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NaSi-CaAl interdiffusion in plagioclase
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ABSTRACT

Average NaSi-CaAl interdiffusion coefficients (D) have been determined for the plagio-
clase Huttenlocher interval (~An,, to ~An,,) using the method of lamellar homogeniza-
tion at 1500 MPa, 1050 to 900 °C, ~1.0 wt% H,O added, and fugacities fixed at the
magnetite/hematite buffer. There is a discontinuity in the Arrhenius relation at ~975 °C
that may correlate with the destruction of the compositionally modulated structure in the
~An,, lamellae. The D values are given by

D~ — 4 X 10716 mz/s 8(7103 kJ/mol/RT)

D =11 x 10-° m2%/s e(—37! KWmoVRT)

(~1050-1000 °C)
(~975-900 °C).

The D values at these conditions are about 3 orders of magnitude larger than previously
reported D values for the same sample determined by dry annealing experiments in air
(Grove et al., 1984). Average D values for the peristerite interval (~An, to ~An,,) were
also determined at the conditions listed above and are given by

(1050-900 °C).

Below about 975 °C there is little difference in the average D values for the Huttenlocher
and peristerite intervals, indicating that the effect of bulk composition is minor compared
with the effect of H,O or its components dissolved in a plagioclase crystal. Diffusion data
for the Huttenlocher interval have been used to estimate cooling rates for chemically zoned
plagioclase crystals reported in the Stillwater, Skaergaard, and Kiglapait intrusions. The
cooling rates estimated using the dry, 1-atm data compare more favorably with indepen-

D= 3 X 10-8 m2/s e(—303 KW/mo/RT)

dent estimates of cooling rates, although the latter are poorly constrained.

INTRODUCTION

A knowledge of NaSi-CaAl interdiffusion rates is im-
portant for understanding the kinetics of solid-state pro-
cesses in plagioclase because compositional zoning and
many microstructural relations are controlled by the slow
rate of this process (Grove et al., 1984; Yund, 1986).
Microstructures controlled by this coupled interdiffusion
include the formation of exsolution lamellae associated
with the peristerite, Huttenlocher, and Beggild miscibil-
ity gaps as well as the development of e plagioclases
(Smith, 1974). Most of these microstructures cannot be
experimentally investigated because they form at low
temperatures where the rate of NaSi-CaAl interdiffusion
is very slow. One approach is to determine the rate of
NaSi-CaAl interdiffusion at higher temperatures and to
extrapolate the data to lower temperatures (Grove et al.,
1984; Yund, 1986). This method yields information about
the kinetics of transformations and can be used to con-
strain the thermal history of chemically zoned plagioclase
crystals, provided that the mechanism of diffusion is the
same at lower and higher temperatures.

When the interdiffusion rate is slow, it is difficult to
use a conventional diffusion couple to determine diffu-
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sion coeflicients. Brady and Yund (1983) used the lamel-
lar homogenization method (Price, 1981) to estimate
K-Na interdiffusion in alkali feldspars and found that the
results from homogenization experiments were in good
agreement with those obtained by tracer and diffusion-
couple experiments. The lamellar homogenization meth-
od has been used to determine other diffusion rates, in-
cluding those for pyroxenes (Brady and McCallister, 1983)
and plagioclase (Grove et al., 1984; Yund, 1986; Yund
and Snow, 1989). Grove et al. (1984) determined NaSi-
CaAl interdiffusion rates in a Ca-rich plagioclase
(An,, o) with Huttenlocher lamellae by annealing sam-
ples in air. Yund (1986) determined NaSi-CaAl interdif-
fusion rates in an Na-rich plagioclase (An,_,s) with per-
isterite lamellae with added H,O at 1500 MPa, and Yund
and Snow (1989) determined the effects of f,;, and H,0
pressure on NaSi-CaAl interdiffusion for the same Na-
rich plagioclase (An,_,,) sample. The difference between
the interdiffusion coefficients for bytownite (dry, 1 atm)
and peristerite (H,O present, 1500 MPa) is almost 5 or-
ders of magnitude, which could be attributed to the dif-
ference in bulk composition or the effect of H,O at high
pressure or both.
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Fig. 1.
townite. (a) Starting material showing strong diffraction contrast
of (037) Huttenlocher lamellae. (b) Partially homogenized sam-
ple showing weak lamellar contrast. (¢} Completely homogenized
sample with no indication of exsolution lamellae.

TEM bright-field photomicrographs of Stillwater by-

Previous studies indicate that the presence of H,O, or
one of its components, has a significant effect on several
solid-state processes in feldspar. It increases the rate of
O diffusion (Yund and Anderson, 1974; Elphick and Gra-
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ham, 1988; Elphick et al., 1988; Farver and Yund, 1990),
the rate of Al-Si disordering-ordering (Yund and Tullis,
1980; Goldsmith, 1987, 1988), the ease of dislocation
creep (hydrolytic weakening) (Tullis and Yund, 1989), as
well as the rate of NaSi-CaAl interdiffusion in peristerite
(Yund, 1986). The effect is more pronounced at high con-
fining pressure (Yund and Tullis, 1980; Yund and Snow,
1989). Yund and Snow (1989) assumed that the enhanced
rate was due to an increase in the concentration of the
defect or species associated with the H,O in the crystal.
It has been proposed that H,O hydrolizes the Si-O-Si
bonds, weakening the tetrahedra (Donnay et al., 1959;
Griggs, 1967), or that H* forms OH- groups by H hop-
ping, producing a transient, locally negative activation
volume (Goldsmith, 1987, 1988, 1991). Elphick and
Graham (1988) have suggested that the increased O dif-
fusion rates observed in quartz when H,O is present could
be attributed to fast proton transients that migrate rapidly
through the framework silicate lattice. Graham and El-
phick (1991) have interpreted the increased Al-Si inter-
diffusion rate with increasing pressure as due to an in-
crease in the proton activity accompanying the rapid
increase in the dissociation of H,O. Farver and Yund
(1990) have argued that the O transport species respon-
sible for the enhanced O diffusion rate in feldspars under
hydrothermal conditions is molecular H,O. In this paper
we will refer to the effect of H,O on the interdiffusion rate
without specifying the nature of the chemical species or
the mechanism involved.

The goals of this study were to evaluate the effect of
bulk composition on the average interdiffusion rate for
the Huttenlocher and peristerite intervals and to deter-
mine the temperature dependence of the diffusion rate
for both compositional intervals using buffered experi-
ments with H,O. The original data for the temperature
dependence of diffusion in the peristerite interval (Yund,
1986) were unbuffered with respect to O and H, and sub-
sequent studies (Yund and Snow, 1989) indicated that
buffering was important when determining the interdif-
fusion rate. We have used our diffusion data for “wet”
Huttenlocher samples as well as “dry” samples of Grove
et al. (1984) to calculate the cooling rate of chemically
zoned plagioclase crystals, and these values were com-
pared with published cooling rates estimated by indepen-
dent methods.

EXPERIMENTAL PROCEDURE

The bytownite used for this study is from the same
sample used by Grove et al. (1984) and is from the Still-
water igneous complex, Montana. The sample contains
equant, subhedral plagioclase crystals (1.7 x 1.7 x 0.5
mm) with tabular morphology. the crystals have a ho-
mogeneous core (Ang, ;) and a thin rim (50-100 um)
that grades to An,, at the margin (Grove et al., 1984),
and they contain submicroscopic coherent exsolution la-
mellae of the Huttenlocher type (see Fig. 1a). Heuer et al.
(1972) and Nord et al. (1974) observed that the crystals
have sharp b reflections (2 + k = odd, / = odd; Ribbe,
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1983) with diffuse e reflections around them. The crystals
contain zigzag-type b antiphase domain boundaries, and
the e reflections are due to e ordering in the Ab-rich phase.
Electron diffraction patterns of the two-phase inter-
growths indicate that the compositions of the lamellae
are ~An,,_,; and Ang 5, (Nord et al., 1974; Grove et al.,
1983). Diffraction contrast experiments by Grove et al.
(1984) showed that the lamellae are coherent and their
morphology is consistent with having formed by spinodal
decomposition. The measured spacings, from center to
center of adjacent (031) lamellae in the Ang, ;, cores of
the crystals, are between 135 and 225 A, with a mean
value of 175 A (Grove et al., 1984).

The peristerite used for this study is from the same
sample used by Yund (1986) and Yund and Snow (1989).
This peristerite is a large (5 x 5 x 1 c¢m), single crystal
from Hybla, Ontario (Brown University collection no.
2583), clear to pink in color, and displaying blue irides-
cence on the (010) cleavage. An electron-probe analysis
gave a bulk composition of Ab,, ;An,,Or,, with no de-
tectable Fe, Mg, Ba, Ti, or Mn (less than about 0.05 wt%).
There is only one orientation of exsolution lamellae, and
it is approximately parallel to (041) when indexed using
¢ = 14 A. A typical bright-field micrograph is shown in
Figure 2a. The average lamellar spacing is 554 + 77 A
from center to center of adjacent (unlike) lamellae (Yund,
1986). A composition of An, for the An-rich lamellae is
estimated from the bulk composition, the relative widths
of the albite and anorthite-rich lamellae (2.9:1), and the
assumption that the albite lamellae are Ab,,. Twins on
the albite law are also present, but generally they are larg-
er than the exsolution lamellae, much fewer in number,
and not as evenly spaced.

When exsolution lamellae are heated above their sol-
vus, they homogenize by diffusion normal to the lamel-
lac. The diffusion coefficient is given by (D x #,)/L> =
0.5, where D is the average interdiffusion coefficient, ¢, is
the time needed to homogenize the lamellae, and L is the
homogenization distance, i.e., the distance between cen-
ters of unlike lamellae (Brady and McCallister, 1983;
Crank, 1975). The reason we choose (D x 1,)/L*> = 0.5 is
that when (D x #,)/L? has reached a value of 0.5 the
compositional difference between lamellae is 0.01 and
homogenization is essentially complete (see Brady and
Yund, 1983; Grove et al., 1984 for details). Because in-
terdiffusion coefficients vary with bulk composition (Bra-
dy and Yund, 1983), the D values determined by this
method are average interdiffusion coefficients for the
compositional interval represented by the lamellae.

The homogenization experiments for both bytownite
and peristerite were conducted in sealed noble-metal tubes
that were annealed at 900-1050 °C and at 1500 MPa
confining pressure in a piston-cylinder apparatus using
soft-fired pyrophyllite as the confining medium. The
sample assembly is similar to that described by Kronen-
berg and Tullis (1984). For these experiments a sample
core about 3 mm in diameter and 3.5 mm in length was
prepared; the bytownite core contained ~5-10 grains,
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Fig. 2. TEM bright-field photomicrographs of the peristerite;
all are (001) foils. (a) Starting material, wider lamellae are the
Ab-rich phase. (b) Partially homogenized sample; the sharp bands
are albite twins (T). (¢) Completely homogenized sample with
no indication of exsolution lamellae.

and the peristerite core was drilled perpendicular to the
(001) cleavage. The sample core was sealed in a Pt tube
together with about 25 mg of powdered plagioclase, to
prevent rupture of the Pt tube by the sharp ends of the
core, and about 0.6-2.5 wt% H,O. The Pt tube was sealed
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inside an Au tube (0.2-mm wall) with about 80-150 mg
of magnetite/hematite buffer (4:1 by weight) and 10-30
mg H,O. In all the reported experiments, H,O was still
present in the Au tube at the end of the experiments as
evidenced by weight-loss measurements, and fluid was
usually observed when the Au tube was cut open. At the
end of an experiment the presence of both magnetite and
hematite was confirmed by X-ray diffraction.

In order to minimize melting, only between 0.6 and
2.5 wt% H,0 was added to the samples (Goldsmith and
Jenkins, 1985). We did not observe melt in the samples,
but minor melting may have occurred in the plagioclase
powder, which was not carefully examined. It is expected
that some of the H,O would dissolve in the sample crys-
tals of peristerite or bytownite or become incorporated
along the grain boundaries of the bytownite sample. The
homogenization rate was independent of the amount of
H,O added, indicating that the crystals were saturated
with H,O or the H,O-related species that is responsible
for the enhanced diffusion rate. No evidence was ob-
served for a systematic variation of the degree of homog-
enization with position in a grain, indicating that the pen-
etration of H,O or its components was much faster than
homogenization due to NaSi-CaAl interdiffusion.

Samples were first pressurized cold to about 300 MPa;
the temperature was then raised to ~300 °C, and the
samples were pressurized to 1500 MPa; finally the tem-
perature was raised to the desired level. The samples were
rapidly quenched (<2 min). The temperature was mea-
sured using a Pt-Pt,,Rh,, thermocouple that was centered
vertically on the sample, and a stepped graphite furnace
was used to minimize thermal gradients near the sample.
The temperature uncertainty is believed to be less than
+10 °C (Kronenberg and Tullis, 1984). Pressure was
monitored on an external gauge and maintained within
50 MPa of 1500 MPa (not corrected for friction). Jo-
hannes (1978) reported that friction in a piston-cylinder
apparatus with a pyrophyllite sample assembly can result
in a gauge pressure about 400 MPa higher than the actual
sample pressure at 600 °C. However, friction effects are
reduced when pressurization is done at high temperature
(Johannes, 1978). In the experiments reported here, pres-
surization was done at high temperature; thus the appar-
ent pressure uncertainty due to friction is probably sig-
nificantly less than 400 MPa and the pressure uncertainty
is the same for all experiments. According to Yund and
Snow’s (1989) data, D is relatively insensitive to a differ-
ence of several hundred MPa at pressures greater than
1000 MPa.

Following the experiments, the samples were prepared
for TEM by ion milling. The thinned foils were examined
using a Phillips model EM420 to determine the extent of
homogenization. Exsolution lamellae become increasing-
ly faint as they homogenize (Figs. 1b, 2b); the lamellae
were considered to be homogenized when no evidence of
the lamellae was observed in TEM (compare Figs. 1b and
Ic as well as Figs. 2b and 2c). When the apparent ho-
mogenization is complete, the remaining compositional
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difference between lamellae is believed to be less than
~1% An (Grove et al., 1984). The proper orientation to
observe the lamellae was confirmed by diffraction pat-
terns of the randomly oriented grains in the bytownite
sample. Occasionally a small area within a grain was ob-
served in which the lamellae were still faint, although
within most areas of that grain no trace of lamellae re-
mained. These were presumed to be areas that had a
slightly larger than average initial spacing, and they were
ignored for the purpose of determining the average ho-
mogenization time.

EXPERIMENTAL RESULTS

The experimental results for the Huttenlocher interval
are listed in Table 1 and presented on an Arrhenius plot
of log D vs. 1/T (K) in Figure 3. The value of homoge-
nization time for calculating D for a given temperature
must lie between the shortest time required for homog-
enization and the next shortest time for which lamellae
could still be observed. The maximum temperature for
these experiments was limited by the homogenization
time. If the annealing temperature is higher than 1050
°C, the homogenization time will be too short compared
with the heating time. The minimum temperature of 900
°C was determined by the practical time limit for doing
experiments in a piston-cylinder apparatus.

In spite of the limited temperature interval that could
be experimentally explored, there is clearly a break or
discontinuity in the data at about 975 °C, and conse-
quently two lines have been drawn through the data on
Figure 3. Using a program of linear regression to fit the
logarithm values of midpoints between the D values of
the bracketing experiments, these two data sets give the
following Arrhenius relations:

D~ =4 x 10-'6 m?2/g (103 ki/mol/RT)
(~1050-1000 °C)
D~ =11 x 10-% m?/s et—317 K/mol/RT)

(~975-900 °C).

(D

)

where D is the average interdiffusion coefficient for An,q g.

The experimental results for the peristerite interval are
listed in Table 2 and plotted as log D vs. 1/T (K) in Figure
4. Using the same linear regression method, these yield
the following Arrhenius relation:

D~ =3 x 10-% m?/s e(—303 ki/mol/RT)

(1050900 °C) (3)

where D is the average interdiffusion coefficient for Ang .

It is difficult to know how to estimate the errors for the
preexponential factor (D,) and activation energy given in
Equations 1-3. If only the error due to the width of the
brackets at each temperature is considered, the errors in
log D values calculated from Equations 2 and 3 are about
+0.3 and the standard deviation in the activation ener-
gies is <35 kJ/mol. Given the small temperature interval
for Equation 1, the errors are large but unknown.
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Fig. 3. Arrhenius plot showing the results of annealing ex-
periments on Stillwater bytownite at 1500 MPa, H,O added, and
the MH buffer. There is a break at approximately 975 °C. D,
and Q values are given in the text.

DIscuUSSION

Within the uncertainty of the bracketing points, the
Arrhenius plots (Figs. 3 and 4) define straight lines. These
rglations may not be strictly linear, however, because the
D values are an average for a compositional interval
(An,, 4, OF An, ), and even interdiffusion coeflicients for
a fixed composition need not be strictly linear on an Ar-
rhenius plot unless the solid solution is ideal (Yund, 1986).
Therefore some caution is necessary when extrapolating
these relations to lower or higher temperatures.

The break in the interdiffusion data for the
Huttenlocher interval

The discontinuity in the diffusion data for the Hutten-
locher interval (Fig. 3) must be associated with a change
in the structure or microstructure of the plagioclase, a
change in the atomic diffusion mechanism, or both. A
change from intrinsically to extrinsically controlled dif-
fusion is not expected to produce a discontinuity nor the
observed increase in the activation energy with decreas-

TaeLe 1. Experimental data for Huttenlocher homogenization
T(°C) t(h) TEM observation
1050 1.0 very faint lamellae
1050 15 no lamellae
1030 15 no lamellae
1000 13 lamellae visible
1000 2.5 no lamellae
1000 4.0 no lamellae

975 5.0 faint lamellae

975 10.0 faint lamellae

975 16.0 no lamellae

950 241 faint lamellae

950 48.0 no lamellae

925 48.0 very faint lamellae
900 96.0 very faint lamellae
900 168.0 no lamellae

Note: All experiments at 1500 MPa, H,O added, MH buffer.
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Fig. 4. Arrhenius plot showing the results of annealing ex-
periments on peristerite at 1500 MPa, H,O added, and the MH
buffer. The Arrhenius relation is given in the text.

ing temperature. Another possibility is that a change in
speciation of H,O causes a change in concentration of the
ions that catalyze the diffusion process (e.g., Graham and
Elphick, 1991; Goldsmith, 1991). However, the concen-
tration of species of H,O is a continuous function of tem-
perature and pressure, and there is no report of a large
change in speciation of H,O in such a narrow temperature
interval (~750-1000 °C) (Eugster, 1977, 1986). Second,
if a change of speciation of H,O was responsible for this
break, we would expect to see a similar effect in the per-
isterite data. Therefore a change in the structure or mi-
crostructure of the plagioclase is a more likely explana-
tion.

In order to consider whether a structural-microstruc-
tural change may correlate with the break in the Hutten-
locher diffusion data, we need to review the probable
structural relations in the ~An,, Huttenlocher lamellae.
The ~Any, lamellae are essentially homogeneous in com-
position, whereas the ~An,, lamellae are expected ini-
tially to have a compositionally modulated superstruc-
ture consisting of an intermediate plagioclase phase (Ab
rich) and an IT phase (An rich) (Grove, 1977a). For ex-
ample, this superstructure has been observed in plagio-
clases with bulk compositions between An,; and An., by

TaBLE 2. Experimental data for peristerite homogenization

T(¢°C) t{h) TEM observation
1050 8.0 faint lamellae
1050 12.0 faint lamellae
1050 14.0 no lamellae
1000 20.0 lamellae visible*
1000 31.0 faint lamellae
1000 48.0 no lamellag*
950 61.0 faint lamellae
950 90.0 lamellae visible
950 169.1 no lamellae
900 336.0 faint lamellae

Note: All experiments at 1500 MPa, H,O added, MH buffer.
* Data from Yund and Snow (1989).
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Fig. 5. Comparison of average NaSi-CaAl interdiffusion data
for the Huttenlocher and peristerite intervals at different exper-
imental conditions. The solid line (1-atm, dry condition for
Anyg_g) 18 from Grove et al. (1984). The dashed line (1500 MPa,
H,O added) and the triangle (1-atm, dry conditions for An, ,¢)
are from Yund (1986). The other data are from Figures 3 and 4.

Grove (1977b) and in an An,, sample by McConnell
(1974). There are weak e-type reflections that are due to
this superstructure (Ribbe, 1983) in our initial Stillwater
sample. The compositions of these modulations are not
known, but the Ab-rich phase may be between Any, and
Ang, and the wavelength of the compositional modula-
tion is probably near 50 A (Grove, 1977a; Smith, 1983).

The temperature of the break in the diffusion data may
correlate with the rapid loss of the modulated structure.
McConnell (1974) annealed a plagioclase specimen of An,
bulk composition and found that the modulated structure
disappeared above 960 °C. This suggests that the super-
structure may have been quickly lost in our sample above
~975 °C. We cannot confirm this suggestion, however,
because for our samples the e-type reflections are too faint
to be observed even after a short anneal at the tempera-
tures of our diffusion experiments. If this correlation is
correct, it implies that the rate of destruction of the su-
perstructure depends on some factor other than the rate
of NaSi-CaAl interdiffusion. Possibly tetrahedral order-
ing within the compositional modulations lowers the
Gibbs energy of the modulated structure and preserves it
for a longer time below 975 °C. At a higher temperature
the tetrahedral disordering is more rapid, the modulated
structure is quickly destroyed, and the Huttenlocher la-
mellae homogenize more rapidly.

This break in the homogenization-diffusion rate raises
a question of how to extrapolate the diffusion data to
higher and lower temperatures. It seems likely that the
modulated structure similar to those in this Stillwater
sample is present in many natural plagioclases of about
this bulk composition (McConnell, 1974; Grove, 1977b),
and thus the lower temperature data shown on Figure 3
are probably more appropriate for applications below
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about 975 °C. For higher temperature applications we
favor the upper line on Figure 3, but we will also use an
extrapolation of the lower temperature data when we dis-
cuss the preservation of compositional zoning in plagio-
clase crystals in a later section.

Comparison of different NaSi-CaAl interdiffusion data

A comparison of the average interdiffusion coefficients
determined in this study for NaSi-CaAl in the Hutten-
locher interval at 1500 MPa and H,O added with the dry,
1 atm data of Grove et al. (1984) is presented in Figure
5. The diffusion coefficients in the wet, high-pressure ex-
periments are about 3 orders of magnitude greater than
those in the dry, 1 atm experiments. A large increase of
D when H,O is present at high pressure was previously
reported by Yund (1986) and Yund and Snow (1989) for
the peristerite interval.

In contrast to the wet, high-pressure data, there is no
discontinuity in the dry, 1-atm diffusion data of Grove
et al. (1984). Their experiments were between 1100 and
1400 °C, and although homogenization of the modulated
structure would be slower in their dry experiments, the
high temperatures are likely to have resulted in rapid ho-
mogenization of the modulated structure. Thus their ex-
periments would be similar to our experiments above 975
°C with no superstructure present during most of the an-
nealing time.

Our new buffered diffusion data for the peristerite in-
terval, which are shown by the lower dashed line on Fig-
ure 5, lie between the higher and lower temperature data
sets for the Huttenlocher interval. These new peristerite
data have D values similar to the unbuffered peristerite
data at 900 °C (Yund, 1986), shown by the upper dashed
line on Figure 5, but they diverge at higher temperature
because of the difference in activation energies (303 kJ/
mol compared with 406 kJ/mol). This difference in ac-
tivation energy must be viewed with some caution, given
the narrow temperature interval of the data and the fact
that they are based on average D values. Nevertheless,
the data do show the importance of buffering.

As noted in the introduction, H,O or one of its com-
ponents has a marked effect on the kinetics of solid-state
processes in feldspars and other minerals, although the
atomic diffusion mechanism and cause of the enhanced
diffusion rate when H,O or one of its components is pres-
ent in the crystal have not been fully resolved (e.g., Gra-
ham and Elphick, 1991; Goldsmith, 1991). Although the
data presented here do not add new constraints to solve
this question, they do demonstrate that the effect is very
similar for the peristerite and Huttenlocher intervals and
presumably for the entire plagioclase series.

It should be noted that although the orientations of the
Huttenlocher (037) and peristerite (041) lamellae are dif-
ferent, the angle between these planes is small.Using the
cell parameters of bytownite (a = 8.178, b = 12.870, ¢ =
14.187, a = 93.50°, 8 = 115.90°, v = 90.63° Borg and
Smith, 1968), we calculate an angle of ~5° between these
planes. Therefore the diffusion directions are very similar
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for the Huttenlocher and peristerite samples and it is pos-
sible to compare directly these diffusion data.

As shown on Figure 5, there is very little difference in
the average NaSi-CaAl interdiffusion rate for the Hutten-
locher and peristerite intervals between 900 and ~975
°C when H,0 is present at high pressure. The activation
energy for the peristerite data (303 kJ/mol) is less than
that for the Huttenlocher data (371 kJ/mol) below the
break at ~975 °C. The diffusion rate in peristerite at 1
atm (dry) has not been determined because the lamellar
spacing of this peristerite is large and homogenization
times on the order of years would be required. A single
1-atm experiment shown on Figure 5 (Yund, 1986) places
an upper limit on D for dry peristerite, and this limit is
consistent with the 1-atm data of Grove et al. (1984) for
the Huttenlocher interval. In our discussion of geological
applications in the next section we will assume that there
is no strong compositional dependence on the interdif-
fusion rate for plagioclases from their melting tempera-
tures to about 900 °C.

GEOLOGICAL APPLICATION

Plagioclase crystals from volcanic and plutonic envi-
ronments often contain complex oscillatory zoning fea-
tures with a variety of wavelengths and amplitudes (Smith,
1974) that can provide information about the thermal
history of the host rock. Taylor et al. (1975) have dis-
cussed methods for estimating cooling rates from the
temperature dependence of the diffusion rate and the ob-
served scale of zoning in a crystal. Grove et al. (1984)
estimated cooling rates for the Stillwater and Skaergaard
intrusions using their dry, 1-atm diffusion data for the
Huttenlocher interval. Following the approach of Grove
et al. (1984), we will use the new wet diffusion data for
the same bytownite to estimate cooling rates in order to
see whether the dry or wet diffusion data are more con-
sistent with independent estimates of cooling rates of ig-
neous bodies with zoned plagioclase crystals.

The initial assumption is that plagioclase acquires os-
cillatory zones during growth from a melt and that the
oscillations have been isolated from further reaction with
the melt. Compositional homogenization begins at the
temperature of crystallization or isolation (7), and the
assumed linear cooling rate (V) is given by (Walker et al.,

1977)
exp(— & ) @)

where X is the half-wavelength of the oscillatory zones,
D, and Q are the Arrhenius parameters for the diffusion
data, R is the universal gas constant, and T is in kelvins.

Figure 6 was constructed using the above relation and
the Huttenlocher diffusion data for the wet, 1500-MPa
experiments plotted on Figure 3. For an assumed initial
temperature (7,) lower than ~975 °C, only the lower set
of Huttenlocher data was used to calculate the cooling
rate. For T, > ~975 °C, both the high-temperature data
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Fig. 6. Estimates of minimum cooling rate required to ho-
mogenize oscillatory zoning in plagioclase using the NaSi-CaAl
interdiffusion data for An,, ¢, shown in Figure 3. The stippled
areas give a range of cooling rates for >1000 °C based on differ-
ent diffusion rates as explained in the text. The dashed line is
calculated from the 1-atm, dry interdiffusion data (Grove et al.,
1984) for comparison.

and the extrapolation of the lower temperature data on
Figure 3 were used. Thus two lines connected by stippling
are shown on Figure 6 for T, = 1000, 1100, and 1200 °C.
The range of estimated cooling rates for a given initial
temperature (7,) and half-wavelength (X) can be directly
read from Figure 6. For example, given an initial tem-
perature (7T,) of 1100 °C, oscillatory zones with X' = 1.0
um would be homogenized if the cooling rate was slower
than ~470-230 °C/yr. For X = 10 um, homogenization
would require a cooling rate slower than ~4.7-2.3 °C/yr.
These rates are much faster than those estimated by Grove
et al. (1984) using their 1-atm, dry diffusion data. The
dashed line on Figure 6 labeled “7, = 1100 °C, dry” is
calculated from their data and predicts a cooling rate that
is nearly 4 orders of magnitude slower than that for the
wet data.

The question is whether the cooling rate calculated from
the wet, high-pressure interdiffusion data or from the dry,
1-atm data or neither is appropriate for an igneous pla-
gioclase from gabbroic rocks. Yund and Snow (1989)
found that in addition to the temperature dependence of
D, the fu, and H,O pressure or fi,,, also affect the inter-
diffusion rate for the peristerite interval. Because our data
show that there is little dependence of D on bulk com-
position of plagioclase, it is reasonable to assume that a
similar dependence exists for other plagioclase composi-
tions. Therefore, for a given cooling rate, the preservation
of chemical zoning in a plagioclase crystal is probably
more strongly dependent on the H,O content or f;,, than
on the crystal’s bulk composition.

Yund and Snow (1989, Fig. 5) determined the depen-
dence of D for the peristerite interval as a function of



282

confining pressure at f;,, defined by the wiistite/magnetite
(WM) and magnetite/hematite (MH) buffers. Their re-
sults show that at a fixed confining pressure there is a
small increase in D with increasing Ju, from the MH to
the WM buflers, namely, about half an order of magni-
tude for these buffers at 1000 °C and between 500 and
1500 MPa confining pressure. This observation seems to
be consistent with the proton activity model suggested by
Graham and Elphick (1991) and Goldsmith (1991). In
addition, the increase in D with increasing confining pres-
sure may be due to an increased H,O content of the pla-
gioclase with increased f,,,,, or due to an increased proton
activity (e.g., Graham and Elphick, 1991; Goldsmith,
1991). A similar effect has been observed for the O self-
diffusion rate in feldspar (Farver and Yund, 1990).

Many igneous rocks are buffered near quartz-fayalite-
magnetite (QFM) (Haggerty, 1976a, 1976b), and Yund
and Snow’s (1989) data indicate that at 1000 °C and a
similar f;, there is an increase of approximately one and
a half orders of magnitude in D from 0.1 to 1500 MPa.
The 0.1-MPa data are for samples annealed in H gas
(probably containing a trace of H,O), whereas 0.5-2.5
wt% H,O was added to the experiments between 500 and
1500 MPa. D increases very slowly at higher confining
pressure. Thus it seems likely that these diffusion rates,
together with those shown in Figure 3, should be appli-
cable to the cooling of igneous complexes that contain
some H,O and that were buffered near QFM.

Plagioclase crystals from the Stillwater complex are
compositionally zoned but only on a scale greater than a
few micrometers (McCallum et al., 1980). If the cooling
rate estimated by Hess (1972) of ~0.001 °C/yr for layers
2 km from the base is correct, and taking 7, = 1200 °C,
compositional oscillations <20-30 pm would be homog-
enized if the diffusion rate determined from dry, l-atm
experiments was applicable (Grove et al., 1984), or os-
cillations <1000-1550 um would be homogenized if the
diffusion rate determined from the wet, 1500-MPa Hut-
tenlocher experiments was applicable (Fig. 6).

In the case of the Skaergaard intrusion, 10-um-scale
oscillations in plagioclase crystals are observed in the lower
and hidden zones of the intrusion (Maaloe, 1976). Nor-
ton and Taylor (1979) suggested that the cooling rate ex-
perienced by the plagioclase of the hidden zone, lower
zone, and much of the border group was about 0.01 °C/
yr. The temperature (7,) for the first appearance of pla-
gioclase in the Skaergaard parent melt has been estimated
between 1150 (Norton and Taylor, 1979) and 1230 °C
(Biggar, 1974). Using 1200 °C as an average, oscillations
=11 um would be homogenized using diffusion data of
Grove et al. (1984), whereas oscillations <315-490 um
would be homogenized using the data in Figure 6.

Huntington (1979) concludes that the Kiglapait intru-
sion crystallized in a low-H,O environment. In addition,
compositional zoning of plagioclase crystals on a scale of
5 to 10 um has been found in troctolite samples from
stratigraphic levels at least as high as 5 km above the
base of the Kiglapait intrusion (Morse, 1969). The in-
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ferred crystallization temperature is 1250 °C (Morse,
1979). The cooling rate of the Kiglapait intrusion esti-
mated from the dry, l1-atm diffusion data (Grove et al.,
1984) is between ~0.2 and ~0.05 °C/yr, or about 100
°C/yr using the wet data. The dry data are closer to Morse’s
(1984) estimated cooling rate for the interior of the intru-
sion, which he gives as 0.001 °C/yr between 1200 and
1000 °C.

The above discussion demonstrates the difficulty of es-
timating cooling rates for zoned plagioclase crystals be-
cause of uncertainties in the crystallization temperature
and the uncertainty in comparing with the cooling rates
estimated by other methods. The available data suggest,
however, that for the first few hundred degrees of cooling
after plagioclase crystallization in these three large gab-
broic bodies the scale of compositional zoning is more
consistent with the dry, 1-atm data of Grove et al. (1984)
than with the hydrothermal diffusion data (Fig. 3). Cor-
rection of the hydrothermal data for a lower pressure,
using the data of Yund and Snow (1989) and assuming a
crystallization temperature of 1200 °C, would lower the
minimum cooling rate that would preserve 10-um com-
positional zoning from about 15 °C/yr at 1500 MPa to
about 2 °C/yr at 300 MPa.

It is surprising if these gabbroic magmas were as dry
as the diffusion data suggest. Micropores, which were
probably sites of fluid, are much less common in gabbroic
plagioclases than in those from most granitic rocks
(Montgomery and Brace, 1975). The concentration of
structurally bound H,O molecules is very low in at least
some plagioclase crystals, although the OH- concentra-
tion is high and more variable (Hofmeister and Rossman,
1986). Before definite conclusions can be drawn about
the dryness of these magmas, a comprehensive study of
a selected intrusive body is needed. This should include
a careful estimate of the cooling rate from heat-flow mod-
els, determination of the scale of compositional zoning
and the variability of this zoning, and characterization of
the plagioclase by IR spectroscopy and perhaps other
means.
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