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Oxygen diffusion in rutile from 750 to 1000 °C and 0.1 to 1000 MPa
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ABSTRACT

Oxygen self-diffusion in rutile was studied in synthetic and natural samples over the
temperature range 750 to 1000 °C and the pressure range 0.1 to 1000 MPa using an '*O-
enriched source. Most experiments investigated the dependence of D on temperature, water
pressure, crystallographic direction, and experiment duration. A few experiments investi-
gated the dependence of D on f,, and confining pressure. The uptake profiles of *O in
experimental products were measured by nuclear reaction analysis using the reaction
180(p,a) *N.

Two mechanisms are responsible for O diffusion in rutile, and one is faster than the
other by about an order of magnitude. O that diffuses by the faster mechanism is described
by the diffusion law:

D(llc) = 4.7 X 1077 exp(—258 = 22 x 10%RT) D, in m?*s; E, in J/mol;: T in K.
Diffusion by the slower mechanism is described by this law:
D(llc) = 5.9 X 107 exp(—=330 = 15 x 103/RT) D, in m¥/s; E, in J/mol; T in K.

Oxygen fugacity in itself does not affect D at fugacities between 1 atm and Ni-NiO.
However, the presence or absence of water during reduction does affect the diffusion
behavior. When water is absent during rutile growth and/or subsequent reduction, only the
faster mechanism operates, and when water is present during growth or reduction, both
mechanisms operate simultaneously, though the contribution from the slow mechanism
dominates that of the fast mechanism. Because few geologic environments are truly dry,
the slower law should generally be used for modeling O diffusion for rutile in nature.
Comparison with other studies of rutile suggests that migration of O vacancies is the
mechanism responsible for the faster diffusion law whereas migration of Ti interstitials is
responsible for the slower diffusion law.

Oxygen diffusion in rutile is slower perpendicular to the ¢ axis than parallel to that axis
by about half an order of magnitude. There is no perceptible effect of confining pressure
on D below 100 MPa, or between 600 and 1000 MPa. However, between 100 and 600
MPa, D decreases by nearly an order of magnitude.

Closure temperatures for O diffusion in rutile are high—650 °C for a crystal with a 100
pm radius and a 10 °C/Ma cooling rate. Rutile is retentive of its O isotopic composition.
A crystal with a 100 pm radius will retain its initial core composition for just over 10
million years at 600 °C.

US.A.

INTRODUCTION

Bulk O isotope compositions of minerals in metamor-
phosed rock bodies can yield information regarding the
temperature of mineral crystallization and the extent and
nature of fluid-mineral interactions. However, the inter-
pretation of bulk isotopic compositions is often challeng-
ing or misleading because the minerals involved might
not be homogeneous—having been altered during cool-
ing, by a secondary thermal event, or by exchange with
a metasomatic fluid. Still, minerals with altered compo-
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sitions can record the changes that caused the alteration
and therefore have significant potential as sources of in-
formation regarding the temperature and compositional
history of rock bodies.

To interpret non-uniform *Q/'*O distributions in min-
erals, one must: (1) be able to perform accurate, in-situ
micrometric analyses of O isotope ratios in natural min-
erals; (2) understand the theory governing isotope ex-
change in rock bodies; (3) know the equilibrium isotope
partitioning of O in the minerals of interest; and (4) know
the redistribution kinetics of O in the relevant minerals.
Significant progress has been made recently on all of
these fronts: (1) laser- and ion beam-ablation mass-spec-
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trometric techniques are rapidly becoming more precise
and accessible, and, for large minerals like garnet, me-
chanical sampling has been used (e.g., ion probe in Ri-
ciputi and Paterson 1994 and Valley et al. 1991; laser
ablation in Sharp 1990, Wiechert and Hoefs 1995, and
Young and Rumble 1993; mechanical sampling in Kohn
et al. 1993); (2) the theory for predicting the evolution
of mineral isotope compositions in rock bodies is largely
developed (e.g., Giletti 1986; Eiler et al. 1992; Kohn
1993; Young 1993); (3) the database of equilibrium O
isotope partitioning measurements for interesting miner-
als is increasing (e.g., rutile in Chacko et al. 1996); and
(4) the database of O diffusion data in relevant minerals
is also increasing [e.g., the reviews of Freer (1980, 1981)
and Brady (1995)].

In this study, we add to the database of O diffusion in
minerals by investigating O diffusion in synthetic and
natural rutile under high-temperature geologic conditions.
The dependence of the diffusion coefficient, D, on tem-
perature, water pressure, crystallographic direction, and
experiment duration is addressed in detail. The depen-
dence of D on f, and confining pressure is also ad-
dressed. The results are discussed in terms of the diffu-
sion mechanism(s) for O in rutile, and some simple
calculations are presented to convey a sense of the re-
equilibration characteristics of O isotopes in rutile.

EXPERIMENTS

Self-diffusion experiments of O in rutile were per-
formed on synthetic and natural samples using an O
source. The gem-quality synthetic crystals were from a
boule (grown by Atomergic Chemical Company) donated
by W.G. Minarik. This material is transparent and slightly
yellow. The natural rutile crystals, courtesy of A.N. Mar-
iano (along with their PIXE-determined trace element
compositions), are from the Gujar Kili emerald mine, Pa-
kistan, and the Crab Tree emerald mine, North Carolina,
U.S.A. The Gujar Kili crystals, from a talc-carbonate
schist, are dark red, dense, display a roughly rectangular
cross-section (2-3 mm wide and 1-2 mm long), and are
elongate parallel to the ¢ axis (4-7 mm high). The Crab-
tree crystals are dark red, of roughly cylindrical shape
(1-3 mm in diameter), and are elongate parallel to the ¢
axis (5-12 mm in length). Voids several hundred microm-
eters in diameter run the length of the Crabtree crystals.
Crystal faces in natural samples display marked lineations
parallel to c. Table 1 shows the trace element composi-
tions of the samples.

Slabs no smaller than 1 mm on a side were cut parallel
and perpendicular to the ¢ axis with a low-speed diamond
saw. The crystallographic orientation of synthetic sam-
ples was determined optically. Orientation of the natural
samples was based on crystal form. Crystal slabs were
polished with 1 pum alumina and cleaned ultrasonically.
All samples were subjected to an intitial pre-anneal in air
at 1400 °C for 48 h to remove crystal damage caused by
cutting and polishing (e.g., Reddy and Cooper 1982).

Rutile is stoichiometric only in a nearly pure O, at-

TasLE 1. Rutile trace element compositions*
Synthetict Gujar Kilit Crabtreet

Mn — 310 300
Fe 3730 1500 1300
\ — 9300 8600
Cr <0.5 5100 5100
Zr — 110 36
Nb — 5100 1500
Ta <0.5 63 290
w <1 690 210
Th <0.2 26 8
u <0.1 4 5
Pb — 4 3
Zn <20 9 3
Sn — 450 250
Cu — 7 6
Ba <50 0 10
La <0.1 37 25
Ce <1 54 70
Y — 8 18

* Compositions reported in parts per million by weight.
t Determined by INAA.
t Determined by PIXE.

mosphere, and crystals of different stoichiometries have
different colors (e.g., Grant 1959; Frederikse 1961; Kof-
stad 1962). For example, crystals grown or annealed in
air are honey-colored whereas those from more-reducing
conditions are dark blue or black (e.g., Berkes et al.
1965). The oxidation/reduction responsible for the color
change is reversible, occurs throughout the sample, and
takes place quickly even at low temperatures (Cronemey-
er 1952). The work of Berkes et al. (1965) on the rela-
tionship between f, and rutile stoichiometry suggests
that air-equilibrated rutile has a composition of TiO), 400,
and that rutile equilibrated at Ni-NiO has a composition
more stoichiometric than TiO, ,.

Seventeen of the twenty-two experiments performed
were hydrothermal ““cold-seal” experiments at confining
pressures at or below 100 MPa (Table 2). These were
prepared by placing sealed, 3 mm platinum capsules con-
taining polished and pre-annealed rutile slabs and ~2-5
pL #O-enriched H,O in stellite cold-seal pressure vessels,
with water as the confining medium. All but two of these
experiments, R23 and R27, were pre-annealed dry under
atmospheric conditions and then run hydrothermally at
Ni-NiO. Because rutile equilibrates quickly to new f,,
conditions, the effective “‘pre-anneal” for these experi-
ments occurs hydrothermally at Ni-NiO during the begin-
ning of the experiment. To investigate whether equili-
brating rutile to Ni-NiO during the beginning of the
experiment affected the measured diffusion profiles, sam-
ple R27 was pre-annealed wet in water having a natural
20 abundance and then run in '*O-enriched water. This
experiment showed that the reduction to Ni-NiO at the
beginning does not effect the experimental results. To in-
vestigate the effect of water, sample R23 was pre-an-
nealed dry at Ni-NiO, then run hydrothermally at the
same f, . The temperature of these cold-seal experiments
was monitored by sheathed type-K thermocouples posi-
tioned near the sample in a well in the vessel wall and is
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TasLe 2. Experimental conditions and diffusion data for oxygen in rutile

No. T (°C) t(s) For/HOP* for/HOF P/ Piyo Typet D (m?/s) log,, D *
Diffusion in synthetic crystals parallel to (001)
oD27 750 1.22 x 108 atm/dry§ Ni-NiO/wet 100 MPa n 8.9 X 1022 -21.05 0.11
t 3.2 X 1072 -19.50 0.14
oD7 810 8.70 x 10¢ atm/dry§ Ni-NiO/wet 100 MPa n 1.0 X 10720 —20.00 0.15
t 1.9 X 101 —18.72 0.14
OoD4 850 9.84 x 10¢ atm/dry§ Ni-NiO/wet 100 MPa n 1.7 X 10~ -19.77 0.15
t 49 X 107" -18.31 0.17
R9 900 8.37 x 10¢ atm/dry§ Ni-NiO/wet 100MPa n 1.6 X 107 -18.80 0.10
t 9.2 x 107 —18.04 0.09
R14 900 3.49 x 10° atm/dry§ Ni-NiO/wet 100 MPa n 4.9 X 10-2° -19.31 0.04
t 8.9 X 10-™ —18.05 0.1
R12 900 5.83 x 10° atm/dry§ Ni-NiO/wet 100 MPa — 7.6 X 10-2° -19.12 0.03
R27|| 900 1.05 x 10° Ni-NiO/wet Ni-NiO/wet 100 MPa n 1.3 X 10-'® -18.89 0.03
t 29 X 107" —17.54 0.08
0OD26 953 4.24 x 10¢ atm/dry§ Ni-NiO/wet 100 MPa n 3.6 X 10" -18.44 0.04
t 4.7 X 101® —-17.33 0.24
0oD43 1000 1.90 x 10° atm/dry§ Ni-NiO/wet 100MPa — 1.4 X 108 -17.85 0.03
0D29 900 8.64 x 10¢ atm/dry§ Ni-NiO/wet 600 MPa n 1.3 X 102 -19.89 0.12
0oD63 900 1.73 X 10° atm/dry§ Ni-NiO/wet 10%/<10°MPa# n 1.7 X 10720 -19.77 0.13
t 1.7 x 10-1® -18.77 0.13
R3 900 1.73 X 10° atm/dry§ Ni-NiO/wet 1000 MPa n 7.4 x 1072 -20.13 0.20
R17 807 9.02 X 10* atm/dry atm/dry 1 atm/none == 1.9 X 1071° —-18.72 0.14
R23 900 1.21 X 10° Ni-NiO/dry Ni-NiO/wet 100 MPa — 13 x 10~ -17.89 0,02
Diffusion in synthetic crystals perpendicular to (001)
0D53 900 2.66 X 10° atm/dry§ Ni-NiO/wet 100 MPa n 3.6 X 102 -19.44 0.04
t 3.5 X 10" —18.46 0.1
R32 909 8.09 x 10¢ atm/dry§ Ni-NiO/wet 100 MPa n 5.0 X 1020 -19.30 0.07
t 3.0 X 10~ -18.52 0.12
R10 900 8.22 X 10¢ atm/dry§ Ni-NiO/wet 67 MPa n 3.3 X 1072 -19.48 0.10
t 3.8 X 10" —18.42 0.14
R31 1000 1.17 X 10¢ atm/dry§ Ni-NiO/wet 67 MPa n 4.5 X% 10" -18.35 0.09
t 65 x 1071 -17.19 0.1
R11 900 8.04 X 10¢ atm/dry§ Ni-NiO/wet 33 MPa n 34 X 107> -19.47 0.08
t 44 X 10" -18.36 0.22
R33 780 243 X 10° atm/dry atm/dry 1 atm/none — 2.0 x 102 -19.70 0.16
Diffusion in natural crystals parallel to (001)
R42 909 8.09 x 10¢ atm/dry§ Ni-NiO/wet 100 MPa G-n 39 x 10" -18.41 0.06
G-t 24 % 107 -17.62 0.20
R50 1000 1,13 X 10* atm/dry§ Ni-NiO/wet 66 MPa C-n 29 x 107 —17.54 0.17
C-t 1.6 X 1077 -16.80 0.05

* for is the oxygen fugacity of the preanneal, H,Or describes if water is present during the preanneal.

1 fo, is the oxygen fugacity of the experiment, H,O" describes if water is present during the experiment.

1 n is for the near-surface part of the profile, t is for the tail part; G is for Gujar Kili, C is for Crabtree.

§ Rutile equilibrates quickly to new £, conditions; therefore, the effective “preanneal” occurs at Ni-NiO/wet during the beginning of these experiments.
|| Preannealed wet, with water that was un-enriched in '8Q; run wet, with #O-enriched water.

# Fluid added as a 50:50 CO,:"*0O-enriched H,O mix, by weight-CO, added as Ag,C,0,.

accurate to within 5 °C of that reported. Pressure was
maintained to within 2% of the reported value.

Three hydrothermal “‘piston-cylinder” experiments
were conducted at confining pressures of 600 and 1000
MPa (R3, OD29, and OD63; Table 2). Diffusion samples
were made by placing slabs of polished and pre-annealed
(in air) rutile along with ~2-5 pL '®O-enriched H,O in
platinum-lined, surface-oxidized nickel capsules [see
Watson and Cherniak (1997) for experimental details].
The effective pre-anneal for these experiments also oc-
curs wet at Ni-NiO at the beginning of the experiment.
To isolate the effects of water and confining pressure,
sample OD63 was run at 1000 MPa with P, < P_.. In
this experiment the fluid was added as a 50:50 mix, by
weight, of CO, (added as Ag,C,0,) and '*O-enriched
H,O. The temperature of these piston-cylinder experi-
ments was measured by type-D thermocouples (W3%Re

vs. W25%Re) and is accurate to within 10 °C of that
reported.

Following hydrothermal experiments, crystals were
cleaned ultrasonically in water, ethanol, and acetone.
Sample surfaces maintained a good polish during hydro-
thermal runs, and no quench material was observed. Be-
cause the source is nearly pure H,*O (>96% H,"*0O),
these experiments yield very high surface concentrations
of 80. Both the cold-seal and piston-cylinder apparatuses
maintain the f, of experiments near the Ni-NiO buffer.
Hydrothermal experiments at the WM and MH f,, buf-
fers were attempted but were unsuccessful because there
was not enough experimental volume for the amount of
solid buffer needed to maintain a fixed f, throughout the
experiment.

Two dry, 1 atm experiments, R17 and R33, also were
performed (Table 2). These consisted of welded, 3 mm-
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diameter platinum capsules containing polished and pre-
annealed slabs of rutile surrounded by *O-enriched Al,O,
powder. These experiments were performed in vertical
tube furnaces. The temperature was monitored just out-
side the sample capsules by type-K thermocouples and is
accurate to within 3 °C of that reported. After the dry
experiments, crystals were cleaned ultrasonically in wa-
ter, ethanol, and acetone. The *O source material for
these experiments was made by reacting fine-grained alu-
minum powder with '*O-enriched water in sealed 5 mm-
diameter AgPd capsules at 700 °C and 200 MPa for 24
h. Two such treatments, with intermediate grinding, were
required to oxidize sufficient Al metal. The concentration
of 0 in the resulting solid source is 5-10 at%. This
yielded surface concentrations in diffusion products of 4—
6 at%, which is 20-30 times above background. Oxygen-
18 enriched rutile powder was not used because it caused
significant roughening of sample surfaces. Dry, low-f,,
experiments were attempted, but the concentration of in-
troduced '*O in the products was lowered to unmeasura-
ble levels by exchange with the solid O buffer.

ANALYSIS

The distribution of *O in run products was measured
by nuclear reaction analysis (NRA) using the reaction
O(p,o)*N. In this method, energetic protons bombard
the rutile crystal and react with '*O nuclei, yielding o
particles of a specific energy. The a particles lose energy
in a predictable way as they pass through the rutile crys-
tal, so the depth at which they originated can be calcu-
lated. The raw NRA spectra, which consist of plots of «
particle counts vs. channel number, are converted to
concentration vs. depth profiles (Cherniak 1990). All
analyses were performed on the 4 MV Dynamitron linear
accelerator at SUNY-Albany using a 1.65 MeV (monoen-
ergetic) beam of H; ions (Cherniak 1990). The depth
resolution of this technique is about 150 A. One-sigma
uncertainties in the concentration data, typically 2-4%,
are assumed to be proportional to the square root of the
number of counts from the raw NRA spectra. For more
information regarding this analytical technique see Cher-
niak (1990), Ryerson et al. (1989), or Amsel and Lanford
(1984).

Simple profiles

Experiments were designed so that resulting concen-
tration profiles could be modeled by the analytical ““con-
stant surface concentration” solution to the diffusion
equation (Shewmon 1989):

X
4Dt

where C is the concentration at depth x and time ¢, C, is
the surface concentration, and D is the diffusion coeffi-
cient. This solution is valid for one-dimensional diffusion
via a single mechanism into a semi-infinite space from a
surface with constant, uniform concentration. All our ex-

Clxr) = C0[1 = erf( ¢))
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Ficure 1. (a) Diffusion profile of sample R23, which was
dry-reduced to Ni-NiO then run hydrothermally at Ni-NiO, Sym-
bols represent data, with associated errors as shown; line is a
complementary error function curve (Eq. 1); the surface concen-
tration, C,, and D are determined from the fit in b. (b) Lineari-
zation of the data in a by inversion through the error function.
Symbols are data; line is the fit from regression and has slope 1/
(4Dt)y~.

periments satisfy these constraints. Tannhauser (1956) ex-
plains why the powder source configuration is satisfactory.

The three experiments using rutile that had not been
reduced in the presence of water were modeled using
Equation 1 (two dry experiments: R17 and R33; one hy-
drothermal: R23. Fig. la). Data from these experiments
form a straight line, with slope 1/(4Dr)', on plots of the
inverse of the error function of {[C,-C(x,H))/C,} vs. depth,
x (Fig. 1b). Diffusivities were extracted from the slopes
of the lines fit to the data by least-squares regression (Fig.
1b). Because the solution is constrained to pass through
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B0/ total oxygen

B0 / total oxygen

Depth (pm)

(a) Diffusion profile of sample OD27, a profile typical of wet-reduced samples. Notice the “tailing,” Maximum error

in data as indicated. (b) Error function fit to the tail portion of the profile. Symbols are data, line is the fit (using Eq. 1). (¢) Error
function fit to the residual profile. Symbols are residual-concentration data points calculated by subtracting the error function fit in
b from the data in a; line is the fit (using Eq. 1). (d) Fit of data in a by the linear combination of the error functions shown in b

and c.

zero, this method produces an independent determination
of C,, which cannot be measured directly.

Composite profiles

The 19 experiments using rutile that had been reduced
in the presence of water yielded profiles with more '*O at
depth than would be introduced by a single volume dif-
fusion mechanism (Fig. 2a). This feature is often referred
to as “tailing” and is commonly indicative of a rapid
diffusion mechanism or pathway. We attempted to fit

these profiles with a single error function, but this method
failed to account for the tail region. To determine if these
profiles could be considered as the combination of two
error functions, we carried out an analysis of variance
using the F-test statistic. This is a statistical analysis in
which the variance of a “one-function” fit was compared
with that of a “two-function” fit. The value of F deter-
mined for the wet-reduced profiles indicated a two-func-
tion fit at the >99% confidence level. The two-function
fit used in the statistical analysis was the following:
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X

Cxn) = a,C,, \/m)
1

1—erf<

+ a,C,,

)

1 —erf a
V4Dt

where a, and a, are the coefficients of each error function
term and represent the interdependence of the two functions,
and the other variables are as for Equation 1. In all cases,
both a, and a, were, within error, equal to 1, suggesting that
the two error functions are statistically independent. This
does not mean that the mechanisms responsible for the func-
tions are physically independent, only that the interaction
between the mechanisms is small enough to not be mea-
surable. Furthermore, because the tails are fairly flat, it is
not possible to demonstrate that they are indeed error func-
tions. However, Boltzmann-Matano analysis, which allows
D to be calculated at each point along a particular profile
(Shewmon 1989), shows that as long as a function is chosen
that fits the tail data well, the D that is extracted from the
tail is the same. Our time-series experiments suggest that
both the near-surface and tail regions of the profile are the
result of lattice diffusion. We interpret these profiles as rep-
resenting O diffusion via two simultaneously acting, statis-
tically independent mechanisms.

Diffusivities were extracted from these wet-reduced pro-
files using a less general version of the Equation 2 approach
(Fig. 2b—d). First, that portion of the tail region which is
devoid of contribution from the near-surface mechanism
was fit by an error function using Equation 1 (Fig. 2b). Then
this error function fit was subtracted from the original C-x
profile, resulting in a profile that is fit by a second error
function (Fig. 2¢). The fit to the entire profile was then
generated by summing these two error function fits (Fig.
2d). Having realized that this method of fitting the data as-
sumed the statistical independence of the two mechanisms,
the validity of the assumption was investigated as described
previously, using the fully general fitting procedure of Equa-
tion 2 and performing the F-test. The profiles were not re-
fit using the fully general approach because the assumption
of the first method proved to be valid and because both
methods produced the same diffusivities.

REsuLTS

Most experiments investigated the dependence of D on
temperature, water pressure, crystallographic direction, and
experiment duration. A few experiments investigated the de-
pendence of D on f, and confining pressure. Table 2 con-
tains the pre-anneal and experimental conditions and results.
Figure 3 shows results for diffusion parallel to c. Figure 4
shows the variation of D with water and confining pressure
(Fig. 4a), crystallographic direction (Fig. 4b), and experi-
ment duration (Fig. 4c).

Most experiments were hydrothermal at Ni-NiO using
rutile that had been pre-annealed dry at 1 atm and then wet-
reduced to Ni-NiO during the beginning of the experiment.
The experiment with sample R27, which was pre-annealed
at Ni-NiO in undoped water before running it hydrother-
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mally at Ni-NiO, showed that reducing rutile to Ni-NiO at
the beginning of the experiment gives the same results as
reducing it in a pre-anneal. These experiments yield the two-
error-function composite profiles described previously (Fig.
2). Two D values are extracted from each of these experi-
ments, one from the near-surface region of the profile and
one from the tail region (Table 2; Figs. 2 and 3). The dif-
fusivities from the near-surface region of these profiles are
described by the slower diffusion law of Figure 3, which
has a pre-exponential factor of 5.9 X 10~ m¥s and an ac-
tivation energy of 330 = 15 kJ/mol.

Two of the experiments, R17 and R33, used dry 1 atm
rutile that had been pre-annealed dry at 1 atm. One exper-
iment, R23, was pre-annealed dry at Ni-NiO and run wet
at Ni-NiO. These three experiments used rutile that either
had not been reduced or had been reduced in the absence
of water. Diffusivities from these three experiments, together
with the diffusivities from the tail region of the composite
profiles, are described by the faster diffusion law of Figure
3, which has a pre-exponential factor of 4.7 X 107 m%s
and an activation energy of 258 = 22 kJ/mol.

Effect of water and f, on D

The differences in diffusion behavior between those ex-
periments in which O diffuses by both mechanims and those
in which O diffuses by only the faster mechanism seem to
result from the presence of water during reduction of rutile.
Sample R23, which was dry-reduced and then run hydro-
thermally, supports this conclusion. Despite being run hy-
drothermally, it produced profiles like those from the two 1
atm experiments. So, O diffusion in wet-reduced rutile pro-
ceeds by two mechanisms, according to both the measured
diffusion relations, and in non- or dry-reduced rutile by one
mechanims only, according to the faster diffusion relation.
With respect to the amount of O moved in wet-reduced
rutile, the slower mechanism dominates. In fact, for “long”
anneals, the contribution from the faster mechanism can be
ignored (see discussion of the variation of D with time).
The effect of water on O diffusion in rutile is altogether
different from its effect on silicates and other oxide minerals
like magnetite, for which O diffusion is faster in the pres-
ence of water (e.g., quartz in Gilleti and Yund 1984, feld-
spars in Giletti et al. 1978; diopside in Farver 1989; zircon
in Watson and Cherniak 1997; magnetite in Giletti and Hess
1988). Consequently, though speciation (i.e., O moving as
0>, OH-, or H,0) explains the effect of water on O dif-
fusion in some silicates (e.g., Doremus 1969; Zhang et al.
1991), it clearly does not explain the effect in rutile.

The mechanism responsible for the faster diffusion rela-
tion is independent of f, from 1 atm to Ni-NiO. Experi-
ments run at Ni-NiO (R23) and at 1 atm (R17 and R33)
yield diffusivities that are described by the same diffusion
relation (Fig. 3). It was not possible to test whether the
mechanism responsible for the O diffusion behavior in wet-
reduced rutile is independent of f,, over geologic conditions
because, as mentioned, the attempted experiments at f,, of
the WM and MH buffers were unsuccessful.
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Effect of pressure on D

The dependence of D on water and total pressure was
investigated by examining diffusion perpendicular to (=100
MPa, Fig. 4a) and parallel to the ¢ axis (100-1000 MPa,
Fig. 4a). D was not observed to vary over the pressure
ranges 1 atm to 100 MPa and 600-1000 MPa (Fig. 4a), but
the D values of the high-pressure experiments are about an
order of magnitude slower than for the low-pressure exper-
iments (Fig. 4a). Experiment OD63, which had P, , < P,,,
= 1000 MPa, yielded a diffusivity within error of those
from the P, , = P, = 600 and 1000 MPa experiments,
suggesting that confining pressure is probably responsible
for the decrease in D between 100 and 600 MPa.

Variation of D with crystallographic direction

Diffusion of O in rutile is about half an order of mag-
nitude slower perpendicular to the ¢ axis than parallel to it
(Fig. 4b). This is consistent with observations that the ther-

mal conductivity of rutile is fastest parallel to the ¢ axis
(McCarthy et al. 1952). Structurally, rutile has a slightly
more open structure parallel to the ¢ axis, which could be
the reason why D,(lic) is larger than D,(Llc). Because the
range of temperature of our D(Lc) experiments was only
200 °C, we fit the data in Figure 4b by varying the pre-
exponential factors of the D(|c) diffusion laws. This method
assumes that the activation energy is not a function of crys-
tallographic direction, which seems reasonable because Ti-
O bond lengths and strengths in rutile are largely indepen-
dent of crystallographic direction (Grant 1959).

Variation of D with experiment duration

The variation of D with experiment duration was in-
vestigated to demonstrate that the measured diffusion pro-
files were the result of lattice diffusion only. There is no
dependence of D on experiment duration (Fig. 4¢), and
zero-time experiments yielded profiles identical to pro-
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diffusion parallel to c. (a) Pressure dependence of diffusivity for
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ing pressure for all samples except for OD63, for which arrows
indicate that P, , < Pr,,. (b) Oxygen diffusion in rutile perpen-
dicular to the ¢ axis. Dashed lines are the diffusion laws from
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Time dependence of D(||c) for experiments conducted at 900 °C
and 100 MPa. Lines are the diffusivities calculated from the dif-
fusion laws of Figure 3.
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files from experiment ‘‘blanks.” Therefore, the measured
diffusivities likely represent “lattice” diffusion, with no
contribution from chemical alteration, transient diffusion
paths, etc. No tail-diffusivity is reported for the long-du-
ration experiments, e.g., R12 and OD43, because the con-
tribution to the profile from the near-surface diffusion
mechanism overwhelms the contribution from the tail
mechanism for these times. As a result, contributions
from the two mechanisms can be distinguished only when
experimental times are sufficiently short to keep the con-
tribution from the near-surface mechanism very near the
surface.

DISCUSSION

The mechanisms responsible for diffusion of both O
and Ti in rutile are controlled largely by defect chemistry
(Haul and Diimbgen 1965; Venkatu and Poteat 1969;
Grant 1959). In this section, we summarize the results of
studies bearing on the mechanisms responsible for dif-
fusion in rutile and draw some conclusions about the
mechanisms.

Table 3 summarizes the results of diffusion studies of
rutile. All the studies cited therein used synthetic rutile
and studied diffusion parallel to the ¢ axis. Their results
are essentially identical to the faster of the two diffusion
laws observed by us (Table 3). The Haul and Diimbgen
(1965) and Derry et al. (1981) O diffusion data are from
gas-exchange experiments. Both studies concluded that O
diffusion is extrinsic and is the result of the migration of
O vacancies. The Venkatu and Poteat (1969) and Akse
and Whitehurst (1978) Ti diffusion data are from thin
source, surface tracer deposit experiments. Both studies
concluded that under dry conditions Ti diffusion in rutile
is extrinsic and is the result of O vacancy migration. In
addition to dry experiments, Akse and Whitehurst (1978)
performed experiments on rutile that was reduced using
an H,/H,O buffer. Under these conditions, they observed
a higher activation energy. They concluded that Ti dif-
fusion in rutile under wet, reducing conditions results
from the migration of Ti interstitials. Their results, show-
ing that Ti diffusion behavior is different for rutile that
has been reduced in the presence of water, are consistent
with our observations of O diffusion behavior.

Chester (1961) studied the electron spin resonance of
nonstoichiometric rutile and observed that samples re-
duced by H produced unique spectra. He interpreted these
spectra as the result of either Ti** interstitials or Ti** in-
terstitials associated with O vacancies. The presence of
Ti*+ interstitials under these conditions is supported by
the observations of Young et al. (1961) concerning the
weak hyperfine structure of rutile. However, O vacancies
clearly are also present. Gray (1957) reported that reduc-
tion of rutile in a H atmosphere involves a weight loss.
Moreover, the tails of wet-reduced experiments and the
profiles of non- and dry-reduced experiments are de-
scribed by the same diffusion law (Fig. 2). Kofstad (1967)
synthesized the available data and concluded that the de-
fect structure of rutile is dominated by O vacancies at
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TaBLE 3. Summary of diffusion studies of rutile

.. OXYGEN DIFFUSION IN RUTILE

El T (°C) H,O P,, (atm) Mechanism D, (m?s) E, (kJ/mol) Ref.”
(¢] 750-1000 dryt atm/Ni-NiO O vacancies 47 x 1077 258 =+ 22 current
o} 750-1000 wet} Ni-NiO Ti interstitials§ 59 x 10°° 330 + 15 current
O 710-1300 dry 10-3-10° O vacancies 2 X 1077 251 £ 6 H&D
(0] 900-1200 dry 1 O vacancies 2.4 x 10 283 x5 D

Ti 900-1300 dry 1 O vacancies 6.4 X 10 257 V&P
Ti 1000-1100 dry 1 O vacancies 6.4 X 10°¢ 257 AW
Ti 1000-1100 wet 10-14-10-"7 Ti interstitials 3.3 X 10+® 465 AW

* References are: current = this study; H&D = Hauf and Dimbgen (1965); D = Derry et al. (1981); V&P = Venkatu and Poteat (1969); A&W = Akse

and Whitehurst (1978).

1 By dry is meant that the rutile used was not reduced or was reduced in the absence of water.
} By wet is meant that the rutile used was reduced in the presence of water.

§ Migration of Ti interstitials dominates, but O vacancies are also present.

low temperatures and high O pressures and by Ti inter-
stitials at high temperatures and low O pressures. Chester
(1961), Young et al. (1961), and Gray (1957) all observed
a change in the behavior (defect structure) of rutile in
samples that had been reduced in the presence of H, sug-
gesting that it is the H in the water, and not the water
itself, that is responsible for the effects of “water” on
diffusion that we observe.

We suggest the following as a likely model for diffu-
sion mechanisms in rutile: (1) for non- and dry-reduced
rutile, diffusion occurs via migration of O vacancies; and
(2) for wet-reduced rutile, diffusion occurs dominantly
via the migration of Ti** interstitials, with a subordinate
contribution from migration of O vacancies. The reac-
tions for reduction under the two conditions are possibly
the following:
dry reduction:

Ti}* + 207 — Tig* + OO + O + 2¢~ + %0,(g)
reduction in the presence of H:
Tij* + 20~ + H* + 3e- —» Ti}* + OH; + O
or
Tij* + 20 + %H, + 2e- - Ti3* + OH; + 02

where the subscripts L, [0, and I denote a filled lattice
site, a vacant lattice site, and an interstitial atom, respec-
tively. Though this model accounts for the observations
of the diffusion behavior in rutile made to date, it should
be emphasized that it only can be considered a likely
possibility.

Fortier and Giletti (1989) developed a predictive model
for O diffusion in silicates based on calculations of the
ionic porosity of minerals (see also Dowty 1980). Their
model does not predict D values accurately for rutile. In
fact, the predicted D values are never closer than six or-
ders of magnitude. There is, however, no reason to expect
the model to compare favorably with the experimental
data for rutile because the model is designed for silicates.
An additional possible explanation is that O diffusion in
rutile is extrinsic, whereas ionic porosity is a measure of
an intrinsic property of a crystal.

APPLICATIONS

We expect the primary geologic use of these data to
be extraction of 7-f or X-t information from the non-ho-
mogeneous O isotope compositions of minerals in meta-
morphic or igneous rock bodies. After discussing the geo-
logic occurrence of rutile and which diffusion relation
should be used for modeling a given set of geologic con-
ditions, we present the results of some simple calculations
aimed at giving the reader a feel for the diffusion depen-
dent re-equilibration characteristics of O isotopes in
rutile.

Rocks that form at high pressure or contain abundant
Ti and low Fe/Mg commonly include rutile as an acces-
sory phase. These include granitic rocks, eclogites, am-
phibolites, schists, gneisses, upper-mantle rocks, and
meta-limestones. In these rocks, rutile commonly occurs
as acicular inclusions in other minerals (e.g., mica, py-
roxene, olivine, quartz, corundum, and garnet).

Inasmuch as rutile is stoichiometric only in a nearly
pure O, atmosphere, all natural rutile is non-stoichiomet-
ric or “‘reduced.” Because the O diffusion behavior of
rutile depends on the environment in which it grew or
was reduced, choosing a diffusion law for modeling re-
quires understanding the nature of that environment. If
rutile grew or was reduced in the presence of water, then
the wet-reduced diffusion relation should be used for
modeling. For those rare environments that are truly an-
hydrous, the non- or dry-reduced diffusion relation
should be used. Because rutile crystals in nature resemble
elongated cylinders, diffusive re-equilibration will be
dominated typically by diffusion perpendicular to the ¢
axis. Therefore, a diffusion relation for D(Lc) should be
used to model this process. Moreover, to avoid the effects
of re-equilibration parallel to the ¢ axis, compositional
profiles of natural samples should be measured as far
from the ends of the crystal as possible. We suggest that,
for pressures below several hundred megapascals, no con-
fining-pressure effect need be taken into account and that,
for pressures exceeding about 400 MPa, the diffusion re-
lation should be modified for the effect of confining pres-
sure (i.e., up to at least 1000 MPa, it should be lowered
by about an order of magnitude; see Fig. 4a). In the mod-
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eling presented below, we use the wet-reduced diffusion
law for D(Lc), unmodified for the effects of confining
pressure.

Figure 5 is a summary of O diffusion data for minerals
with which rutile is likely to coexist. One of the salient
features of this plot is that many of the activation energies
are roughly equal. This is not surprising because, with
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FIGURE 6. Plot of the closure temperature for O isotope ex-
change in rutile vs. crystal size using our D(Lc) data (100 MPa)
and cooling rates as noted.

Farver and Giletti (1989); calcite from
Farver (1994); and albite and adularia
from Giletti et al. (1978).

14 15 16

respect to O, many of these minerals have similar struc-
tures. Oxygen isotope geothermometers are based on
mineral pairs whose relative O isotope compositions are
fairly strong functions of temperature. In Figure 5, min-
erals that more strongly partition '*O are represented by
dashed lines, while others are represented by solid lines.
Relative to many of the other minerals, O diffuses fairly
slowly in rutile. Consequently, we expect that it will have
relatively high closure temperatures and be fairly reten-
tive of its O isotope compositions.

Oxygen isotope re-equilibration in rock bodies is a
function of their thermal and compositional history, the
relative diffusivities of O in constituent minerals, grain
form, and mineral mode (Eiler et al. 1992). The method
of Dodson (1973) for calculating closure temperatures
does not take all of these factors into account, but it does
allow the re-equilibration characteristics of minerals to be
readily assessed. To demonstrate the O isotope re-equil-
ibration behavior of rutile, we performed simple closure
temperature calculations using the expression of Dodson
(1973):

E./R
| ART*(D,la%)

E (dT/d)
where E, is the activation energy, R is the gas constant,
A is a geometrical factor (27 for a cylinder), D, is the

pre-exponential factor, a is the effective diffusion radius,
and d7/dt is the cooling rate of the rock body. Figure 6
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shows the results of these calculations for rutile. A rutile
crystal with an effective diffusion radius of 0.05 mm
would have a closure temperature of 629 °C (Fig 6). In
spite of its typically small crystal size, rutile exhibits a
relatively high closure temperature. Rutile has a much
higher closure temperature than magnetite (for magnetite,
see Giletti and Hess 1988). Rutile and quartz, which com-
monly occur together in the same rocks, form a very use-
ful mineral pair because they both have high relative clo-
sure temperatures (for quartz, see Giletti and Yund 1984).
Rutile will be a good thermometer under various geologic
conditions because it has a high closure temperature, is
often found in low abundace in a rock, and strongly par-
titions *O (Chacko et al. 1996).

To assess how retentive rutile is of its initial '#0/Q
composition during a thermal event, we performed cal-
culations using an analytical solution to the diffusion
equation for a cylindrical rutile grain with radius @ and
initial (uniform) composition C,, which is out of equilib-
rium with the composition of the surrounding material,
C.. (Crank 1975). At the center of the cylinder (r = 0)
the following relation holds:

C-C S expl—B2(Dt/a?)]
.1 -2 ) ——
Cexl n Ci r;l BnJl(Bn)

where the B, terms are the positive roots of the zeroth-
order Bessel function of the first kind, ie., J,(B,) = 0.
For a cylinder, when the dimensionless parameter Dt/a?
is less than 0.04, the concentration at the center of the
crystal remains unperturbed by the effects of the external
concentration (Crank 1975). Thus, this relation allows
one to determine the 7-¢ conditions that result in preser-
vation of the initial isotopic composition at the center of
a rutile crystal. Figure 7 shows the results of these cal-

“
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culations. For conditions below the curves, the center of
a rutile crystal retains its initial composition. A rutile
crystal with » = 0.1 mm loses its initial composition only
after heating at 600 °C for just over 10 million years. It
should be emphasized that these calculations represent the
upper limit for geologic re-equilibration because geologic
heating events are not isothermal. Based on these calcu-
lations, we conclude that despite its typically small grain-
size, rutile retains its initial O-isotope composition during
a wide range of thermal events.
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