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Crystal-growth kinetics of plagioclase in igneous systems:
One-atmosphere experiments and application of a
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ABSTRACT

Crystal-growth rates have been determined experimentally at 1 atm for the growth of
plagioclase from selected compositions (An,, 4,) of the albite-anorthite melt system. The
growth-rate data from the present study, when combined with the previous results of
Kirkpatrick et al. (1979), can be described by an extension of simple, single-component
growth theory to multicomponent systems as proposed by Lasaga (1982).

The observed experimental growth rates can be combined with data on compositional
gradients in crystals and glass (quenched melt) in order to place limits on possible kinetic
models of crystal growth. Growth rates at small undercoolings (AT = Tpiguidus — T Grown =
20 deg C) appear to be controlled by crystal-melt interface kinetics, and growth is linear
with respect to time. At moderate undercooling (20 deg < AT =< 80 deg), there are a few
possible models; the rate-controlling step may be either a steady-state (time-independent)
process or a slow approach toward equilibrium during crystal growth. In either case, at
moderate undercoolings the experimentally observed growth rates of plagioclase for a
particular bulk composition are likely to be slower than the theoretically predicted growth
rate because of mass-transport (diffusion) effects. At large undercoolings (AT = 80 deg),
growth is controlled by diffusive mass transport, and growth rates are nonlinear with respect

to time.

INTRODUCTION

Over the past several decades, a majority of experi-
mental investigations in experimental igneous petrology
have been concerned with magmas at equilibrium. Al-
though much more work is still required, a substantial
foundation has been developed for describing igneous
systems at thermodynamic equilibrium. These equilib-
rium models are not path dependent and thus represent
time-independent processes. Many natural igneous rocks,
however, contain abundant geochemical evidence of dis-
equilibrium, such as compositional zoning in minerals
and the nonapplicability of the phase rule for a particular
mineral assemblage. The magmas from which these rocks
formed must have followed a nonequilibrium, time-de-
pendent pathway that is recorded in the disequilibrium
geochemical features and the petrographic texture of the
rock. The challenge for igneous petrologists is the inter-
pretation of the time-dependent evolution of these ig-
neous systems from the geochemical and textural data.

An understanding of kinetic-related features in igneous
rocks requires detailed models of reactions in igneous sys-
tems. Unfortunately, kinetic theory concerning rates of
crystal growth or rates of partial melting in igneous sys-
tems is still in an initial state of development (Kirkpat-
rick, 1981). Detailed studies of crystal growth and dis-

0003-004X/87/0304-0299$02.00

solution in silicate melts are of critical importance for
developing molecular models of igneous reaction kinet-
ics. With the ultimate development of molecular models,
it will be possible to decipher and model the particular
kinetic pathway of a natural system from geochemical
and petrographic records preserved in the rocks.

The present experimental study was undertaken to in-
vestigate crystal growth in a simple, but very important,
silicate melt system. Growth rate and compositional data
can be used to evaluate current theoretical models of
crystal growth. In particular, results of the present study
can be used to test extensions of simple, single-compo-
nent growth models to multicomponent systems.

The plagioclase (albite-anorthite) melt system was cho-
sen for this study for the following reasons: (1) plagioclase
is a ubiquitous igneous mineral, (2) plagioclase exhibits
complex compositional zoning, which may be related to
the kinetics of plagioclase crystal growth, and (3) the phase
equilibria of the simple system, which delineate regions
of zero overall reaction rates, are relatively well known.
Crystal growth in the 1-atm system has been previously
investigated by Kirkpatrick et al. (1979), although a ma-
jority of their data are for the bulk compositional range
of An,~An, . For the present investigation, crystal-growth
rates were determined for melts within the bulk compo-
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TasLE 1. Nominal and analyzed compositions of starting materials
An-10* An-20* An-30* An-40° A"s%r;zi‘e

Oxide Nominal Analyzed Nominal Analyzed Nominal Analyzed Nominal Analyzed analyzed}
Sio, 66.0 65.0 63.4 62.5 60.8 59.8 58.2 57.9 45.5
ALO, 213 21.6 231 23.2 24.8 25.6 26.6 27.2 35.1
Ca0 21 2.2 4.2 4.2 6.3 6.1 8.4 8.2 19.6
Na,O 10.8 10.5 9.3 9.4 8.1 8.3 6.9 7.0 0.8
LO.Lt 03 0.8 04 04

Total 100.0 99.6 100.0 100.1 100.0 100.2 100.1 100.7 101.0

Cations on the basis of eight oxygens

Si 2.90 2.88 2.80 2.78 2.70 2.67 2.60 2.58 2.08
Al 1.10 1.13 1.20 1.21 1.30 1.35 1.40 1.43 1.89
Ca 0.10 0.10 0.20 0.20 0.30 0.29 0.40 0.39 0.96
Na 0.90 0.90 0.80 0.81 0.70 072 0.60 061 0.07

Total 5.00 5.01 5.00 5.01 5.00 5.02 5.00 5.01 5.01

* Wet-chemical analysis.
f Loss on ignition.
t Average of 10 spot analyses with an electron-microprobe analyzer.

sitional range An,,~An,,. The compositions of plagioclase
crystals that grow from melts within this bulk composi-
tional range are similar to compositions of naturally oc-
curring, complexly zoned plagioclase crystals from a va-
riety of rock types (Vance, 1962). Thus, proposed kinetic
models for the origins of geochemical features such as
oscillatory zoning in plagioclase (Sibley et al., 1976; Haase
et al., 1980; Allegre et al., 1981) can ultimately be tested.

EXPERIMENTAL PROCEDURE
Preparation of starting materials

The compositions of the anhydrous starting materials corre-
spond to plagioclase compositions of An,,, An,, An,, and An,,.
The starting materials were prepared as gels (Luth and Ingamells,
1965). The gels were dried in an oven at 120°C for 12 h and
were subsequently fired in stages at temperatures from 400 to
950°C. The resulting sintered mixtures were ground in an agate
mortar and pestle in order to pass through a #200 mesh sieve.
The nominal compositions and wet-chemical analyses are pre-
sented in Table 1.

In order to confine the present study to an investigation of
crystal growth, it was necessary to separate the effects of crystal
growth from the effects of nucleation. A majority of previous
experimental studies have included the added complication of
homogeneous nucleation, with a resulting lack of accuracy in
determining the time of initiation of crystal growth. The present
investigation avoided the “added variable™ of nucleation through
the use of seed crystals. Seed crystals of uniform size (100-250
um) were prepared from crystals of natural, igneous anorthite
(Any;) by grinding and sieving. An average of several electron-
microprobe analyses of seed crystals is presented in Table 1.

One-atmosphere experiments

Crystal-growth experiments were performed at 1 atm in a ver-
tical-tube quench furnace. The experimental charges were pre-

pared by mixing 150 mg of the appropriate starting composition
with approximately 1 mg of seed crystals. The mix was placed
into a 5-mm-diameter Pt capsule that had been welded shut at
one end. The experimental charge was suspended next to a Pt-
Pt,,Rh,, thermocouple in the vertical-tube furnace. All charges
were initially brought to a temperature 30 deg above the appro-
priate liquidus temperature for a period of 25 min to 2% h. It
was found by trial and error that 30 min was the optimum ho-
mogenization time for melting of the An,, bulk composition,
because longer times resulted in substantial dissolution of the
anorthite seed crystals. Longer homogenization times were used
with more albite-rich An,, and An,, bulk compositions because
the seed crystals did not dissolve as readily into these more vis-
cous melts. The formation of compositional gradients in the melt
next to the seed crystals from dissolution effects was checked by
“zero-time” studies of runs quenched immediately after homog-
enization. There were no detectable compositional gradients in
the glasses surrounding the seed crystals.

In the first set of experiments, the temperature of each run
was decreased from the homogenization temperature to the ap-
propriate growth temperature by adjusting the temperature con-
troller. Owing to thermal inertia of the furnace, it took up to
several minutes to reach some of the lower run temperatures,
and temperature undershooting was a common phenomenon.
Kirkpatrick et al. (1979) noted that similar growth rates could
be obtained from experiments on supercooled melts and exper-
iments employing reheated glasses (quenched melt). From pre-
liminary runs during the present study, no differences were ob-
served in results from crystal-growth experiments with
supercooled melts or reheated quenched glasses. Therefore, most
of the present 1-atm experiments were conducted with quenched
glasses.

The 1-atm crystal-growth experiments with quenched glasses
were carried out by inserting the experimental charge in the ver-
tical-tube furnace at the appropriate crystal-growth temperature.
In all cases, the reading thermocouple approached the run tem-
perature within 1.5 to 2 min. Although there may have been a

—

Fig. 1. Photomicrographs of plagioclase crystal morphology. (a) Crossed polars of thin, tabular crystals radiating from an
anorthite nucleus. The field of view is 0.8 mm across (long edge). AT = 18 deg, ¢ = An,,. (b) Crossed polars of crystals with skeletal
morphology. The field of view is 0.8 mm across. AT = 37 deg, ¢ = Any,.
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Fig. 3. Plots of crystal-growth rates vs. temperature for An,,
and An,, bulk compositions.

slower rise time associated with the experimental charge, the
time required to reach thermal equilibrium according to heat-
flow calculations is less than 2 to 3 min, which is significantly
less than the time required to bring runs from superliquidus melt
temperatures to the growth temperatures. Each experiment was
quenched in a stream of air. The capsule would quench to below
red heat within 2 to 4 s. The run products were mounted in
epoxy, and a polished thin section was produced from the epoxy
block. The polished thin sections were investigated with the aid
of an optical microscope and an electron-microprobe analyzer
in order to determine optical and chemical properties of the
plagioclase crystals.

EXPERIMENTAL RESULTS
Crystal morphologies

For all of the compositions (An,,, An,,, An,, An,),
there was a progressive change of crystal morphology with
degree of undercooling, as has been noted previously by
Kirkpatrick et al. (1979). At undercoolings of less than
40 deg, plagioclase occurs as euhedral, faceted crystals
that appear as thin platelets (see Fig. 1a). The crystals
have an average aspect ratio (a:b:¢) of 20:1:20, as deter-
mined by optical methods. Thus, the crystals are tabular,
with the largest growth face (in area) being represented
by the {010} face. This observation is in general agree-
ment with the predominant morphology of natural pla-
gioclase crystals (Heinrich, 1965; Deer et al., 1966), al-
though natural crystals have significantly smaller aspect
ratios than those of the synthetic crystals.

At undercoolings of 40 to 60 deg, the resulting crystals
are skeletal; this morphology is even the case for the crys-
tal overgrowths around the anorthite seed crystals (see
Fig. 1b). The average a:b:c aspect ratio of these crystals
is approximately 25:1:5. The a axis is the direction of
principal growth, which has been observed in other feld-
spar-crystallization studies (Fenn, 1977; Swanson, 1977)
and is common in nature (Deer et al., 1966). the only
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Fig. 4. Plots of crystal-growth rates vs. temperature for An,,
and An,, bulk compositions.

experimental variation to this pattern is the anorthite
crystal-growth study of Klein and Uhlmann (1974), in
which the anorthite was reported to be elongate along the
¢ axis.

At undercoolings of 60 to 80 deg, the crystals form
dendrites (see Fig. 2a), with side branches growing from
the major dendrite arms. The crystallographic direction
of primary growth cannot be determined by conoscopic
optical methods, because of the small size of the den-
drites. The length-fast character of the dendrites pre-
cludes the b crystallographic axis as the principal growth
direction, but no distinction can be made as to whether
the a or ¢ axis is the predominate elongate crystallograph-
ic axis.

At undercoolings greater than 80 deg, the crystal form
of the plagioclase surrounding the seed crystals is spher-
ulitic or fibrillar (see Fig. 2b). Many of the very fine pla-
gioclase needles do, however, maintain faceted shapes at
the tips of the crystals. In addition, as noted by Kirkpat-
rick (1981) for other systems, the thickness of the crystals
and the spacing between crystals within the bundles or
spherules decrease with increased undercooling.

When observed optically under crossed polars, the
crystals appear to be unzoned, because there is no change
in extinction angle within the individual crystals. Many
of the individual crystals also contain growth twins; this
phenomenon was observed primarily in crystals that grew
at uncercoolings of less than 60 deg.

Growth rates

The crystal-growth data have been plotted versus tem-
perature, a common method for presentation of growth
data (Kirkpatrick, 1981), for each of the compositions
(Figs. 3 and 4). The “best fit” lines were hand-fit to the
maxima of the growth data for each growth temperature
that was investigated. One reason for the scatter in the

—

Fig. 2. Photomicrographs of plagioclase crystal morphology. (a) Crossed polars of dendritic crystals. The field of view is 0.32
mm across. AT = 60 deg, ¢ = An,. (b) Spherulitic morphology of crystals around a seed crystal as viewed through crossed polars.

The field of view is 0.8 mm across. AT = 123 deg, ¢ = Any,.
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Fig. 5. Plots of crystal lengths vs. time for small undercool-
ings.

growth-rate data is related to the orientations or “cuts”
of the measured crystals. For each measured crystal, the
maximum lengths were measured from the edge of the
seed crystal to the edge of the overgrowth crystal along
the elongated direction. The length of this measurement
can vary as a function of crystal orientation and cut of
the thin section. In addition, growth can be inhibited by
crystal impingement, which is not always observable in
the nearly two-dimensional thin section. Finally, as shown
later, crystal-growth rates at large undercoolings are not
constant with respect to time. For the present study, pri-
mary interest is in initial growth rates, before chemical
diffusion in the melt becomes a rate-limiting step. Thus,
the operating assumption in using the growth-rate data is
that the maximum growth rates for each temperature rep-
resent “‘true” growth rates or growth in the absence of
compositional gradients in the melt.

The growth-rate curves are similar in form to those
found for other glass-forming materials (Winkler, 1947,
Jackson, 1967; Kirkpatrick et al., 1967). The growth rate
initially increases with undercooling below the liquidus,
passes through a maximum, and finally decreases with
further undercooling.

The development of time-independent growth rates,
which represent linear growth kinetics, have important
implications for possible growth mechanisms (Kirk-
patrick et al., 1979). Therefore, the applicability of
time-independent growth rates was tested by performing
time-distance experiments with An,, and An,, bulk com-
positions. Isothermal crystal-growth experiments were
performed for varying lengths of time, and the corre-
sponding crystal lengths were plotted versus time. The
results, plotted in Figures 5 and 6, show that for relatively
small undercoolings, the growth kinetics are linear. For
relatively large undercoolings, however, the crystals do
not grow in a linear fashion with respect to time. For
comparison, Kirkpatrick et al. (1979) found that the
growth rates for Any, and An,; bulk compositions were
independent of time, even for large undercoolings. Pos-
sible reasons for the differences in the present experi-
ments and those of Kirkpatrick et al. will be discussed
later.
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Fig. 6. Plots of crystal lengths vs. time for large undercool-
ings.

DiscussioN
General theory of growth from a melt

Rates of crystal growth can be “controlled” by any of
three principal processes: (1) interfacial kinetics or the
rate of attachment at the crystal face, (2) transport of
material by diffusion or a combination of diffusion and
advection through the melt phase, and (3) transport of
latent heat of crystallization away from the crystal face.
Although only one process may be the dominant rate-
controlling step under one set of conditions or at any one
time, there may be transition regions where combinations
of processes dominate. For crystallization in multicom-
ponent, silicate melt systems, the transport of heat away
from the crystal face will be rapid relative to chemical
transport in the melt (Bottinga et al., 1966). Thus, the
primary concern will be determining the interplay be-
tween interfacial reaction kinetics and diffusive transport
through the melt as rate-controlling processes.

If the interface reaction is the rate-controlling step in
the crystal-growth process, a simplified general theory that
treats crystal growth as an elementary activated process
has been developed for modeling crystal growth (Turn-
bull and Cohen, 1960; Jackson, 1967). The theoretically
derived, growth-rate law for a single-component system
is of the form

Y =[1 — exp(—AH,AT/RTT)]Y./n, (1)

where Y = growth rate (cm/s), AH,, = enthalpy of melting
(J/mol), R = gas constant (J/K-mol), T = temperature of
growth (K); T} = liquidus temperature of the crystalline
phase (K), AT = T, — T (K), Y, = reduced growth rate
(cm-poise/s-K), and 5 = viscosity of the melt phase
(poise). A particularly important aspect of Equation 1 is
that the diffusion of growth units through the melt toward
the crystal-melt interface is assumed to follow a Stokes-
Einstein relationship:

D(T) = kT/3wam(T), )

where 7(T) = viscosity (which will be temperature depen-
dent), a, = diameter of the diffusing species, and k =
Boltzmann’s constant.

In the Stokes-Einstein model, the diffusion coefficient,
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TaBLE 2. Values of A coefficients for polynomial expression of
the 1-atm liquidus curve for the plagioclase system

A Value A Value

0 1099.40173869 5 653438.497 314
1 2821.45731103 6 —916859.113281
2 —18352.2136841 [/ 794 534.039062
3 90523.4459229 8 —385967.648682
4 —299952.079 346 9 80267.177 2461

D, is proportional to the inverse of the viscosity, 5, of the
melt phase. The reduced growth rate, Y,, incorporates all
of the factors left after the simplifications of the funda-
mental theory. Basic terms represented in Y, include the
fraction of sites on the crystal surface available for at-
tachment of growth units, a function that incorporates
the dynamics of attachment and all of the terms from the
Stokes-Einstein relationship except viscosity (Kirkpat-
rick, 1975).

Although the basic theory was originally developed for
crystal growth in single-component systems, it can be
adapted for multicomponent systems with a few addi-
tional assumptions. The following formulation was orig-
inally developed by Lasaga (1982) as an application of a
master equation of crystal growth. For growth in an an-
hydrous binary system, such as the plagioclase melt sys-
tem at 1 atm, Equation 1 will still be valid for interfacial-
controlled growth. Furthermore, the assumption will be
made that the growth mechanism and the Stokes-Einstein
terms are similar for the entire plagioclase system; the
reduced growth rate, Y, is, therefore, independent of com-
position over the compositional range of the plagioclase
system. Data are available for growth rates in the single-
component anorthite system as a function of undercool-
ing (Kirkpatrick et al., 1976), which can be fit to a poly-
nomial of AT:

Ya/AT = (3.548 x 109)AT + (3.833 x 10-8AT?
+ (6.372 x 10°)AT?. (cm:-poise/s-K) (3)

For small AT values, Equation 1 can be expanded for the
growth of anorthite in the single-component system to
yield

YAn = (AI{m,AnA T/nAn TTm,AnR) Yr' (Cm/s) (4)

With small AT values, there will be the approximation
T = Tyas and if AH_,, is assumed to be independent of
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temperature, Equation 4 can be further simplified to
YAn = (AI;Im,AnA T/nAnR T;zn,An) Yr (Cm/s) (5)
or
Y anlAn - AH, m,An Y
AT RTE-A,An i
= (3.548 x 10-)AT + (3.833 x 10°9)AT?
+ (6.372 x 10-9)AT?. (cm-poise/s-K) (6)

Solving for Y, and substituting into the general equation
(Eq. 1) yields

vl —AH,.AT\|[ RT3
e c5D RT .211,An AHm,AnnPl

[(3.548 x 105)AT + (3.833 x 10-9)AT?
+ (6.372 x 109)ATY),

(cm/s) @)
where Y, = growth rate of plagioclase of composition Pl,
T, a» = melting temperature of pure anorthite (1830 K),
AH,, , = enthalpy of melting of plagioclase of composi-
tion P1 (J/mol), AH,, », = enthalpy of melting of anorthite
(J/mol), ns = viscosity of the plagioclase melt of com-
position, Pl at the temperature of growth (poise), T =
growth temperature for the system (K), 7, = liquidus
temperature for the particular binary composition (K),
and AT =T, — T (K).

In order to model growth as a function of concentra-
tion, Y{(c), the values of 7, AH,,, and 7 are required as
functions of the melt composition. Because we will be
assuming local equilibrium, the pertinent melt composi-
tion is the appropriate composition at the crystal-melt
interface [c(0,?)].

The liquidus temperature, T;, can be found as a func-
tion of ¢ by fitting the data of Bowen (1913) to a poly-
nomial of the anorthite mole fraction, ¢, as shown by

9
T, = 3 4, (O ®)
n=0
where the A constants are given in Table 2. This expres-
sion reproduces the liquidus curve for the 1-atm plagio-
clase system to within +2 deg.

The viscosity was originally modeled by Lasaga (1982)
according to the empirical equations of Bottinga and Weill
(1972). More recently, viscosities have been measured for

TaBLE 3. Values of B coefficients for polynomial expression of the 1-atm viscosity of a plagio-

clase melt
i j=0 j=1 j=2 j=3
61.0229073 —0.107 498452 7.37671944 x 10 -1.8189295 x 10-®
0.180493176 —3.85420019 1.597 34952 x 107

0

1

2 6.81022823 x 10*  —4.0935987 x 107
3

5.72062049 x 107
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Fig. 7. Plots of experimental and calculated curves of crystal-
growth rates vs. temperature for An,, and An,, bulk composi-
tions. The data of Kirkpatrick et al. (1979) are shown for com-
parison. Calculated curves were constructed from the data of
Robie et al. (1978) and Stebbins et al. (1983).

the plagioclase melt system by Cranmer and Uhlmann
(1981). Although their data appear to fit Bottinga and
Weill’s curves at relatively high anorthite contents (¢ =
0.5), their measured viscosities for more albitic compo-
sitions (0 < ¢ =< 0.2) are up to 1.5 orders of magnitude
larger than Bottinga and Weill’s predicted viscosities.
Cranmer and Uhlmann apparently did not recognize the
inconsistency because of an error in either calculating or
plotting curves from Bottinga and Weill’s empirical mod-
el. For this reason, the data of Cranmer and Uhlmann
have been fitted to a surface in composition-temperature
space through the use of a linear, least-squares technique.
The resulting mixed third-degree polynomial is obtained
after the method of Goodman (1983) as

w

—i

log,on = 2 )]

3
=0

B, TC,,,

[}
<

where T is temperature in °C, C,, is the anorthite content
of the melt in mole percent, and the B, constants are as
given in Table 3. This viscosity equation reproduces vis-
cosities to within 0.2 log units of Cranmer and Uhl-
mann’s experimental values for a wide temperature range
(850-1600°C) and the complete anhydrous plagioclase
compositional range.

The appropriate AH,, for crystal growth in the plagio-
clase system will correspond to the reaction

An,, - yAn,, + (1 — y)An,,. (10)

One mole of plagioclase melt of composition ¢ (¢ = con-
centration of the anorthite component) is used to produce
(1 — y) moles of plagioclase crystal with a composition
of g. Because of the crystal-liquid partitioning, all of the
anorthite component of the melt is used in the reaction,
and y moles of albite component (¢ = Q) is left in the
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Fig. 8. Plots of experimental and calculated curves of crystal-
growth rates vs. temperature for An;, and An,, bulk composi-
tions. Calculated curves were constructed from the data of Robie
et al. (1978) and Stebbins et al. (1983).

melt. From mass-balance considerations, it also follows
that

c=y-0+(1 - yg 1)
which can be rearranged as
y=1(q- /g (12

If ideal mixing of components in the crystalline and melt
phases is assumed, which is probably an adequate esti-
mate for the high temperatures of the growth experi-
ments, the enthalpy of melting, which corresponds to the
reverse of Reaction 10, can be written as

AH pn, = CH o + (1 — OH% s — YHno
= (1 =M@ s + (I — @H,), (13)

where AH,,.,, = enthalpy of melting of plagioclase of
composition ¢ and H?, = enthalpy of phase z of pure
composition x at 1 bar and 7. Substituting for ¢ from
Equation 12, results in

AI{m,Anq = (1 - y)q(H?nAn - H(sJ,An)

T (1 = = QHz . — Hl) (14)

or
A}Im,ﬁ.nq = c[qAHm,An + (1 - q)AHm,Ah]/q' (15)

Finally, the assumption of local equilibrium between the
crystal and melt phases results in

K =g/c, (16)

where K is the equilibrium partition coefficient. Substi-
tuting for ¢ in Equation 15 from Equation 16 yields

AH, = cAH%, + [(1 — Kcy/K]AHS,. 17

The required information now has been accumulated to
calculate, through the use of the general equation (Eq. 7),
the growth rates for plagioclase in the binary system sole-
ly from growth data on an endmember composition
(An,g).
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Fig. 9. Plots of experimental growth rates of Kirkpatrick et
al. (1979) compared with calculated curves from the present study.

Comparison of simple theory with 1-atn experiments

Lasaga (1982) developed the general equation (Eq. 7)
in order to model crystal growth across the entire plagio-
clase compositional range. Although Lasaga’s calculated
curves fit the experimental data of Kirkpatrick et al. (1979)
reasonably well for anorthite-rich compositions (¢ = 0.3),
the calculated curve was a poor fit to the albite-rich com-
position (¢ = 0.2).

Equation 7 was used, in combination with the newly
derived viscosity relationships, to calculate growth rates
for the compositional range of the present investigation
and the more anorthite-rich compositions investigated by
Kirkpatrick et al. (1979). The values used for AH,, ,, and
AH_ A, were 81000 and 59000 J/mol, respectively (Ro-
bie et al., 1978). Although there still remains considerable
controversy concerning the value of AH,, ,,, it will be
shown that Equation 7 is relatively insensitive to mod-
erate changes in the AH,, values.

The calculated versus experimental curves for the com-
positions of the present study are plotted in Figures 7 and
8. Calculated versus experimental curves are plotted in
Figure 9 for the experimental data of Kirkpatrick et al.
(1979). In addition, growth rate versus temperature curves
were calculated from Equation 7 for crystal growth from
Ang, and An,, bulk compositions with the recommended
AH,, values of Stebbins et al. (1983) (AH,», = 136000
and AH, ,, = 63000 J/mol). The resulting curves are
nearly identical to the curves calculated from the data of
Robie et al. (1978). Calculated curves for the other bulk
compositions employing the data of Stebbins et al. (1983)
are not shown, but the agreement is similar.

In general, there is close agreement between the cal-
culated and experimental curves for the relatively anor-
thite-rich bulk compositions, with the primary difference
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consisting of a shift in the growth-rate maxima to lower
temperatures (increased undercooling) for the calculated
curves as compared to the experimental curves. In a com-
parison of the present calculated curves with the curves
calculated by Lasaga (1982), both sets of calculated curves
are in close agreement for growth in relatively anorthite-
rich bulk compositions (¢ = 0.5). The primary differ-
ences, as expected, are for the more albite-rich compo-
sitions. These differences are primarily the result of the
higher viscosity values of the Cranmer and Uhimann
(1981) data, as compared to the viscosities calculated af-
ter the method of Bottinga and Weill (1972) and Shaw
(1972).

Another feature is the discrepancy between the growth-
rate curve of Kirkpatrick et al. (1979) and the results of
the present study for the An,, bulk composition (see Fig.
7). The cause for the discrepancy is uncertain, but may
be related to the different experimental techniques em-
ployed in the study of Kirkpatrick et al. (1979) and the
present study. For large undercoolings, and for all of the
experiments with the An,, bulk composition, the exper-
iments of Kirkpatrick et al. were carried out with 1-cm?
glass cubes of the appropriate composition. The experi-
ment consisted of “dusting” the surface of the cube with
seed crystals and placing the cube in a 1-atm furnace at
the growth temperature. Crystals would nucleate from the
seed crystals at the surface of the cube and grow inward
from the cube surface. In addition to the possible influ-
ence of the cube surface-seed crystal interface on the ini-
tiation of growth, another effect is the high amount of
crystal impingement that typically occurred in the exper-
iments (see their Fig. 2). Growth experiments with a mi-
croscope heating stage were not attempted by Kirkpatrick
et al. for the An,, bulk composition, as was done for their
other compositions, because of the assumed low growth
rates (Kirkpatrick, pers. comm.). It should be noted that
the results for growth in the An,, bulk composition from
the present study compare favorably with the results for
Ans, bulk composition of Kirkpatrick et al. (1979). In
addition, the results from the present study for the An,,
bulk composition form an internally consistent data set
with the data for the An,, and An,, bulk compositions.



308

seed crystal glass
T T T | T T j‘ql.“ il ‘;g Noz
100f- , At-5 & o
—~ sgob . AT=25°C N . & .“:g 9
35S Anag '-E' 7 o=
® gol : 28
: : e
Ls,eq = ~26
<= or _._:‘"-".:“." Ly =0 25 o
— * . - €0
< &0 . [*=~=Cy. 159 g
sl L I L | | L "gg N
3 2 ] o )
Micron x 1072
Fig. 11. Compositions of crystal and glass for run At-5.

Compositions of crystals and glass (quenched melt)

Data on compositional zoning in the plagioclase crys-
tals and analyses of concentration gradients in the glass
near the crystal-glass interface can provide further in-
sights into the details of the growth process (Lasaga, 1981).
In particular, compositional data can be used to evaluate
the assumption of local equilibrium at the crystal-melt
interface. In addition, compositional data on the crystal
provides constraints on possible growth models that in-
volve steady-state (Kirkpatrick et al., 1979; Lasaga, 1981)
and nonsteady state conditions (Lasaga, 1982).

Compositional data are provided in Figures 10 and 11
for crystals and glass from two of the 1-atm experiments.
At relatively small undercoolings (Fig. 10), the crystal
composition is the equilibrium composition for the par-
ticular growth temperature. In addition, there are no ob-
served concentration gradients in the glass or the crystal
within the precision of the microprobe analyses.

At larger undercoolings in the anhydrous system, the
crystal composition corresponds approximately to the
equilibrium composition at the particular growth tem-
perature (Fig. 11). Although it was sometimes impossible
to analyze the crystals without analyzing glass inclusions
or glass that overlapped the crystal, the general trend of
the analytical data shows no compositional zoning within
the plagioclase crystal. In particular, no evidence was
found for oscillatory zoning in any of the isothermal ex-
periments.

In contrast to the crystal homogeneity, the glass next
to the crystal surface contains concentration gradients for
most of the major oxides. The relative widths of the zones
containing the concentration gradients for the individual
oxides are not equal, which may be related to the effects
of multicomponent diffusion. There is a lack of observed
concentration gradient of Na,O, although the analytical
precision for Na,O is substantially less than for the other
oxides. As shown in Figure 11, the composition of the
glass near the crystal-glass interface is approximately equal
to the equilibrium melt composition for the particular
temperature of growth, with the exception of the Na,O
content. The change in Na,O content between the bulk
and equilibrium melt compositions is only 1 wt%, how-
ever, which is not much greater than the scatter of the
analytical data.
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CONSTRAINTS ON MODELS FROM
COMPOSITIONAL DATA

Small to moderate undercoolings

The lack of observed compositional zoning in the pla-
gioclase crystals and the fact that the crystal compositions
are approximately the equilibrium compositions for the
growth temperatures place considerable constraints on
possible kinetic models. At small to moderate under-
coolings, there is the additional consideration that the
observed growth-distance curves are linear with respect
to time.

At relatively small undercoolings (A7 < 20 deg), no
concentration gradients were detected in the glass next to
the crystal-glass interface. Thus, growth at relatively small
undercooling in the anhydrous plagioclase system would
seem to be dominated by an interface-control growth
mechanism. The growth rates are sufficiently slow so that
diffusive transfer through the melt phase can eliminate
concentration gradients in the melt near the crystal-melt
interface.

At moderate undercooling (20 < AT =< 80 deg), the
combination of lack of compositional zoning in the crys-
tals, equilibrium concentrations of solid and glass (melt)
phases at the crystal-melt interface, linear growth kinet-
ics, and the presence of concentration gradients in the
melt would normally be an argument for the attainment
of a steady state during the growth process. A steady state
for a system with balanced diffusive and growth mass
transfer, however, is only possible if one invokes a model
of a chemical boundary layer with convection or hydro-
dynamic mixing as one of the boundary conditions (Las-
aga, 1981, 1982). For the case of moderate undercooling,
it appears that either (1) the steady state is controlled by
the formation of a diffusive boundary layer, of thickness
6, and convective mixing of melt beyond this boundary
layer or (2) the system is not at steady state, but is rather
in a slow asymptotic approach to equilibrium. In the case
of the latter model, the approach to equilibrium is de-
scribed by a growth-diffusion equation similar to that de-
rived by Lasaga (1982).

If either model 1 or 2 is operational, the determination
of a “true” growth rate that represents growth in the ab-
sence of compositional gradients in the melt at moderate
to large undercoolings is more involved. Lasaga (1981)
has shown that for growth in stagnant boundary layers in
stirred systems (model 1), the incorporation of a concen-
tration-dependent growth rate [Y = f{c)] can have a sub-
stantial effect upon the observed versus “true” growth
rate for the system. In particular, there will only be one
value of the self-consistent growth rate, Y, and one value
of ¢ = C(x = 0), the concentration in the melt at the
crystal-melt interface, that will satisfy the equation

Y, = fle(¥Y)] (18)

and guarantee the attainment of steady state. In order to
solve Equation 18, Y is found as a function of melt com-
position for a particular temperature and the expression
for ¢(Y). For the present example, steady-state growth in
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the anhydrous bulk composition of C,,, = An,, at a growth
temperature of 1386°C has been chosen; this case is
equivalent to the run conditions for the crystal repre-
sented in Figure 11. The calculation of Y as a function of
composition at 1385°C was simplified by fitting calculat-
ed growth rates from Equation 7 to a polynomial in com-
position

Y(c) = (8.7418 x 1073) + 0.07233X,,
- 0.85497X3, + 3.6523X3,

— 7.0080X4, + 5.1689X3,. (cm/min)  (19)
The c(Y) expression is given by
C(x = O) = CBulk/[K + (1 - K)exp(— Ya/D)]s (20)

where K is the partition coefficient (CA»/Cp), § is the
thickness of the chemical boundary layer (cm), and D is
the diffusion coefficient (cm?/min). The value of K at the
liquidus temperature of the bulk composition (2.15) was
used in the calculation. The resulting curve of the self-
consistent growth rate and the melt composition at the
crystal-melt interface as a function of log (5/D) is shown
in Figure 12, It should be emphasized that the calculated
results in Figure 12 are strictly applicable only to growth
in the 1-atm plagioclase system; this is because the iso-
thermal experimental growth rates are used as an input
parameter. The form of the curve in Figure 12, however,
is qualitatively similar to that expected for the general
case of crystal growth from multicomponent melts.

One important feature of Figure 12 is the relatively low
value for the self-consistent growth rate as the melt com-
position approaches the equilibrium composition. The
model predicts that the true growth rate, Y,, for the bulk
composition would be much greater than the observed
growth rate if /D > 1. The boundary-layer theory, as
originally developed by Burton et al. (1953), was for-
mulated for single tracer components, so there is some
ambiguity as to choice of the value for 8 for the multi-
component system of the present study. For the present
discussion, calculations will be performed with the range
of 6 values observed from the experiments. For a & of
1073 to 102 cm (the range of 6 values from Fig. 11) and
aDof 6 x 10° cm*min (Hofmann, 1980), the appro-
priate range of log (6/D) values would be from 2.7 to 3.7.
Thus, the actual growth rate for the An,, bulk composi-
tion in the absence of concentration gradients would be
from 2.5 to 15 times larger than the growth rate observed
from the experiments at 1385°C. The composition of the
melt at the crystal-melt interface for this range of /D
values is 35 to 38 mol% anorthite. The analyzed glass at
the crystal-melt boundary is 36 = 2.5 mol% anorthite
(considering only mole proportions of CaO, Al,O,, and
Si0,). The composition of the solid in equilibrium with
the melt at the crystal-melt interface, however, is some-
what more albitic than the equilibrium composition (68
mol% An), but is within analytical error (66 + 2.5 mol%).
There is, however, considerable uncertainty concerning
the values of D. An increase in D would result in a de-
crease in the difference between the observed and true
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growth rates, but would result in a steady-state melt con-
centration that would be more anorthite-rich, approach-
ing the bulk composition (An,) at low values of 6/D.

A similar discrepancy between the observed and true
growth rates at moderate undercoolings results from an
analysis of model 2. If Equation 7 is used in conjunction
with the growth-diffusion equation of Lasaga (1982), pre-
dicted crystal lengths are smaller than the observed lengths
from experiments. Such a discrepancy is not entirely un-
expected. As in the case of the steady-state model, it is
tacitly assumed that the growth-rate equation (Eq. 7) rep-
resents growth from the bulk composition with no con-
centration gradients in the melt near the crystal-melt in-
terface. Because concentration gradients do develop during
growth at moderate undercoolings, the observed experi-
mental growth rates do not represent concentration-de-
pendent growth from the bulk composition of the system.
In effect, the diffusion-growth equation should be solved
for the case of melt convection and development of a
stagnant boundary layer. With such an analytical solu-
tion, a self-consistent growth-rate formulation could be
derived in a manner similar to the steady-state case. Once
again, as in the steady-state case, an increase in D would
result in a closer fit between the observed and actual
growth rates. Another important feature of the analytical
solution is that the calculated compositional zoning of a
crystal growing at moderate undercooling is steep during
the initial stages of growth, but the zoning becomes much
less pronounced with time. The plagioclase crystal ap-
pears nearly homogeneous except for a thin, relatively
steep concentration gradient at the beginning of growth.

Large undercooling

At relatively large undercooling (AT = 80 deg), crystal
lengths achieved during plagioclase growth are not linear
functions of time. In this case, the steady-state assump-
tion is not valid; therefore, model 1 would not be appli-
cable. The crystals still appear to be compositionally un-
zoned when viewed with optical methods, but analysis
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by microprobe is not possible because of the small sizes
of the individual crystals. Either model 2 or a modifica-
tion of model 2 incorporating disequilibrium partitioning
(Hopper and Uhlmann, 1974; Loomis, 1983) could pro-
duce the observed nonlinear kinetics.

Although the experimental data presented in this study
indicate nonlinear growth rates at large undercoolings for
An,, and An,, bulk compositions (Figs. 5, 6), Kirkpatrick
et al. (1979) found linear growth rates at large under-
coolings for An,; and Ans, bulk compositions. One pos-
sible explanation for the differences is the contrast in vis-
cosity—and therefore, presumably, diffusion rates—
between the bulk compositions for equivalent under-
coolings. For a AT of 200 deg, there is a 10° increase in
viscosity between the An,; and An,, bulk compositions.
There may be a transition from boundary-layer-con-
trolled, steady-state growth in anorthite-rich melts to dif-
fusion-controlled growth in albite-rich compositions at
relatively large undercoolings (AT > 200 deg).

Estimation of a pseudobinary diffusion coefficient

If the growth mechanism at moderate undercooling is
a steady-state process, a minimum pseudobinary diffu-
sion coefficient can be estimated for albite-anorthite in-
terdiffusion in the melt phase. If steady state is achieved,
the thickness of the boundary layer, 8, will be related to
the diffusion coefficient, D, and the growth velocity, Y,
as D/Y = § (Lasaga, 1981). For the case of growth in An,,
melt at 1385°C, the value of & will be in the range of 30
to 100 um (see Fig. 10). The appropriate experimental
growth rate is 3 x 10-3 cm/min (5 x 10-° cm/s). A min-
imum value of D can thus be derived as D = §Y or
Disgsc = 1.5 x 1077 t0 5.0 x 1077 ¢cm?/s. This minimum
value of the pseudobinary diffusion coefficient is slightly
larger than the value that was employed in the steady-
state calculations (107 cm?/s) and is near the upper limits
of measured cation self-diffusion coefficients in natural
silicate melts (Hofmann, 1980). It is reassuring that the
results of this independent calculation verify the value of
D that was initially chosen in a somewhat arbitrary man-
ner. It should be remembered that increasing the value
of D will decrease the discrepancy between the true and
self-consistent growth rates in the steady-state case and
increase the calculated anorthite concentration at the
crystal-melt interface.

CONCLUSIONS

Rates have been experimentally determined for crystal
growth of plagioclase in anhydrous albite-anorthite melts
for the anhydrous bulk compositional range of An,~An,,.
This study, in combination with the study of Kirkpatrick
et al. (1979), has extended the database for anhydrous
plagioclase crystallization virtually across the entire bi-
nary join. It has been shown that the anhydrous growth-
rate curves agree closely to a theoretical extension of a
simple, single-component growth theory to multicom-
ponent melt systems. An important aspect of the exten-
sion of the simple growth theory is the possibility of pre-
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dicting crystal-growth rates in multicomponent melt
systems from data on single component systems. Agree-
ment between the extension of simple growth theory and
experimental data for the H,O-saturated plagioclase sys-
tem (Muncill and Lasaga, in prep.) and the haplograno-
diorite system (in progress) have been encouraging.

The details of the plagioclase growth mechanism can
be constrained by consideration of the multitude of growth
models (Lasaga, 1981, 1982; Loomis, 1983). The rate-
controlling step at small undercooling appears to be the
reaction at the crystal-melt interface. diffusive mass
transport, with or without local equilibrium at the crys-
tal-melt interface, is the most likely rate-controlling pro-
cess at relatively large undercooling. At moderate under-
cooling, it is not clear whether the growth is controlled
by a steady-state process or a slow approach to equilib-
rium. In a crystal-melt system at steady state at moderate
undercooling, however, the composition of the crystal is
not the same as that of the melt, which requires advective
mass transport in the melt in addition to the diffusive
mass transfer (as a consequence of mass balance).
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