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Abstract. Numerical simulations of the growth of a large 
crystal face of plagioclase in response to an instantaneous 
undercooling below the equilibrium temperature are pre- 
sented for model granodiorite and basalt melts with varying 
water contents. The simulations suggest that the anorthite 
content of  plagioclase decreases uniformly from the compo- 
sition in equilibrium with the bulk melt as undercooling 
is increased, and that the water content in the melt has 
little influence on this result. Comparison of the simulations 
with sharp compositional changes in natural profiles sug- 
gests that undercoolings of  tens of degrees C can be rapidly 
imposed on plutonic phenocrysts. Large changes of under- 
cooling most likely result from chilling of the magma and 
local convection around growing crystals. The observation 
in experiments that growth rate does not increase rapidly 
with increasing water content in the starting melting compo- 
sition can be attributed to the concentration of water at 
the crystal face during growth; the action of water to reduce 
liquidus temperature and undercooling has a greater effect 
on growth rate than its action to increase transport rates. 
Even at large undercooling, there is no significant increase 
in temperature at the interface caused by the release of 
heat of crystallization. 

Simulations are presented to illustrate how disequilibri- 
um growth processes due to undercooling can modify the 
normal zoning profiles expected from fractionation. Assum- 
ing that an undercooling is necessary to cause nucleation, 
normal zoning can result if crystal growth takes place at 
constant or increasing undercooling, but reverse zoning can 
occur at decreasing undercooling. Undercooling during 
growth is controlled by the relative rate of cooling and 
the rate at which the liquidus temperature is decreased by 
the accumulation of residual components and volatiles in 
the melt. Consequently, normal zoning should be promoted 
by rapid cooling, contemporaneous crystallization of other 
phases, and absence of volatiles, while reverse zoning 
should be expected in phenocrysts grown in slowly-cooled 
melts or in melts where volatiles are concentrated. The 
zoning patterns found in many plutonic plagioclase crystals 
suggest that their compositions are in significant disequilib- 
rium with the melt; consequently, they are unsuitable for 
use in geothermometers. 

Approximate calculations suggest that the amount of 
water concentrated at the surface of growing phcnocrysts 
in plutons can promote local convection. Comparison of 
simulated and observed oscillatory zoning profiles suggests 
that oscillatory zoning is not explained by a re-nucleation- 

diffusion model (Harloff 1927), but is readily explained by 
periodic local convection. 

Introduction 

Compositional zoning of plagioelase in igneous rocks is 
potentially a valuable tool for understanding the changing 
chemical and physical conditions prevailing during solidifi- 
cation of magmas and the consequent release of volatiles. 
The usefulness of plagioclase zoning in recording igneous 
history derives from the wide compositional variation possi- 
ble and the sensitivity of composition to chemical and phys- 
ical conditions. Plagioclase is a stable phase in many natural 
magmas throughout crystallization. 

Compositional zoning can be explained in terms of two 
end-member processes. Regular, normal zoning can be 
created by equilibrium fractionation (" Rayleigh fractiona- 
t ion") if diffusion within the crystal is negligible and if 
components are unequally distributed at equilibrium be- 
tween melt and crystal. Equilibrium fraetionation, as used 
here, is considered to be an "equilibrium" process because 
the surface of a growing crystal remains in equilibrium with 
the bulk melt composition. A second class of processes is 
termed "disequilibrium" because the surface of the crystal 
is not in equilibrium with the bulk melt, although local 
equilibrium at the crystal-melt interface may or may not 
prevail. Disequilibrium processes are known to occur in 
many experimental systems and may explain irregular 
zoning commonly found in plagioclase. 

The first part of this paper presents a detailed examina- 
tion of disequilibrium growth processes at the plagioclase 
crystal surface. The complexity of the simulation procedure 
necessitates neglecting fractionation of the bulk melt. The 
second part  presents simulations of the equilibrium frac- 
tionation process and simulations that demonstrate how 
a combination of both fractionation and disequilibrium 
processes can produce the irregular and reverse zoning com- 
monly observed in plagioclase. The third part considers geo- 
logical applications of these models. 

Disequilibrium growth of a solid solution ,crystal from 
a natural melt involves the interaction of several equilibri- 
um and kinetic processes. The complexity of interaction 
of these processes makes it difficult to assess qualitatively 
the effect of geological variables, such as melt composition 
and temperature, on crystal composition. Moreover, the 
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difficulty of conducting successful kinetic experiments at 
low undercooling and without fractionation of the charge 
indicates that experimental data on disequilibrium pro- 
cesses will be slow in coming. Consequently, I have pursued 
numerical similations of disequilibrium crystallization as a 
means of identifying the probable influence of geological 
variables on plagioclase composition. The present paucity 
of kinetic data and the modeling assumptions made for 
tractability purposes limit the accuracy of the simulations, 
but I believe that the results are useful for interpreting pla- 
gioclase zoning in terms of magmatic processes. The work 
reported here is an extension of modeling conducted for 
the plagioclase-water system (Loomis 1981) to complex nat- 
ural compositions. The modeling methods used here are 
discussed in detail in the previous paper and are summa- 
rized here. In particular, I will emphasize differences from 
earlier models that result from changes in melt composition. 
The conclusions of this work are applied to a natural 
example of plagioclase zoning in a granodiorite pluton in 
another paper (Loomis and Welber 1983). 

Disequilibrium Growth Processes 

Construction of Simulations 

The numerical simulations are carried out for the growth 
of a flat crystal face of infinite lateral extent. This geometry 
is appropriate for comparison with natural phenocrysts, 
where compositional zoning in a direction normal to a large 
face is uniform across the face, and with euhedral crystals 
grown experimentally at small undercooling. The melt is 
assumed to be semi-infinite in extent. Initially, the system 
is at the liqnidus temperature for the bulk melt composition, 
the melt is homogeneous, and the initial crystal interface 
is assumed to be of the appropriate equilibrium composi- 
tion. The temperature of the entire system is instantan- 
eously decreased by an amount corresponding to the bulk 
undercooling (ATB) to initiate growth of the crystal face. 
This new temperature and the initial bulk composition of 
the melt are maintained at infinite distance from the crystal 
interface as boundary conditions on the system while 
growth occurs. 

Two types of disequilibrium growth models were de- 
scribed in detail for the plagioclase-water system (Loomis 
1981). In the melt-transport controlled growth model, it 
is assumed that the melt composition at the interface chan- 
ges from the initial bulk composition to a composition cor- 
responding to the liquidus for the actual temperature at 
the interface. (The interface temperature is determined by 
heat production at the interface, heat flow, and boundary 
conditions, but is very close to the temperature imposed 
on the system at the initiation of growth.) Local equilibrium 
prevails at the interface, and the composition of the crystal 
forming from the melt is determined by equilibrium parti- 
tioning of components. The effective undercooling at the 
interface (A TI) is zero, although A TB is constant. The veloci- 
ty of growth in the model is governed by the rate of trans- 
port of components (and, theoretically, heat) between the 
interface melt and the bulk melt away from the crystal, 
giving rise to the name melt-transport controlled growth. 

The interface-controlled growth model is similar to the 
first model except that the velocity of growth is limited 
by interface processes in addition to transport in the melt. 
Although more realistic than the melt-transport controlled 
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Fig. 1. Phase diagrams for plagioclase in a melt of variable An/Ab 
ratio but with total An + Ab content equal to that in composition 
G, computed using an empirical model (Loomis 1979). Top: dry 
melt at atmospheric pressure; Bottom: melt saturated (xm=0.5) 
at 2 Kbar pressure 

model, the accuracy of the interface-controlled model is 
limited by our impoverished knowledge of (1) the relation- 
ship between velocity and the finite undercooling existing 
at the interface (A T0, and (2) the details of non-equilibrium 
partitioning of components between the crystal and melt. 

Both models require that the following factors and pro- 
cesses be represented quantitatively: plagioclase liquidus 
and solidus in a complex melt, equilibrium or non-equilibri- 
um partitioning of components between melt and crystal, 
chemical transport in the melt, heat of crystallization, and 
heat flow. Diffusion within the crystal is not included be- 
cause the preservation of steep compositional gradients in 
natural plutonic plagioclase suggests that diffusion is inef- 
fective (see also Maaloe 1976). The methods and data used 
to quantify the factors and processes above, and to simulate 
growth according to the two growth models, are the same 
as described in Loomis (1981) except as discussed below. 

Melt Components and Equilibrium Calculations. The compo- 
sition of a complex, hydrous melt is represented in terms 
of the four components: An, Ab, water, and residual com- 
ponent. The derivation of these components from a chemi- 
cal analysis is based upon the conceptual model of Burnham 
(1975, 1979). The residual component was normalized to 
8 gram atoms of oxygen as suggested by Burnham (1975). 
This method of defining components was used to fit empiri- 
cally equilibrium equations to experimental observations 
of plagioclase composition in complex melts. Thus, the defi- 
nition of components and empirical equilibrium calcula- 
tions are consistent with available experimental data 
(Loomis 1979). This equilibrium model is used in the simu- 
lations to calculate crystal composition, liquidus tempera- 
ture, and thermodynamic distribution coefficient for An 
and Ab as functions of melt composition. 

The two salient differences between plagioclase and 
complex melts that affect growth simulations can be illus- 
trated by comparing Fig. I with the equivalent diagram 
for the plagioclase-water system (for example Loomis 1979, 
Fig. 3). Fig. 1 shows the projection of the plagioclase liqui- 
dus and solidus from a system in which the ratio An/Ab 
is free to vary but in which all other components are fixed 
at their value in the Rocky Hill Granodiorite (Table 1). 
Relative to the plagioclase-water system, (1) the partition- 
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Table 1. Anhydrous bulk compositions (wt.%) of the Rocky Hill average granodiorite (G) and oceanic tholeiite (Bas) used in modeling. 
Anhydrous GFW (gin/tool) for mixtures with a mole fraction of water less than 0.5 is computed as outlined in Burnham (1979), 
and mole fractions of An and Ab (XAn and XAb) are computed as discussed in Loomis (1979) 

SiO 2 A120 3 T i O 2  FezO 3 FeO MnO MgO CaO Na20 K20 GFW XAn XAb 

G 71.50 14.40 0.44 0.74 1.71 0.05 0.74 2.50 4.30 2.77 285 0.1126 0.3682 
BAS 50.28 14.85 1.91 1.74 8.86 0 6.45 10.78 3.24 0.07 337 0.2725 0.3075 
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Fig. 2. Schematic plagioclase phase diagrams for complex melts 
showing the predictions of the non-equilibrium partitioning model. 
Loop 2 is a melt with greater content of the residual component 
or water than Loop 1 

ing of An and Ab components between melt and crystal 
deviates less from equality, and (2) the composition of pla- 
gioclase in equilibrium with a given anhydrous melt compo- 
sition does not change significantly as water is added to 
the system (although the equilibrium temperature changes 
dramatically). 

Non-Equilibrium Partitioning. Interface-controlled growth 
involves the complication of non-equilibrium partitioning 
of the components An and Ab between melt and crystal. 
As in the preceding work, the model used predicts that 
the composition of crystal formed is that in equilibrium 
for the interface temperature regardless of the actual ratio 
An/Ab in the melt (Hopper and Uhlmann 1974; Loomis 
1981, model 3). In a pure plagioclase melt, the equilibrium 
crystal composition is uniquely defined by temperature 
alone. However, in a complex melt, the equilibrium compo- 
sition depends on the composition of the melt. For example, 
Fig. 1 shows that the equilibrium composition of plagio- 
clase at a given temperature is very dependent on the water 
content of  the melt. For the complex melts considered here, 
the equilibrium plagioclase composition at the interface 
temperature is calculated for a melt with the contents of 
water and residual component predicted to be present at 
the interface. Clearly other non-equilibrium partitioning 
models will predict different crystal compositions for a giv- 
en interface temperature and melt composition, but all 
those investigated previously (Loomis 1981) agree in the 
prediction that the crystal will be more sodic than that 
in equilibrium with the bulk melt in these simulations. 

The effects of changing temperature and melt composi- 
tion on crystal composition according to the predictions 
of the non-equilibrium partitioning model are illustrated 
schematically in Fig. 2. Loop 1 shows the equilibrium pla- 
gioclase phase diagram for a complex melt with a certain 
content of residual component and water. Loop 2 shows 

the phase diagram for a melt with slightly greater content 
of residual component or water. According to the non- 
equilibrium partitioning model, a melt with the content of  
residual component and water of Loop I at temperature 
T 1 will crystallize plagioclase of composition A, regardless 
of the ratio An/Ab in the melt. If  the temperature is lowered 
to T 2, this same melt will crystallize the more', sodic plagio- 
clase composition B. Alternatively, if the temperature 
remains constant at T 1 but the amount of residual compo- 
nent or water increases to that of Loop 2 (or equivalently, 
plagioclase is removed), the melt crystallizes the more calcic 
composition C. These pedictions are referred to in following 
sections of this paper to explain reverse and oscillatory 
zoning. 

Chemical Transport. All transport in the melt is represented 
by the diffusion equation in these simulations. The thermo- 
dynamic components defined by the equilibrium model 
(An, Ab, water, and residual) are used to describe the diffu- 
sion process. This choice of components is advantageous 
for two reasons. First, the stoichiometric composition of 
plagioclase imposes a boundary condition on diffusion in 
the melt such that a diffusion model must ultimately de- 
scribe the flux of An and Ab components. Second, the gen- 
eral polymerized nature of feldspar-rich melts (Flood and 
Knapp 1968; Hess 1970; Taylor and Brown 1979), and 
the successful description of the thermodynamic properties 
of melts in terms of ideal mixing of feldspar components 
(Burnham 1975, 1979, and the equilibrium model used 
here), suggest that feldspar components can represent closer 
approximations to discrete structural entities in the melt 
than ions. Ideally, structural and thermodynamic indepen- 
dence of components will minimize thermodynamic and hy- 
drodynamic cross-coupling during diffusion and simplify 
compositional dependence (water, unfortunately, does in- 
teract strongly with feldspar components). 

In a multicomponent melt, it is necessary to describe 
the individual transport of each component as a function 
of temperature, pressure, and composition. ]Data do not 
exist to construct a transport model of this completeness 
for complex melts. Thus, a number of simplifications are 
required. First, the transport coefficients of  all four compo- 
nents are assumed to be equal, obviating the requirement 
of  6 cross coefficients. Second, transport coefficients are 
extrapolated as a function of temperature and composition 
by assuming that they are proportional to temperature and 
inversely proportional to viscosity, as predicted by a Stokes- 
Einstein model (the size of a diffusing particle is not consid- 
ered). Third, the effect of pressure is not known. 

The Stokes-Einstein extrapolation method was used pri- 
marily for lack of a better one (data do not exist to develop 
even an empirical one), but it can be justified as more ap- 
propriate for these components than for many ions, for 
which the Stokes-Einstein equation deriving transport coef- 
ficients from ion size has been found to be grossly in error. 
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Fig. 3. Comparison of predicted crystal zoning profiles for 0.1 mm 
growth from composition G with 2 wt.% water, in response to 
an imposed A TB of 25 C, according to the melt-transport controlled 
(MTC) and interface controlled (IC) growth models. The initial 
crystal composition was assumed to be in equilibrium with the 
bulk melt and is preserved at distances greater than 0.1 mm into 
the crystal 

The relationship between the viscosity of feldspar-rich melts 
and the mobility of components such as Ab and An is 
more obvious than between viscosity and transport of ions. 
The diffusivity of ions and water itself (Shaw 1974; Watson 
1979) increases in response to the addition of water to the 
system; the simplest way to simulate this relationship is 
to scale the transport coefficient by viscosity. 

The equation for transport of An and of Ab in dry 
plagioclase melts was determined previously by matching 
computed growth velocities of plagioclase over a range of 
composition and temperature to the experimental data of 
Kirkpatrick etal.  (1979); the resulting equation was 
(Loomis 1981, Eq. 8): 
D = 5  x 10 -6 T/t] (cm2/s), 
where viscosity (t/) is in poise and T in ~ This equation 
is used here for the transport coefficient of all components. 
This equation predicts a transport coefficient for water for 
natural compositions that falls between the measured diffu- 
sivities by Shaw (1974) and Jarnbon (1979). Thus, while 
the transport model is of necessity a coarse approximation, 
it is consistent with the few available data. In view of the 
uncertainty in transport coefficients, they are claculated for 
the bulk melt composition and imposed simulation temper- 
ature and held constant everywhere throughout the simula- 
tion. The influence of possible errors in assumed transport 
rate on the conclusions of this paper is discussed below. 

It must be emphasized that in a multicomponent diffu- 
sion system, each component can exchange with all other 
components. Consequently, there is no requirement that 
the sum A n + A b  remain constant in the melt, only that 
the total of all components be constant. 

Results and Interpretation 
of Disequilibrium Growth Simulations 

Simulations were performed for melts for which the anhy- 
drous compositions are given in Table 1. Composition G 
corresponds to the average bulk composition of the Rocky 
Hill Granodiorite, a pluton discussed in a subsequent paper 
(Loomis and Welber 1982). BAS represents an oceanic tho- 
leiite composition. The effect of water on the crystallization 
process was investigated by running simulations with var- 
ious amounts of water (shown as wt.%) and for saturation 
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Fig. 4. Zoning profiles of components in the melt for the simulation 
described in Fig. 3. The null abscissa coordinate is the crystal inter- 
face. The left ordinate is the scale for Ab and water, and the right 
ordinate is the scale for An 

at 2 Kbar pressure (5.9 wt.% for composition G and 5 
wt.% for composition BAS); for saturated runs, the trans- 
port coefficient of water was set to infinity to simulate va- 
porization of water. Another major variable of geological 
interest is bulk undercooling (A TQ. A TB corresponds to 
the difference between the equilibrium liquidus temperature 
for the bulk melt composition and the actual temperature 
imposed on the system at the initiation of growth. All simu- 
lations were conducted until 0.1 mm of new crystal had 
been added. Details of the numerical simulation procedure 
have been presented earlier (Loomis 1981). 

Growth Processes. An example of a simulation is presented 
in Figs. 3-5 for a hydrous granodiorite melt and a bulk 
undercooling of 25 ~ C. Figure 3 shows the predicted zoning 
profile according to the melt-transport controlled growth 
model (MTC) and the interface-controlled growth model 
(IC) after 0.1 mm growth. As found in all simulations, the 
An content of the crystal drops rapidly upon initiation of 
growth due to the large undercooling at the crystal inter- 
face. The slow rise of An crystal composition with contin- 
ued growth in the interface-controlled model is due primar- 
ily to the effect of the slowly increasing water and residual 
component contents at the interface on nonequilibrium par- 
titioning, as shown in Fig. 2. The general shapes of pre- 
dicted zoning profiles are similar to those simulated in the 
hydrous plagioclase system. 

Zoning profiles of melt components are compared in 
Fig. 4; the residual component is the difference between 
unity and the sum of the three components plotted (it in- 
creases slightly toward the crystal face). The accumulation 
of water at the growing interface amounts to ca. 0.1 wt.% 
above the bulk composition and has important effects on 
growth rate, density, and viscosity. An interesting observa- 
tion is that both An and Ab are depleted at the interface, 
whereas, in the plagioclase system, Ab is concentrated at 
the interface. Depletion of both components occurs in com- 
plex melts because the molar concentration of each in the 
melt is less than in the crystal, despite the concentration 
of Ab relative to An in the melt during growth. While the 
numerical prediction of depletion in this example depends 
on the assumption of equal molar volumes of these compo- 
nents in the melt and crystal, the amount of predicted deple- 
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Fig. 5. Growth velocity (VEL) and effective undercooling at the 
interface (A TI) as a function of time for the IC and MTC simula- 
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Fig. 6. The effect of varying the transport coefficient D on growth 
velocity after 0.1 mm growth for the IC model of Fig. 3. All other 
variables were held constant. The nominal value for D in the simu- 
lation of Fig. 3 was 4.7 x 10 -9 cmZ/s 

tion is large enough to suggest that it should be a common 
result when plagioclase grows from complex melts with only 
a small mole fraction of An and Ab. 

The heat of crystallization released during growth tends 
to raise the temperature at the crystal surface and reduce 
undercooling (A T~). However, the simulation predicts that 
the temperature rise is less than 0,01 ~ C, indicating that 
the heat of crystallization is effectively removed from the 
crystal interface by conduction. 

The relationships among velocity, undercooling at the 
interface (ATe), and time, shown in Fig. 5, are similar to 
those found for the plagioclase and plagioclase-water sys- 
tems, although the absolute growth velocities in complex 
melts are orders of  magnitude smaller. The nearly identical 
trends of growth velocity with time in both the MTC and 
IC growth models demonstrates that the most important 
process ultimately controlling growth velocity is transport 
in the melt. Figure 6 illustrates the sensitivity of predicted 
growth velocity to assumed diffusivity for this simulation. 
Clearly, our deficient knowledge of transport rates of im- 
portant mineral constituents in natural melts severely limits 
the accuracy of simulations. On the other hand, Fig. 6 illus- 
trates that transport rates could be derived from crystal 
growth experiments, although it could take almost half a 
year to grow 0.1 mm of crystal in this example. 
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Fig. 7. Kinetic depression of An crystal composition (AJ~A,) after 
0.t mm interface-controlled growth as a function of AT B and melt 
water content. A tool% An represents the interface crystal composi- 
tion at the end of the simulation minus the crystal composition 
in equilibrium with the bulk melt composition. Granodiorite melt 
compositions are described by G/wt.% water or G/SAT (5.9), the 
latter for the saturated composition at 2 Kbar pressure with 5.9 
wt.% water; the transport coefficient for water in the saturated 
composition was infinite 
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Fig. 8. Kinetic depression of An crystal composition as a function 
of ATB and melt water content for the basalt composition (see 
Fig. 7 for explanation). Saturation at 2 Kbar is 5 wt.% water 

Effect of Geological Variables. The effect of the major geo- 
logical variables of  (l) anhydrous bulk composition, (2) 
water content in the melt, and (3) A TB, on crystal growth 
are reported in Figs. 7 10 and Table 2, All simulations were 
computed using the interface-controlled growth model, and 
the data reported represent conditions after 0.1 mm growth. 
The composition parameter reported for plagioclase is 
AJPA,: the interface composition at the end of the simulation 
minus the composition in equilibrium with the bulk melt. 

Figures 7 and 8 show that A Tn depresses the An-content 
ofplagioclase a similar amount in compositions G and BAS 
despite the pronounced differences in growth velocity, 
transport coefficient, and equilibrium crystal composition. 
The similarity can be explained most easily by reference 
to the partitioning model, in which the crystal composition 
is determined by the interface temperature. Since the shape 
of the solidus is similar for both G and BAS compositions, 
decreasing the temperature an equal amount should have 
a similar effect on crystal composition. 

The effect of A TB on water accumulation at the surface 
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Fig. 9. Accumulation of water at the crystal interface as a function 
of A T B and melt water content after 0.1 mm interface-controlled 
growth. A tool% water represents the interface water composition 
minus the bulk melt composition. The granodiorite melt composi- 
tion is labeled G/wt. % water 
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Fig. 10. Accumulation of water at the crystal interface as a function 
of ATB and melt water content after 0.1 mm interface-controlled 
growth. The basaltic melt composition is given by BAS/wt. % water 

Table 2. Comparison of growth models at an initial undercooling of 30 ~ C for melt compositions (COMP) designated G (Rocky Hill 
Granodiorite) or BAS (olivine tholeiite)/wt.% water 

COMP FVEL IVEL EQUIL EQUIL IVISC D Tit q 
(cm/s (cm/s JOan AJya n X~ AX~w (poise (c~'12/s (~ 
X 1 0  8 ) X 1 0  8 ) X 1 0  3) X 1 0  7 ) 

G/0 0.015 0.41 0.4592 -0.0844 0 0 9,930 0.0068 1,375 
G/t 0.031 1.1 0.4450 -0.0831 0.14 0.0073 3,560 0.018 1,308 
G/3 0.13 7.4 0.4215 -0.0824 0.33 0.0145 548 0.11 1,212 
G/5 0.45 35 0.4029 -0.837 0.45 0.0173 116 0.48 1,145 
G/SAT (5.9) 1.2 75 0.3943 -0.1023 0.50 0 54 1.0 1,116 
BAS/0 424 9,700 0.7293 --0.0513 0 0 0.418 170 1,493 
BAS/1 255 9,000 0 .7151  -0.0528 0.16 0.0083 0.450 150 1,399 
BAS/3 191 12,000 0.6907 -0.0575 0.37 0.0152 0.343 180 1,268 
BAS/SAT (5.0) 355 20,000 0.6704 -0.0736 0.50 0 0.202 280 1,179 

FVEL: velocity after 0.1 mm growth; IVEL: initial growth velocity; EQUIL Unn : mole fraction of An in plagioclase in equilibrium 
with the initial melt composition; A~A, : surface crystal composition after 0.t mm growth minus EQUIL )PAn ; EQUIL X~: mole fraction 
of water in the initial (bulk) melt; AX~: mole fraction water in the melt at the crystal surface after 0.1 mm growth minus EQUIL 
X~; IVISC: viscosity of melt at the crystal surface just after growth begins; D: transport coefficient of all components (except the 
transport coefficient of water for saturated compositions is oe); T, iq: liquidus temperature for the initial melt composition 

of  growing crystals is also similar in G and BAS composi- 
tions (Figs. 9 and 10). The similarity can be rationalized 
by noting that water has a similar effect on the plagioclase 
liquidus temperature for both compositions. Thus, an 
equivalent amount  of  water would be expected to accumu- 
late at the crystal interface to cancel the driving force of  
a given A TB in the two systems. A useful corollary of  this 
explanation is that the growth velocity o f  plagioclase in 
various melts with the same water content is approximately 
inversely proport ional  to the transport  coefficient of  water, 
as can be seen in the data of  Table 2. 

The foregoing observations suggest that  the effects of  
A T~ on crystal composition and water accumulation at the 
interface can be rather simply related to the equilibrium 
state and partitioning laws. 

The effect o f  water content in the bulk melt on AJUA, 
is remarkably small for both compositions, except where 
infinite diffusivity of  water for saturated compositions in- 
hibits the accumulation of  water at the crystal face (Figs. 7 
and 8). This result is in contrast to that in the plagioclase- 

water system, where increasing water content reduced the 
absolute magnitude of  AJ~A. The difference between sys- 
tems is not obviously explained by any simple parameter, 
but must be due to a combination of  factors. 

Figures 9 and 10 demonstrate that an increasing abun- 
dance of  water in the bulk melt results in a greater accumu- 
lation of  water at the crystal face for a given A TB ; a similar 
result was found for the plagioclase-water system. Increased 
water content in the bulk melt has two pertinent effects: 
it enhances the transport  rate of  water and it increases the 
amount  o f  water that is pushed ahead of  the growing crystal 
face. The latter effect is dominant  according to the data 
used in these simulations. 

Two predictions of  the simulations can be tested by 
comparison with the experimental data of  Swanson (1977). 
Swanson measured growth velocities of  approximately 
1 x 10 -7 and 4 x 10 -7 cm/s at 50 and 100 C undercooling, 
respectively, for plagioclase growing in a synthetic granodi- 
orite melt with 6.5 wt% water. Interface-controlled growth 
simulations predict average velocities for the first 0.1 mm 
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water. Interface-controlled growth simulations predict aver- 
age velocities for the first 0.1 mm growth of 3 x 10- 8 and 
2 x 1 0 - '  cm/s at corresponding undercoolings. Swanson's 
data are subject to the usual experimental problems of melt 
fractionation, interference of crystals, and uncertainty as 
to the time of nucleation; moreover, the measured velocities 
may be greater than simulated because the experimental 
crystals may have assumed shapes that reduce diffusion 
distances. Swanson's data (Fig. 3) show a scatter of about 
a log unit. 

In view of the experimental uncertainties, as well as 
the many inherent in the numerical simulations, simulations 
show acceptable agreement with experimental measure- 
ments. Because the simulated growth velocity is sensitive 
to the assumed transport coefficient, as illustrated in Fig. 6, 
this comparison suggests that my assumed transport rate 
for the synthetic melt used by Swanson cannot be many 
orders of magnitude in error. 

Another prediction of the simulations consistent with 
available experimental evidence is the limited effect of water 
content on growth rate. Table 2 lists the growth velocity 
after 0.1 mm growth (" FVEL")  in composition G for water 
contents ranging from none to ca. 5.9 wt.%, saturation 
at 2 Kbar. The bulk undercooling was 30 C in all simula- 
tions. The velocity increases only by a factor of 30 with 
the addition of 5 wt. % water, even though the initial veloci- 
ty changes by a factor of 85 in response to changes of 
transport coefficient and viscosity by factors of 71 and 0.01, 
respectively. The limited influence of water on growth rate 
in the simulations is easily explained by the increased accu- 
mulation of water at the crystal face that results from in- 
creased water content of the melt, despite reduced viscosity 
and increased transport coefficient (Fig. 9). Water accumu- 
lation depresses the liquidus and reduces undercooling at 
the interface (ATI), thereby reducing growth velocity ac- 
cording to the interface-controlled growth model. 

The data of Swanson (1977) suggest that the growth 
rate of  plagioclase at a constant undercooling decreases 
with increasing water content. The data of Fenn (1977) 
indicates that the maximum growth rate of alkali feldspar 
decreases with increasing water content, but that the growth 
rate at small, constant undercooling may stay about the same 
or increase slightly. Their observations suggest that the ac- 
cumulation of water at a crystal face and its effects on 
growth processes, illustrated by the simulations, are realistic 
predictions. If  we ignore the uncertainties inherent in the 
experiments and assume that the experimental observations 
are accurate, the simulations can be made to show an actual 
decrease of velocity with increased water content by de- 
creasing diffusivity to values less than presently assumed. 
The interface-controlled growth equation (Loomis 1981, 
Eq. 1 ; Kirkpatrick et al. 1976) also is undoubtedly affected 
by water content in the melt. 

It  is apparent from the time scale on Fig. 5, and from 
the observations of Swanson (1977) and Fenn (1977), that 
it will be difficult to achieve the low undercoolings and 
long run times necessary to duplicate the crystal morpholo- 
gy and growth conditions in silicic natural magmas. The 
data of Table 2 indicate that millimeter-sized crystals prob- 
ably require times on the order of a year to grow in granodi- 
orite melts and a day in basaltic melts at bulk undercoolings 
of tens of degrees. Thus, simulations play an important 
role in extrapolating experimental results to natural condi- 
tions. 
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Fig. l 1. Simulated equilibrium fractionation zoning profiles for pla- 
gioclase grown in the Rocky Hill granodiorite (Loomis and Welber 
1982) with various water contents. The crystals are spherical and 
grown on 100 nuclei/cm 3 of anhydrous melt. Weight % water 
content of the initial melt is shown and "SAT" indicates water 
saturation at 2 Kbar. Water was allowed to accumulate in the 
residual melt until saturation was reached 
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Fig. 12. Equilibrium liquidus temperature history for the simula- 
tions of Fig. 11 
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Equilibrium Fractionation 

The second end-member growth process, equilibrium or 
Rayleigh fractionation, can be simulated as follows. Begin 
with one cm 3 of anhydrous melt and add enough water 
to produce the starting composition. Calculate the tiquidus 
temperature of plagioclase and its composition using the 
empirical model of  equilibrium. Assume a fixed number 
of nuclei of plagioclase are present and that the crystals 
grown are spherical. Then (1) crystallize a small amount 
of plagioclase onto the nuclei and calculate their radius, 
(2) remove the appropriate amount of An and Ab compo- 
nents from the melt and calculate its new composition, (3) 
reduce the water content of the melt, if necessary, to its 
saturation value, (4) recalculate the liquidus temperature 
and equilibrium crystal composition, and (5) repeat steps 
1 4  until all An and Ab are removed from the melt. The 
result is an equilibrium zoning profile and a record of how 
the temperature varies during growth if only plagioclase 
crystallizes. These curves are shown in Figs. 11 and 12 for 
the Rocky Hill granodiorite composition (Loomis and 
Welber 1982) with various amounts of water. 

Useful observations from these simulations are that (1) 
the central portion of crystals should show little zoning, 
(2) only continuous, normal zoning is possible by equilibri- 
um processes, and (3) for a given cooling rate, the radial 
growth rate of a crystal must be much faster during early 
growth than later to maintain equilibrium with the melt. 
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Table 3. Comparison of simulated crystal compositions (Fig. 13) 
and experimental compositions (Lofgren 1971, Table 1, Run 68) 
for plagioclase grown by step cooling from a melt with 50 wt.% 
An and 10 wt.% water at 5 Kbar. 

Interval Tempera- Average Range of 
ture composition composition 

C E S E S 

1 1,050 91 88 - 86-90 
2 1,000 83 83 81-88 79-87 
3 950 78 77 73-81 71-82 
4 900 67 66 63-69 60-71 
5 850 52 52 - 47-56 

E: experiments; S: simulation; crystal compositions are in mol 
% An 

These observations suggest that compositional zoning due 
to disequilibrium processes should be most pronounced in 
the inner half of  the crystal radius. 

Superimposed Disequilibrium 
The effect of disequilibrium processes on fractionation pro- 
files can be approximated as follows. The simultions are 
computed as described above except that the temperature 
for each growth step can be specified to be different than 
the equilibrium liquidus temperature. The crystal composi- 
tion is then calculated using the disequilibrium partitioning 
model described in this paper. This procedure is a simplifi- 
cation of the disequilibrium growth process because trans- 
port gradients in the melt are neglected. 

The superimposed fractionation and disequilibrium 
growth model can be tested by comparing simulations with 
experimentally-produced zoning profiles. Lofgren (1972) 
produced zoned crystals from plagioclase melts with excess 
water at pressures near 5 Kbar  by repeatedly dropping the 
temperature and then holding it constant for many hours 
before the next temperature decrease. The crystals produced 
show discontinuous, reversely-zoned steps with the amount 
of  reverse zoning increasing outward. 

A simulation of his run 68 is shown in Fig. 13, and 
the excellent agreement with the experiments can be seen 
in the comparison in Table 3 (see also Fig. 2d, Lofgren 
1972). The simulation was computed by dropping the tem- 
perature to the value given by Lofgren and allowing growth 
to continue until the liquidus temperature was equal to 
the actual temperature. When this equilibrium state was 
reached, all growth stopped until the temperature was 
lowered again. The simulation is based on the assumption 
that the water content was at saturation when growth began 
on each step, but that the melt adjacent to the crystal could 
supersaturate during growth as water was pushed ahead 
of the growing crystal surface. It is suggested that the long 
wait after growth stops at equilibrium in Lofgren's experi- 
ments provided time for water to diffuse away or to form 
bubbles. While Lofgren 0972, Table 1) calculated average 
growth rates by dividing the width of the growth steps by 
the time the sample was held at each temperature, the actual 
growth rate could have been much faster because the crystal 
simply stopped growing when the melt was fractionated 
to equilibrium. My simulations of plagioclase growth from 
hydrous plagioclase melts (Loomis 1981), while subject to 
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Fig. 13. Simulated plagioclase zoning for growth from a 50 wt.% 
An melt saturated with water at 5 Kbar pressure. Isothermal 
growth intervals are labeled 1-5 and compared with the experimen- 
tal data in Table 3. See text for description of the simulation proce- 
dure 
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Fig. 14. Simulated plagioclase zoning for growth from the Rocky 
Hill granodiorite (Loomis and Welber 1982) with 2 wt.% Water. 
E: equilibrium fractionation identical to the 2% curve in Fig. 10; 
DE: disequilibrium fractionation simulation in which a 20 ~ C un- 
dercooling was introduced at a radius of 0.25 mm and linearly 
decreased to zero at a radius of t mm 
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Fig. 15. Temperature history for the simulations of Fig. 14 

many uncertainties, predict growth rates orders of magni- 
tude faster than calculated by Lofgren. 

An example of the effect of undercooling on the frac- 
tionation zoning profile of plagioclase in the Rocky Hill 
granodiorite is shown in Fig. 14, (profile DE), where it can 
be compared with the equilibrium fractionation profile (E). 
The temperature histories of both simulations are presented 
in Fig. 15. The disequilibrium profile, which looks very sim- 
ilar to those from plagioclase phenocrysts from the center 
of the pluton (Loomis and Welber 1982), was produced 
by allowing the crystal to grow at equilibrium until a radius 
of 0.25 mm was reached and then imposing an undercooling 
of 20 ~ C, which was linearly decreased to zero at a radius 
of 1 mm. The temperature continued to decrease through- 
out crystallization. 
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The slight reverse zoning of the disequilibrium profile 
in Fig. 14 can be explained by reference to Fig. 2. The accu- 
mulation of the residual component and water in the melt 
as plagioclase is removed will tend to drive the crystallizing 
composition from A toward C (more calcic). At the same 
time, decreasing temperature will tend to drive the crystal 
composition toward B. In this simulation, the former effect 
dominates. Simulation experiments using other cooling his- 
tories indicate that (1) reversed zoning is accentuated if 
undercooling decreases more rapidly with growth (for 
example, if the temperature stays constant) and (2) normal 
zoning is produced if undercooling is maintained. 
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DISTANCE (Fm) 
Fig. 16. Zoning profile measured from the center outward of a 
plagioclase crystal from a quartz diorite pluton. The microprobe 
step interval was i Ilm, and the profile was smoothed using a first 
order, three point algorithm to remove high-freq~Lency, statistical 
noise 

Geological Applications 

Considering the assumptions necessary to simulate crystal 
growth in complex geological materials and the paucity of 
reliable experimental data, the predictions of the simula- 
tions can be considered to be only semiquantitative in sig- 
nificance. However, the results of simulations do have 
useful implications for the analysis of plagioclase growth 
under natural conditions. 

Undercooling 

The geometric boundary conditions and initial conditions 
of the disequilibrium growth simulations presented in the 
first part of this paper are directly appropriate for three 
gologic situations. In the first case, a crystal could be in 
equilibrium with a melt in a chamber at depth. Rapid cool- 
ing of the melt upon intrusion could be caused by convec- 
tion and by the rapidity of heat conduction with respect 
to the rates of crystal growth and diffusion. The decreased 
temperature could impose a bulk undercooling on preexist- 
ing, large crystals. The second appropriate situation could 
occur if the growth of a crystal is controlled by a surface 
re-nucleation mechanism and requires a finite undercooling 
to begin, as suggested by the interpretation of oscillatory 
zoning put forth by Harloff (1927) and Vance (1962). If 
a crystal stops growing, the boundary layer in the adjacent 
melt would be changed to the bulk melt composition by 
diffusion. When re-nucleation of growth on the existing 
crystal face occurs, the initial conditions correspond to 
those of the models. The third process, that could also be 
responsible for oscillatory zoning, is the periodic, convec- 
tive overturn of the boundary layer melt next to a growing 
crystal face. This process can impose a large A T B by rapidly 
changing the melt composition. 

Under the preceding circumstances, the amount of An 
drop at the boundaries of resorbed plagioclase cores, and 
the magnitude of compositional oscillations in oscillatory 
zoning, would be measures of the deviation of crystal com- 
position from equilibrium. The magnitude of these varia- 
tions is observed to be a few to about ten tool% An (Vance 
1962; Wiebe 1968; Sibley et all 1976; Loomis and Welber 
1982). The simulations presented here (Figs. 7-8) suggest 
that corresponding values of A TB for phenocryst growth 
up to several tens of degrees C are possible. A corroborating 
estimate of undercooling is based on the nucleation data 
of Swanson (1977). Reasonable nucleation densities (1 ~100 
nuclei/cm 3) for plagioclase are expected in granitic and 
granodiorite compositions with moderate water contents 
at undercoolings of this magnitude. 

Oscillatory Zoning and the Instability 
of the Interface Melt 

Oscillatory zoning is a common attribute of plagioclase phe- 
nocrysts that has recieved considerable attention (Bottinga 
et al. 1966; Greenwood and McTaggart 1957; Vance 1962; 
Wiebe 1968; Sibley et al. 1976). Harloff (lo27) and Hills 
(1936) were two early workers who suggested that diffusion 
in the melt and surface nucleation growth of crystals were 
responsible for oscillatory zoning. Vance 0962) elaborated 
on the theory and suggested that oscillatory zoning could 
only occur in water undersaturated systems where creation 
of bubbles would not destory compositional gradients. 
Bottinga et al. (1966) show a schematic model of zoning 
and interpret sharp compositional variations as periods of 
no growth. Sibley et al. (1976) reiterate the model, referring 
to the boundary layer diffusion phenomenon as constitu- 
tional supercooling, after Rutter and Chalmers (1953); 
these later models are essentially equivalent to that pro- 
posed by Harloff (1927). 

The periodic growth model of plagi0clase oscillatory 
zoning can be evaluated by the simulations developed here; 
as discussed above, the boundary conditions of the simula- 
tions render them directly comparable to one growth cycle. 
There is, of course, nothing inherent in the continuous pro- 
cesses simulated by numerical models that can produce the 
required discontinuity of growth, and we must accept the 
hypothesis that growth stops altogether when A T I becomes 
very small and resumes only after a significant A T~ is 
imposed. All simulated zoning profiles for one cycle of 
growth have the general shape shown in Fig. 3. It is easily 
conceived that a sharp drop of An content occurs in the 
crystal at the initiation of growth due to the high velocity. 
If a smooth oscillation profile is to be generated, it will 
occur by gradual rise of crystal An content back toward 
the equilibrium value as velocity decreases (A.T. Anderson, 
personal communication, has also noted this conclusion). 
In fact, only a limited indication of this rise is found in 
simulations, and the crystal composition may never reach 
the equilibrium value while growth continues. Thus, re- 
peated growth cycles should produce asymmetrical, An-rich 
spikes probably similar in shape to those shown in Fig. 13. 
Oscillatory zoning profiles created by this growth process 
of diffusion and re-nucleation match neither the profiles 
predicted by Bottinga et al. (1966) and Sibley et al. (1976), 
nor observed profiles. The natural, oscillatory profile shown 
in Fig. 16, and those shown by Sibley et al. (1976) and 
Loomis and Welber (1982), lack the regular periodicity or 
consistent morphology expected to be produced by the peri- 
odic growth mechanism. 
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As Vance (1962) emphasizes, other mechanisms capable 
of producing oscillatory undercooling, such as periodic os- 
cillation of Pn2o, temperature, or perhaps Ptotal, require 
repeated rapid mass movement that renders them unlikely 
candidates for such a common process. In particular, the 
effect of periodic fracturing of the magma chamber and 
loss of water from the magma could affect water content 
very near the crystallization wall, but the slow diffusion 
rate of water would delay and attenuate variations of water 
content in the interior. Rapid convection within the magma 
chamber would be expected to change A TB by only a few 
degrees in view of the small effect of P on the liquidus 
and the small adiabatic gradient of melts (Loomis and 
Welber 1982). 

Another explanation for oscillatory zoning is the pertur- 
bation by local convection (on the scale of mm) of diffusion 
gradients developed adjacent to growing crystals. The water 
gradients generated adjacent to a growing crystal are a pos- 
sible source of density gradient that could induce local con- 
vection. Shaw (1974, p. 165) gives an approximate method 
of calculating the maximum velocity of vertical boundary 
layer flow of melt along a surface in response to a gradient 
of water mass fraction normal to the surface. The maximum 
vertical velocity that would result adjacent to a 0.5 cm high 
crystal face was calculated for several simulations using the 
transport coefficient, average viscosity, and water gradient 
at 0.1 mm growth from the simulations, and approximate 
values for ~o of I and densities of 2.5 for granodiorite and 
2.9 for basalt. At 30 ~ C A TB, the calculated vertical velocity 
is about 2.4 orders of magnitude greater than the simulated 
growth velocity for a granodiorite melt with 5 wt. % water, 
and 1.7 orders of magnitude greater for a melt with one 
wt.% water. For a basalt at a ATB of 30 ~ C and one wt.% 
water, the maximum vertical velocity is 1.8 orders of magni- 
tude greater than growth. While there are numerous uncer- 
tainties in the analysis, it is difficult to avoid the conclusion 
that the density gradients generated adjacent to growing 
phenocrysts in hydrous melts at geologically-reasonable un- 
dercoolings can induce local convection. The gradient of 
the residual component in basic, low viscosity melts may 
also be capable of inducing convection in dry melts, but 
the data do not exist to evaluate this proposition quantita- 
tively. 

Figure 2 illustrates how local convection could cause 
oscillatory zoning. The conditions at the surface of a 
growing crystal might be represented by Loop 2, and the 
crystal forming has composition C. Convective motions 
would remove the excess concentrations of the residual 
component and water at the interface caused by growth 
and would allow the crystal composition to migrate back 
toward A. Because heat flow is so rapid, the process could 
be essentially isothermal at T1. Thus, the crystal composi- 
tion would migrate between A and C as the rate of convec- 
tion varied. 

I conclude that periodic convection over distances of 
a few mm is probably reponsible for most of the oscillatory 
zoning in igneous crystals. Periodic convective overturn 
would depend on a host of geochemical and geometric fac- 
tors, but is expected to be most pronounced on the fastest 
growing crystal faces where diffusion gradients would be 
best developed, and can explain the irregular oscillatory 
zoning characteristic of these growth directions. Oscillatory 
zoning in volcanic pyroxenes has been reported by Smith 
and Carmichael (1969) and Downes (1974). It is significant 

that the elements showing the greatest variation in minerals 
are A1 and Ti, expected to have low diffusivities in the 
melt, and that zoning is prominent only in pyroxenes that 
could have had high growth rates. Oscillatory zoning in 
minerals other than plagioclase and pyroxene may be rare 
because elements are partitioned more equally between melt 
and crystal, the minerals are less common in rapidly-cooled, 
low viscosity melts, and crystals may be homogenized after 
growth by intracrystalline diffusion. 

Effect of Growth Rate on Partitioning 
of Trace Elements 

The estimated diffusivities of St, Ba, Rb, K, and Cs, com- 
piled by Magaritz and Hofmann (1978), and the growth 
velocities determined here can be used to estimate the maxi- 
mum enrichment of these elements at a crystal face if they 
were entirely excluded from the crystal. Because the diffusi- 
vities of these elements are several orders of magnitude 
greater than that assumed for water in these simulations, 
the rather small accumulations of water predicted indicates 
that there will be negligible concentration of these elements 
at the crystal face; trace elements such as Ti or possibly 
Ni, with very low diffusivity, could show significant enrich- 
ment. Thus, it is unlikely that plagioclase grown under plu- 
tonic conditions will show the disequilibrium partitioning 
of trace elements discussed by Albarede and Bottinga 
(1972). Lindstrom et al. (1979) have produced trace element 
enrichment adjacent to much faster growing olivine. 

Major Zoning 

It is apparent from Fig. 11 that discontinuities in zoning 
or plateau or reverse zoning in plagioclase cannot be ex- 
plained by an equilibrium fractionation model. The 
common occurence of irregular and reverse zoning in pla- 
gioclase in plutonic rocks indicates that plagioclase com- 
monly grows under disequilibrium conditions. The simula- 
tions of disequilibrium growth combined with fractionation 
(for example, Fig. 14) suggest that undercooling has the 
following effects on fractionation profiles: (1) a rapid in- 
crease of undercooling causes a sharp drop in An content; 
(2) normal zoning is produced if undercooling is maintained 
during growth; and (3) reverse zoning is produced if under- 
cooling decreases during growth. 

The initial development of undercooling probably 
occurs at the inception of plagioclase growth because sub- 
stantial undercooling may be required for nucleation, as 
indicated by the work of Swanson (1977). After growth 
begins, the change of undercooling will depend on the rela- 
tive rate of change of temperature and the change of liqui- 
dus temperature of plagioclase caused by fractionation of 
the melt. It is reasonable to expect that the temperature 
of a magma will decrease during crystallization, although 
it is possible that some warming could occur due to released 
heat of crystallization if significant undercooling is neces- 
sary to nucleate crystals. The depression of the liquidus 
temperature of plagioclase in response to plagioclase crys- 
tallization will be enhanced if water is present in the melt 
and will be reduced if other phases crystallize and remove 
the residual component. Another consideration is illus- 
trated by the thermal curves of Fig. 12. A small undercool- 
ing will produce the widest zoning band if it occurs early 
in the crystallization history because a large amount of pla- 
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gioclase must  crystallize before the melt  is f ract ionated 
enough to significantly decrease the l iquidus temperature.  
Conversely, it will be difficult to detect the effects of  under-  
cooling on zoning during late stages of  crystall ization, 
especially considering the added complicat ions of  ground-  
mass nucleation. 

Overall,  the simulations of  plagioclase crystal l ization in 
granodior i te  (Figs. 14 and 15) suppor t  the following conclu- 
sions. Phenocrysts  of  plagioelase growing with few other  
crystals should be normal ly  zoned if  they develop in rapidly-  
cooled environments,  but  they should show increasing 
reverse zoning in environments with slower cooling rates 
or more  hydrous  (but undersatura ted)  magmas.  After  pla-  
gioclase is jo ined  by other  crystallizing phases or sa tura t ion  
of  water  is reached, more  normal  zoning should be pro-  
duced. 

The presence of  discontinuities in zoning or  reverse 
zoning indicates that  the composi t ion of  plagioclase may  
deviate significantly from equil ibrium with the melt. Indeed, 
the model  of  phenocryst  growth proposed  here requires that  
the crystals be out  of  equil ibrium with the bulk melt  
th roughout  much of  their growth history. Consequently,  
geothermometers  based on plagioclase composi t ion must  
be applied with great  reservation. 
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