevant for the

lithospheric mantle (1-3 GPa) seems to take place in a CO,-poor system only.

At larger scale, the main consequence from this experimental study is that the high
concentrations of OH measured in mantle-derived olivine from deep peridotites in cratonic
settings must be representative of the mantle hydrogen concentration at depth (i.e., for instance,
garnet stability field). The concentrations of OH also seem to be unaffected (in-take or out-take)

by their transport in kimberlitic liquids from depths. Therefore, the high concentrations of OH in
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Kaapvaal craton xenoliths as reported by Baptiste et al. (2012) were likely acquired during their

mantle history, and were further controlled by metasomatism (Baptiste et al., 2012).
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Figure captions

Figure 1: Schematic illustration of the capsule assembly for high pressure diffusion experiments.

Figure 2: SEM-images of the run VB12 after experiment, showing (a) the entire capsule section
with the forsterite single crystal displaying a well-defined overgrowth, (b) the forsterite single
crystal boundary, its overgrowth, and the surrounding euhedral forsterites, (c) the euhedral
forsterite and the carbonate phase are circled by a white line, (d) the forsterite single crystal
boundary, its overgrowth, and the surrounding euhedral forsterites (e) Spinel (indicated by

arrows) within the forsterite overgrowth and in contact with the euhedral grains of forsterite.

Figure 3: SEM images of VBI12 and electron back-scattered diffraction patterns (Kikuchi’s
bands; Kikuchi, 1928) of (a) the forsterite single crystal, (b) the forsterite overgrowth, (c) a

euhedral forsterite, (d) the Al-rich phase, (e) the Ca-rich phase.

Figure 4: TEM images of the run VB6 showing (a) euhedral nano-scale phases in the forsterite
overgrowth (TEM Bright field), (b) EXD chemical maps (200x200 pixels, acquired in the STEM

mode with a 500 ms dwell time) combining Al (yellow) + Si (green) + Ca (blue) identifying Al-
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rich spinel, Ca-rich phase (carbonate), and the forsterite matrix, respectively, (c) precession (2.5°)
electron diffraction pattern along the [100] axis for Al-rich spinel, [010] and [001] are indexed in

the image. Abbreviations are: Fo: Forsterite, Sp: spinel, Carb: carbonate

Figure 5: Unpolarized infrared spectra of the forsterite crystals after experiments (at 1 GPa) from
this study. FTIR spectrum from olivine in Kaapvaal xenoliths (transported by kimberlite, Baptiste
et al., 2012), in Malaita xenoliths (transported by alnoites, Demouchy et al., 2015), and in
synthetic forsterite single crystals during diffusion experiments in a piston-cylinder experiments
at variable temperature, pressure conditions, and for different duration (Demouchy and
Mackwell, 2003) are presented for comparison. All spectra are normalized to a sample thickness

of 1 cm. Star indicates peaks attributed to serpentine.

Figure 6: Unpolarized FTIR profile across the forsterite single crystal interface after the
experiment, VB6. Six spectra were measured with a step size of 30 pum. All spectra are
normalized to a sample thickness of 1 cm. Stars indicate peaks attributed to serpentine, see main

text for details on OH band attribution.
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Table 1: Forsterite and starting material composition, average kimberlite group-I and group-I1 campesitians, and compositions af run products fram VB12.
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Starting Graup L Graup II Forsterite VB12 compositians {after run)

composition Kimberlite Kimberlite cr!_.rst_al_ Fo single Fo Fo Al-rich Ca-rich
Wi, %4 Average* Average* composition crysta avargrowth nencrystals nhasa phasa
5il, an 26.15 33.89 44765 A43.25 A3.02 A3.08 473 28.35
Tio, o 2.58 1.77 R 0.0 0.C0 o.oo (ER ] 003
Alo Qg 4 .76 3.7h .01 0.02 L.46 1.21 B3.37 1.78
FeO - - n.on =01 000 L.o0 016 005
Fe Qg 1] 10.72 B.7H - - - - - ;
Mn0 o 019 018 n.on 0. n.no n.on 0.0 0.0
My0D a8 2520 2315 L .1 Eh.49 B4R 54.09 A5 D4 15.86
Cad 14 13.20 .96 n.oon EREN 043 m.3 10020 28.75
N=20 ] L.16 025 -0,01 C.C0 0.00 ERHN 0. 002
K.0O 0 D83 3.63 n.on D00 0.o0 D00 0.0 000
PO n 2.04 1.85 - - - R . ;
504 i nAaz n.21 - - - - - -
NiQ o 011 L.14 Lo L0l (EREN] 0.o0 0.0l Q.00
CraCs H [.18 0.2% -0.01 n.o0 n.oo RN 000 L.oo
LOIL 14.71 10.75
H ;0= - 027 1.34 = - - - - -
H. G+ - E.E7 T.33 - - - - _ _
H.O 13 - - - - - - - .
£0; 1 B.19 .21 - - i . ) )
total A4.29 A7.78 10016 o0.78 08.51 20,60 23.53 J7.85

= Average compasitions from Becker and Le Rpex [20067.
Fio:single crystal of crystallographically arientad farstarita
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Tahkle 2: Experimental conditians in pistan-cylinder and OH cancentratian in forstarita &ftar run

H trati
Pressure Temperature Duration OH concentration

Run Sample a . free fluid [after runl
{&EPa) {?C}) {min} (ppm H20 wi)
1 WR7 1.0 1200 1 w q
p. 1%:4 1.0 1200 300 v 2
3 VB& 1.0 1200 1380 ” 4
4 WRID 1.0 1300 ana w 2
5 WR132 1.0 1250 300 o 2
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