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Abstract. The rate of growth of fayalite (Fe,Si0,) has
been measured at one atmosphere total pressure, temper-
atures from 1000° to 1120° C, and oxygen fugacities con-
trolled by CO/CO, gas-mixing from 107°% to
10713:% atm, chosen to span the fayalite stability field.
The fine-grained polycrystalline fayalite layer was
formed by reacting the oxides FeO or Fe;O, with a
thin slice of single-crystal quartz. The rate of growth
of the fayalite increases with increasing temperature and
decreasing oxygen fugacity, and is consistent with a para-
bolic rate law, indicating that the growth rate is con-
trolled by diffusion through the fayalite. Microstructural
observations and platinum marker experiments suggest
that the reaction phase is formed at the quartz-fayalite
interface, and is therefore controlled by the diffusion of
iron and oxygen. The parabolic rate constant was ana-
lyzed in terms of the oxide activity gradient to yield
mean chemical diffusivities for the rate-limiting ionic spe-
cies, assuming bulk transport through the fayalite layer.
Given that iron diffusion in olivine polycrystals occurs
either by lattice diffusion, which shows a positive depen-
dence on oxygen activity, or by grain boundary diffusion,
which would result in growth rates significantly faster
than we observe, we conclude that the diffusivities de-
rived in this study represent oxygen diffusion. However,
since oxygen lattice diffusion in fayalite has been estab-
lished to be much slower than our measurements, it is
likely that the transport path for oxygen is along the
grain boundaries. Thus, the mean grain boundary diffusi-
vity of oxygen in fayalite D& (m?s™"'), using the mea-
sured grain size of 0.25 um, is then given by

E%b 5=128 % 10-—3]‘620.17 e—540/RT’

where & is the grain boundary width (in m), and the
activation energy is in kJ/mol. Assuming §=10"° m (Ri-
coult and Kohlstedt 1983), the oxygen grain boundary
diffusivities are about a factor of 30 x slower than those
reported by Watson (1986) for Fog, olivine.

Introduction

The rate at which mechanical and physical processes
occur in the Earth’s mantle is controlled by the transport
of ionic and electronic species. Since diffusion rates along
grain boundaries are typically several orders of magni-
tude faster than lattice diffusivities (e.g. Atkinson and
Taylor 1981), transport-limited processes such as creep,
conductivity, phase transformations, and recrystalliza-
tion may be controlled by grain boundary diffusion.

Although measurements of ionic diffusion along grain
boundaries have been made for a number of oxides (e.g.
Atkinson 1987; Atkinson and Taylor 1979, 1981, 1982,
1985), there have been comparatively few measurements
for geologic materials. Studies of grain boundary diffu-
sion of oxygen in quartzite (Farver and Yund 1991), and
in dunite (Watson 1986) confirm that grain boundaries
in rocks can provide fast diffusion paths for some ionic
species. By contrast, tracer diffusivities for iron in polyc-
rystalline olivine with average grain sizes of 50 pm or
larger are the same as those in single crystals (Hermeling
and Schmalzried 1984), indicating that grain boundaries
did not necessarily provide a fast transport path for iron.

Since olivine with an approximate composition
(Mgo oFeo.1),Si0, is generally accepted to be the major
constituent of the upper mantle of the Earth, its mechani-
cal and physical behavior is expected to dominate the
properties of this region. It is evident from a comparison
of creep and diffusion data for olivine with those for
forsterite (Mg,SiO,) and fayalite (Fe,SiO,) that the be-
havior of natural olivine more closely approximates that
of fayalite. Consequently, to understand defect-con-
trolled transport properties in the mantle, it is important
to study the transport properties of fayalite.

A number of previous studies have measured cation
diffusion in olivine of different compositions
(Mg, _ . Fe,),Si0,, where x=0.0 to 1.0, corresponding
to Foyg0 to Fog). Jurewicz and Watson (1988) deter-
mined diffusion rates for Fe, Mg, Mn, and Ca in natural
Fo,, olivine. Diffusion rates for Fe—Mg interdiffusion
were measured by Buening and Buseck (1973) and Mis-



ener (1972, 1974) in olivine single crystals, and by Naka-
mura and Schmalzried (1984) in synthetic polycrystalline
olivine. The positive dependence of cation diffusion rates
on oxygen fugacity reported by Buening and Buseck
(1973) and Nakamura and Schmalzried (1984) indicates
that diffusion of iron and magnesium is vacancy-con-
trolled. In a complementary study by Hermeling and
Schmalzried (1984) tracer diffusion rates for iron were
measured for a range of compositions of synthetic polyc-
rystalline olivine and a natural single crystal of San Car-
los Fogyq ((Mgy.oFeq.1),510,) olivine. The agreement be-
tween the diffusivities for single crystals and polycrystals
in these studies implies that iron lattice diffusion in oliv-
ine is at least as fast as grain boundary diffusion at coarse
(~50 um and 100-150 pm) grain sizes. Watson (1991)
also reports iron diffusivities in natural olivine polycrys-

tals. However, he observed transport rates for iron along .

grain boundaries that were faster than in the lattice for
finer (<66 pm and ~ 12 um) grain sizes.

Reddy et al. (1080) and Jaoul et al. (1980, 1983) per-
formed diffusion experiments with oxygen tracers in sin-
gle-crystal Fo,,, forsterite. These experiments show that
the diffusion of oxygen in forsterite is much slower than
that of iron or magnesium in olivine. More significantly,
oxygen diffusion in these studies showed no dependence
on fo,. In contrast, the diffusion of oxygen in natural
Fog, olivine, measured by Ryerson et al. (1989) and Ger-
ard and Jaoul (1989) is two to three orders of magnitude
faster than in forsterite and shows a positive dependence
on oxygen activity, indicating an interstitial diffusion
mechanism.

Watson (1986) performed high-pressure experiments
on oxygen grain boundary diffusion in a synthetic dunite.
The experimental configuration involved crushed San
Carlos olivine in an oxygen potential gradient resulting
from the difference between the oxygen activity of the
reducing container (iron) and an oxidizing phase (hema-
tite) dispersed throughout the crushed olivine or located
as a central pellet. Diffusion rates were derived from
the rate of increase, following sintering, of the magnetite
zone (reduced from hematite) that was formed by the
diffusion of oxygen down the potential gradient from
the hematite to the iron container. These experiments
revealed diffusivities that were significantly higher than
those derived from single crystal experiments.

Silicon diffusion in single crystals of forsterite and
olivine has been measured by Jaoul et al. (1981) and
Houlier et al. (1988, 1990), respectively, and is slower
than oxygen and iron diffusion under their experimental
conditions. In forsterite, silicon diffusivities are indepen-
dent of oxygen fugacity. By contrast, in Foy, olivine
the oxygen fugacity exponent is negative, indicating that
silicon diffusion occurs by an interstitial mechanism. No
diffusion rates have previously been measured for oxygen
or silicon along grain boundaries in olivine samples that
were initially fully dense.

Growth Kinetics

The reaction between quartz and iron oxide to form
fayalite can be treated as a reaction between two binary
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phases to form a single ternary phase by a solid-solid
reaction such as 2A0+BO, = A,BO, (Schmalzried
1978). Once a continuous fayalite rim has formed from
the reaction between the two minerals, diffusion through
the rim is required for further growth. If the kinetics
are controlled by the reaction at an interface, the thick-
ness of the fayalite will increase linearly with increasing
time. If diffusion is the rate-limiting process, the growth
of the fayalite rim will obey a parabolic rate law. For
the latter case, the relationship between the rim thickness
and time can be calculated as follows using a formalism
similar to that presented in Schmalzried (1978) and Bor-
chardt et al. (1979).

From Fick’s first law of diffusion, the flux j; of chemi-
cal species i in an clectrochemical potential gradient Vy,
is given by

DG
Ji= RT

Vrli > (1)

where C; is the concentration of species i and D; is the
partial chemical diffusivity of the species. The gradient
in electrochemical potential can be written in terms of
the gradient in chemical potential y; and electrical poten-
tial ¢:

Vii=Vu,+zFV o, (2)

where z is the charge on species i and F is the Faraday
constant.

For the specific case of the formation of a layer of
fayalite (Fe,SiO,) by the reaction between wiistite (FeO)
and quartz (Si0O,),

2Fe0+8Si0, 2 Fe,Si0,,

we can write flux equations for the transport of the ionic
species through the fayalite, assuming one dimensional
diffusion parallel to x,

: _ DFeCFe d

JFe2+ = — RT dx (HFe2++2F¢) (33)
. DoCo d

J02———WE(M02——2F¢) (3b)
. DgCg d

Jsies = = p o (Usis+ +4F ). (3¢)

If the rate of growth of the fayalite layer is diffusion-
rather than interface-controlled, it will be dependent on
the diffusivities of the two more mobile ionic species.
Growth can occur by the coupled diffusion of iron and
oxygen from the wilstite-fayalite interface to the quartz-
fayalite interface, by the coupled diffusion of silicon and
oxygen from the quartz-fayalite interface to the wiistite-
fayalite interface, or by counterdiffusion of iron and sili-
con within the fayalite, transporting silicon to the
wiistite-fayalite interface and iron to the quartz-fayalite
interface. Thus, in the theoretical treatments given below,
we will assume that the mobile species are either (a) iron
and oxygen, (b) oxygen and silicon, or (c) iron and silicon,
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with the third species in each case being treated as immo-
bile.

(a) Coupled Diffusion of Iron and Oxygen

If we assume that silicon is essentially immobile within
the fayalite, so that the growth of the fayalite occurs
by diffusion of iron and oxygen ions from the wiistite-
fayalite interface through the fayalite to the quartz-faya-
lite interface, the fluxes of iron and oxygen will be cou-
pled to maintain stoichiometry:

er2+ :jOZ .
From (3a) and (3b), it can be shown that
Dr Cre(d prea+ +2F d p)=Do Cold pio2- —2F d ¢)

and
D..C d,u 2+ —D C d,LL 2 -
9 Fd = re L @ e 0Lodor-
¢ Dg Cr.+Do Co
Thus,
.. 1 DoCoDg.Cre (dprper++dpge-)
Joz- =Jpe2+ = —

RT Dy Co+ Dy, Cr. dx
and, SINCe Upe2+ + Ho2- = lFcos

_1_ Do Co Dy Cre  d pireo
RT Dy Co+Dg.Cr, dx

)

Joz- =Jpe2+ = —

Now, in fayalite, 2 Cg,=Cgq. Also, the chemical poten-
tials of wiistite and silica across the fayalite vary from
lireo = Hpeo (@reo=1) and uso, = Uisio, (the chemical po-
tential of silica in fayalite when ap.o=1) at x=0 (the
wiistite-fayalite interface), t0 fpeo=lFeo (the chemical
potential of wiistite in fayalite when agi0,=1) and g0,
= pdio, (Gs;0,= 1) at x=A x (the quartz-fayalite interface).
Integrating (4) across the fayalite layer yields

Ax‘ d PFeO DODFe
o dx== 05 2Do+ D,

FeO - )
As there are no sources or sinks for oxygen across the
fayalite, jo.- is a constant. If we assume, on the basis
of the rapid diffusivities reported for iron in olivine (Her-
meling and Schmalzried 1984; Watson 1991), that iron
diffuses much faster than oxygen, so that Dy < Dg.,

5 DO DFe p uireoD i
. m Hreo ™~ Of 0 & Upeo -
Hreo Hreo

Using the Mean-Value Theorem, we can write the mean
value of the oxygen diffusivity across the fayalite, Do,
as

_ 1 UFeO

Do d
o A fireo u%{() 0 & UFeo

where A pipeo = lreo — Hpeo- At x=4x (the quartz-faya-
lite interface), where new fayalite molecules are formed,
Preo = Hreo and g0, = pigio,. Thus, the Gibbs free energy
of formation of fayalite from the oxides 4 G, g0, is given
by

A G510, =2(Mpeo — Hieo) + (Hsio, — H8i0,)

=2(lUpe0— Mgeo) =2/ jireo

and (5) can be rewritten as

CoD
x4 GRessio. - (6)

j024AX=—

Now, the flux j; of the species that regulates growth is

~ related to the thickness 4 x of the fayalite layer as:

dadx

where V,, is the molar volume of the fayalite and ¢ is
a stoichiometric coefficient defined as the number of
moles of fayalite formed due to the transport of one
mole of species i. Thus, for the growth of a fayalite layer,
where oxygen diffusion is rate-limiting, we can combine
(6) and (7) to give

dAx  CoDoVyué AGRsio,

dt  24x RT ®)

Given that, for fayalite Co=4/V,,, £ =% mole of fayalite
formed per mole of oxygen diffused through the layer,
and integrating (8) across the fayalite layer yields

Ax 0 !
o AGgg.s;
AxdAx=—Do 580 [ gy,
xJO RT =0
Thus, for DSi <D0 <<DFe:
_AGY ‘
(Ax)zz_zDo_Fezﬂ(ﬁt 9

RT

If, by contrast, Dg; € Dy, < D, we could perform a similar
calculation using (5) to show that

_ AGL s0.
(Ax)Z:—DFe——£7§O t. (10)

(b) Coupled Diffusion of Silicon and Oxygen

If we assume that iron is essentially immobile within
the fayalite, so that the growth of the fayalite occurs
by diffusion of silicon and oxygen ions from the quartz-
fayalite interface through the fayalite to the wiistite-faya-
lite interface, the fluxes of silicon and oxygen will be
coupled to maintain stoichiometry:

2 jsis+ =Jjoo-
and, since g+ + 2 flo: - = Usio, (4) can be rewritten as

i Do CoDsi Csi d pisio,

Jor-=2]giss = —



Let us assume that Dy, < D < Dg;. Following similar ar-
guments to those presented above, we can show that,
as 4Cy=Co=4/V,, and ¢=1 mole of fayalite formed
per mole of oxygen diffused through the layer,

_ AGL si0,
(Ax)zz—-ZDoﬁ—F{TS—o—t. (11)

If, by contrast, Dg, < Dg; < Dy, we could perform a simi-
lar calculation to show that

_ 4G s0.
(4x)>=—2Dg —11;-75—2 t. (12)

(c) Counterdiffusion of Iron and Silicon

If we assume that oxygen is essentially immobile within
the fayalite, so that growth occurs by counterdiffusion
of iron and silicon within the fayalite, the fluxes of the
iron and silicon will be coupled to maintain stoichiome-
try:

er2+ = —2j3i4+ .

From (3a) and (3¢) we can show that
—2 Dg G D5 Gy
RT Dy, Cyp.+4Dg; Cy;

.(2duFe2+ —d pigia+)
dx '

Jrez+ = —2 g+ =

As 2Fe** +2Si0, 2 Fe,Si0, +Si*™,

2 pipers — fisiar = flpesi0,— 2 Hsio, -

Since d pg.,si0, =0 across the fayalite layer,
2d pperv —d pigia s = —2d pigio, -

Thus, assuming that Dy < Dy, < Dy;, and following simi-
lar arguments to those presented above, we can show
that, as 2Cg=Cg,=2/V,, and £=1 mole of fayalite
formed per mole of iron diffused through the layer (3
mole due to diffusion of Fe?* and 1 mole due to counter-
diffusion of 1Si*™),

2Y AGoe i04 ‘
(Ax)*= —4DFG%L (13)

Conversely, if D < Dg; < D, the thickness of the layer
will follow

0
A GFe;SiO4 ¢

(4x)*=—8Dy RT

(14)

Therefore, depending on the relative rates of diffusion
of the ionic species within the fayalite, one of six possible
situations will predominate, permitting the mean cffec-
tive diffusivity of the rate-limiting species to be calculated
from measurements of fayalite layer thickness as a func-
tion of time and using (9) through (14). The values of
the Gibbs free energy of formation for fayalite from the
oxides 4 Gg,,g0, Were taken from Robie et al. (1978).
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Diffusion Path

Throughout these calculations, we have referred to the
effective chemical diffusivities of the ionic species that
constitute the fayalite with no attempt to address possi-
ble diffusion paths. The diffusivities have been treated
as though the transport were occurring uniformly
through the fayalite layer. Although these bulk diffusivi-
ties would represent true chemical diffusion coefficients
if lattice diffusion dominated transport, this situation
may not be the case in this study, where fast diffusion
pathways may exist along the grain boundaries. To de-
termine the mean grain boundary diffusivity D$® from
the mean effective diffusivity D; for the species i that
regulates the growth of the fayalite, corrections must
be made for the grain size of the fayalite d, and the
width of the diffusion path (the effective grain boundary
width J), through

_d

Db —D. = 15
Df*=D; (15)

Although this relation is based on a parallel model of
grain boundaries that does not consider the tortuosity
of the diffusion path (Brady 1983), incorporation of a
tortuosity term in (15) will affect the calculated grain
boundary diffusivity by less than a factor of two. Thus,
we can determine D$°$ from D; if we can measure d,
assuming that the flux of the rate-limiting species is pre-
dominantly along the grain boundaries.

Experimental Methods

Samples of natural single-crystal quartz, which were optically clear
and inclusion-free, were prepared as thin slices (approximately 1
x 3 x 3mm?) and polished with 1 um alumina. These samples were
packed in iron oxide and reacted at temperatures from 1000° to
1120° C under controlled oxygen fugacity conditions at 1 atm total
pressure. The f,, was controlled using CO/CO, gas mixtures and
monitored with a zirconia oxygen cell adjacent to the sample. Fuga-
cities were chosen to be within either the wiistite or the magnetite
stability fields with fo, from 1072 to 1073° atm at 1120°C.
These conditions are within the fayalite stability field as defined
by O’Neill (1987) (Fig. 1). Experimental durations ranged from 4
to 200 hours.

Hematite, which had been preannealed at 900° C in air and
lightly ground, was generally used as the starting oxide phase
around the quartz plates; sufficient powder was used that the cylin-
der of densified oxide around the quartz after each experiment
was about 10mm in diameter and 8 mm thick. The high initial
porosity of the oxide powders permitted easy transport of oxygen
out of the oxide as it equilibrated within either the magnetite or
wiistite stability regions. This reduction of hematite provided fine
grain size and sufficient contact to form a coherent initial interface
between the quartz and the oxide, which proved to be critical in
generating a uniform fayalite rim. In many of the experiments,
the quartz samples were placed on top of a fully dense wiistite
or magnetite wafer, and in some experiments wiistite or magnetite
powders were substituted for hematite as starting materials. The
results of these latter experiments agreed well with those utilizing
annealed hematite powder. A moderate static load (0.7 MPa) was
applied perpendicular to the large faces of the quartz, using Al,O,
pistons, to aid in densification of the iron oxide, and to increase
the initial contact area between the oxide and the quartz.
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Fig. 1. Phase diagram for fayalite and the iron-oxygen system. The
stability field for fayalite is indicated by the solid lines, where QFI
is the quartz-fayalite-iron and QFM is the quartz-fayalite-magne-
tite phase boundary (O’Neill 1987). The stability fields for the var-
ious iron oxides and metallic iron are bounded by the dashed lines,
where IW is the iron-wiistite, WM is the wistite-magnetite, and
MH is the magnetite-hematite phase boundary (Schwab and
Kiistner 1981; O'Neill 1988). The filled circles indicate the oxygen
fugacities and temperatures for these experiments

Following the experiments, samples were cut in half with a
diamond saw. One half was then mounted in epoxy, and polished
with 1um alumina powder. In several cases, the other half was
used for repeat experiments as an additional check of reproducibili-
ty. The iron oxide, quartz and fayalite were easily distinguished
by their contrasting reflectivities under reflected light microscopy

Fig. 2. Reflected light, optical micrographs of fayalite rims (medium
gray phase), grown by the reaction between quartz (left, dark phase)
and magnetite (right, light phase) at an f,, of 107° atm and
1120°C for a 20h, b 100h, and ¢ 200h. The dark gray phase

(Fig. 2). The thickness of the fayalite was measured at a minimum
of 100 points along the rim for each sample; a mean and standard
deviation were calculated from these measurements for each tem-
perature, time, and oxygen fugacity on the assumption of a normal
frequency distribution. The identity and morphology of the reaction
phase was confirmed using a Cameca SX-50 clectron microprobe
and an International Scientific Instruments SX-40 scanning elec-
tron microscope (SEM). The grain size of the fayalite was measured
from SEM images of the fayalite rims after etching in concentrated
HCL

Results

In several experiments using hematite powders that had
not been preanncaled in air and in a number of others
using wiistite powders, a widely dispersed fayalite phase
was observed throughout the iron oxide near the quartz
surface (Fig. 3a). This morphology is consistent with the
results reported by Schmalzried (1978) for the formation
of Co,S10, from a CoO single crystal and SiO, powder.
Schmalzried attributed this morphology to fast surface
or vapor phase transport early in the experiment before
the SiO, densified near the CoO crystal. We have solved
this problem by using heat-treated hematite powders
and/or fully dense wiistite wafers, and by applying a light
load to the powders to improve densification. Although
the reasons for the difference in morphology are not
completely understood, it appears that the formation of
a coherent fayalite rim early in the experiment is critical
in establishing diffusion-limited kinetics. A several
micron intercept at zero time for all experiments reflects
the initial rapid formation of the reaction rim. All calcu-
lations of diffusivity are based on experiments in which
uniform, coherent rims were formed.

between the magnetite grains in a is epoxy, injected after the experi-
ments. A 10 um scale bar for the three micrographs is shown in
the bottom right of ¢

Fig. 3. Reflected light, optical micrographs of
a a dispersed fayalite phase (medium gray)
throughout the wiistite (right, light phase)
from an experiment in which a stable rim did
not form; the dark phase on the left is quartz;
b a fayalite rim that was grown with an inert
platinum marker, shown as the discontinuous
bright spots along the wiistite-fayalite inter-
face. A 10 um scale bar is shown on the bottom
right of b



Table 1. Experimental conditions and rate constants for fayalite
growth experiments

Run No. T({¢C) t(h) logf,, Ax
(atm) (um)

QFM 11 1120 10 —9.97 46419

QFM16 1120 20 —9.92 6.1+1.3

QFM14 1120 40 —9.96 7.8+1.7

QFM 12 1120 100 —9.97 11.1+1.9

QFM12a 1120 200 —9.93 145427

—9.9540.02 k=0,98+0.04 um?/h

QFM39 1120 4 -10.10 49+1.7

QFM21 1120 10 —-1012 6.6+1.9

QFM22 1120 20 —10.15 71+1.7

QFM40 1120 20 —10.08 8.7+2.8

QFM26 1120 40  —10.13 88+1.9

QFM 58 1120 60 —10.13 9.14+2.0
—10.1240.03 k=0.94+0.31 pm?/h

QFM15 1120 10 —1097 56+12

QFM42 1120 10 —11.00 52422

QFM41 1120 20 —10.80 8.7+2.7

QFM 57 1120 40 —10.96 79+1.8

QFM46 1120 40 —10.92 79425

QFM47 1120 100 —10.89 139434
—109240.07 k=1.714026 um?*/h

QFM70 1070 10 —10.90 46+19

QFM72 1070 50 —1091 7.0+2.6

QFM 71 1070 100 —10.90 92+3.6
—10.9040.01 k=0.714+0.05 pm?/h

QFM23 1120 10 —11.60 6.5-+1.6

QFM24 1120 20 —11.60 11.14+3.2

QFM 25 1120 40 —11.66 10.1£2.9

QFM75 1120 100 —11.63 16.5+2.0
—11.63+03  k=23140.53um?/h

QFM34 1120 10 —11.80 17426

QFM 35 1120 10 —11.80 6.8+2.7

QFM44 1120 10 —11.95 59+1.9

QFM 13 1120 20 —11.80 7.0+1.3

QFM33 1120 20 —11.80 92421

QFM 17 1120 20 —11.80 10.0£3.3

QFM6 1120 40 —11.85 128454

QFM 18 1120 40 —11.82 14.7+4.6

QFM73 1120 50 —11.95 11.2+34

QFM66 1120 100  —11.95 14.74+4.6

QFM7 1120 100 —11.80 16.1+4.3
—11.8340.07 k=2.0940.37 um?*/h

QFM52 1120 5 —12.97 55+1.7

QFM 54 1120 7 —1296 6.6+1.9

QFM48 1120 10 —1296 9.0+2.1

QFM49 1120 40 —12.97 13.1+£3.5

QFM 53 1120 88.5 —1298 16.8+1.8
—12.9740.01 k=2914+0.29 ym?*h
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Table 1 (continued)

RunNo. T(C) i(h) logfy, Ax
(atm) (m)

QFM51 1070 145 —12.98 57418

QFM50 1070 40 —12.96 79425

QEM61 1070 60 —1297 10.042.6
—12974001 k=146+0.18 pm*h

QFM43 1000 100 —12.98 40417

QFM74 1000 200 —12.94 53407

—1296+0.03 k=0.12um?*h

The rims are composed of a layer of dense, fine-
grained, polycrystalline fayalite, which increased in
thickness with experimental duration (Fig. 2). Observa-
tions in the SEM of etch surfaces indicated a grain size
in the range 0.1 to 0.5 pm for all experimental durations.
Although we did not attempt a detailed statistical analy-
sis, the average grain size of the fayalite did not increase
by more than a factor of 2 with increase in experimental
duration from 10 to 100 h. Thickness and morphology
of the rims showed no dependence on the crystallograph-
ic orientation of the quartz, as might have been expected
if the growth of the rim were interface-controlled. The
quartz was cracked in most samples after the experi-
ments, but this cracking appears to have occurred during
cooling of the sample, as no fayalite was observed in
the cracks. In experiments for which samples with pre-
viously formed rims were used as starting samples, the
fayalite did grow into the cracks that already existed
in the quartz.

Mean rim thicknesses and error bars, computed as
one standard deviation from the mean, for all experi-
ments are listed in Table 1. The most complete set of
experiments was performed at a temperature of 1120° C,
over ranges of oxygen fugacity and experimental dura-
tion. Figure 4a shows the square of the rim thickness
versus time for three oxygen fugacities; the square of
the rim thickness 4 x? increases linearly with time for
all oxygen fugacities, and the rate of rim growth increases
with decreasing oxygen fugacity at constant temperature,
We applied linear least squares regressions to the rim
thickness data as a function of time for each sct of fo,
and temperature conditions. Rate constants k were de-
termined as the slopes of the fits and are given in Table 1;
the errors in k were determined as one standard devia-
tion of the data from the fitted line. These rate constants
are related to the mean effective diffusivities of the rate-
limiting species by (9) through (14), depending on the
relative diffusion rates of iron, oxygen and silicon. Figure
4b shows a plot of Ax? versus ¢ for temperatures of
1000°, 1070°, and 1120° C at f5,=10713-% atm; the rate
of growth increases with increasing temperature at con-
stant f,,. Although, within the error of the data, the
same t=0 intercept is obtained for all oxygen fugacities
at 1120° C, the initial rim thickness appears to increase
with increasing temperature.
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In order to determine the direction of rim growth,
and hence of the mobile ionic species, several experi-
ments were performed in which a small amount of plati-
num paint was applied to the surface of the quartz. The
effectiveness of an inert marker in locating the initial
contact depends on the coherence of the marker with
the surface, and requires that it not inhibit the diffusion.
In general, the results show platinum lining the interface
between the fayalite and the iron oxide (Fig. 3b). Al-
though this observation is generally true, platinum was
sometimes found in the interior of the fayalite.

Discussion

The experimental data on the rate of growth of fayalite
by the reaction between iron oxide and quartz at various
oxygen fugacities and temperatures show clear correla-
tions of increased growth rate with increasing tempera-
ture and decreasing oxygen fugacity. The growth of the
fayalite rims is consistent with a parabolic rate law, indi-
cating diffusion-controlled growth. Using the diffusion
rates calculated from the rate constants for the various
relative ionic diffusivities, analyses of their dependencies
on temperature and oxygen fugacity, and observations
of the morphology of the fayalite rims, we can determine
the defect speciation, transport path, and diffusion rate
of the ionic species that regulates the growth of fayalite
in these experiments.

Morphological Constraints

The platinum inert marker experiments have shown that,
in general, the growth of the fayalite occurs at the quartz-
fayalite interface, indicating that iron and oxygen are
the more mobile species in the fayalite rim. In addition,
the wavy morphology of the fayalite-quartz interface is
suggestive that rim formation occurs there. It is notewor-
thy that, since the grain boundaries are formed in situ
af temperature, we avoid the difficulties associated with
microcracking along pre-existing grain boundaries dur-

20
15
S I .
Fig. 4. Rim thickness versus the square root of time for
3 a samples annealed at a range of oxygen fugacities at
1120° C, and b samples annealed at a range of tempera-
tures at an fo, of 10713 atm (in the wiistite stability
10 field). For clarity, only the data for three of the six oxygen
fugacities were plotted in a. The solid lines were fitted
to the data using a linear least squares regression. The
5 error bars in the lower right of each figure represent

typical error bars for the data

ing heating, with the resultant complication of fast trans-
port paths for oxygen.

Thermochemical Constraints

Mean effective diffusivities may be determined as a func-
tion of f,, and T from the measured rate constants for
the various relative diffusivity cases using (9) through
(14). Figure 5a shows mean effective diffusivities calculat-
ed from the rate constants for three temperatures at an
fo, of 107139 atm, using (9) (Dg;<Do<Dg,). A linear
least squares regression fit to thesec data (line 2) yields
an activation energy for diffusion-controlled growth of
5404+30kJ/mol. As this activation energy was deter-
mined from only a limited data set over a narrow range
of temperatures, the quoted error bars probably overesti-
mate the accuracy of this result. A second measure of
the activation energy was made at an f,, of 1071 atm,
but for only two temperatures (1070° and 1120° C), yield-
ing 462 kJ/mol.

If iron diffusion regulates the growth of fayalite, the
effective diffusivity for iron would be given by lines 1
or 3 on Fig. 5a, depending on whether silicon or oxygen
were essentially immobile. The measurements of the dif-
fusivity for iron in fayalite by Hermeling and Schmalz-
ried (1984), extrapolated to 107'*° atm, show good
agreement with our predictions if the relative diffusivities
in fayalite were given by Dg; € D, < D, (line 1). However,
their results indicate that the diffusivity for iron increases
with increasing fo, (Fig. 5b), in contradiction with our
results that show a negative dependence. Consequently,
under more oxidizing conditions, their measurements
yield diffusivities that are considerably faster than ours.
If, at the finer grain sizes in our experiments, iron trans-
port occurred predominantly along the grain bound-
aries, the bulk diffusion coefficient for iron would be
even faster than that predicted from Hermeling and
Schmalzried (1984). Thus, it seems likely that iron is the
fastest diffusing species.

If oxygen diffusion regulates the growth of fayalite,
the mean effective diffusivity for oxygen would be given
by line 2 in Fig. 5a; if silicon were rate-limiting, its mean
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Fig. 5. a Log diffusivity versus inverse temperature for an f,, of
107132 atm. The solid lines correspond to the following relative
diffusivities of iron, oxygen and silicon, calculated from the mea-
sured rate constants: line 1: Dg<Dg. <Dg; line 2 and the data
points: Dg<Do<Fp, or Dg,<Dy<Dg; or Dg,<Dg;<Dy; line 3:
Dy < Dg,<Dg;; and line 4: D<€ Dg; < D, where the intermediate
diffusing species regulates growth. The diffusivity calculated assum-
ing Dg; <D< Dg, from the measurements of fayalite growth by
Becker et al. (1992) at f,,=10"13-3 atm is shown as O(B). Also
shown is the diffusivity for iron in polycrystalline fayalite (Fe) pre-
dicted from the measurements of Hermeling and Schmalzried
(1984); O(1) and O(2) indicate lattice diffusivities for oxygen in

effective diffusivity would be given by lines 2 or 4, de-
pending on whether iron or oxygen were essentially im-
mobile. A comparison of these diffusion rates with pre-
vious measurements of lattice diffusivities in Foq olivine
(Fig. 5a) indicates that lattice diffusion rates are orders
of magnitude slower than our results. This disparity is
unlikely to result from the difference in iron content be-
tween fayalite and Fog, olivine. Thus, from morphologi-
cal and thermochemical observations, it seems likely that
the growth of the fayalite layer occurs by the motion
of iron and oxygen, and is rate-limited by the diffusion
of oxygen ions along the grain boundaries.

The activation energy for fayalite growth (540 kJ/mol)
is somewhat larger than those measured for iron/magne-
sium diffusion in fayalite (210-255kJ/mol} (Misener
1974; Buening and Buseck 1973), oxygen (266-318 kJ/
mol) and silicon (291 kJ/mol) lattice diffusion in olivine
(Gerard.and Jaoul 1989; Ryerson et al. 1989; Houlier
et al. 1990), and oxygen grain boundary diffusion in dun-
ite (356 kJ/mol) (Watson 1986). Although, qualitatively,
our activation energy is closest to that measured for oxy-
gen grain boundary diffusion in olivine, we do not feel
that our result is sufficiently well-constrained to use as
a criterion for discriminating between the possible rate-
limiting species in the growth of fayalite.

The dependence of growth rate on oxygen fugacity
provides additional constraints on both the rate-limiting
species and on the structural defect that controls the
diffusion process. Figure 5b shows the mean effective dif-

Foy, olivine extrapolated from the measurements of Ryerson et al.
(1989) and Gerard and Jaoul (1989); and Si indicates lattice diffusi-
vities for silicon in Fogq extrapolated from the results of Houlier
etal. (1990). b Log diffusivity versus log f,, showing diffusivities
calculated from the rate constants at 1120° C, assuming that oxygen
is the rate-limiting species for fayalite growth. The solid line indi-
cates the linear least squares fit to the data. The dashed line shows
the extrapolation to pure fayalite of the 1130° C data of Hermeling
and Schmalzried (1984) for iron in Fo,,—Fog, olivine. The vertical
dotted lines indicate the boundaries between the iron, wiistite and
magnetite fields

fusivity of oxygen as a function of oxygen fugacity, as-
suming Dg; € Do < Dg,; a linear least squares fit to the
data yields an f,, exponent of m= —0.1740.02 (~ 1/6).
Although the absolute diffusivity might be different if
another species were rate-limiting, the f,, exponent
would not be affected.

The diffusivity of an ionic species in a crystal lattice
is given by the diffusivity of the associated defect multip-
lied by the concentration of that defect. Since, by the
dilute solution approximation, the diffusivity of a defect
species at low concentrations is independent of the chem-
ical environment, the effects of chemical environment on
diffusion of an ionic species result predominantly from
its influence on defect concentrations. The dependence
of defect concentrations in fayalite on the chemical envi-
ronment has been derived by Sockel (1974) from knowl-
edge of the crystal and defect structure of the transition
metal oxides, combined with electrical conductivity and
gravimetric measurements. The most likely defects in
fayalite, using the notation of Kroger and Vink (1956),
are normally charged vacancies (Vi., V4!”, V$) and inter-
stitials (Fe;’, Si;™, OY), and ferric iron (Fe3*) substitution
on octahedral cation sites (Fey,). According to electrical
conductivity and gravimetric experiments reported by
Sockel (1974), the majority defects in fayalite throughout
its stability field at 1120°C are V¢, and Feg,, so that
charge necutrality is established by

2[Vre]=[Fer],
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where the brackets indicate concentration of the defect
species. Using this information, the dependencies of all
defect concentrations can be derived in terms of the
thermodynamic parameters. As only the concentrations
of positively charged defects decrease with increasing
Jo. ([Ferlocfo, " apls, [Vo1ocfo,® apen >, Sirlocss,'?
a5.-073), these are the most likely candidates for the spe-
cies that regulates fayalite growth in these experiments.
Since our experiments were performed in a gradient in
oxide activity, we could not measure the dependence of
diffusion on ag.q-

Given that the growth of fayalite is regulated by the
grain boundary diffusion of oxygen, the sign and magni-
tude of the f,, dependence is consistent with transport
by a vacancy mechanism. Although the lattice diffusion
of oxygen in Fog, olivine shows a positive dependence
on fo,, indicating an interstitial diffusion mechanism
(Gerard and Jaoul 1989; Ryerson et al. 1989), the trans-
port process may be different in fayalite. In addition,
the difference in the energetics between lattice and grain
boundary defects may result in a change from interstitial
diffusion in the lattice to vacancy diffusion along the
grain boundaries for the same species. Even though de-
fects other than the normally charged vacancies and in-
terstitials may exist in fayalite, they are unlikely to occur
in sufficient concentrations to contribute to ionic diffu-
sion. We also note that the theoretical relationship be-
tween defect concentrations and the thermodynamic pa-
rameters were calculated for lattice defects and they may
only be applied to grain-boundary regions of single-
phase aggregates with caution.

Transport Mechanism

The bulk of the evidence, including the magnitude of
the diffusivity, the dependence on oxygen fugacity, the
position of platinum markers, and the general morpholo-
gy of the fayalite strongly favor one model for fayalite
formation: the fayalite grows by the transport of iron
and oxygen from the iron oxide phase through the faya-
lite to react at the quartz-fayalite interface. The rate of
fayalite growth is controlled by the grain boundary diffu-
sion of oxygen, probably by a vacancy mechanism. Using
a novel Mossbauer technique, Becker et al. (1992) also
measured the rate of growth of fayalite from the reaction
between FeO and SiQ, (in their case, quartz glass). From
their measurements, they determined a parabolic rate
constant of k,=10"'®m?s™" at 1000° C and an fo, of
107 13-3 atm. Assuming that the same growth mechanism
occurred in their samples, this result indicates a mean
effective diffusivity for oxygen that is similar to our result
at approximately the same conditions (Fig. 5a).

Using our rate constants, and (9) and (15) we can
determine mean grain-boundary diffusivities for oxygen
in fayalite. In this context, “mean” refers to the fact
that the diffusivity is measured in a gradient of ap.o.
If we use the measured grain size of d=0.25pum, the
mean grain boundary diffusion rate for oxygen in fayalite
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Fig. 6. Log diffusivity versus inverse temperature for a number of
ionic species in fayalite and Fog, olivine. Our results for the mean
grain boundary diffusivity of oxygen in fayalite are labelled O,;;
0,,(W) indicates the grain boundary diffusivity for oxygen in oliv-
ine polycrystals as determined by Watson (1986); Fe indicates the
diffusivity for iron in polycrystalline fayalite by Hermeling and
Schmalzried (1984); and O(1), O(2), and Si indicate the lattice diffu-
sivities for oxygen (Ryerson et al. 1989; Gerard and Jaoul 1989)
and silicon (Houlier et al. 1990) in olivine. All data are plotted
for oxygen fugacities buffered at quartz-fayalite-magnetite (QFM),
except for the Watson (1986) data, which where measured in an

oxygen potential gradient

Dg (inm?s™ 1) is given by
D_%b5=(128i011) X 10_3f0_20'17i0'02e_540i30/RT,

where the activation energy is expressed in kJ/mol. Using
this relationship and assuming a grain boundary width
of §=1 nm (Ricoult and Kohlstedt 1983), we have plot-
ted the mean oxygen grain boundary diffusivity in faya-
lite in Fig. 6. This relationship yields diffusivities that
are a factor of about 30 x slower than the mean grain
boundary diffusivities for oxygen in Fog, olivine polyc-
rystals, determined by Watson (1986) at a pressure of
1 GPa using an oxygen potential gradient as the driving
force for diffusion (O,,(W) in Fig. 6). This disparity is
larger than can be accounted for by the differences in
mean fo, and ar.o in the two experimental systems, but
may reflect a contribution due to short-circuit diffusion
by vapor transport in open grain boundaries in his sam-
ples, or fundamental differences in grain boundary struc-
ture between the two minerals.
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