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Introduction

Extensive mantle degassing during early Earth’s accre-
tion is considered to have led to massive to total hydrogen 
loss (Albarède 2009; O’Neill 1991). However, the Earth’s 
mantle rocks still contain a significant amount of water in 
various forms of speciation (H2O, H2 OH−), as shown by 
the water amount found in volcanic glasses, MORB and 
OIB (few wt%, e.g., Dixon and Clague 2001, H2 in glasses 
was reported in Gaillard et al. 2003 and H2O and OH− in 
glasses in Ihinger et al. 1994 as well as in nominally anhy-
drous minerals (NAMs) from mantle-derived peridotites 
(e.g., Ingrin and Skogby 2000; Bolfan-Casanova 2005; 
Bercovici and Karato 2003; Hirschmann et al. 2005). Sev-
eral studies (Ingrin and Skogby 2000; Bolfan-Casanova 
2005; Marty 2012) have suggested that the Earth’s man-
tle may contain up to 3–11 times the ocean mass (i.e., of 
the order of 1022 kg), making the Earth’s mantle a poten-
tial major reservoir in the Earth’s water cycle. Moreover, 
the question of the deep mantle water cycle is of key inter-
est since rocks’ properties such as electrical conductiv-
ity (Karato 1990; Yoshino et  al. 2009), seismic properties 
(Jacobsen et al. 2004), phase stability (Wood 1995), melt-
ing temperature (Gaetani and Grove 1998) and viscosity 
(Mackwell et al. 1985; Mei and Kohlstedt 2000; Demouchy 
et al. 2012) are sensitive to small amount of water (i.e., at 
the level of few wt  ppm H2O). Hence, many mantle pro-
cesses such as convection or differentiation may strongly 
depend on the mantle’s water content, its speciation, trans-
port by diffusion and partitioning (during melting or meta-
somatism) in the Earth’s upper mantle.

As mentioned before, water can be found as molecu-
lar water and hydroxyl group in silicate melts and glasses 
(Ihinger et  al. 1994; McMillan 1994), structurally in 
hydrous minerals (Deer et  al. 1997) and also as atomic 
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hydrogen impurities incorporated as point defects within 
the crystalline structure in NAMs (e.g., Beran and Putnis 
1983; Ingrin and Skogby 2000). Olivine is particularly 
important for the water’s cycle since it is the most abun-
dant phase in the Earth’s upper mantle (60–80  % in vol-
ume). Previous studies have assessed that hydration and 
then dehydration of olivine are governed by ionic diffu-
sion, which controls chemical exchanges toward different 
crystalline solids and fluid phases (Mackwell and Kohlstedt 
1990; Kohlstedt and Mackwell 1998).

In olivine, hydrogen may occupy three different atomic 
sites: (1) a metallic (Me) site in the octahedron, (e.g., 
Mg2+), and/or (2) a silicon site, replacing partially Si4+ in 
tetrahedron, and/or (3) in an interstitial site (e.g., Beran and 
Putnis 1983; Nakamura and Schmalzried 1983; Mackwell 
and Kohlstedt 1990; Kohlstedt et al. 1996; Padrón-Navarta 
et  al. 2014). Results from experiments on solubility of 
hydrogen in olivine (e.g., Kohlstedt et al. 1996; Férot and 
Bolfan-Casanova 2012) have strongly favored the hypoth-
esis that hydrogen dominantly occupies metal vacancies in 
olivine. Hydrogen could also occupy Si vacancy as simple 
defect (Brodholt and Refson 2000; Ingrin et al. 2013) or as 
associated defects with Ti (Berry et al. 2007a, b). However, 
concentration of Si defects is likely to be significantly less 
abundant than concentration of Me vacancies since in the 
Earth’s mantle, olivine is almost always coexisting with 
pyroxenes (i.e., thus, the activity of silica is buffered in 
the system and Si vacancies in olivine are very unlikely to 
occur in significant concentration). Moreover, at moderate 
high pressure (<1 GPa), the proportion of interstitial hydro-
gen is likely to be a function of the presence and amount 
of Fe3+ in the olivine structure (Mackwell and Kohlstedt 
1990; Zhao et al. 2004).

Experimental studies of the kinetics of hydrogen incor-
poration (hydration) in olivine single crystals have iden-
tified the coexistence of two different processes for dif-
fusion, involving two different types of atomic sites 
(Mackwell and Kohlstedt 1990; Kohlstedt and Mackwell 
1998). First, protons (hydrogen), which sit in intersti-
tial sites, diffuse, and this flux is counter balanced by a 
polaron flux (a polaron can be described as a electron hole 
in the crystalline structure). This process is assumed to be 
dependent on Fe2+/Fe3+ ratio in olivine. We will refer to 
it as the proton–polaron process (PP). Second, protons sit 
in Me vacancies, which are usually occupied by Mg or Fe 
in natural iron-bearing olivine, we will refer to it as the 
proton–vacancy process (PV). Based on hydration experi-
ments at low-confining pressure (300 MPa), it was shown 
that at low temperature (<1000 °C) or short time (1 h), PP 
process is the fastest mechanism and the first mechanism 
to start H diffusion, it will then dominate the incorpora-
tion rate at this time or temperature range. To the contrary, 
at higher temperature (>1000 °C) or for long-run duration 

(>3  h), PV, which is a slower mechanism than PP, will 
complete incorporation until equilibrium concentration 
is reached (Mackwell and Kohlstedt 1990; Kohlstedt and 
Mackwell 1998; Demouchy and Mackwell 2003, 2006). 
Results of solubility experiments (Kohlstedt et  al. 1996) 
have shown as well that reaching equilibrium (solubility) 
involves mainly the occupancy of metallic sites by H and 
that little hydrogen is stored as interstitials. Recent Fou-
rier transform infrared (FTIR) spectroscopy measurements 
at low temperature (from −194 to 200 °C) has questioned 
the main site for H storage (Ingrin et al. 2013), but with-
out clear conclusion for consequences at temperature rel-
evant of the upper mantle where FTIR absorption spectra 
of OH− in olivine seems to be different (Yang and Kep-
pler 2011). In addition, both PP and PV processes appear 
to be highly anisotropic in olivine with the fastest direction 
of diffusion parallel to [100] axis for the PP process, but 
parallel to [001] axis for the PV process (Mackwell and 
Kohlstedt 1990; Kohlstedt and Mackwell 1998; Demouchy 
and Mackwell 2003, 2006). Experimental studies have 
provided sets of diffusion equations, one for each crys-
tallographic axis and for each mechanism of H diffusion 
in olivine (Demouchy and Mackwell 2006) as well as for 
PV in forsterite (Demouchy and Mackwell 2003). These 
studies are based on FTIR analysis which allow to address 
the anisotropy of ionic diffusion, when at contrary step-
heating, commonly used in the noble gaz community, can 
only constrain bulk diffusion and is hence inappropri-
ate for assessing the anisotropy of hydrogen diffusion in 
olivine. For hydration, the two processes having different 
anisotropy were so far treated separately (Kohlstedt and 
Mackwell 1998). However, this might not be accurate for 
dehydration when more than one type of point defects are 
coexisting all along the diffusion progression.

Our knowledge on diffusion mechanism of hydrogen in 
olivine is essentially derived from a few experimental stud-
ies and is not currently supported by ab initio modeling of 
atomic transport despite progress on diffusion modelization 
for crystalline structure (e.g., Walker et al. 2003; Karki and 
Verma 2009).

The concentration of hydrogen in olivine crystals is 
mostly measured using FTIR spectroscopy. It takes the 
form of concentration profiles across a doubly polished 
crystal grain, parallel to one of the principal crystallo-
graphic axis or as close as possible to one of them (Pes-
lier and Luhr 2006; Demouchy and Mackwell 2003; Denis 
et  al. 2013). Hydrogen concentration profiles have been 
recorded for a very few natural mantle-derived olivines, 
and the FTIR analyses remain challenging (Peslier and 
Luhr 2006; Demouchy et al. 2006; Denis et al. 2013) due 
to samples’ size, irregular or damaged grain’s shapes and 
alteration by hydrous minerals. Magma times of residence 
or magma ascent rates have been estimated from such 
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concentration profiles (H or Fe–Mg) measured on natural 
samples from the analytical solution for diffusion in one 
dimension (1D) where the ionic diffusion coefficients are 
those obtained experimentally. (e.g., Costa and Dungan 
2005; Demouchy et al. 2006; Costa et al. 2008). Recently, 
a user-friendly Matlab-based program for 1D multi-ele-
ment diffusion in olivine has been proposed by Girona and 
Costa (2013). However, these approaches are not suitable 
to describe strongly anisotropic diffusion, such as hydrogen 
diffusion in olivine.

Here, we have developed models of ionic diffusion in 
crystals for various geometries (Fig. 1): plane sheet diffu-
sion in 1D, radial isotropic diffusion in a sphere (3D radial), 
isotropic and anisotropic diffusion in a 3D prism. We com-
pare the results of 3D and 1D modeling and test the limita-
tion of a 1D approach relative to 3D. We perform numerical 
experiments with our 3D anisotropic model when the dif-
fusing species is strongly anisotropic (i.e., more than one 
order of magnitude between the diffusion coefficients along 
the fastest and slowest crystallographic axes). Both PP and 
PV processes are tested individually or combined, and we 
discuss the differences between hydration and dehydration.

Finally, we attempt to use the new 3D anisotropic mod-
els to explain and fit the data from the mantle-derived oli-
vine from Pali-aike (mantle xenoliths in alkali basalt from 
southernmost Patagonia) reported previously by Demouchy 
et al. (2006).

Model

Equations for diffusion

Diffusion of atomic species in a solid, a liquid or a gas is 
a transport phenomenon which leads to an equalization of 

the concentration without requiring bulk motion. Here, we 
focus on the ionic diffusion in a crystalline solid.

We consider first the simple case in one-dimensional 
geometry (i.e., in dimension x) as illustrated in Fig. 1a and 
commonly referred as 1D diffusion in a plane sheet (Crank 
1975, chapter 4, see also Costa et al. 2008).

The Fick’s first law relates the flux Jx of particles to the 
gradient ∂C/∂x of concentration of the species i (not noted) 
and the diffusion coefficient D according to:

The negative sign shows that the diffusive flux goes 
from the higher concentrations toward the smaller 
concentrations.

The Fick’s second law expresses the conservation law 
for the diffusive species:

The first term (i.e., the time partial derivative) corresponds 
to the accumulation (or loss) rate, while the second (the 
space partial derivative) represents the balance between 
the input and output diffusive fluxes, expressed in the third 
term according to Eq. 1.

The generalization of the Fick’s laws from 1D to 3D 
requires using vector notation. For an isotropic media, the 
Fick’s first law is written as:

The diffusion flux J̄ is a vector, which direction is opposite 
to the concentration gradient vector ∇C (∇ being the dif-
ferential operator for gradient) as for the 1D case. D is the 
diffusion coefficient and C is the concentration of the dif-
fusive species.

(1)Jx = −D
∂C

∂x

(2)
∂C

∂t
= −

∂Jx

∂x
= D

∂2C

∂x2

(3)J̄ = −D∇C

(a) (b) (c)

Fig. 1   Sketches of the diffusion schemes used for a 1D, b 3D isotropic spherical and c 3D prism models. Diffusion is illustrated by concentra-
tion profiles in 1D case and by iso-concentration contours in 3D cases
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In a 3D anisotropic media, the diffusion properties 
depend on the direction and are characterized by a second 
rank diffusion tensor ¯̄D. Fick’s first law is written:

In an orthorhombic crystal-like olivine, the principal axes 
of diffusion coincide with the axes of crystallographic 
symmetry (Mehrer 2007 p. 33). Writing Eq.  4 in Carte-
sian coordinates along these axes (where x, y and z stand 
for [100], [010], [001] crystallographic axis, respectively) 
shows how the anisotropy affects the diffusion vector, 
which is no more parallel to the gradient vector:

Dx, Dy and Dz are the diffusion coefficients along the 
principal crystallographic axes [100], [010] and [001], 
respectively.

One can retrieve the isotropic case from Eq.  5 by tak-
ing the same diffusion coefficients in all directions, 
D = Dx = Dy = Dz.

The Fick’s second law for diffusion relates the variation 
of concentration with time to the variation of concentra-
tion with space, as detailed in the 1D case above. Under the 
assumption that the diffusion coefficients are not varying in 
the media considered; thus, the diffusion coefficient is not 
function of the concentration in “i”; the Fick’s second law 
can be expressed in Cartesian coordinates as:

which simplifies as follows for an isotropic media:

Numerical models

We have developed models based on finite differences for 
solving the Fick’s second law for diffusion in 1D plane sheet 
(Fig. 1a), in 3D radial (see details below, and Fig. 1b) and 
in 3D Cartesian geometry for isotropic and anisotropic 3D 
prism (Fig. 1c). We assume that the diffusion coefficients are 
neither space nor concentration dependent, since the concen-
trations of hydrogen in the considered mineral (olivine or 
forsterite) are very low (i.e., trace element at ppm level).

The derivatives are expressed as central differences, 
and the set of equations is solved using an Euler’s explicit 
scheme: the concentrations at grid points at each time step 

(4)J̄ = −
¯̄D∇C

(5)

Jx = −Dx

∂C

∂x

Jy = −Dy

∂C

∂y

Jz = −Dz

∂C

∂z

(6)
∂C

∂t
= Dx

∂2C

∂x2
+ Dy

∂2C

∂y2
+ Dz

∂2C

∂z2

(7)
∂C

∂t
= D

(

∂2C

∂x2
+

∂2C

∂y2
+

∂2C

∂z2

)

are expressed as a function of the previous time step. This 
scheme allows us to account for a variation of diffusion 
coefficients with time, hence accounting for potential tem-
perature dependence with time. Thanks to the symmetry 
properties of olivine (orthorhombic, space group Pbnm), 
the system can be solved for only one half in 1D and one-
eighth in 3D, see Fig. 1c. The choice of the grid is made to 
ensure the accuracy of the solution. The time step is chosen 
as a function of the space step in order to insure the stabil-
ity of the solution. The numerical parameters are the grid 
spacing and the time step. The numerical models have an 
asymptotic behavior when refining the grid.

At initial conditions, the sample is homogeneous with 
a constant concentration of the species considered every-
where in the solid. At the beginning of the numerical exper-
iment (time t = 0), the concentration at the sides (i.e., sur-
face of the solid) is set to zero.

We have developed a model for diffusion in an isotropic 
sphere (call 3D radial) since it is a similar calculation as the 
1D plane sheet model. Indeed, considering radial isotropic 
diffusion illustrated in Fig.  1b, the Fick’s second law for 
diffusion in an isotropic media (Eq. 3) expressed in spheri-
cal coordinates is reduced to its radial dependence accord-
ing to:

where r is the radius varying from 0 (center of the sphere) 
to R (radius of the spherical sample). Rewriting Eq. 8 using 
the new variable u = r C leads to

Equation 9 is similar to the 1D Cartesian equation (Eq. 2) 
and can be solved the same way in order to determine the 
values of u for each value of r. The concentration can then 
be calculated according to C = u/r. The value of concentra-
tion at the center (r = 0) cannot be strictly calculated and is 
set to the same value as the closest grid point.

The models are used in this study to investigate the 
effect of the geometry and dimension on the anisotropic 
diffusion of hydrogen in an anisotropic crystalline solid 
such as olivine. They could also be used for solid diffusion 
of other elements such as minor and trace elements in oli-
vine or in other anisotropic crystals.

As mentioned before, the choice of an explicit scheme 
to solve the differential equations allows us to be able to 
account for variation of diffusion coefficients with time, by 
adjusting their values at each time step.

The numerical codes have been written in Fortran 77, 
and the results of the 1D model have been successfully 
compared with the analytical solutions for the 1D case.

(8)
∂C

∂t
= D

(

∂2C

∂r2
+

2

r

∂C

∂r

)

(9)
∂u

∂t
= D

∂2u

∂r2
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Parameterization

We describe here the physical parameters, since the choice 
of the numerical parameters (grid spacing and time step) 
has been discussed above. The physical parameters are the 
characteristics of the sample (size and diffusion proper-
ties) and the description of the conditions of the numerical 
experiment (temperature, initial concentration and bound-
ary conditions).

Two sets of parameters have been used. The first one 
has been chosen so that the results of the different models 
can be easily compared between each other. The second 
set of parameters is chosen so that the results of numeri-
cal experiments can be compared to natural specimens. In 
both cases, the diffusion coefficients for H are taken from 
Kohlstedt and Mackwell (1998) and Demouchy and Mack-
well (2006), respectively, for the PP and the PV processes. 
The relationship to chemical diffusion simplified D̃ ≈ Di, i 
the diffusing species, [see Kohlstedt and Mackwell (1998) 
for details]; however, complex dependence can be imple-
mented as well.

For the calculation sets presented in the result section, 
the sample is 3 mm long in the 1D plane sheet models; the 
diameter of the sample is 3 mm for the 3D radial models; 
and in the 3D prism models (both isotropic and anisotropic 
case), the size of the sample is 3 × 3 × 3 mm. The tem-
perature is fixed to 1000 °C. The values for the correspond-
ing diffusion coefficients are given in Table 1 and already 
illustrate the anisotropy.

The initial concentration is homogeneous in the sam-
ples and set to 50 ppm wt H2O, which is a realistic value 
for hydrogen concentration in garnet-bearing peridotites 
(based on water content quantification following the cali-
bration of Paterson; Paterson 1982; see also Bell and Ross-
man 1992; Demouchy et al. 2006).

Combination of the two diffusion mechanisms

The PP process is significantly faster than the PV process: 
The diffusion coefficient along the fast [100] axis for the PP 
process is about 40 times faster at 1000 °C than the diffu-
sion coefficient along the fast [001] axis for the PV process 

(see Table 1). Diffusion according to PP process involves 
interstitial sites, corresponding to a small concentration of 
H (noted C*, see Fig. 2), as opposed to PV process, which 
involves vacant sites with higher concentrations and hence 
allowing maximum equilibrium concentration (noted S as 
for solubility) (Fig. 2). Since the respective diffusivities of 
each mechanism are so different, they may appear as suc-
cessive and independent during hydration, while they could 
be hypothetically interactive during dehydration (Fig. 2).

We have considered here combination of the two mecha-
nisms for dehydration by allocating the initial hydrogen 
concentration at equilibrium partly to interstitial sites, 
which will dehydrate following PP process, and partly to 
vacancy sites, which will dehydrate following PV process. 
The two diffusion systems are solved separately (i.e., not 
a true interaction, see Fig.  2). The total concentration is 
simply the sum of the two concentrations, both decreasing 
from initial concentrations. Interstitial and vacancies (the 
later assumed to be mostly metallic vacancies) are hence 
considered as separated reservoirs of protons with inde-
pendent behaviors (Fig. 2).

Results

Diffusion in 1D and 3D, single process

Here, we present the results of each model and point out 
their differences. The 1D plane sheet, 3D radial models, 
as well as the 3D isotropic case have been computed for 
the three same diffusion coefficients (corresponding to 
the principal diffusion axes, Table 1) and for each process 
(PP or PV) in order to be comparable with the results of 
the fully 3D anisotropic case. The characteristics of each 
model will be evaluated by comparisons of the variation 
of concentration at the center of the solid with time for 
the different cases as shown in Fig.  3. The description of 
the concentration profiles across the solid (hereafter called 
diffusion profiles) when the concentration at the center 
has reached half the initial value (i.e., 25 ppm wt H2O) as 
depicted in Fig. 4, for the three crystallographic axes [100], 
[010] and [001], for two diffusive mechanisms and the four 

Table 1   Diffusion coefficients 
of hydrogen in olivine crystal at 
1000 and 1245 °C for both PP 
and PV processes

Diffusion coefficient along each axis (m2/s)

[100] [010] [001]

1000 °C

 PP (Kohlstedt and Mackwell 1998) 1.57 × 10−10 6.17 × 10−12 4.29 × 10−12

 PV (Demouchy and Mackwell 2006) 1.32 × 10−13 1.32 × 10−13 1.01 × 10−12

1245 °C

 PP (Kohlstedt and Mackwell 1998) 1.43 × 10−9 9.60 × 10−11 2.30 × 10−11

 PV (Demouchy and Mackwell 2006) 2.96 × 10−12 2.96 × 10−12 5.17 × 10−11
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Fig. 2   Illustration of the hydro-
gen diffusion mechanisms in an 
olivine crystalline lattice for a 
diffusion in (based on Kohlstedt 
and Mackwell 1998; Demouchy 
and Mackwell 2006) and for b 
diffusion out (this study). Only 
sites occupied or which could 
be occupied by hydrogen are 
shown (as a hypothetic array) 
and not the entire lattice with 
all atomic sites or point defects. 
See text for details. Abbrevia-
tion S = solubility, achievable 
only with the second process 
(proton–vacancy), C* = maxi-
mum concentration achieved 
with the first process (proton–
polaron)

(a) (d)

(b)

(c)

(e)

(f)

Fig. 3   Modeled decrease of hydrogen concentration at the center of 
the olivine crystal as a function of dehydration duration. The diffu-
sion coefficients are from Kohlstedt and Mackwell (1998) for the PP 
process and from Demouchy and Mackwell (2006) for the PV pro-
cess. Diffusion is modeled for a constant temperature of 1000  °C. 
Models are for a sample of 3  mm in length of 1D plane sheet dif-

fusion (dotted line), a sample of 3  mm in diameter for 3D radial 
diffusion (dashed line), a sample of 3 ×  3 ×  3  mm in size for 3D 
isotropic diffusion in a prism (dotted-dashed line) and a sample of 
3 × 3 × 3 mm in size for 3D anisotropic diffusion in a prism (solid 
line). Initial concentration is 50 ppm wt H2O
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models; 1D plane sheet (dotted line), 3D radial (dashed 
line), 3D isotropic (dotted-dashed line) and 3D anisotropic 
(solid line).

In all cases, dehydration starts from the rim to the center 
of the solid. During this first stage, the concentration at 
the center stays at its initial value; it ends when the con-
centration at the center of the sample starts to decrease 
and asymptotically tends to zero. The calculations have 
been stopped when the concentration at the center of the 
sample reaches 0.01 ppm wt H2O, which is far below the 
1 ppm wt H2O detection limit using the FTIR analysis. This 
slowing down of dehydration process is due to the fact that 
diffusion flux decreases when the concentration gradient 
decreases, and hence, in the case of dehydration, when the 
concentration at the center of the sample decreases. The 
first diffusion stage, that is before the concentration at the 
center starts to decrease, occurs in all cases and appears 
clearly in Fig. 3f as a plateau for about 40 h in all diffusion 
models. In other cases, the duration of the early stage may 
vary depending on the model, the axes and the process. 
However, it does not exceed 5 % of the total dehydration 
duration in all cases.

The timescales used in Fig. 3 are chosen from the dura-
tion of total dehydration estimated for the 1D models since 

it is always the slowest, as shown as dotted curves in Fig. 3. 
For the 1D plane sheet dehydration according to PP pro-
cess, the duration of total dehydration is of the order of 8 h 
for the fast [100] axis, of order of 200 h for the [010] axis 
and of the order of 300  h for the [001] axis. For the 1D 
plane sheet dehydration according PV process, the duration 
of total dehydration is of the order of 1000 h (~42 days) for 
the fast [001] axis and of 10000 h (1.1 year) for the slow 
axes ([100] and [010]), as a result of the diffusion coef-
ficient along the [001] axis being eight times higher than 
along the [100] and [010] axes.

The 3D anisotropic model shows the same decrease of 
concentration at the center of the sample with time as the 
1D model for the fastest axis as shown in Fig.  3a and f 
where the solid line is used for the 3D anisotropic model. 
This can be understood as the diffusion vector being par-
allel to the fastest axis. However, this is measurable only 
if the difference between the fastest and slowest diffusiv-
ity directions is important (i.e., >factor of 5). The discrep-
ancy between the dotted line (1D plane sheet model) and 
the solid line (3D anisotropic model) observed for PV pro-
cess in Fig. 3f after about 250 h (10.5 days) illustrates the 
fact that diffusion along the slowest axes cannot always be 
neglected.

(a) (b) (c)

(d) (e) (f)

Fig. 4   Hydrogen concentration profiles along the three crystallo-
graphic axes of an olivine crystal during diffusion out for both PP 
and PV processes. Diffusion is modeled for a temperature of 1000 °C. 
Models are for a sample of 3  mm in length of 1D plane sheet dif-
fusion (dotted line), a sample of 3  mm in diameter for 3D radial 
diffusion (dashed line), a sample of 3 ×  3 ×  3  mm in size for 3D 

isotropic diffusion in a prism (dotted-dashed line) and a sample of 
3 × 3 × 3 mm in size for 3D anisotropic diffusion in a prim (solid 
line). Initial concentration is 50 ppm wt H2O. The profiles are shown 
for the concentration at the center equals half of the initial value (i.e., 
25 ppm wt H2O). Duration needed to reach this value is indicated for 
each case
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In all cases, the 3D radial (dashed lines) and the 3D iso-
tropic models (dotted-dashed lines) show behaviors close 
to each other, both faster than the 1D plane sheet models. 
Dehydration of the 3D radial (dashed lines) is always slightly 
faster than the 3D isotropic prism model. The time needed to 
reach half the initial concentration at the center of the sam-
ple is about 75 % shorter for the 3D radial model when com-
pared to the 3D isotropic prism model, as noted in Fig.  4. 
This is due to the difference of geometry between the two 
solids. The 3-mm-diameter sphere (3D radial) is inscribed 
in a 3-mm-edge cube and thus having a volume about 48 % 
smaller than the volume of the cube. In other words, the dif-
fusion profiles illustrated in Fig. 4 for 3D isotropic or aniso-
tropic cases are calculated for the shortest path throughout the 
3-mm-edge cube, which corresponds to the sphere diameter. 
The differences in the geometries are further illustrated in 
Fig. S1, which also depicts the concentration profiles across 
the sphere and along the shortest and longest (diagonal) paths 
across the cube in which the sphere in inscribed. The profile 
along the diagonal joining two opposite vertices is 1.7 times 
longer in distance than a direction parallel to an edge.

The diffusion profiles with the concentration at the 
center of the solid equal to the half of its initial value are 
shown for the different cases in Fig.  4, and the duration 
needed to reach this concentration value is indicated for 
each case. The shape of the diffusion profiles is the same 
for the 1D, 3D radial, 3D isotropic prism and 3D aniso-
tropic prism along the fastest axes ([100] for PP and [001] 
for PV) with the maximum concentration value is at the 
center, and the concentration decreasing toward the rim. 
The form of the curve is indicating the concentration gra-
dient along the corresponding axis. The diffusion profiles 
within the 3D radial model are slightly narrower than for 
the 1D cases and the 3D isotropic cases (however, within 
the analytical error bar for hydrogen measurements by 
FTIR), thus illustrating a steeper concentration gradient 
across the sample. The diffusion profiles for the anisotropic 
cases show different profiles along the different crystallo-
graphic axes. The diffusion profiles along the fastest axis 
([100] for the PP process and [001] for the PV process) in 
3D anisotropic cases are hardly distinguishable from the 
diffusion profiles along the same axis in the 1D and 3D iso-
tropic prism models (i.e., Fig.  4a for PP, Fig.  4f for PV), 
as opposed to the diffusion profiles along the slowest axes 
shown as solid lines in Fig. 4b–e which are characterized 
by a plateau at the center of the solid with a constant con-
centration value. The diffusion profiles along the slowest 
axes consequently exhibit steep concentration gradients 
at the rim. An important outcome for the 3D anisotropic 
prism model is that the concentration of the plateau at the 
center of the solid is not the initial concentration, but the 
maximum concentration of the diffusion profile along the 
fastest axis.

Comparison of the results for the 1D plane sheet model 
and the 3D anisotropic model (Figs. 3, 4) demonstrates that 
the 1D model is a good approximation for diffusion along 
the fastest axis of diffusion in a 3D anisotropic solid, both 
for the duration and the shape of the diffusion profile. How-
ever, only the 3D anisotropic prism model outlines a con-
centration plateau in diffusion profiles along the slowest 
axes at all stages of dehydration. In 3D, the value of the 
concentration at the center of the sample, which is also the 
value of the concentration plateau, is governed by the fast 
axis. The 1D model cannot produce the diffusion profiles 
specific to the slowest axis observed in the profiles from the 
3D anisotropic model of diffusion.

In our numerical experiments, the 3D radial model and 
the 3D isotropic prism models display similar concen-
tration profiles and durations. However, the differences 
between the diffusion profiles illustrate that the geometry 
of the sample (here, sphere versus prism) may play a sig-
nificant role in diffusion and may have implications for the 
determination of diffusion coefficients or dehydration dura-
tions from concentration profiles.

The differences between the models can be further 
assessed by comparing the concentration profiles obtained 
with the PV mechanism, after the same duration of dehy-
dration (250 h) as shown in Fig. 5. The concentration pro-
files for the slow [100] and [010] axes in Fig.  5a, b are 
characteristic of the first stage of dehydration for 1D, 3D 
isotropic prism and spherical cases, where the concentra-
tion at the center of the solid is indeed close to the initial 
value of 50 ppm wt H2O. The profiles from the 1D sheet 
and the 3D isotropic prism models cannot be distinguished 
at this stage, even if the decrease of concentration with 
time is faster for the 3D model than for the 1D model, as 
shown in Fig. 3d, e. On the contrary, the diffusion profiles 
along the fast [001] axis show that the concentration at the 
center of the solid has already decreased down to a value 
of 23 ppm wt H2O for both the 1D and the 3D anisotropic 
prism models in Fig. 5c, and to less than 5 ppm wt H2O for 
both the 3D radial and the 3D prism isotropic cases. After 
250 h, the diffusion profiles in Fig. 5 show that the concen-
tration at the center of the solid is only about 2 ppm wt H2O 
less for the 3D radial case (dashed lines) than for the 3D 
prism isotropic case (dotted-dashed lines). The diffusion 
profiles for the 3D prism anisotropic case again show a pla-
teau at the center of the sample along the slowest axes. The 
value of the concentration for these plateaus corresponds to 
the maximum concentration value at the center of the solid 
for the profile along the fastest [001] axis. We cannot find 
a duration allowing us to illustrate the same profiles for 
the PP mechanism, because for this process, the diffusion 
along the [001] axis is more than 25 times faster than along 
the two other axes. Thus, the total dehydration duration for 
cases involving the fast axis [100] is lower than the time 
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needed for the other directions to significantly evolve from 
the initial conditions with constant concentration through-
out the entire solid.

Diffusion in 3D, combination of two anisotropic processes

We show the results of a numerical experiment for dehy-
dration as the two PP and PV processes acting on a priori 
defined separated reservoirs not interacting with each other 
and with a different concentration of potential sites occu-
pied by H. We have computed the dehydration concentra-
tion profiles across a prismatic solid along the three princi-
pal axes of olivine. The concentrations of 10 and 40 ppm wt 
H2O were chosen a priori to represents the concentrations 
initially allocated to the PP process and the PV process, 
respectively. The resulting profiles, in Fig.  6a, are drawn 
for concentration at the center of the solid from 49 down to 
1 ppm wt H2O, and with 2 ppm steps. The decrease of the 
concentration at the center of the solid with time is shown 
in the Fig. 6b. A zoom at the early stage of dehydration is 
shown in Fig. 6c, corresponding to the very rapid dehydra-
tion occurring by PP process. It takes about 10 h to release 
the entire 10  ppm  wt H2O reservoir dedicated to PP pro-
cess at 1000 °C. The diffusion profiles from the subsequent 
PV process are shown in Fig. 6a for each axis as solid lines 
below the dashed lines, which represent the 40  ppm  wt 
H2O concentration initially allocated to PV process. The 
shapes of the diffusion profiles above 40 ppm wt H20 at the 
center of the sample are characteristic of the dehydration 
according to PP process as described earlier, with almost 
parabolic profiles for fast [100] direction and plateau pro-
files for the slower directions [010] and [001]. The dif-
ferences between the 41  ppm  wt H2O profile (above the 

dashed line) and 39 ppm wt H2O profile (below the dashed 
line) illustrate the fact that the dehydration evolves from 
the PP process to the PV process. It is worth noticing that 
this evolution takes 44 h. The concentration at the center of 
the sample remains constant (40 ppm wt H2O) for about 30 
more hours corresponding to the first stage of dehydration 
(Fig. 6a) as described earlier for a single process (Fig. 3). 
From 39 ppm wt H2O at the center of the solid and below, 
the concentration profiles are characteristic of the PV pro-
cess as described earlier, with a plateau at the maximum 
concentration which corresponds to the concentration at 
the center of the sample along [100] and [010] slow axes 
and an almost parabolic profile along fast [001] direction. 
It takes about 900  h (37.5  days) to dehydrate the whole 
sample at 1000 °C (Fig. 6b). It needs to be mentioned that 
any other a priori choice of the concentrations, respectively, 
dedicated to the PP and the PV processes would not change 
the behavior described in this section characterized by a 
very rapid dehydration of the PP reservoir, whatever its 
size, followed by a much slower decrease of the remaining 
amount of hydrogen according to PV process.

Discussion

Diffusion mechanisms and concentration profiles

The results described in previous section show that the 1D 
plane sheet models are a good approximation for dehydra-
tion along the fastest axis of diffusion, assuming that the 
anisotropy is strong enough, that is, with diffusion coeffi-
cient along the fastest axis at least 5–10 times the diffusion 
coefficients along the other (slower) axes. In this case, the 

(a) (b) (c)

Fig. 5   Hydrogen concentration profiles showing the 3D effect 
within an anisotropic prism for the three crystallographic axes of an 
olivine crystal during diffusion out by PV process only, after 250 h, 
at 1000 °C. Models are for a sample of 3 mm in length of 1D plane 
sheet diffusion (dotted line), a sample of 3  mm in diameter for 1D 

spherical diffusion (dashed line), a sample of 3 × 3 × 3 mm in size 
for 3D isotropic diffusion in a prism (dotted-dashed line) and a sam-
ple of 3 × 3 × 3 mm in size for 3D anisotropic diffusion in a prim 
(solid line). Initial concentration is 50 ppm wt H2O
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1D model is accurate to describe both the decrease of the 
concentration at the center of the solid with time and the 
concentration profile along the fastest axis. The 1D models 
can depict plateaus as well, but only in the first stage, when 
diffusion has not yet reached the center of the sample. In 
the 1D models, the value of the concentration at the pla-
teau corresponds to the initial concentration. As soon as the 
concentration at the center of the solid starts to decrease, 
1D model cannot yield a concentration profile with a con-
centration plateau. The decrease of the concentration at the 
center of the sample in 3D anisotropic diffusion is governed 
by the fastest diffusion coefficient and only 3D anisotropic 
models permit to obtain a concentration plateau along the 
slower axes, which is not corresponding to the initial con-
centration. To use the values from a short concentration 
plateau as a proxy of the initial hydrogen concentration 
(i.e., in the mantle source) can thus be very misleading.

Our results show that an accurate description of the 
geometry of the sample is important since the results 
of isotropic diffusion in a sphere (3D radial) and in a 3D 
prism are slightly different. However, the 3D radial model 

is a coarse, but satisfying approximation for a 3D isotropic 
prism, within a few percent for similar size and duration.

The attempt to model dehydration as combination of the 
PP and the PV processes, as it appears to occur for hydra-
tion, results in exhibiting PP-specific profiles at early stages 
(short duration) and PV-specific profiles at late stages. Con-
sidering the two processes separately is relevant for hydra-
tion, since the PP process is much faster than PV, then PP 
and PV can be considered as happening successively and 
then also independently. Indeed, after the early stage, there 
are no more interstitial sites available, and hence, there are 
no more PP fluxes. The interstitial and the metallic sites 
can hence be considered as separated reservoirs for incor-
porating hydrogen. However, this might not be relevant for 
dehydration since the interstitial sites are becoming avail-
able as protons move outwards as illustrated in Fig. 2. We 
can foresee that the protons may move from metallic sites 
to interstitial sites and vice versa so that the path of a pro-
ton exiting the crystal may be complex. Accounting for 
such interactions between the two processes at an atomic 
level may be responsible for diffusion coefficients specific 

(a)

(c)
(b)

Fig. 6   a Modeled hydrogen concentration profiles for dehydration in 
3D (anisotropic) along the three crystallographic axes of an olivine 
crystal with juxtaposed PP and PV processes (see text). Total initial 
concentration of hydrogen is 50 with 10  ppm  wt H2O allocated to 
interstitial sites (dehydration according to PP process) and 40 ppm wt 
H2O allocated to metallic sites (dehydration according to PV pro-

cess). The diffusion coefficients for PP and PV processes at 1000 °C 
are taken from Kohlstedt and Mackwell (1998) and from Demouchy 
and Mackwell (2006), respectively. b Decrease of the concentration 
at the center of the prismatic crystal with time, with a zoom in from 
(3b) in (3c) showing the very early stage corresponding to the very 
rapid dehydration due to the PP process
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to dehydration. Properly describing such type of diffusion 
interactions at atomic level would require numerical con-
strains, which are not currently at hand, such as accurate 
concentrations of each point defects incorporating H as 
a function of pressure and temperature; and more impor-
tantly, the energies for site exchange for H in iron-bearing 
olivine, as well as their temperature dependency (activation 
energy).

Application to natural specimens

The peridotitic olivine from Pali-aike alkali basalt from 
Patagonia analyzed by Demouchy et  al. (2006) depicts 
diffusion profiles along [100] and [001] axes, which have 
been compared to modeled profiles for the PV process only. 
Indeed, dehydration according to the PP process, because it 
is very rapid, would result in completely flat profiles (i.e., 
final concentration equals 0) for realistic magma ascent 
rates. Moreover, since the assumed initial concentration 
312 ppm wt H2O significantly exceeds the measured con-
centration of hydrogen of 46 ppm wt H2O, the only mecha-
nism capable of transporting approximatively 260 ppm wt 
H2O out of the sample seemed to be the PV process (PP 
is considered to be limited to less 5 ppm wt H2O). Thus, 
it was the mechanism considered as active in Demouchy 
et al. (2006) and Denis et al. (2013).

The measured concentration profiles from Pali-aike 
(Demouchy et al. 2006) exhibit the characteristics of a fast 
[100] axis (almost parabolic shape) and a slower [001] axis 
(plateau shape), mismatching the behavior of dehydration 
according to the PV process, but in agreement with recent 
results on hydrogen distribution around hydrous melt inclu-
sion by Le Voyer et  al. (2014). Here, we hence propose 
to empirically adjust the diffusion coefficients under the 
assumption that both mechanisms interact at atomic level 
as discussed in the previous section.

For the application to the Pali-aike olivine, the 
size of the sample used in 3D anisotropic model is 
2.3  ×  1.7  ×  1.6  mm, slightly modified from Demouchy 
et al. (2006) so that the measured diffusion profiles respect 
symmetry, ensuring that the concentration maximum is 
located at the center of the sample. This is necessary to 
satisfy the assumption that the diffusion coefficients are 
constant in the whole sample. The initial concentration is 
fixed to 312  ppm  wt H20 (following the calibration from 
Bell et al. 2003) deduced from the water content in pyrox-
ene (see Demouchy et al. 2006 for details). We assume that 
at depth, any major or trace elements are at equilibrium and 
that the initial H concentration profile is flat at this initial 
value.

We use the 3D prism anisotropic model described in 
the previous sections (Fig.  7). At first, we assume that 
the temperature and hence the diffusion coefficients are 

constant during dehydration since basalt magma ascent 
is considered to be adiabatic and almost isothermal (Gib-
erti and Wilson 1990; Kavanagh and Sparks 2009; effect 
of temperature gradient is treated later in this section). 
For a given set of diffusion coefficients, the calculation is 
stopped when the concentration at the center of the sam-
ple reaches 46 ppm wt H20, as in the natural specimen. The 
concentration profiles are then compared to the observa-
tions, and the corresponding dehydration duration is noted. 
The diffusion coefficients (Dx, Dy and Dz for the [100], 
[010] and [001] axes, respectively) used as reference (start-
ing point) are those given for the PV process at 1245  °C 
by Demouchy and Mackwell (2006). We use a forward-
modeling approach and define the diffusion coefficient 
sets for which there is a satisfying match to the measured 
profiles. Since concentration profiles have been measured 
only along [100] and [001] axes, it cannot be expected to 
perfectly constrain relative values of diffusion coefficients 
along the three directions of the olivine crystal.

The duration of dehydration from 312 to 46  ppm  wt 
H2O according to PV process at the constant temperature 
of 1245 °C is 2.9 h. The corresponding concentration pro-
files are drawn as grey lines in Fig. 7. We can see that the 
plateau of calculated diffusion profile along [100] axis in 
Fig.  7a is not in agreement with the measurements. The 
modified diffusion coefficients along [100], [010] and [001] 
will be hereafter denoted Dx′, Dy′ and Dz′, respectively. In a 
first step, diffusion coefficient along [100] axis is increased 
(Dx′  =  10  Dx) to account for an hypothetic mobility of 
hydrogen from metallic sites to interstitial sites, hence 
favoring diffusion according to the PP process while the 
diffusion coefficients along [010] and [001] axes remain 
unchanged (Dy′  =  Dy and Dz′  =  Dz). The corresponding 
concentration profiles are shown as black solid lines in 
Fig.  7a. The concentration profiles along [100] and [001] 
axes both show maximum concentration at the center with 
no plateau, since Dx′ and Dz′ are of the same order of mag-
nitude (Dx′/Dz′ = 0.57). The only plateau is observed along 
[010] axis, which is now the slowest axis, Dy′ being about 
20 times smaller than the fastest direction of diffusion. The 
concentration profile along [100] provides a satisfying fit to 
the measurements; however, the [001] axis seems to be too 
fast to best fit the data (Fig. 7a).

In a second numerical experiment, Dx and Dy are 
increased in the same way (Dx′ = 10 Dx and Dy′ = 10 Dy), 
assuming that they behave the same way, as it is the case 
for PV process. Dz is reduced until it fits the measured pro-
files. The concentration profiles are shown in Fig.  7b for 
four values for Dz′. The four concentration profiles along 
[100] and [010] are hardly distinguishable from each other. 
The change in shape for the concentration profile along 
[001] axis appears to be very sensitive to the value of Dz′. 
A good fit for concentration profiles along [100] and [001] 
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axes is achieved when Dz′/Dz = 0.04 (Fig. 7b), i.e., when 
Dx′ and Dy′ are about 15 times faster than Dz′. The change 
in shape of the concentration profile along [001] axis illus-
trated in Fig. 7b for the sets of values used even allows to 
provide a rough error bar on Dz′/Dz =  0.04 ±  0.01. The 
corresponding dehydration duration from 312 to 46 ppm wt 
H2O is 4.1 h and it is constant for the four sets of diffusion 
coefficients used in this numerical experiment.

In a third numerical experiment, we attempt to account 
both for the influence of pressure, which impedes diffusion, 
and for the PP process, which enhances diffusion along 
[100] axis. We hence set Dx′ = 10 Dx to account for faster 
diffusion along [100] axis while Dy and Dz are reduced in 
the same way, (Dy′/Dy = Dz′/Dz) to account for a potential 
decrease of diffusivity with increased pressure (pressure 
effect). The resulting concentration profiles are shown in 
Fig. 7c for three different ratio Dy′/Dy = Dz′/Dz. A good fit 
to concentration profiles along both [100] and [001] axes is 
obtained when Dy′/Dy = Dz′/Dz = 0.015 ± 0.005. The error 
bar is again a rough estimate, provided within the assump-
tion we made, and deduced from the changes in shape of 

the concentration profile along [001] axis. The correspond-
ing duration of dehydration from 312 to 46  ppm  wt H2O 
is 10.6 h. If 70 km is taken as origin depth for the xeno-
liths (D’Orazio et  al. 2000; Stern et  al. 1989), it yields a 
1.8 ms−1 as ascending rate. We use the shape of the profiles 
to tune the relative values of diffusion coefficients, which 
could be characteristic of alternative possible diffusion pro-
cesses. Moreover, it demonstrates that a detailed measure-
ment of the concentration profile across samples is a real 
necessity since the shape of the profiles is very sensitive to 
the relative values of the diffusion coefficients.

Considering that olivine and pyroxene do share the same 
water fugacity, one can calculate the concentration in oli-
vine using the respective solubility equations of olivine 
and orthopyroxene from Keppler and Bolfan-Casanova 
(2006). However, the solubility equations were inferred 
from a chemically simplified system that may lead to an 
overestimation of the initial concentration. We also neglect, 
for example, the Al dependence of hydrogen solubility of 
hydrogen (Stalder 2004; Mierdel et  al. 2007). We have 
hence performed a series of calculations starting from only 

Fig. 7   Comparisons between 
the measured hydrogen con-
centration profiles for the PA-7 
olivine from Pali-aike (south-
ernmost Patagonia, Demouchy 
et al. 2006) along [100] and 
[001] axes, and the results of 3D 
anisotropic model for diffusion 
of hydrogen. The size of the 
sample is 2.3 × 1.7 × 1.6 mm. 
The initial and final concentra-
tions are, respectively, 312 and 
46 ppm wt H2O. The calcula-
tions have been conducted 
for different sets of diffusion 
coefficients (Dx′, Dy′, Dz′) modi-
fied from PV diffusion coef-
ficients at 1245 °C (Dx, Dy, Dz; 
Demouchy and Mackwell 2006, 
grey profiles in each panel) see 
text for details and discussion. 
In a only Dx′ is increased. In b 
Dx′ and Dy′ are increased in the 
same way, and Dz′ is decreased; 
In c Dx′ is increased and Dy′ and 
Dz′ are decreased in the same 
way. The numerical values used 
and the dehydration duration 
required to reach the final 
concentration observed in the 
natural specimen are indicated 
on each plot

(a)

(b)

(c)
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150 ppm wt H2O instead of 312 ppm wt H2O. The resulting 
concentration profiles are very similar and largely within 
the error bars of the measurements. However, the durations 
of dehydration at 1245  °C are logically reduced from 4.1 
to 2.8 h and from 10.6 to 3.6 h for the cases described in 
Fig.  7b, c, respectively. As expected, it demonstrates the 
limitation of the results of the models when applied to nat-
ural samples due to the uncertainty on the initial hydrogen 
concentration.

Since the diffusion efficiency decreases as the temperature 
decreases, we have investigated the influence of temperature 
on dehydration. Accounting for temperature dependence of 
diffusion coefficients requires modeling dehydration  for 
a given duration associated with a temperature drop. We 
assume a linear decrease of temperature with time, from the 
initial (1245 °C, temperature of the mantle source at depth) 
to the final temperature (at the surface where the sample is 
quenched rapidly and diffusion stops). The diffusion coef-
ficients are adjusted at each time step of the calculation 
according to the variations of diffusion coefficients with tem-
perature given by Demouchy and Mackwell (2006) for the 
PV process. This can be performed since we have chosen an 
explicit scheme to solve the problem as explained earlier. We 
have performed a large series of numerical experiments cor-
responding to more than 150 combinations of dehydration 
durations and temperature drops for dehydration of olivine 
samples (2.3  ×  1.7  ×  1.6  mm as Pali-aike specimen, the 
initial concentration is set to 312 ppm wt H2O) according to 
PV process. The results are shown in Fig. S2. It hence takes 
about 2.9  h to dehydrate a sample (same size as Pali-aike 
samples, as described above) from 312 to 46 ppm wt H2O at 
a constant temperature of 1245 °C. It takes 5.4 h when a tem-
perature drop of 100 °C is taken into account (see Kavanagh 
and Sparks (2009) for example of basalt cooling rates), 
meaning, that a temperature decrease of 100 °C in the arising 
magma column yields only a factor 2 on the corresponding 
dehydration duration.

We show that in order to fit the concentration profiles 
measured on Pali-aike olivines, diffusion has to be aniso-
tropic with [100] axis being the fastest axis of diffusion and 
[001] axis the slowest. Diffusion along [010] axis cannot be 
constrained since there are no measures available. We favor 
the hypothesis combining the influence of pressure, reduc-
ing all diffusion coefficients along the three principal axes, 
and PP process effect strongly enhancing diffusion along 
[100] axis due to interstitial and metallic site exchange 
(interactions of the two processes). Our analysis shows 
that a good quality of measures (i.e., more than 15 points 
per profile, from an crystallographically oriented crystal of 
known size) is a strong constraint for determining empiri-
cally the relative values of diffusion coefficients along the 
three axes. However, the duration and hence the ascent 
rate are directly related to the absolute value of diffusion 

coefficient, which cannot be constrained by the fit of the 
diffusion profiles in natural specimens. Finally, experimen-
tal studies need to be conducted to confirm our hypothesis 
and to determine diffusion coefficients relevant to dehydra-
tion at high pressure (>1 GPa) and high temperature (800–
1300 °C) with controlled geometry of the sample. In addi-
tion to temperature and pressure dependence, concentration 
dependence needs also to be investigated, especially close 
to solubility concentration for olivine and other NAMs.

Conclusion

We have shown that since diffusion of hydrogen in olivine 
crystal is strongly anisotropic, 3D anisotropic models are 
required to accurately predict the concentration profiles. 
The 1D plane sheet approximation is only valid for the 
fast axis, when the value of the diffusion coefficient along 
the fast axis is at least 10 times the value of the diffusion 
coefficients along slower axes. The concentration profiles 
measured for Pali-aike samples are characteristic of dehy-
dration. However, they are neither consistent with PP pro-
cess, which is too fast, nor with PV process, since a fast 
[001] axis is not observed. PP and PV processes can be 
treated as independent process for hydration. Nevertheless, 
we propose that the two processes may interact at atomic 
level when an olivine crystal is dehydrating. We have suc-
ceeded in fitting the measured Pali-aike diffusion profiles, 
with assuming a fast [100] axis and a [001] axis, which is 
15–40 times slower than the [100] axis. The latter uncer-
tainty comes from the fact that the diffusion profile along 
[010] axis could not be measured and hence could not be 
used to further constrain the value of the corresponding dif-
fusion coefficient. Our results show that the shape of diffu-
sion profiles allows to constrain relative values of diffusion 
coefficients at the condition to have enough measurements 
from natural samples. In all cases, new experimental stud-
ies have to be conducted to further determine diffusion 
coefficients relevant for dehydration at high pressure and 
temperature. The concentration profiles of hydrogen meas-
ured in mantle-derived olivine could then be used to fine-
tune the dehydration time and hence the ascent rates of 
mantle xenoliths.
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