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Abstract

Silicon diffusion was measured in natural quartz and anorthitic feldspar under dry, low-pressure (0.1 MPa)
conditions using a 30Si tracer. Sources of diffusant consisted of 30Si-enriched silica powder for experiments on quartz
and microcrystalline 30Si-doped synthetic feldspar of composition comparable to the feldspar specimens. Distributions
of 30Si were measured with Rutherford backscattering spectrometry and nuclear reaction analysis, using the reaction
30Si (p,Q)31P. The following Arrhenius relations were obtained for anneals at 1 atm in air. For quartz: transport
normal to c: Dqtz;Pc = 7.97U1036 exp (34476 31 kJ mol31/RT) m2 s31 ; transport parallel to c: Dqtz;ec = 6.40U1036

exp (34436 22 kJ mol31/RT) m2 s31. For anorthitic feldspar (An93): DAn = 3.79U1037 exp (34656 50 kJ mol31/RT)
m2 s31. The few successful experiments on diffusion in plagioclase of more albitic compositions (An67 and An23)
reveal Si diffusivities a few orders of magnitude faster than that in the anorthite. The results for these feldspars
bracket the determination of CaAl^NaSi interdiffusion under dry conditions by Grove et al. [Geochim. Cosmochim.
Acta 48 (1984) 2113^2121], suggesting that the rate-limiting process is indeed Si diffusion. Si diffusion in quartz under
more reducing conditions (NNO) is slightly slower (by about half an order of magnitude) than diffusion in samples
annealed in air. This is consistent with observations made in studies of synthetic quartz [Be¤jina and Jaoul, Phys. Earth
Planet. Inter. 50 (1988) 240^250].
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Characterization of the di¡usion of major ele-
ment constituents of silicate minerals is important
in understanding the chemical and physical prop-

erties of these materials, and in constraining high-
temperature processes such as metamorphic reac-
tions, exsolution kinetics, creep, and phase trans-
formations. Silicon is obviously a major constitu-
ent of silicate minerals, but its slow di¡usivity in
most materials has limited the number of studies
in which it has heretofore been investigated. Jaoul
and co-workers have successfully employed the
ion beam techniques nuclear reaction analysis
(NRA) and Rutherford backscattering spectrom-
etry (RBS) to measure Si di¡usion in olivine [3,4],
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synthetic quartz [2], and clinopyroxene [2]. In this
study, we report on Si di¡usion in plagioclase
feldspars and natural quartz.

As noted, Be¤jina and Jaoul [2] have measured
Si di¡usion in quartz. However, their experiments
were run on a synthetic quartz with very low
water content, which also contained low concen-
trations of other impurities. The presence of water
or other impurities, as found in most natural
quartz, may a¡ect Si di¡usivities. By investigating
di¡usion in natural quartz, and comparing these
¢ndings to these earlier results for Si di¡usion in
the synthetic material, we can evaluate the in£u-
ence of such compositional di¡erences on Si dif-
fusivities.

In feldspars, silicon di¡usion is most likely a
rate-limiting factor in processes such as Al^Si or-
dering in the alkali feldspars [5,6] and CaAl^NaSi
interdi¡usion in plagioclase [1]. It may also play a
signi¢cant role in the process of chemical di¡u-
sion of various divalent or trivalent ions of inter-
est in geochronologic and/or trace element studies
(e.g., Sr, Pb, rare earth elements (REE)), which
may require charge-compensating species (Si and
Al) to facilitate exchange with alkalis or calcium
(e.g., [7,8]). The determination of Si transport
rates may permit a better understanding of these
processes in feldspars and enable observations of
chemical zoning of major and trace elements to be
used to obtain more re¢ned information about
thermal histories.

Previously, Si exchange in feldspars has only
been investigated indirectly through studies of
lamellar homogenization in plagioclase [1,9^11]
and Al^Si ordering [12^16], at atmospheric and
under high-pressure conditions at various levels
of hydrogen fugacity. Although such studies
provide valuable information about these pro-
cesses, they do not o¡er a direct measure of
Si self-di¡usion, and estimating Si di¡usivities
from these measurements may be complicated
by the involvement of factors other than Si
transport. Measuring Si di¡usion independently
permits a straightforward quanti¢cation of dif-
fusion rates and provides information that can
aid in sorting out and assessing the signi¢-
cance of factors involved in more complex pro-
cesses.

2. Experimental procedure

The experiments were performed on specimens
of natural quartz and feldspar. The quartz is from
Arkansas, obtained from Ward’s Natural Science
Establishment. The feldspars used in this study
were an oligoclase (An23) from North Carolina
(provided by Don Miller), a labradorite (An67)
from Lake County, Oregon, obtained from the
collection at the National Museum of Natural
History (NMNH # 135512-1), and an anorthite
(An93) present as megacrysts in ma¢c lava from
Pacaya Volcano, provided by Don Baker. We
have previously measured Sr [7,17], Pb [8], and
REE [18] di¡usion in all three of these feldspars,
and Ba di¡usion in the oligoclase and labradorite
[19]. Compositional analyses of the plagioclases
are presented in Cherniak and Watson [7,17].
The labradorite and anorthite both contain
some Fe (V0.02 Fe per formula unit) ; the oligo-
clase has about an order of magnitude less. The
labradorite and oligoclase have minor amounts of
Ba (0.02 and 0.06 wt% BaO, respectively), and
some potassium (0.64 and 0.15 wt% K2O).

Quartz specimens were cut into slabs about 0.5
mm thick and polished to 0.05 Wm gamma alumi-
na. Following polishing, quartz samples were an-
nealed overnight at 1300‡C in order to anneal
damage produced in cold-working, which may
produce anomalous artifacts in concentration pro-
¢les (see, for example, [20]). Fourier transform
infrared spectra of quartz samples from this local-
ity taken before and after similar thermal treat-
ment [25] indicated virtual elimination of hydrous
species with the exception of hydroxyl associated
with Al in the quartz [26,27]. All of these prelimi-
nary anneals were in air, to equilibrate point de-
fects at conditions comparable to those encoun-
tered during the di¡usion anneals. Labradorite
and anorthite specimens were prepared in a sim-
ilar way by polishing and pre-annealing; anneals
were done at 1200‡C. The oligoclase was cleaved
and (001) cleavage faces were used in experiments,
with no pre-annealing step.

The source of di¡usant for experiments on
quartz was 30Si-enriched silica. The silica was
heated for 1 h at 1300‡C in a Pt crucible, then
¢nely ground. For the feldspar, the sources were

EPSL 6775 2-9-03

D.J. Cherniak / Earth and Planetary Science Letters 214 (2003) 655^668656



¢ne crystalline powders of 30Si-doped feldspar of
the same major element compositions as the speci-
mens used in experiments. The source for the Pa-
caya anorthite was synthesized by combining
1 part (molar) each of CaCO3, Al2O3, SiO2 (of
normal isotopic composition), and 30Si-enriched
SiO2 (96.5% 30Si). This mixture was heated slowly
to 1100‡C to de-carbonate the CaCO3, then
brought up to 1570‡C for 5 h to produce a glass.
The glass was then crushed and returned to the
furnace at 1480‡C for 1^2 days to recrystallize.
The resulting anorthite was then ground, and
combined with a small amount of end-member
albite to approximate the major element compo-
sition of the Pacaya anorthite (i.e., An93). This
mixture was heated at 1400‡C for a few hours,
then re-ground. The source for the experiments
on labradorite was synthesized in a similar way,
but using a 67:33 molar ratio of the 30Si-enriched
anorthite to albite. The source for the oligoclase
experiments consisted of a mixture of synthesized
30Si-enriched albite and synthesized anorthite (of
normal isotopic composition). The albite was
made by combining 1 part (molar) each of
Na2CO3 and Al2O3, 4 parts of 30Si-enriched
SiO2 (96.5% 30Si), and 2 parts of SiO2 of normal
isotopic composition. The mixture was heated
slowly from 500‡C to 1000‡C to de-carbonate,
then heated to 1200‡C for a few hours. The glass
was then ground, combined with synthetic anor-
thite (prepared as above, but without 30Si-en-
riched SiO2) in 77:23 molar proportion of al-
bite:anorthite, and returned to the furnace at
1200‡C for a few hours. The furnace temperature
was then lowered to 1125‡C and the crucible con-
taining the albite^anorthite mix was left in over-
night to crystallize; it was then ground for use in
the di¡usion experiments. Source materials were
¢nely ground, but no attempt was made to sieve
to ensure a uniform range of grain sizes.

The prepared feldspar and quartz samples were
placed in Pt capsules with their respective sources
and annealed in 1 atm vertical tube furnaces for
times ranging from 30 min to 2 months at temper-
atures from 1025 to 1450‡C. Source material was
packed tightly around specimens, with polished
surface down in the capsule. Experiments run at
1100‡C and above were done in Deltech tube fur-

naces with MoSi2 heating elements ; those below
1100‡C were run in Kanthal-wound tube furna-
ces. Temperatures in the former case were moni-
tored with Pt10%Rh^Pt (type S) thermocouples,
with those in the latter monitored with chromel^
alumel (type K) thermocouples. Temperature un-
certainties in both cases were typically 6 2‡C.
After di¡usion anneals, the sample capsules were
simply quenched by removing them from the fur-
nace and permitting them to cool in air. The
cooled samples were then removed from capsules
and freed of residual source material clinging to
surfaces by ultrasonic cleaning in baths of distilled
water and ethanol. Sources of di¡usant selected
were readily removed from mineral surfaces. Op-
tical examination and scanning electron microsco-
py imaging of surfaces following cleaning revealed
only isolated grains remaining, with su⁄ciently
large areas of the sample free from source materi-
al for useful analysis.

A few experiments were run under bu¡ered
conditions in Deltech furnaces. CO^CO2 gas mix-
tures were used to maintain desired fO2 condi-
tions (equivalent to Ni^NiO bu¡er), with fO2

monitored with a zirconia sensor. For quartz
and feldspar specimens used in bu¡ered experi-
ments, the pre-annealing step described above
was performed under bu¡ered conditions using
sealed silica glass capsules containing the sample
and a solid bu¡er (to bu¡er at Ni^NiO).

3. RBS and NRA analyses

The RBS and NRA analyses were performed at
the 4 MeV Dynamitron accelerator at the Univer-
sity at Albany-SUNY. Samples were mounted in
the chamber at a 7‡ tilt from normal to discour-
age channeling, especially in the quartz. For RBS,
a beam of 4Heþ ions was used, with backscattered
ions detected by a silicon surface barrier detector.
Samples were analyzed using either a 2 or 3 MeV
beam. Beam spot size for analysis was typically
about 1 mm2. For each sample, a number of brief
analyses were collected at several spots on the
sample surface to test for reproducibility and to
determine whether unusual surface conditions
might exist on a region of the sample that would
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produce anomalous pro¢les, and also to check for
the occurrence of channeling. Following such re-
connaissance, RBS spectra were taken with longer
acquisition times (typically 45^60 min). Spectra of
untreated quartz and feldspars were also taken
under the same analytical conditions to facilitate
evaluation of backgrounds for the RBS signal
from 30Si in spectra from di¡usion anneals. Com-
parison of these spectra also provides con¢rma-
tion of the expected 30SiC28Si exchange occur-
ring in self-di¡usion with a 30Si-enriched source.
Further details of the analytical procedures and
data reduction protocols employed are outlined
elsewhere [7].

NRA was done using the 620 keV resonance of
the 30Si(p,Q)31P nuclear reaction (e.g., [2,21]), us-
ing an incident proton beam. The 7.9 MeV Q-rays
produced in the reaction were collected with a
BGO scintillation detector. Beam energy was in-
creased gradually, in steps of one to a few keV, to
probe 30Si into the sample. NRA was used only
on quartz samples because of interferences in the
gamma spectra of the feldspars from products of
the 27Al(p,Q)28Si reaction.

Concentration pro¢les derived from the RBS
spectra were ¢t with a model to determine the
di¡usion coe⁄cient, D. In this case, the process
is modeled as simple one-dimensional di¡usion in
a semi-in¢nite medium with a source maintained
at constant concentration. Although the powder
sources employed are not in the truest sense ‘uni-
form’ or ‘continuous’ distributions since contact
with the sample surface is at discrete points, the-
oretical evaluations [22] suggest that no error is
introduced into determinations of di¡usion coef-
¢cients (given a linear, one-dimensional, concen-
tration-independent model for di¡usion in an iso-
tropic medium) when the source material is
distributed non-uniformly over the sample sur-
face. Our previous experiences with such sources
(e.g., [7,23]) are also consistent with this ¢nding,
and pro¢les do appear to correspond reasonably
well to that expected for a simple complementary
error function solution. Modeling was also done
to test the e¡ects of discontinuous sources of var-
ious geometries on the appearance of di¡usion
pro¢les, using analytical solutions to the di¡usion
equation adapted from the expressions of Carslaw

and Jaeger ([24], section 10.5) for circular and
rectangular sources of limited dimension with
constant heat supply. A sum of pro¢les produced
by a two-dimensional array of these sources was
used to simulate the surface conditions and con-
sequent pro¢les, with results compared to a curve
of a complementary error function. Such simula-
tions and comparisons yield di¡usivities that
agree within a factor considerably smaller than
the analytical uncertainties for pro¢les in this
work, so signi¢cant error is not introduced in as-
suming the pro¢les conform to a complementary
error function solution.

Di¡usivities are calculated by plotting the in-
verse of the error function of [(Co3C(x,t))/Co]
vs. the depth x, which yields a straight line
(should the data conform to the model) of slope
(4Dt)31=2. Co, the surface concentration, cannot
be measured precisely because of limitations in

Fig. 1. Typical di¡usion pro¢les for an Si di¡usion experi-
ment in anorthite. Pro¢les was measured by RBS. (a) The
di¡usion data are plotted with complementary error function
curves. (b) The data are inverted through the error function.
The slope of the line is equal to (4Dt)31=2.
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depth resolution of RBS, but the ¢tting routine
provides for a determination of Co by allowing
the parameter to vary until the intercept of the
line converges to zero.

Typical di¡usion pro¢les and their inversions
through the error function are shown in Fig. 1.
Each of the points represents the contribution
from a particular channel in the RBS spectrum.
Uncertainties in di¡usivities extracted from depth
pro¢les were determined by the uncertainties in
measurements of concentration and depth. The
former is a function primarily of counting statis-
tics in the RBS spectra, while the latter is de-
termined mainly by the energy resolution of the
surface barrier detector used to detect the back-
scattered particles and by the energy straggle of
the ions as they travel in and out of the sample.
In quartz, little background is present to interfere

Fig. 2. Comparison of 30Si di¡usion pro¢les in quartz mea-
sured using RBS (shaded circles) and NRA with the
30Si(p,Q)31P reaction (white squares). Similar results are ob-
tained with both techniques.

Table 1
Si di¡usion in feldspar

Temp. Time D log D 6 2kDt Bu¡er
(‡C) (s) (m2 s31) (m)

Anorthite (An93)
AnSi-12 1250 4.48U106 6.15U10323 322.21 0.23 3.32U1038 air
AnSi-10 1300 1.21U106 1.28U10322 321.89 0.24 2.49U1038 air
AnSi-6 1350 3.28U105 3.27U10322 321.49 0.22 2.07U1038 air
AnSi-14 1392 2.59U105 5.23U10322 321.28 0.26 2.33U1038 NNO
AnSi-7 1400 3.35U105 7.71U10322 321.11 0.25 3.21U1038 air
AnSi-8 1400 5.26U105 1.33U10321 320.88 0.15 5.29U1038 air
AnSi-13 1400 1.02U105 2.13U10321 320.67 0.30 2.95U1038 air
AnSi-3 1400 1.48U105 1.00U10321 321.00 0.22 2.43U1038 air
AnSi-4 1450 1.73U105 2.68U10321 320.57 0.12 4.31U1038 air
AnSi-9 1450 7.20U104 3.83U10321 320.42 0.19 3.32U1038 air
Labradorite (An67)
Di¡usion normal to (001)
LabSi-7c 1055 3.11U106 1.84U10322 321.74 0.14 4.78U1038 air
LabSi-3 1100 6.05U105 1.15U10321 320.94 0.35 5.28U1038 air
LabSi-4c 1150 3.51U105 1.56U10321 320.81 0.15 6.37U1038 air
LabSi-5c 1101 1.37U106 7.94U10322 321.10 0.14 6.60U1038 air
LabSi-6c 1143 4.23U105 7.33U10322 321.13 0.27 3.52U1038 NNO
Di¡usion normal to (010)
LabSi-7b 1055 3.11U106 1.21U10322 321.92 0.18 3.88U1038 air
LabSi-4b 1150 3.51U105 1.44U10321 320.84 0.19 4.50U1038 air
LabSi-5b 1101 1.37U106 7.83U10322 321.11 0.08 6.55U1038 air
LabSi-6b 1143 4.23U105 1.32U10321 320.88 0.18 4.73U1038 NNO
Oligoclase (An23)
Di¡usion normal to (001)
OligSi-2 1080 9.32U105 2.60U10322 321.59 0.12 3.11U1038 air
OligSi-3 1025 3.37U106 1.05U10322 321.98 0.20 3.76U1038 air
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with the 30Si signal in the backscatter spectra. In
the plagioclase feldspars, however, the 30Si rests
on the signal from K-particles backscattered from
Ca in the feldspar matrix. The additional uncer-
tainties in concentration determination that are a
consequence of this interference are incorporated
into procedures for data reduction. This is done
by considering the uncertainty to vary as
2(Nb+No)1=2/No, where No is the total number
of counts in the multichannel analyzer channel,
and Nb is the number of counts in the back-
ground in that channel.

The primary source of uncertainty in depth in
the NRA analysis is due to energy straggling, a
spread in the energies of the ions comprising the
incident beam as they lose varying amounts of
energy (through interactions with electrons of
atoms in the sample) traveling through the mate-
rial. Straggling can be approximated by a Gaus-
sian curve, with its width increasing with depth in
the material as the energy spread of the ions in-
creases as they travel greater distances.

The majority of di¡usion pro¢les were mea-
sured with RBS, but in the few cases where
NRA and RBS measurements were made on the
same sample, there is good agreement (Fig. 2).

4. Results

The results from the di¡usion experiments for
quartz are presented in Table 1, and plotted in
Fig. 3. From least-squares ¢ts to the di¡usion
data on Arrhenius plots, we obtain the following
di¡usion parameters for the quartz: activation en-
ergy 4476 31 kJ mol31 and pre-exponential factor
7.97U1036 m2 s31 (log Do =35.106 0.97) for dif-
fusion normal to c; and 4436 22 kJ mol31 and
pre-exponential factor 6.40U1036 m2 s31 (log
Do =35.196 0.76) for di¡usion parallel to c. It
is clear that there is little anisotropy in Si di¡u-
sion in quartz. Results for di¡usion under more
reducing conditions (NNO) show slightly slower
di¡usivities (by V0.5 log unit).

The results for Si di¡usion in feldspar are
plotted in Fig. 4 and shown in Table 2. For anor-
thitic feldspar (An93), an activation energy of
4656 50 kJ mol31 and pre-exponential factor

3.79U1037 m2 s31 (log Do =36.426 1.57) are
found. We were unable to obtain di¡usivities
over a su⁄ciently large temperature range for ei-
ther oligoclase or labradorite to establish Arrhe-
nius parameters without large uncertainties, but a
¢t to the (010) data for labradorite yields an acti-
vation energy of 4196 99 kJ mol31 and pre-expo-
nential factor of 5.7U1036 m2 s31. There appears
to be little anisotropy in Si di¡usion for labrador-
ite over the investigated temperature range. Si dif-
fusivities for both oligoclase and labradorite are
faster than those for anorthite. For both anorthite
and labradorite, di¡usivities under NNO-bu¡ered
conditions do not di¡er signi¢cantly from those
obtained for experiments run in air.

A time series of di¡usion anneals at 1400‡C for
anorthite (Fig. 5) reveals similar di¡usivities for
experiments di¡ering in duration by more than a
factor of ¢ve, suggesting that the dominant pro-
cess being measured is indeed volume di¡usion of
Si.

Fig. 3. Arrhenius plot for Si di¡usion in natural quartz. Plot-
ted are results for di¡usion parallel (dark circles) and perpen-
dicular (white circles) to c. The line is a least-squares ¢t to
the di¡usion data for natural quartz for transport parallel to
c. Arrhenius parameters extracted from the ¢t are: activation
energy 4436 22 kJ mol31 and pre-exponential factor 6.40U
1036 m2 s31 (log Do =35.196 0.76). Little anisotropy for Si
di¡usion is evident, as di¡usivities in quartz parallel (white
circles) and perpendicular (black circles) to c are similar. The
triangles are data from experiments run under bu¡ered
(NNO) conditions, with ¢lled symbols for di¡usion parallel
to c and open symbols for di¡usion perpendicular to c; dif-
fusivities under these more reducing conditions are slightly
slower than those for experiments run in air.
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5. Comparison with other studies

In Fig. 6, existing Si di¡usion data for quartz
are plotted. Giletti et al. [25] measured di¡usion
in natural quartz, using 30Si-enriched SiO2 depos-
ited on the surface as a source, with depth pro¢l-
ing done by secondary ion mass spectrometry.
They obtained di¡usivities of 4.8U10320 m2 s31

at 1028‡C and 5.4U10321 m2 s31 at 912‡C, but
state that di¡usivities may be overestimated be-
cause of the shortness of the di¡usion pro¢les.
Be¤jina and Jaoul [2] measured Si di¡usion in syn-
thetic quartz by RBS and NRA; the di¡usant
(30Si) was introduced from a RF-sputtered surface
layer of 30Si-enriched SiO2. They obtained an ac-
tivation energy of 7466 215 kJ mol31 and pre-
exponential factor of 2.9U103 m2 s31. Although
this activation energy is considerably higher than
that determined in the present study, the data
obtained for Si di¡usion by Be¤jina and Jaoul [2]
for di¡usion experiments run in air plot on an up-
temperature extrapolation of the Arrhenius line
determined in the present study (Fig. 7a). The
remainder of their low-pressure experiments
were run under more reducing conditions (log
pO2 (in atm.) from 37.7 to 39.6); Si di¡usivities
for these experiments are generally slower than
those for experiments run in air (Fig. 7b). These
data, as well as our ¢ndings for experiments bu¡-
ered at NNO, suggest that Si di¡usion in quartz is
somewhat slower under reducing conditions. Dis-
crepancies between the di¡usivities measured in
the present study and those from [2] may also
be due to the di¡erences in amount and type of
impurities present in natural vs. synthetic quartz,
which may have an e¡ect on di¡usivities. Further,

6

Fig. 4. Arrhenius plots for Si di¡usion in feldspar. In panel
a, di¡usion in anorthite is plotted. For anorthitic feldspar
(An93), an activation energy of 4656 50 kJ mol31 and pre-ex-
ponential factor 3.79U1037 m2 s31 (log Do =36.426 1.57)
are obtained. White circles are di¡usivities for experiments
run in air. The ¢lled circle is for an experiment run under
bu¡ered (NNO) conditions, showing a di¡usivity comparable
to those obtained for the experiments run under more oxidiz-
ing conditions. In panel b data for Si di¡usion in labradorite
(An67, squares and circles) and oligoclase (An23, triangles)
are shown. We were unable to obtain di¡usivities over a suf-
¢ciently large temperature range for either oligoclase or lab-
radorite to establish Arrhenius parameters without large un-
certainties; a ¢t to the (010) data for labradorite yields an
activation energy of 410 kJ mol31 and pre-exponential factor
of 2U1036 m2 s31. Little anisotropy for Si di¡usion is evi-
dent, as di¡usivities in labradorite normal to (010) (white
circles) and normal to (001) (white squares) are similar, as
are those for experiments bu¡ered at NNO (black squares
and circles for di¡usion normal to (001) and (010), respec-
tively).
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the synthetic quartz used by Be¤jina and Jaoul [2]
has a very low H2O content (0.1 ppm H/Si), in
contrast to the natural quartz. Although most of
the hydrous species in the natural specimens
should be eliminated through the pre-annealing
treatment (e.g., [26]), hydroxyl associated with
Al in natural quartz will remain (e.g., [27,28]).

No direct measurements of Si di¡usion exist for
feldspars other than the present study. However,
rates of CaAl^NaSi interdi¡usion have been de-
termined through lamellar homogenization ex-
periments ([1,11,12] ; Fig. 8). Such interdi¡usion

studies may shed light on Si di¡usion rates, since
the process may be rate-limited by the slowest-
di¡using species. Given the fact that di¡usivities
generally decrease with increasing charge, Si is
likely the slowest-di¡using species among these
elements. However, it should be noted that deter-

Table 2
Si di¡usion in natural quartz

Temp. Time D log D 6 2kDt Bu¡er
(‡C) (s) (m2 s31) (m)

Di¡usion normal to c
QSi-12a 1149 1.95U106 3.82U10322 321.42 0.06 5.46U1038 air
QSi-4 1200 5.22U105 6.50U10322 321.19 0.19 3.68U1038 air
QSi-3 1250 2.30U105 1.80U10321 320.74 0.13 4.07U1038 air
QSi-2 1250 1.69U105 3.97U10321 320.40 0.18 5.18U1038 air
QSi-1 1299 7.56U104 1.34U10320 319.87 0.08 6.37U1038 air
QSi-9a 1293 1.86U105 4.02U10321 320.40 0.13 5.47U1038 NNO
QSi-5a 1300 8.64U104 1.03U10320 319.99 0.08 5.97U1038 air
QSi-6a 1350 3.36U104 2.53U10320 319.60 0.12 5.83U1038 air
QSi-7a 1400 9.00U103 7.00U10320 319.15 0.08 5.02U1038 air
QSi-8a 1450 1.80U103 7.47U10319 318.13 0.12 7.33U1038 air
Di¡usion parallel to c
QSi-12c 1149 1.95U106 4.08U10322 321.39 0.11 5.64U1038 air
QSi-9c 1293 1.86U105 3.23U10321 320.49 0.19 4.90U1038 NNO
QSi-5c 1300 8.64U104 1.43U10320 319.84 0.13 7.03U1038 air
QSi-11 1350 7.20U103 5.74U10320 319.24 0.16 4.07U1038 air
QSi-6c 1350 3.36U104 2.86U10320 319.54 0.12 6.20U1038 air
QSi-10 1350 8.64U104 2.14U10320 319.67 0.09 8.60U1038 air
QSi-7c 1400 9.00U103 5.19U10320 319.28 0.11 4.32U1038 air
QSi-8c 1450 1.80U103 4.70U10319 318.33 0.10 5.82U1038 air

Fig. 5. Time series for Si di¡usion anneals on anorthite. Dif-
fusivities at 1400‡C are generally quite similar for anneal
times di¡ering by a factor of more than ¢ve, indicating that
what is being measured is volume di¡usion.

Fig. 6. Summary of measurements for Si di¡usion in quartz,
comparing the results from this study with measurements of
Si di¡usion in synthetic quartz by Be¤jina and Jaoul [2] and
the ¢ndings of Giletti et al. [25] for natural quartz.
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minations of di¡usivities derived from the lamel-
lar homogenization method are limited by uncer-
tainties in assessing homogenization times (e.g.,
[29]), among other factors.

In the ¢rst set of experiments, Grove et al. [1]
obtained an activation energy of 5166 19 kJ
mol31 and pre-exponential factor for CaAl^NaSi
interdi¡usion in bytownite (An80) under dry con-
ditions over the temperature range 1100^1400‡C.
Yund [9] determined interdi¡usion for the peri-
sterite interval under dry conditions at 1100‡C.
Liu and Yund [11] have measured CaAl^NaSi
interdi¡usion under hydrothermal conditions
(and bu¡ered at MH) for both a bytownite
(An70�90) and peristerite (VAn0 to VAn26).
For the bytownite, they obtain an activation en-
ergy of 371 kJ mol31 and pre-exponential factor
of 1.1U1035 m2 s31 over the temperature range
900^975‡C, and activation energy of 103 kJ mol31

and pre-exponential factor of 4U10316 m2 s31 for
temperatures from 1000 to 1050‡C. For the more
sodic plagioclase, they obtain an activation energy
of 303 kJ mol31 and pre-exponential factor of

Fig. 7. Comparison of Si di¡usion data for quartz from the
present study (white symbols) with the data from Be¤jina and
Jaoul [2] in synthetic quartz (shaded symbols). Panel a in-
cludes both high-pressure and low-pO2 experiments. For re-
sults from the present study, white diamonds are for di¡u-
sion normal to c (annealed in air), white circles are for
di¡usion parallel to c (annealed in air) and white square and
triangle are for di¡usion in experiments bu¡ered at NNO.
For the data of Be¤jina and Jaoul, the shaded squares are for
high-pressure experiments, the black circles are for experi-
ments with pO2Iair, and the black triangles are for anneals
in air. In panel b, only the results from [2] for di¡usion in
air are plotted (shaded triangles), showing that these data
plot on an up-temperature extrapolation of the Arrhenius re-
lation measured in the present work.

Fig. 8. Comparison of Si di¡usivities in feldspar with CaAl^
NaSi interdi¡usion rates. Sources for data: CaAl^NaSi
(An70�90, dry): [1]; CaAl^NaSi (An0�26, dry): [9]; CaAl^
NaSi (An0�26, An70�90, 1500 MPa): [11]. Si di¡usivities for
labradorite and anorthite bracket CaAl^NaSi interdi¡usion
for bytownite under dry conditions, consistent with Si di¡u-
sion as the rate-limiting species in CaAl^NaSi interdi¡usion.
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3U1038 m2 s31 over the temperature range 900^
1050‡C. Baschek and Johannes [29] have mea-
sured NaSi^CaAl interdi¡usion rates in peristerite
(An2�18) and obtain an activation energy of 465
kJ mol31 and pre-exponential factor of 1.7U101

m2 s31.
The activation energy for CaAl^NaSi interdif-

fusion measured in [1] under dry conditions agrees
within experimental uncertainty with the value for
the activation energy for Si di¡usion in anorthite
measured in the present study. CaAl^NaSi inter-
di¡usion is somewhat faster than Si di¡usion in
anorthite, but is slower than Si di¡usion in labra-
dorite, which is consistent with a trend of higher
di¡usivities for plagioclase feldspars having higher
Na contents observed for di¡usion of other cati-
ons. The di¡usivity obtained by Yund [9] for
CaAl^NaSi interdi¡usion in peristerite is quite
similar to values for Si di¡usion in oligoclase.
These ¢ndings suggest that Si di¡usion is the
rate-limiting factor in CaAl^NaSi interdi¡usion
in plagioclase, which would not be a particularly
surprising conclusion.

The variation of cation di¡usivities with plagio-
clase composition has also been noted in other
work. Liu and Yund [11] observe that for NaSi^
CaAl interdi¡usion under hydrothermal condi-
tions interdi¡usion rates for the peristerites are
higher than for bytownite. Similar trends of faster
di¡usivities in more sodic plagioclase are noted
for other cations, including Sr [7,17,30], Pb [8],
Ba [19], and the REE [18]. In Si di¡usion, how-
ever, there is apparently not a systematic increase
in Si di¡usivities with increasing Na content
across the entire plagioclase series, as has been
noted for these other cations. Although data are
limited, our results suggest that Si di¡usivities in
labradorite and oligoclase are similar. The reasons
for this di¡erence are unclear, but it may be a
consequence of the di¡erent sites occupied by
the respective cations and di¡erences in di¡usion
mechanisms. Sr, Pb, Ba and the REE will likely
occupy the Ca^Na sites in plagioclase, and given
their size probably di¡use via a vacancy mecha-
nism. In contrast, Si occupies the tetrahedral sites,
and is considerably smaller in size so may di¡use
via an interstitial mechanism. It is possible that Si
di¡usion rates are in£uenced by the Al:Si ratio of

feldspars, and the degree of Al^Si ordering, but
there is not an obvious simple relationship. It is
clear that more data are necessary to better
understand how these factors and others a¡ect
Si di¡usion in plagioclase, and to de¢ne the mech-
anism for di¡usion.

Liu and Yund [11] measure considerably faster
(by about four orders of magnitude) CaAl^NaSi
interdi¡usion under hydrothermal conditions than
do Grove et al. [1] under dry conditions; this has
also been observed for the peristerite interval
[9,10,29]. We have not yet successfully run hydro-
thermal experiments to investigate Si di¡usion in
feldspars, so can o¡er no comment on whether
hydrothermal conditions might accelerate Si dif-
fusion.

6. Di¡usion of other species in feldspars

Cation di¡usion in feldspars has been exten-
sively studied. However, most of this work has
focused on measuring di¡usion of cations that
substitute on sites normally occupied by the major
constituents Ca, Na and K. In plagioclase, di¡u-
sion of univalent cations K and Na [31], the di-
valent cations Sr [7,17,30], Pb [8], Ca [32,33], Mg
[32], and Ba [19], as well as trivalent REE [18]
have been measured. These data are plotted in
Fig. 9, along with the Si di¡usion results from
the present work. In all cases, Si di¡usion is con-
siderably slower than di¡usion of any of the other
species. This is likely due to both the high charge
of Si and the comparatively large site energies for
tetrahedral sites in feldspars (e.g., [34]).

In quartz, di¡usion measurements of other cat-
ions have mostly explored the migration of alka-
lis, which likely travel interstitially through the
quartz lattice. These data are plotted in Fig. 10.
Pankrath and Flo«rke [35] have estimated Al dif-
fusion rates from electron paramagnetic reso-
nance measurements. Here again, Si is the slow-
est-di¡using species, with only Al, which presum-
ably exchanges on the Si site, approaching within
a few orders of magnitude. Also plotted is oxygen
di¡usion under dry conditions [36^38]. Oxygen
di¡usion is also faster, and has a smaller activa-
tion energy for di¡usion, than silicon.
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7. Si di¡usion in other minerals

Si di¡usion has now been measured in a range
of silicate minerals ; these data are summarized in
Fig. 11. Jaoul et al. [39] and Houlier et al. [4] have
both proposed an interstitial mechanism for Si
di¡usion in synthetic quartz and iron-bearing
San Carlos olivine, respectively. Be¤jina and Jaoul
[40] found that the di¡usion parameters obtained

for Si di¡usion in silicates conform to a linear
compensation law when the activation energy
for di¡usion is plotted as a function of the log
of the pre-exponential factor. They argue that
this may be explained by the ‘strain energy’ model
proposed in [41], in which the Gibbs free energy
of di¡usion is considered the ‘elastic work’ re-
quired to place the defect in its excited state for
migration within the lattice. They note that di¡er-

Fig. 9. Summary of cation di¡usion in the three plagioclase feldspar compositions investigated in this work. Sources for data:
K, Na: [31] ; Ca in labradorite: [33]; Ca and Mg in anorthite: [32]; Pb: [8] ; Sr: [7,17]; Ba: [19]; Nd: [18]; Si: this study.
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ences in activation enthalpies among individual
materials are likely due to di¡erences in the cou-
pling of point defects that minimize the migration
energy for Si through the lattice, and/or the char-
acteristic ‘extrinsicity’ of the material (based on its
impurity levels, non-stoichiometry, presence of
aliovalent cations, and so on). In Fig. 12, we
plot the compensation relation, using the data

tabulated in [40], a few more recent results, and
the ¢ndings from the present study. The compen-
sation line can be described by the equation
E=652.2+30.6Ulog Do. Both the natural quartz
and feldspars fall closely along the compensation
trend. The fact that the feldspars do is interesting
in light of the speculation of Be¤jina and Jaoul [40]
that there is this commonality because all of the
silicates contain the SiO4 tetrahedron as a funda-
mental structural component, since the feldspars
contain tetrahedra with Al as well. Be¤jina and
Jaoul [40] note that their data were obtained for
OH- and Al-free systems, but it appears that the
presence of Al, even in the large concentrations
present in aluminosilicate minerals, does not nec-
essarily cause deviation from the compensation
trend.

8. Conclusions

Si di¡usion in natural quartz and feldspar has
been measured. The Arrhenius relation
6.40U1036 exp (34436 22 kJ mol31/RT) m2 s31

is obtained for Si di¡usion in quartz parallel to c;

Fig. 10. Cation and oxygen di¡usion in quartz. Sources for
data: Na: [42,43]; Li, K: [42]; Al: [35]; O: [36^38]; Si: this
study.

Fig. 11. Si di¡usion in silicates. Sources for data: Mg^Fe ol-
ivine: [4] ; forsterite: [39]; MgSi perovskite: [44]; diopside:
[2] ; synthetic quartz: [2]; labradorite, anorthite, natural
quartz: this study.

Fig. 12. Plot of activation energy (in kJ mol31) vs. the log of
the pre-exponential factor Do, showing that Si di¡usion data
for silicates conform well to the linear ‘di¡usion compensa-
tion’ relation. The compensation line can be described by the
equation E=652.2+30.6Ulog Do. Data plotted are from [40],
and sources cited for Fig. 11. Results from the present study
(dark squares) are also plotted, and fall closely along the dif-
fusion compensation trend.
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little anisotropy for Si di¡usion is evident. These
di¡usivities are consistent with ¢ndings of [2] for
Si di¡usivities in synthetic quartz obtained for
di¡usion anneals in air.

For anorthite, we obtain the Arrhenius relation
3.79U1037 exp (34656 50 kJ mol31/RT) m2 s31.
Si di¡usion in more sodic plagioclase (oligoclase
and labradorite) is faster than di¡usion in anor-
thite, a ¢nding consistent with that observed for
other cations in feldspars. The results for anor-
thite and labradorite bracket the determination
of CaAl^NaSi interdi¡usion in bytownite under
dry conditions by Grove et al. [1], suggesting
that the rate-limiting process in CaAl^NaSi inter-
di¡usion is Si di¡usion.

In both quartz and feldspar, Si di¡usion is the
slowest of all cations measured, a ¢nding not sur-
prising given the +4 valence of Si and large site
energies for tetrahedral sites in feldspars and Si
sites in quartz. Si di¡usion parameters obtained in
the present study also conform well to the linear
di¡usion compensation trend for Si di¡usivities in
silicate minerals, in agreement with earlier obser-
vations in [40].
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