
REACTIVITY OF SOLIDS

The role of protons in ionic diffusion in (Mg, Fe)O
and (Mg, Fe)2SiO4

David L. Kohlstedt Æ Stephen J. Mackwell

Received: 31 October 2007 / Accepted: 20 December 2007 / Published online: 30 April 2008

� Springer Science+Business Media, LLC 2008

Abstract The presence of hydrogen dissolved within

iron-magnesium oxides and silicates results in an increase

in the rate of Fe–Mg interdiffusion. Experimental data and

point defect models suggest that the increased interdiffu-

sivity is due to an increase in the total metal-vacancy

concentration through stabilization of proton-vacancy

defect associates in a hydrous environment. In the case of

(Mg1–xFex)O, interdiffusion experiments under hydrother-

mal conditions at a fluid pressure of *0.3 GPa yield

similar dependencies of interdiffusivity on Fe-content,

oxygen fugacity, and temperature as under dry conditions,

but interdiffusion coefficients are a factor of *3 larger.

These data suggest that the increased interdiffusivities in

(Mg1–xFex)O result from incorporation of defect associates

formed between a metal vacancy and a single proton,

p0Me � fp� � V00Meg
0: For (Mg1–xFex)2SiO4, interdiffusion

under hydrothermal conditions over a range of fluid pres-

sures reveals a significant difference in the dependence of

interdiffusivity on Fe content than obtained under dry

conditions, combined with a strong dependence on water

fugacity. These data indicate that the increased diffusivities

in (Mg1–xFex)2SiO4 result from incorporation of defect

associates involving a metal vacancy and 2 protons,

(2p)�Me � f2p� � V00Meg
�: It is anticipated that, at higher

water fugacities, Fe–Mg interdiffusion in both materials

will become dominated by these latter defects and that the

interdiffusivity will increase linearly with water fugacity

but will be independent of oxygen fugacity and iron

concentration.

Introduction

In the 1960s, earth scientists became keenly aware of the

importance of a small concentration of protons on the

kinetic properties of nominally anhydrous minerals,1

NAMs [for reviews, see 1–3]. High-pressure, high-tem-

perature creep experiments on quartz and olivine—SiO2

and (Mg, Fe)2SiO4—revealed a dramatic weakening if

samples were deformed in a hydrous environment rather

than under anhydrous conditions [4, 5]. This phenomenon

was immediately termed ‘water weakening’ or ‘hydrolytic

weakening,’ the former reflecting the availability of water

in the deformation assembly and the latter indicating the

detection of OH (hydroxyl) stretching bands in infrared

analyses performed on deformed samples. Subsequent

studies recognized the importance of protons in this

weakening phenomenon since H+ ions—that is, protons—

are charged [6, 7] and diffuse extremely rapidly [8, 9].

Trace amounts of protons are also correlated with weak-

ening of other nominally anhydrous silicate minerals

including plagioclase, (Na, Ca)Al2Si2O8 [e.g., 10] and

clinopyroxene, (Mg, Ca)SiO3 [e.g., 11, 12].

Over the past decade, investigators have taken research

on the effect of protons on kinetic properties in a more

quantitative direction. While early experiments focused on

the difference between the behavior of a mineral in a

hydrous environment versus its behavior under anhydrous

conditions, current experiments emphasize the dependence
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of a specific property on proton concentration [13–21].

Furthermore, experiments now include not only high-

temperature deformation but also ionic diffusion [22–24]

and electrical conductivity [25–27].

Since experiments in the earth sciences are generally

undertaken to investigate the properties of minerals and

rocks that occur at depth, a common approach in many

laboratories involves the use of high-pressure, high-tem-

perature testing equipment. In the context of studies on the

role of protons on kinetic properties, the concentration of

hydrogen ions or protons, CH, in a nominally anhydrous

mineral such as magnesiowüstite, (Mg1–xFex)O, or olivine,

(Mg1–xFex)2SiO4, can be described by the relation

CH ¼ A f m
H2O f n

O2
aq

MeO xr exp �E þ PV

RT

� �
ð1Þ

where A is a material-dependent parameter, fH2O is water

fugacity, fO2
is oxygen fugacity, aMeO is activity of metal

oxide, and x is the fraction of iron in metal sites,

Me = Mg + Fe. In Eq. 1 E and V are the activation energy

and activation volume for incorporation of protons in the

crystal structure, P is the confining pressure, and RT has

the usual meaning. It should be noted that for an oxide

aMeO � 1: Based on Eq. 1, pressure affects the concentra-

tion of hydrogen in two ways. First, it influences the

concentration of hydrogen directly through the pressure-

volume term that appears in the exponential function; if

V [ 0, then CH decreases with increasing pressure. Second,

pressure affects the concentration of hydrogen indirectly

through its effect on water fugacity; based on the equation

of state for water [28], water fugacity increases with

increasing pressure in the manner illustrated in Fig. 1.

In this article, we examine the role of protons on ionic

diffusion in olivine, the primary mineral in Earth’s upper

mantle, and in magnesiowüstite (also referred to as ferro-

periclase), the second most abundant mineral in the lower

mantle. We start by reviewing point defect thermodynamics

for (Mg, Fe)-oxides and (Mg, Fe)-silicates. We then extend

our analyses to Mg–Fe interdiffusion in these two systems.

For (Mg, Fe)O, for which interdiffusion data are available

over a range of temperatures at a single pressure, we nor-

malize all data to a common oxygen fugacity. This approach

permits a reassessment of the charge neutrality condition as

well as the cause of the enhancement in interdiffusivity

associated with the presence of protons. For (Mg, Fe)2SiO4,

for which interdiffusion data are available over a range of

pressures and, thus, water fugacity at a single temperature,

we examine the dependence of interdiffusivity on iron

concentration. Through this analysis and an examination of

point defect models describing metal-vacancy concentration

as a function of water fugacity, oxygen fugacity, and iron

concentration, we are able to identify the dominant source of

cation vacancies that facilitates the substantial increase in

interdiffusivity due to the addition of protons. Character-

ization of the role of hydrogen on kinetic properties is

important in earth sciences as hydrogen is the most abundant

element in the universe and is ubiquitous throughout the

interiors of Earth and other planets.

Point defect thermodynamics

Under anhydrous conditions, the majority of point defects

are normally Fe�Me and V00Me for both (Mg,Fe)O [29, 30] and

(Mg, Fe)2SiO4 [9, 31] with charge neutrality given by

[Fe�Me� ¼ 2[V00Me�: ð2Þ

Here, we use the Kröger–Vink notation [32] to indicate

species (A), defect site (s), and defect charge (c) as Ac
s :

With the application of the law of mass action to the usual

reaction involving Fe�Me and V00Me;

1

2
O2 þ 2Fe�Me þMe�Me , 2Fe�Me þ V00Me þMeOðsrgÞ; ð3Þ

we obtain the relation

K3½Fe�Me�
2f

1=2
O2
¼ ½Fe�Me�

2½V00Me�aMeO; ð4Þ

where srg indicates a site of repeatable growth and K3 is

the equilibrium constant for reaction (3). To arrive at Eq. 4,

½Me�Me� was approximated as unity. For charge neutrality

defined by Eq. 2, Eq. 4 becomes

½Fe�Me� ¼ 2½V00Me� / f
1=6
O2
½Fe�Me�

2=3a
�1=3
MeO : ð5Þ

While aMeO is approximately unity in (Mg, Fe)O, it will

generally be less than unity for (Mg, Fe)2SiO4 in Earth’s

Fig. 1 Plot of water fugacity as a function of pressure at T = 1,373 K

for water activity equal to unity, aH2O ¼ 1; that is, for pure water. In

reality, all minerals are soluble to some degree in a hydrous fluid, thus

somewhat lowering the water activity
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upper mantle, where olivine-rich rocks are buffered by the

presence of orthopyroxene, (Mg, Fe)SiO3. The dependen-

cies of the concentrations of several point defects on

oxygen fugacity, water fugacity, activity of MeO, and iron

content are given for several charge neutrality conditions in

Table 1 for both anhydrous and hydrous conditions.

Under hydrous conditions, protons can be incorporated

as either positively or negatively charged point defects. A

variety of charge neutrality conditions involving protons,

p�; are possible, including

[p�� ¼ 2[V00Me�; ð6aÞ

½Fe�Me� ¼ ½p0Me�; ð6bÞ

and

[p�� ¼ [p0Me�: ð6cÞ

Here, the notation p0Me is shorthand for a defect associate

formed between a proton and a metal vacancy, p0Me �
fp� � V00Meg

0: Note that O–H stretching bands in infrared

spectra indicate that protons (hydrogen ions) are physically

located in the electron cloud of the oxygen ions; also note

that an unassociated proton is equivalent to an interstitial

hydrogen ion, p� � H�i : Reactions can be written for the

two defects in each of the three charge neutrality conditions

given in Eq. 6. For example, for the charge neutrality

condition given by Eq. 6c, the corresponding reaction

equation is

H2OþMe�Me , H�i þ H0Me þMeOðsrgÞ
� p� þ p0Me þMeOðsrgÞ: ð7Þ

If the law of mass action is applied to Eq. 7 and the result is

combined with Eq. 6c, then

[p�� ¼ ½p0Me� / f
1=2
H2O a

�1=2
MeO : ð8Þ

As will become clear in the discussion below, a second

important defect associate involving protons and cation

vacancies is

(2p)�Me � f2p� � V00Meg
�: ð9Þ

These defect associates form via the reaction

H2OþMe�Me , f2p� � V00Meg
� þMeOðsrgÞ: ð10Þ

The law of mass action applied to reaction (10) yields

½f2p� � V00Meg
�� / f 0

O2
f 1
H2O a1

MeO x0: ð11Þ

The total concentration of cation vacancies can now be

written as

[Vtot
Me� ¼ [V00Me� þ ½fp� � V00Meg

0� þ ½f2p� � V00Meg
��: ð12Þ

Since protons diffuse rapidly compared to metal vacancies,

all these vacancies contribute to cation diffusion. Hence,

the presence of protons will directly enhance the rate of

cation interdiffusion, which can be expressed as [33]

~DFe�Mg ¼ Xtot
VMe

~DVMe
; ð13Þ

where ~DFe�Mg is the Fe–Mg interdiffusion coefficient,

Xtot
VMe
� [Vtot

Me�; and ~DVMe
is the effective cation vacancy

diffusivity, which is generally well approximated to be

independent of the concentration of vacancies for dilute

vacancy concentrations [34, p. 67].

In the application of such analyses to processes in the

deep interior of Earth, a significant range of fluid pressures

may be appropriate, up to *130 GPa, the pressure at the

core-mantle boundary. As can be seen from Fig. 1, water

fugacity increases rapidly with increasing fluid pressure

above *1 GPa, strongly favoring the presence of hydrous

defects at high pressures. Therefore, water fugacity is a

particularly important thermodynamic parameter in inves-

tigations of the role of protons on diffusion kinetics.

Data analysis

(Mg, Fe)O

Recent experimental results on Fe–Mg interdiffusion in the

(Mg1–xFex)O system revealed a small but persistent

Table 1 Dependencies of point defect concentrations in (Mg,

Fe)2SiO4 on oxygen fugacity, water fugacity, activity of enstatite,

and mole fraction of iron for four possible charge neutrality

conditions, expressed as the exponents m, n, q, and r, in the

relationship ½ � / f m
O2

f n
H2O aq

MeO xr (the same dependencies hold for

(Mg, Fe)O except that q = 0)

Charge neutrality ½Fe�Me� [V00Me� [H�i � [H0Me� [(2H)�Me�

½Fe�Me� ¼ 2½V00Me� 1

6
0
�1

3

2

3

1

6
0
�1

3

2

3

�1

12

1

2

�1

3

�1

3

1

12

1

2

�2

3

1

3

01-10

½Fe�Me� ¼ ½H0Me� 1

8

1

4

�1

2

1

2

1

4

�1

2
0 1

�1

8

3

4

�1

2

�1

2

1

8

1

4

�1

2

1

2

01-10

½H�i � ¼ 2½V00Me� 1

4

�1

6

�1

3
1 0

1

3

�1

3
0 0

1

3

�1

3
0 0

2

3

�2

3
0

01-10

½H�i � ¼ ½H0Me�
1

4
0
�1

2
1 0 0 0 0 0

1

2

�1

2
0 0

1

2

�1

2
0 01-10
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increase in interdiffusivity in samples annealed in a

hydrothermal environment compared to samples annealed

under anhydrous conditions [21]. One diffusion profile is

plotted in Fig. 2. To determine the interdiffusivity as a

function of composition based on a Boltzmann–Matano

analysis [e.g., 34, p. 87, 35], these data were fit to the

equation

XFeðzÞ ¼ B0 1� 1

1þ expðB1zþ B2Þð ÞB3

 !
ð14Þ

where XFe � x is mole fraction of Fe; z is diffusion

distance; and B0, B1, B2, and B3 are fitting parameters. To

illustrate the dependence of diffusivity on Fe concentration,

the diffusion profile was also fit to the relation for diffusion

with a concentration-independent diffusivity, D, for

comparison:

XFeðzÞ ¼ �C0=2erfcðz=2
ffiffiffiffiffi
Dt
p
Þ þ C1; ð15Þ

where t is the duration of the diffusion anneal; the

parameters C0 and C1 are determined from a nonlinear least

squares regression to the data. A strong dependence of
~DFe�Mg on Fe concentration is clearly indicated.

In experiments performed under hydrous conditions,

Demouchy et al. [21] jacketed their samples in Ni such that

oxygen fugacity was buffered by the Ni/NiO solid-state

reaction. In analyzing their data, these authors did not

consider an oxygen fugacity dependence of the interdiffu-

sion coefficients, despite the earlier determination that
~DFe�Mg / f

1=6
O2

for anhydrous interdiffusion [36]. It is

noteworthy that oxygen partial pressure is a function of

temperature, increasing from 6 9 10-6 to 8 9 10-3 Pa at

the Ni/NiO solid-state reaction as temperature is increased

from 1,000 to 1,250�C [8], the range of temperatures used

in the Demouchy et al. [21] interdiffusion experiments.

Thus, any dependence of interdiffusivity on oxygen

fugacity is absorbed in the activation energy for diffusion.

In reanalyzing the hydrous interdiffusion data, we con-

sidered several possible charge neutrality conditions

(Table 1) as well as possible predominance of interdiffu-

sion by unassociated metal vacancies, defect associates of a

single proton and a metal vacancy, p0Me, and defect asso-

ciates of two protons and a metal vacancy, (2p)�Me: For the

same charge neutrality condition as in the anhydrous

interdiffusion studies, Eq. 2, unassociated metal vacancies

must, by definition, predominate; in this case, there is no

internally consistent way to explain the significantly faster

interdiffusion observed under hydrous conditions. For any

charge neutrality condition for which (2p)�Me defects pro-

vide the majority of the cation vacancies for interdiffusion,

no dependence on iron concentration is predicted, a situa-

tion that is inconsistent with the experimental results. Thus,

as with Demouchy et al. [21], we have identified the likely

predominant source of cation vacancies as the defect

associate p0Me with the likely charge neutrality condition

given by Eq. 6b, ½Fe�Me� ¼ ½p0Me�: In this case, we would

anticipate oxygen fugacity and water fugacity exponents

for interdiffusion of 1/8 and 1/4, respectively. Therefore,

we normalized the interdiffusion data of Demouchy et al.

[21] to a common oxygen fugacity and a common water

Fig. 2 Plot of Fe concentration versus diffusion distance for a

diffusion couple composed of single crystals of MgO and

(Mg0.78Fe0.22)O [21]. The Boltzmann–Matano interface is marked

by the vertical dotted line at a diffusion distance of 0 mm. The solid

curve is a least squares fit of the data to Eq. 14, while the dashed

curve is a fit of the data to Eq. 15. The diffusion experiment was

carried out under water-saturated conditions for 2 h at the P, T
conditions indicated in the figure

Fig. 3 Plot of Fe–Mg interdiffusivity versus iron concentration for

diffusion couples formed between single crystals of MgO and

(Mg0.78Fe0.22)O annealed at several temperatures and P = 0.3 GPa

under water-saturated conditions. Data were normalized to the water

fugacity and oxygen fugacity given in the figure, as described in the

text. The conditions for each diffusion anneal are listed in Table 1 of

Demouchy et al. [21]
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fugacity using the relation ~DFe�Mg / f
1=8
O2

f
1=4
H2O and plotted

the resulting interdiffusivity as a function of Fe concen-

tration in Fig. 3 for several annealing temperatures. The

normalized data for hydrous interdiffusion at all five

experimental temperatures were fit to the relation [37–41,

p. 38]

~DFe�Mg ¼ ~D0 f m
O2

f n
H2O xr exp½�ðQþ axÞ=RT� ð16Þ

yielding r = 0.85 ± 0.04, Q = 208 ± 2 kJ/mol, and

a = -79 ± 4 kJ/mol. By comparison, analysis of the

interdiffusion profiles obtained from experiments carried

out under anhydrous conditions (n = 0) give m =

0.19 ± 0.01, r = 0.73 ± 0.03, Q = 209 ± 7 kJ/mol, and

a = -96 ± 5 kJ/mol [36]. It is worth noting that the value

of r = 0.85 for hydrous interdiffusion is significantly larger

than the value predicted by the point defect model of

r = 0.5 given in Table 1 for the charge neutrality condition

½Fe�Me� ¼ ½p0Me� and the defect associate p0Me as the dominant

source of cation vacancies. A value of r [ 0.5 is clearly

supported by the data but may result from the transition in

control of diffusion from unassociated vacancies, V00Me; for

which r = 1.0, to proton-vacancy associates, p0Me: The

uncertainties quoted above for hydrous and anhydrous

conditions represent the 1r errors calculated from the

nonlinear least squares regression fits of all parameters to

all (hydrous or anhydrous) data. As such, they do not

adequately reflect the uncertainties in experimental tem-

perature (and hence oxygen fugacity), duration, and

analytical error. Thus, these values underestimate the true

uncertainties in the parameters.

(Mg, Fe)2SiO4

Recent experimental results on Fe–Mg interdiffusion in the

(Mg1–xFex)2SiO4 system revealed an approximately linear

dependence of interdiffusivity on water fugacity with

n = 0.9 ± 0.3 [22, 23]. However, these authors did not

quantify the dependence of interdiffusivity on Fe concen-

tration. One of the diffusion profiles from Wang et al. [22] is

plotted in Fig. 4, along with least squares fits to Eqs. 14 and

15. A comparison of the two fits suggests that interdiffusivity

is at least weakly dependent on Fe concentration.

The diffusion profile in Fig. 4 was fit to Eq. 16, yielding

interdiffusivity as a function of Fe concentration plotted in

Fig. 5. Two features differ from those in Fig. 3 for

(Mg, Fe)O. First, the data lie on a straight line indicating

that r = 0 in Eq. 16. This result, combined with the linear

dependence of interdiffusivity on water fugacity, indicates

that under hydrous conditions the predominant diffusing

Me defects in (Mg, Fe)2SiO4 are the vacancies in the

defect associates ð2pÞ�Me (see Table 1). Second, ~DFe�Mg

decreases with increasing Fe concentration, yielding

a = 110 ± 5 kJ/mol, opposite in sign to the results

reported for (Mg, Fe)O under both anhydrous and hydrous

conditions [21, 36] and for (Mg, Fe)2SiO4 under anhydrous

conditions [31, 33]. Although the interdiffusion data do not

constrain the charge neutrality condition since all charge

neutrality conditions yield ~DFe�Mg / ½ð2pÞ�Me� / f 1
H2O x0

(Table 1), it is most likely set by the relation in Eq. 6c,

[p�� ¼ [p0Me�:

Fig. 4 Plot of Fe concentration versus diffusion distance for a

diffusion couple composed of single crystals of (Mg0.91Fe0.09)2SiO4

and (Mg0.83Fe0.17)2SiO4 [22]. The Boltzmann–Matano interface is

marked by the vertical dotted line at a diffusion distance of 0 mm.

The solid curve is a least squares fit of the data to Eq. 14, while the

dashed curve is a fit of the data to Eq. 15. The diffusion experiment

was carried out under water saturated conditions for 2 h at the P, T
conditions indicated in the figure

Fig. 5 Plot of Fe–Mg interdiffusivity versus iron concentration

for diffusion couples formed between single crystals of

(Mg0.91Fe0.09)2SiO4 and (Mg0.83Fe0.17)2SiO4 annealed at the condi-

tions indicated in the figure
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Discussion

Under hydrous conditions, the Fe–Mg interdiffusivity for

the (Mg, Fe)O system can be described by Eq. 16 as

~DFe�Mg ¼ 2:9� 10�6f
1=8
O2

f
1=4
H2O x0:85

� exp½�ð208000� 79000xÞ=RT � ðm2=sÞ ð17Þ

with fO2
in Pa and fH2O in GPa. The comparison of this Fe–

Mg interdiffusivity with the interdiffusivity obtained under

anhydrous conditions in Fig. 6 illustrates that, at

P = 0.3 GPa for which fH2O � 0:3 GPa; protons have only

a modest effect on diffusion. Over the range of Fe con-

centrations explored experimentally, interdiffusion is

consistently a factor of 3 faster under hydrous conditions

than under anhydrous conditions. Yet, the dependencies on

temperature (activation energy) and on Fe concentration

are identical within experimental uncertainty. These

observations suggest that the vacancy concentration is

increased when protons are introduced into the samples

resulting in a change in charge neutrality condition, where

the predominant negative defect is now a proton-vacancy

associate, p0Me; as given in Eq. 6b. These defect associates

dominate diffusion, as described in Eq. 12, and are

responsible for the enhanced rate of diffusion.

Under hydrous conditions, the Fe–Mg interdiffusivity

for the (Mg, Fe)2SiO4 system is controlled by diffusion of

(2p)�Me: The Fe–Mg interdiffusivity can be described by

Eq. 16 as

Fig. 6 (a) Comparison of Fe–Mg interdiffusivity versus iron con-

centration for experiments carried out under wet (hydrous) and dry

(anhydrous) conditions for the (Mg, Fe)O system. (b) Ratio of Fe–Mg

interdiffusivity determined under hydrous conditions with that

determined under anhydrous conditions versus iron concentration.

Note that the ratio of interdiffusivities is *3, independent of iron

concentration

Fig. 7 (a) Comparison of Fe–Mg interdiffusivity versus pressure for

experiments carried out under wet (hydrous) and dry (anhydrous)

conditions for the (Mg, Fe)2SiO4 system. (b) Ratio of Fe–Mg

interdiffusivity determined under hydrous conditions with that

determined under anhydrous conditions versus pressure. Note that

for P [ 60 MPa diffusion under hydrous conditions occurs more

rapidly than diffusion under anhydrous conditions. This transition

pressure corresponds to fH2O � 60 MPa
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~DFe�Mg ¼ 3� 10�8 f 0
O2

f 1
H2O a1

MeO x0

� exp½�ð205000þ 16� 10�6Pþ 110000xÞ=RT �ðm2=sÞ
ð18Þ

with fH2O in GPa, P in Pa, and activation volume for dif-

fusion of 16 9 10-6 m3/mol. The comparison of this

Fe-Mg interdiffusivity with the interdiffusivity obtained

under anhydrous conditions in Fig. 7 illustrates that pro-

tons have a substantial effect for fH2O [ 0:1 GPa: A switch

from interdiffusion governed by anhydrous to hydrous

behavior occurs at fH2O � 60 MPa; in good agreement with

the value of fH2O � 50 MPa determined in both diffusion

and dislocation creep experiments on olivine [15, 16]. The

proton concentration at fH2O � 60 MPa is *120 H/106 Si

or a concentration of (2p)�Me defects of *60 at. ppm [42,

43]. This vacancy concentration is similar to the value of

*70 at. ppm, determined from thermogravimetric mea-

surements under anhydrous conditions [31, 44].

For both materials, the rate of interdiffusion under

hydrous conditions increases significantly with increasing

water fugacity. This response reflects both a change in the

defect species that define charge neutrality and in the

nature of the diffusing point defect species. With increasing

hydrogen concentration, the mechanism of cation inter-

diffusion changes from one dominated by unassociated

metal vacancies, V00Me; to one controlled by defect associ-

ates formed between a single proton and a metal vacancy,

fp� � V00Meg
0; to one controlled by defect associates formed

between two protons with a metal vacancy, f2p� � V00Meg
�:

The concentration of this last defect increases linearly with

increasing water fugacity. Protons from these defects

expected to dominate electrical conductivity under deep

Earth conditions. Thus, with the strong dependence of

water fugacity on fluid pressure illustrated in Fig. 1, con-

ductivity profiles of Earth’s interior provide a technique for

probing the water content as a function of depth.

Conclusion

Interdiffusion of Fe and Mg in iron–magnesium oxides and

silicates is enhanced in the presence of hydrogen. This

enhancement results from an increase in the total concen-

tration of metal vacancies in the materials through

formation of proton-vacancy defect associates with

increasing water fugacity. In the case of the iron–magne-

sium oxides the predominant defect associates at the

conditions of our experiments involve a single proton

associated with a metal vacancy, while in the silicates, the

predominant defect associates involve 2 protons and a metal

vacancy. These results predict that the presence of water

dissolved in minerals in the deep Earth will significantly

affect diffusion and associated kinetic processes, relative to

kinetic behavior under dry conditions.
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