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ABSTRACT

Compositional zoning profiles of plagioclase pheno- 
crysts from the Caribou Mountain pluton are characterized 
by; (1) constant composition plateaus, culminating in normal 
zoning, and (2) decreasing average An content of crystal 
cores and plateaus between samples from the rim and core re
gions of the stock„

Computer simulations of plagioclase growth indicate 
that the morphology of the natural zoning profiles can be 
explained by disequilibrium growth processes, The models 
predict that compositional plateaus and reverse zoning can 
occur by decreasing undercooling through the accumulation of 
water and anhydrous residual components in the melt during 
plagioclase growth.

The features observed in the Caribou Mountain stock 
can best be explained by a crystallization model -in which 
nucleation and growth took place in a partially solidified, 
inwardly migrating "mush zone". Magma convection effective
ly buffered the cooling of the mush zone and redistributed 
water and some anhydrous Components into unsolidified por
tions of the stock.

x



INTRODUCTION

Crystallization in an igneous system involves com
plex processes which change through time. The evolution of a 
magmatic system is controlled by bulk melt composition, tem
perature, and pressure; the relative importance of these 
variables in regards to their effects on plagioclase crys
tallization may change during solidification of an igneous 
body. Experimental and theoretical studies suggest that the 
compositional., zoning observed in plagioclase phenocrysts may 
record the physicochemical history of crystallizing melts. 
The variation of crystal composition with both systematic 
and erratic changes in chemical and physical conditions, 
resistance to destruction of compositional zoning, and ubi
quity in many igneous systems make plagioclase an ideal 
medium with which to study crystallization processes.

An increase in the application of kinetics and nu- 
cleation theory to igneous rocks (Kirkpatrick, 1975, 1976; 
Kirkpatrick, Klein, Uhlmann, and Hays 1979; Haase, Chadam, 
and Ortoleva, i960) and experimental work on crystal nuclea- 
tion and growth rates (Lofgren, 1980; Fenn, 1977; Swanson, 
1977; Naney and Swanson, 1980) has initiated development of 
empirical/theoretical based models of crystallization of 
geologic melts. Computer simulations and analytical models 
addressing the affects of physicochemical variations on

1



2
equilibrium and non-equilibrium conditions during crystal 
growth (c0 f» Loomis 1979, 1981, 1983; Lasaga, 1982) provide 
models to compare to field and laboratory investigations and 
further our understanding of crystallization in natural sys
tems o

Several studies relating compositional zoning of 
plagioclase to changing magmatic environments may be found 
in the literature. Two recent works, A.T. Anderson (1982) 
and Kuo and Kirkpatrick (1982) , suggest that plagioclase 
zoning may be useful in interpreting variations in physical 
conditions in pre-eruptive magma chambers. Maaloe (1978) has 
developed a crystallization model for the Skaergaard intru
sion partially based on interpretations of zoning. McDowell 
(1978) used compositional information gleaned from feldspar 
phenocrysts to estimate physical conditions, and interpret 
compositional variations in a hypabyssal igneous system. 
Muncill and Lasaga (1982) and Loomis and Welber (1983) have 
detailed time dependent crystallization paths for specific 
granodiorite plutons from inferences based on plagioclase 
zoning patterns.

The complex zoning profiles commonly observed in 
plagioclase phenocrysts attest to the likelihood of dise
quilibrium crystal growth in an evolving environment. Be
cause experimental work has concentrated on attainment and 
description of equilibrium phase relationships in sialic
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systems (c„f„ Whitney, 1975; Naney and Swanson, 1980), dise
quilibrium crystallization may best be examined through 
modeling until more experimental data ' on non-equilibrium 
processes is available„ This study will attempt to address 
the cause and effect relationships between an evolving mag
matic environment and compositional zoning through numerical 
simulations, and to use the results to interpret the cooling 
history of the Caribou Mountain pluton.



CARIBOU MOUNTAIN PLUTON

The Caribou Mountain pluton is located in the Trini
ty Alps Wilderness Area of the Klamath Mountains, California 
(figure 1) „ This stock was selected for study on the basis 
of: (1) an inferred single intrusive event, (2) exposure 
through nearly 4000 feet of topographic expression and 
structural evidence for present levels of exposure through 
the core of the intrusion (area described by Davis, 1963), 
and (3) optically visible zoning of plagioclase phenocrysts.

General Geology
The trondhjemitic stock displays a lobate exposure 

in plan over a 7 square mile aerial extent„ It was emplaced 
within the roughly north-south trending Stuart Fork antiform 
of the central metamorphic belt of the Klamath Mountains 
during the early Cretaceous» Intrusive contacts with the 
surrounding Stuart Fork metacherts and quartz-mica schists 
are commonly well exposed, steeply-dipping, and sharp; the 
northwestern part of the pluton is in fault contact with 
hornblende-schists of the Salmon Formation.

Parallel to sub-parallel alignment ■ of biotite in 
most of the pluton suggests a primary magmatic foliation. 
The minimum area of closure of biotite foliation and radial 
orientation of domal cross joints (see figure 4 in Davis,

4
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Figure 1 Location and Geologic Setting of the Caribou 
Mountain Pluton. —  From Davis (1963).



6
1963) define the core of the stock. A more complete discus
sion of the structure of Caribou Mountain and regional 
geology may be found in Davis (1963, 1968) and Davis, Holda- 
way, Lipman, and Romey (1965).

Chilled fine-grained border zones are not observed 
at intrusive contacts. Xenoliths of quartz-biotite schist 
occur within the stock, but are not common. Aplite and 
paragenetically later (on the basis of cross-cutting rela
tionships) diorite dikes are exposed within the main 
trondhjemite body. Examples of xenoliths and aplites, and a 
hornblende-diorite dike are shown in figures 2 and 3 respec
tively.

Petrology

Detailed Lithology
Caribou Mountain is a medium-grained, hypidiomorphic 

granular, calcic-trondhjemite stock. Allotriomorphic granu
lar quartz-feldspar+biotite aplites (figure 2) , quartz 
veins, and fine-grained hornblende diorite dikes (figure 3) 
cut the main body of the pluton.

Slight mineralogical variations are exhibited 
between the rim and core regions of the intrusion. Observ
able differences, which appear to be completely gradational 
from the exterior of the pluton inward, include a decrease 
in the abundance of mafic phases (biotite and especially 
hornblende) and an increase in the modal abundance of quartz
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Figure 2. Photograph of Aplites and Xenoliths in the 
Caribou Mountain Pluton.



Figure 3. Photograph of Hornblende-Diorite Dike Cutting 
Through the Stock.
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and orthoclase. On the average (Davis, 1963) , hornblende 
shows a decrease from 2.0 to 0.0 volume % and biotite a 
reduction from 7.2 to 4.7 % as one moves from the margin to 
the center of the stock. Quartz and orthoclase modal volumes 
increase from 29.8 to 31.1 % and 0.5 to 2.2 % respectively 
over the same area.

Samples from the center of the body contain 
subhedral, zoned plagioclase phenocrysts averaging 0.5-1.5 
mm in length. Inclusions of biotite flecks and quartz blebs 
are common and saussiterization is prevalent. The remainder 
of the rock consists of anhedral quartz,.interstitial ortho
clase, partially chloritized biotite, and trace zircon and 
magnetite.

The rim area is comprised of zoned, partially saus- 
siterized, euhedral to subhed'ral plagioclase, hornblende, 
biotite, quartz, magnetite, and trace zircon and sphene. 
Average plagioclase grain lengths are in the range 1.5-2.5 
mm, with some plagioclase crystals up to 5 mm in length.

Compositional Information
Table 1 lists average chemical analyses for rim and 

core rocks. Subtle bulk compositional changes are manifested 
by decreasing SiC>2 and alkalis, and increasing CaO and AlgO^ 
from core to rim. The implications of these trends will be 
addressed in a later section. The initial water content of 
the magma is unknown.
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Table 1, Partial Chemical Analyses for Caribou Mountain Rim 
and Core Regions. Data from Davis (1963)»

RIM REGION CORE REGION
Weight % Weight %

Si02 00in00LO 71.9
Ti02 0.29

A12°3 17.10 15.7

Fe203 0.76
FeO ' 1.44
MnO 0.23
MgO 1.18
CaO 4.40 3.2
Na20 4.69 5.3
K2° 0.96 1.3

P2°5 0.11
h2o+ 0.58
TOTAL 100.32 97.4
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Sampling Procedure

Collection
Samples were collected along a north-south traverse 

through the pluton? additional samples were taken near the 
west shore of Lower Caribou Lake where variations in grain 
size were observed (see plate 3, f igure 1 in Davis, 1963). 
The suite obtained represents a typical cross-section of the 
stock, from rim areas through the core. Sample locations are 
shown in figure 4.

Discrimination
Polished thin sections were obtained for petrograph

ic study and microprobe analysis of compositional zoning in 
feldspars. Phenocrysts chosen for detailed analysis were 
delineated on the basis of: (1) petrographic observation of 
compositional zoning (figure 5), (2) lack of extreme altera
tion, (3) orientation such that microprobe work might be 
carried out along directions approximately paralleling the a 
or c crystallographic axes to avoid truncated zoning ob
served along the b axis (Bottinga, Kudo, and Weill, 1966), 
and (4) sectioning through an apparent plagioclase core. The 
inherent uncertainty in defining the compositional core 
presents the greatest obstacle in attaining the complete 
record of plagioclase crystallization. Neither resorbed pla- 
gioclase cores or seed nuclei of other phases were observed
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Figure 4. Map of Caribou Mountain Showing Sampling Area. —  X denotes sample locality.
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Figure 5. Photomicrograph of a Flagioclase Grain Exhibiting 
Compositional Zoning. —  This grain is from the 
rim region of the stock. Scale bar below photo
micrograph: 0.5mm. (Crossed nichols.)
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within the phenocrysts» However, homogeneous nucleation does 
not rule out the possibility that some of the grains in a 
polished section represent a complete crystal cross section.

Analysis
Three to six grains from each of six thin sections 

were chosen for detailed study. Forty-seven zoning profiles 
were obtained from Caribou Mountain crystals, the majority 
from samples representative of the rim and core regions of 
the stock,

Microprobe
Determination of the composition of plagioclase 

phenocrysts was achieved on an automated ARL Scanning Elec
tron Microprobe Quantometer at the University of Arizona, 
Analysis were performed at 15 Kv and 20 nanoamps with a beam 
diameter of 1 to 2 microns.

Two 30 second spot analyses were taken on each crys
tal; one immediately before each grain traverse, and one im
mediately after. These spot counts of Al, Si, Ca, and Na 
were used in data reduction and to assess beam drift. Step- 
scan analysis of each grain was facilitated through the use 
of a motorized stage. Ten second peak counts of Ca, Al, and 
Si were obtained at specifed intervals (2-5 microns) along 
each traverse. Potassium content in Caribou Mountain samples 
is very low, and measurements in early runs indicated that 
subsequent analyses would not be impugned if K was ignored.
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Data Reduction

Raw counts for Ca, Al, and Si collected along grain 
traverses were converted to cation formula numbers for data 
presentation. The spot analyses were used to correct for 
background, counts and extrapolation between corrected counts 
and formula number. Ribbe and Smith (1966) demonstrated the 
linear relationship between counting rates and weight % for 
major elements in plagioclase, and Welber (1977) showed the 
Close correlation between cation formula number (based on 8 
oxygen for plagioclase) and Al, Ca, and Si weight %. These 
studies support the validity of expressing background 
corrected counting rates for plagioclase in terms of cation 
formula number.

Plagioclase stoichiometry requires that: (1) the sum 
of Al and Si formula numbers must equal 4 and (2) the 
difference between Al and Ca formula numbers must equal 1. 
Each data point was checked against these criteria (see 
figure 6), and points that showed significant deviation (al
teration products, fractures, inclusions) were eliminated. 
The profiles were plotted as mole % An (derived from Ca cat
ion formula number) versus radius, with data removed on the 
basis of the stoichiometry check left blank. Calcium count
ing statistics approximate the accuracy of the profiles as + 
5 mole % An with approximately + 1 mole % An precision.
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Figure 6. Plot of Data Points for Flagioclase Stoichiometry Check. —  Plot of the
difference between Al and Ca cation formula numbers (CFN) versus distance 
in microns from the crystal core. Points that deviated significantly from 
1.0 were removed.
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Flagioclase Zoning
The zoning profiles presented are measured from the 

core of the crystal outward» It is easy to become lost in 
the myriad of oscillations present in the profiles; in order 
to interpret the information, it is best to view the major 
zoning features in a broad sense. When this is done, it 
becomes apparent that the major zoning features can be 
correlated between grains in a given sample. In order to 
describe variations within the stock, I will refer to three 
broad areas of the pluton; the rim, intermediate, and core 
regions„

Rim Region
The average crystal core composition from samples 

collected near the pluton-country rock contact is approxi
mately 40 mole % An = Anorthite values in these samples 
commonly are in the range of 50-20 mole % An in a given 
crystal. The three rim area profiles shown in figure 7 are 
representative of the zoning morphologies found in samples 
from this part of the stock. The profiles are dominated by 
a relatively flat compositional "plateau" through most of 
the crystal radius. For example, the average An content in 
the first half (O.Ocm-O.OScm) of the "flat" part of profile 
7A is 39.22 mole % An; the average An content in the second 
half (0.08cm-0.16cm) is 37.41 mole % An. The composition of
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Figlire 7. Flagioclase Zoning Profiles of Three Grains
Collected Near the Pluton-Country Rock Contact. 
—  A zoning reversal is developed near the end 
of the compositional plateaus in these profiles.
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the "plateau" part of the profiles does not exhibit a 
sytematic decrease in anorthite content that is characteris
tic of normal zoning in plagioclase, A broad reversal is 
recorded near the end of plateau growth (e.g. from a radial 
distance of approximately 0,16 cm to 0,18 cm in figure 7A) , 
followed by a sharp normal sequence at the very end of the 
growth cycle.

The fine-scale oscillations superimposed on the pla
teau regions of the profiles can not be correlated between 
grains. For example, the spike at approximately 0,045 cm in 
profile C showing a 10 mole % An range over a very narrow 
radial distance, is not apparent in the other two profiles. 
Many of the spikes and valleys are unique to each individual 
profile even within a given polished section, in contrast to 
the broad correlatable features mentioned above.

Intermediate Region
Samples collected from the intermediate regions of 

the pluton have crystal core compositions near 35 mole % An 
with total compositional ranges in each crystal between 45 
and 18 mole % An. Figure 8 is of two typical profiles from 
intermediate area samples. Again, in an overall sense, the 
grain traverses are dominated by relatively "flat" (ca. 35 % 
An) plateaus culminating in a broad reversal and drop-off. 
Although the absolute anorthite values in these samples are
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Figure 8. Two Flagioclase Zoning Profiles from the 
Intermediate Region of the Stock. —  
Compositional plateaus are well developed 
in these profiles.
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slightly lower than those from the rim, the topology of the 
compositional profiles is similar.

Core Region
Profiles taken from three different grains from the 

core of the pluton are presented in figure 9. Despite the 33 
mole % An core composition of profile C, the majority of 
these samples have core compositions between 18-22 mole % 
An. Total compositional ranges in core region crystals vary 
between ~35 mole % An and nearly pure albite. For the most 
part, these grains do not show as pronounced a reversal near 
the end of growth as do rim and intermediate region samples.

General Observations
Although the profiles from all parts of the stock 

appear quite similar, the petrographic and microprobe 
analysis of the grains detail some subtle variations. Typi
cally, the average crystal core compositions show a sys
tematic decrease in An content from the rim regions into the 
core of the body. Inspection of the average An content for 
most "plateau growth" in the phenocrysts also shows a 
decrease in absolute An values from rim to core.

Figure 10A is a photomicrograph from a representa
tive area of a polished section of a sample from the 
interior of the pluton. Comparison with figure 10B, a sec
tion from a rim area sample, illustrates the grain size 
differences observed in the body. The size of the
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Figure 9. Zoning Profiles of Three Flagioclase Grains 
from the Core Region of the Stock. —  The An 
content of the cores and plateaus of these 
crystals is less than that in grains from 
other parts of the stock.
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Figure 10. Photomicrographs of Core and Rim Region
Samples Showing Grain Size Variations. —  
Core region (A) has smaller average grain 
size than does the rim region (B). Scale 
bar below photomicrographs: 0.5mm. 
(Crossed nichols.)
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phenocrysts increases in a systematic fashion as one moves 
outward towards the pluton contacts. Additionally, the 
number of plagipclase crystals per unit volume increases 
from the margins of the body inwards. This grain-size and 
abundance distribution, exhibited in hand samples and ran
domly cut thin sections is contrary to the broad "chilled- 
margin" and inwardly increasing grain sizes observed in 
other intrusive systems.

The variations in grain size, crystal density per 
unit volume, plagioclase zoning morphology, and plagioclase 
composition in Caribou Mountain samples are important 
features that can be used to interpret the crystallization 
history of the pluton. In order to evaluate the observed 
features, it is useful to examine the processes .that control 
nucleation and crystal growth in the plagioclase system.



CRYSTAL GROWTH AND NUCLEATION

The nucleation and growth of a phase from a melt are 
exceedingly complex processes that are still not completely 
understood. Lack of quantitative knowledge of such factors 
as surface' energies, heats of fusion and structure of com
plex melts, growth mechanisms and rates, and disequilibrium 
partitioning laws hampers the formulation of precise models 
of crystal growth; nevertheless, the information available 
to date can be used to estimate the effect of major geologic 
variables on crystal growth,

Nucleation
Nucleation is considered to be homogeneous if growth 

begins in response to pertubations in a melt, or heterogene
ous if growth occurs on a pre-existing substrate. Because 
nucleation may occur on microscopic impurity particles in 
the melt, it is difficult to ascertain whether true homo
geneous nucleation ever takes place. However, James (1974) 
and Strnad and Douglas (1973) have interpreted their experi
mental studies as representing homogeneous or internal (nu
cleation inside the sample that is not associated with the 
surface) nucleation. Kirkpatrick (1974, 1976) suggests that 
most nucleation occurs heterogeneously on pre-existing sur
faces. However, because surface energies associated with

27
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attachment at a solid-liquid interface may depend on the 
size, shape, and identity of a particle that may no longer 
be definable, homogeneous nucleation is commonly assumed in 
crystallization studies (e„g„ Kirkpatrick, 1975). This as
sumption should only have a slight quantitative effect on 
calculations; undercooling (liquidus temperature - actual 
temperature) and component transfer remain the major vari
ables controlling the nucleation rate in either model,

Kirkpatrick (1981) presents a thorough analysis of 
crystal nucleation theory; only the salient points will be 
reviewed here. In theory, nucleation can be defined as "the 
submicroscopic process by which atoms of a reactant phase 
arrange themselves into a bit of the product phase large 
enough to be thermodynamically stable" (Kirkpatrick, 1981), 
In order for this to occur, an activation energy barrier 
must be surmounted, Pertubations in a melt may cause clus
tering of atoms and molecules. This will result in an atten
dant increase in the free energy of the cluster relative to 
the sum of individual free energies of the isolated parti
cles in the system, as a result of the contribution of a 
surface energy related to the cluster. If the free energy of 
the cluster reaches a critical value, A G c in figure 11A, a 
nucleus with a critical radius R will be stable. Further 
radial increase above R' results in a net decrease of the 
free energy of the system and hence crystal growth can 
proceed.
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RADIUS

2.7 wt% H90

A T  --------- >

Figure 11. Diagrams Illustrating Factors That Control 
Nucleation and Nucleation Rate. —  A) Dia- 
gramatic sketch showing free energy increase 
(AG ) necessary to form radius of critical 
size R B) Diagram from Fenn (1927) showing^ 
variation of nucleation rate (xlO nuclei/cm )
with water content and undercooling (AT in C) 
as discussed in the text.
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Theory dictates that transport parameters such as 

viscosity and diffusivities, and temperature are the most 
important factors controlling nucleation rate„ Equations 
describing nucleation can be generalized as equating rate to 
a pre-exponential term dominated by viscosity, and an ex
ponential term dominated by undercooling (c.f. equations in 
Turnbull and Fisher, 1949; Jackson, 1979; Kirkpatrick, 
1981) , The general trend (figure 11B) predicted is that of; 
(1) Negligible nucleation at very small undercoolings, (2) 
An abrupt increase in nucleation rate reaching a maximum as 
undercooling increases, and (3) A rate reduction as the 
viscosity factor in the denominator of the pre-exponential 
term rapidly increases with undercooling and becomes the 
governing factor.

This is certainly a simplistic view of the situa
tion. Mitigating factors such as dissolution of critical or 
near critical sized radii and the kinetic factors that 
determine the most stable shape of a critical nucleus are 
difficult to evaluate. However, the general theory is in ac
cordance with experimental information.

Fenn (1977) investigated nucleation density as a 
function of undercooling and bulk composition in the H^O - 
KAlSigOg - NaAlSigOg system. His experiments indicate that; 
(1) nucleation rate increases, reaches a maximum, and then 
decreases with increasing undercooling, (2) Variations in 
the anhydrous composition of the runs had no appreciable
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affect on the nucleation density or on the undercooling 
range over which nucleation took place, and (3) Increasing 
water content had a pronounced effect in decreasing the un
dercooling necessary for maximum nucleation rate (figure 
11B) and in decreasing the absolute abundance of nuclei 
formed at the maximum.

Swanson (1977) studied nucleation in the haplogran- 
ite and haplogranodiorite systems of Whitney (1975). The 
qualitative relationships between nucleation density, water 
content, and undercooling demonstrated by Swanson are simi
lar to those reported by Fenn. Additional work, done on the 
haplogranitic compositions with the addition of Fe and Mg to 
the system demonstrates that nucleation rate, when observed 
in these systems, increases with increasing undercooling 
(Naney and Swanson, 1980).

These experimental nucleation studies were carried 
out at conditions that facilitate crystal growth (e.g. 8Kb, 
12.5 wt% HgO), but which are probably hot geologically real
istic for most small silicic plutons. Nevertheless, the data 
obtained from these experiments illustrate two important re
lationships that will be used to interpret textural changes 
in the Caribou Mountain pluton: (1) the rate of nucleation 
increases to a maximum with increasing undercooling and, (2) 
the absolute undercooling necessary to reach the maximum nu
cleation rate decreases with increasing water content in the
melt.
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Crystal Growth

Compositional zoning in plagioclase provides an ex
cellent means for studying crystal growth processes. Accord
ingly, the following discussion on crystallization will 
refer to the effect of varying conditions during crystalli
zation on plagioclase compositions and zoning trends.

Simulations are presented below which describe pla
gioclase growth in terms of an "equilibrium” process, and 
"disequilibrium" processes in an attempt to discern probable 
mechanisms operating in natural systems. Figure 12 is a 
schematic flow chart representation of the procedure in
volved in creating the model profiles. The equilibrium 
simulations in this section are based on a fractionation se
quence in which the crystal composition forming is that 
predicted to be in equilibrium with the melt at the inter
face. The equilibrium model also assumes that the transport 
of components in the magma is sufficiently rapid to maintain 
melt homogeneity and that the An/Ab ratio in the crystal is 
greater than that in the melt at each stage of growth. 
Preservation of zoning in natural and experimentally grown 
phenocrysts precludes significant diffusion in the crystal. 
Pressure remained constant and water accumulated in the melt 
throughout growth in all of the simulations.
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3Add sufficient water to 1 cm anhydrous melt to produce a 
hydrous magma with 1 wt. % water
Introduce plagioclase "nuclei"1

Repeat until Ab-An melt components are depleted
Calculate liquidus temperature and equilibrium crys

tal composition for the hydrous bulk composition
Distribute a small amount of the equilibrium plagio

clase composition radially about each nucleus
Determine the volume of plagioclase crystallized

^ 1  f an anhydrous "residual" phase is n o t / ^ ^  
crystallized simultaneously

Then ^  Else
Determine the volume of 
residual crystallized

Calculate the number of moles of Ab-An-Residual 
removed during growth

Subtract the "crystallized" Ab-An-Residual 
anhydrous components from the bulk melt
If the water content is greater than 

the saturation value

Then Else
Set the water content 
equal to the saturation 

value

Plot the results

Figure 1 2 . —  Flowchart Representation of Plagioclase Growth 
Modeling Procedures.
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Anhydrous components not incorporated into the crystallizing 
plagioclase also accumulated in the melt unless otherwise 
notedo

Selection of Melt Components
The effects of additional components in the 

Anorthite-Albite. system in regards to solution and thermo
dynamic mixing models is not completely understood. Drake 
(1976) suggests that "semi-ideal" mixing models can describe 
the behavior of complex plagioclase-melt systems if melt 
components are properly choosen. Even though calorimetric 
studies (c.f. Weill, Hon, and Navrotsky 1980) have docu
mented non-ideality in simple silicate systems, Loomis 
(1979, 1981) has demonstrated that, with the proper choice 
of feldspar melt components, feldspar-rich melts can be suc
cessfully described by empirical equilibrium equations.

The composition of the complex melt used in the fol
lowing simulations is described in terms of four components 
(after Burnham 1975, 1979): anorthite, albite, water, and 
residual. Loomis (1979) used the correlation between experi
mentally produced plagioclase compositions and this "four- 
component" system to derive empirical equilibrium equations 
that reproduce the data with an accuracy of 5 mole % An. His 
empirical derivations are used here in calculations deter
mining liquidus temperature, crystal composition, and An and 
Ab thermodynamic parameters.



Table 2 lists the initial anhydrous bulk composi
tions of an "average" (LeMaitre, 1976) granite, granodior- 
ite, and tonalite used in the simulations; Caribou data is 
presented in table 1. The anhydrous gram formula weight 
(GFW) was calculated according to Burnham (1979) and the 
mole fractions of anorthite and albite were derived from 
Loomis (1979), In this analysis, the compositions of all 
components are normalized to 8 gram-atoms of oxygen. Moles 
of residual component were simply calculated as the differ
ence between the sum of the moles of An, Ab, and H^O in the 
simulated melt and unity. No attempt was made to further re
fine the residual material into separate components in the 
melt or in the phase that is crystallized in addition to 
plagioclase in the models. Data do not exist at this time to 
completely evaluate the effects of varying residual compo
nents on melt structure, diffusion, or crystallization 
kinetics.

Uncertainty in regards to initial melt water content 
hampers the quantitative accuracy of the simulations. 
Although most experimental work on crystallization in sialic 
systems is performed with a vapor phase present (saturated 
or supersaturated) to expedite kinetically sluggish reac
tions, it Seems unlikely that a granitoid magma in the 
earth's crust is saturated throughout its entire crystalli
zation, history. Piwinskii and Wyllie (1968) and Presnail and 
Bateman (1.973) conclude that production and early
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Table 2„ Chemical Analyses for "Average" Granite, Granodior- 
ite, and Tonalite. Data from LeMaitre, 1976, Mole fractions 
(Xj. and X., ) calculated after Loomis (1979); Anhydrous gram 
formula weight (GFW) after Burnham (1979),

GRANITE GRANODIORITE TONALITE
wt % Wt % Wt %

Si02 71.30 66.09 61.52
Ti02 0.31 0.54 0.73

A12°3 14.32 17.73 16.48

Fe2°3 1.21 1.38 1.83
FeO 1.64 2.73 3.82
MnO 0.05 0.08 0.08
MgO 0.71 1.74 2.80
CaO 1.84 3.83 5.42
Na2o 3.68 3.75 3.63

o
CM 4.07 2.73 2.07

P2°5 0.12 0.18 0.25
h 2o+ 0.64 0.85 1.04
TOTAL 100,07 99.90 100.01

CARIBOU

GFW (g/mol) 286,66 289,10 295,69 284,66
X* 0,0751 0.1512 0.1927 0.1527An

0.2718 0.2823 0.2783 0.3636



crystallization of granitic magmas probably occur under un
saturated conditions. In a detailed study of the crystalli
zation of a large batholith, Maaloe and Wyllie (1975) 
predicted initial water contents of most granitic bodies to 
be no more than 1.5 wt% water. In accordance with these ob
servations, one weight percent was chosen as the initial 
melt value in the simulations unless otherwise noted.

Figure 13 shows the variation in An content during 
0.1 cm of simulated (following the method outlined in figure 
12) equilibrium plagioclase crystal growth from the Caribou 
Mountain bulk composition for initial water contents of 1, 
2, and 5.9 (saturated) wt%. Increasing the initial melt wa
ter content from 1 wt% to saturation produces a maximum de
crease of 5.3% An in the equilibrium plagioclase composition 
at the beginning of growth. This indicates that the assumed 
initial water content will have little effect on the equili
brium plagioclase composition. However, figure 14 illus
trates the dramatic effect of water content on the liquidus 
temperature. Burnham and Davis (1974) and Loomis (1979) 
demonstrate a similar sense of variation of the liquidus 
temperature with increasing water in the melt. Changes in 
the liquidus temperature with water content have little af
fect on the predicted equilibrium plagioclase crystal compo
sition; however, the composition of plagioclase crystalliz
ing under disequilibrium conditions will be strongly
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Figure 13. Simulated Equilibrium Plagioclase Zoning Profiles 
Grown from the Caribou Mountain Trondhjemite With 
Various Water Contents. —  The labeled curves, 
which were generated with 1.0 %, 2.0 %, and 5.9 % 
(saturated) initial melt water contents, are 
topologically similar.
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Figure 14. Liquidus Temperature Path for the Equilibrium
Simulations of Figure 13. —  The labels 1%, 2%, 
and 5.9% indicate the initial melt water con
tent for each simulation.
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influenced by shifts in the 1iquidus resulting from varia
tions of water content in the melt.

Pressure Effects
Lindsley (1968) examined the dry Ab-An system at 10 

and 20 kbars. His data indicate a lowering of the pla- 
gioclase liquidus and solidus with decreasing pressure and a 
slightly more sodic composition of plagioclase in equilibri
um with melts of fixed composition with increasing pressure. 
The plagioclase-water system exhibits similar behavior in 
the opposite direction. An increase in pressure in the satu
rated system causes a subparallel lowering of the liquidus 
and solidus (Johannes, 1978) relative to the dry system. 
Loomis (1983, figure 5) found: (1) Negligible variations in 
equilibrium plagioclase composition with increasing pressure 
at constant mole fraction of water in the melt over a range 
of three kilobars, and (2) Only a slight increase in the 
liquidus temperature throughout the pressure range, and con
cluded that pressure would have little effect on the equili
brium plagioclase composition to form during crystalliza
tion.

Experimental data on the variations of equilibrium 
plagioclase composition " in intermediate plutonic systems 
with pressure are inconclusive. Whitney (1975) examined a 
haplogranodiorite system and found, at constant 3.5 wt% wa
ter content, a slight decrease in the temperature of the
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plagioclase liquidus with increasing pressure« Conversely, 
Robertson and Wyllie (1971, figure 9B) illustrate a slight 
increase in the plagioclase liquidus temperature with in
creasing pressure in a hydrous but unsaturated granodiorite 
system. Both studies indicate that in mid to upper crustal 
levels, changes in pressure will have little effect on 
equilibrium plagioclase stability.

As pressure is decreased during magma ascent, some 
cooling may take place as a result of adiabatic decompres-' 
sion. Marsh (1978) demonstrates that this would result in a 
temperature change of less than 10 °C per 3 kilobars during 
ascent of a magma of intermediate composition. This would 
cause only a slight depression of the liquidus and would 
have little effect on the equilibrium plagioclase composi
tion through a wide pressure range.

The available information leads one to conclude 
that: (1) Pressure changes well in excess of those that
would be expected during emplacement of acid systems might 
exert at best only a slight control on the composition of 
plagioclase crystallizing under equilibrium conditions, and 
(2) The exact nature of any changes in composition that 
might result is unclear. In this light, the simulations will 
neglect any compositional changes that might result from 
variations in pressure; hopefully, this assumption will not 
significantly affect the accuracy of the models.
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Surface Equilibrium Growth

 ̂ Under equilibrium conditions, the composition of the
crystal and the temperature of crystallization are fixed, 
dependent parameters defined by the independent variables, 
pressure and bulk composition. This contrasts with dise
quilibrium growth which will be treated later. Put another 
way, at a given bulk melt composition and pressure, only one 
crystal composition can be in equilibrium with the melt dur
ing each infinitesimal "interval" of growth.

Equilibrium growth in the models discussed below is 
defined as perfect fractional crystallization in the pla— 
gioclase system. In these equilibrium simulations it is as
sumed that diffusion in the melt is sufficiently rapid so 
that compositional gradients do not build up adjacent to the 
crystal-melt interface, and that diffusional re-equilibra
tion in the crystal is negligible. Therefore, assuming that 
the ratio of An/Ab in the melt is less than that in the 
crystal during each stage of growth, a fractionating melt 
crystallizing at equilibrium should produce a crystal zoning 
profile that exhibits a continual decrease in the An/Ab ra
tio throughout growth. Figure 15 illustrates equilibrium 
plagioclase growth simulations for Caribou Mountain, gran
ite, granodiorite, and tonalite bulk compositions. The tem
perature history during growth is shown in figure 16.
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Figure 15. Simulated Equilibrium Plagioclase Zoning Profiles 
for Four Different Initial Bulk Melt Composi
tions. —  Anhydrous bulk compositions for tona- 
lite (TN), granodiorite (CD), and granite (GR) 
are given in table 2; Caribou Mountain (CM) bulk 
composition is listed in table 1.
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Figure 16. Liquidus Temperature History for the Equilibrium 
Simulations of Figure 15. —  Labels designate 
initial bulk compositions: tonalite (TN),
Caribou Mountain (CM), granodiorite (CD), and 
granite (GR) .
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These profiles were generated assuming only pla- 

gioclase grew from the melt. Water and residual components 
were not removed; consequently, their abundance in the melt 
increased during growth relative to plagioclase melt compo
nents.

In an attempt to determine how crystallization of 
other phases might affect plagioclase growth, additional 
simulations were computed in which residual components were 
fractionated in addition to plagioclase. The molar volume 
of the anhydrous residual phase was taken as an average of 
quartz and orthoclase volumes. Residual components were 
removed as some fraction of the plagioclase crystallized to 
simulate the modal volume variations reported for natural 
systems. This method neglects differing molar volumes for 
each possible residual phase, removal of water and other 
melt components by crystallization of hydrous phases, tem
perature variations resulting from various latent heat of 
crystallization contributions of possible residual phases, 
and "competition" between residual phases and plagioclase 
for Al, Na, Si, and Ca. These factors may alter the exact 
numerical predictions, nevertheless, the information derived 
is useful for semi-quantitative calculations.

The lack of experimental data (Holloway, personal 
communication 1982) describing the abundance of various 
phases crystallized from a complex melt as a function of 
temperature in felsic intrusive systems made it necessary to
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devise simplified crystallization histories for the various 
rock types. Phase diagrams from Whitney (1975) , Naney and 
Swanson (1980), and Winkler (1979) were used to obtain some 
information on the order of crystallization and approximate 
temperature intervals of crystallization in intermediate to 
felsic systems. Studies by Piwinskii and Wyllie (1968), von 
Platen (1965), and Ragland and Butler (1972) gave some indi
cation of phase abundances as a function of temperature, 
Johannes (1978) points out that many of the experimental 
studies on crystallization are not completely accurate be
cause equilibrium conditions are never achieved. The simpli
fied fractionation schemes outlined below were chosen to 
incorporate the major trends indicated by the experimental 
work, rather than extremely detailed patterns that may not 
be justified.

The granite system (average granite composition in 
table 2) corresponded to a starting anhydrous melt ratio of 
approximately 35% moles of plagioclase components to 65% 
moles of residual components, Fractionation of residual 
components in the granite involved: (1) removal of 2,5% of 
the residual material before any plagioclase crystallized, 
followed by (2) crystallization of plagioclase and residual 
components in a constant volume relationship of 1:1,5 
through the entire plagioclase growth sequence. Figure 17A 
is a graphical representation of the volume of plagioclase
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Figure 17. Graphical Representation of Granite and Granodio- 
rite Residual Component Fractionation Schemes 
Used in the Growth Simulations. —  The cumulative 
volumes of residual (R) and plagioclase (P) grown 
are shown as a function of temperature for the 
granite (A) and granodiorite (B) systems.
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and volume of residual components removed as a function of 
temperature in the granite system.

Caribou Mountain (anhydrous bulk composition 60 mole 
% plagioclase, 40 mole % residual) and the granodiorite (50 
mole % plagioclase, 50 mole % residual) residual fractiona
tion histories are similar to one another. In the granodior
ite system; (1) plagioclase crystallized alone through a 
temperature interval of approximately 75 °c, followed by (2) 
residual material removal in increasing amounts ranging from 
0,8 that of plagioclase at the initiation of residual frac
tionation to 1,33 times the plagioclase volume removed at 
the end of plagioclase growth, ending with (3) crystalliza
tion of any remaining residual components. Caribou Mountain 
plagioclase grew alone for nearly 125 °C, and residual com
ponent to plagioclase ratios systematically increased from 
0.875/1 to 1.25/1 when both phases crystallized simultane
ously. The granodiorite and Caribou fractionation schemes 
are illustrated in figures 17B and 18A respectively.

The tonalite history, shown in figure 18B, is 
slightly more complex than the previous examples. A small 
fraction of the residual component was removed before any 
plagioclase crystallized, followed by a residual component 
to plagioclase removal ratio that decreased linearly from 
1;1 to 0:1 through the first 5 °C of plagioclase growth. 
This early residual component removal . was chosen to 
represent early growth of mafic phases (pyroxenes and
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Figure 18. Illustration of Caribou Mountain and Tonalite 
Residual Component Fractionation Schemes used 
in the Growth Simulations. —  The Caribou Moun
tain system is shown in A; the tonalite system 
in part B. P and R refer to plagioclase and residual volumes respectively as described in 
the text.



hornblende) from a tonalite magma (see Naney and Swanson, 
1980). Plagioclase crystallized alone over the next 60 °C 
interval, followed by increasing residual component to pla
gioclase volume ratios through the end of the growth se
quence to match the 60 mole % plagioclase to 40 mole % re
sidual component initial melt ratios. The equilibrium pla
gioclase compositional profiles and temperature histories of 
the residual component fractionation simulations are shown 
in figures 19 and 20 respectively.

Although the exact crystallization sequence in real 
systems is undoubtedly more complex than those presented 
here, these models should be viewed as illustrating an ex
treme residual component fractionation example of crystalli
zation. Comparisons with no residual component fractionation 
models (figure 15) illustrate that the equilibrium pla
gioclase composition is not affected by the growth of other 
phases, but, growth of other phases does exert some control 
on the temperature at which plagioclase crystallizes. A com
parison between figures 16 and 20 shows that removal of 
"non-plagioclase" components from a complex melt decreases 
the temperature interval necessary to produce the same 
equilibrium zoning profile in a given melt while increasing 
the absolute temperature at which growth occurs.

Depression of the liquidus with increasing water 
content was discussed in an earlier section of this paper; 
residual material causes a similar lowering of the liquidus
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Figure 19. Simulated Equilibrium Plagioclase Zoning Profiles 
for Different Initial Bulk Compositions Assuming 
Growth of Residual Phases. —  See text for dis
cussion of residual component fractionation his
tories for the tonalite (TN), Caribou Mountain 
(CM), granodiorite (GD), and granite (GR) systems.
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Figure 20. Liquidus Temperature Paths for the Equilibrium Simulations of Figure 19. —  Initial bulk com
positions were: granite (GR), granodiorite (GD), 
tonalite (TN), and Caribou Mountain (CM).
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temperature (c„f» figure 7 in Johannes, 1978)» Therefore, if 
residual melt components crystallize, the plagioclase 
1iquidus will tend to rise to higher temperatures„ In these 
models, where water accumulates in the melt (and acts to 
depress the 1iquidus), fractionation of anhydrous components 
still has a pronounced effect in raising the liquidus tem
perature.

The equilibrium growth models indicate that: (1)
Plagioclase zoning profiles must exhibit a continuous de
crease in their An/Ab ratio throughout crystallization (nor
mal zoning), (2) The most pronounced normal zoning occurs
near the end of growth as a result of extreme melt fraction
ation and mass balance constraints, and (3) The liquidus 
temperature decreases only very slightly during early crys
tal growth. These observations suggest that the discontinui- 
. ties commonly observed in plagioclase profiles cannot form 
under equilibrium growth conditions, and, that deviations 
from equilibrium will be most noticeable in the inner por
tions of phenocryst profiles.

Disequilibrium Growth
There is an increasing body of evidence which indi

cates that crystal growth occurs under non-equilibrium con
ditions. The reports on experimental growth studies in fel- 
sic systems are tempered with doubts as to whether or not 
equilibrium was attained. Investigations by Lofgren (1974),
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Fenn (1977) , Swanson (1977) , and Naney and Swanson (1980) 
indicate that disequilibrium conditions are necessary to in
itiate and maintain crystal growth in feldspar systems.

Numerical modeling and theoretical interpretations 
of crystal growth processes (Jackson, 1979? Kirkpatrick, 
1975, 1976, 1981? Loomis, 1981, 1983? Lasaga, 1982? Fisher 
and Lasaga, 1981) also point out the likelihood of crystal
lization under non-equilibrium conditions. Although precise 
values of thermochemical quantities necessary for detailed 
kinetic analysis are scarce, these studies illustrate the 
importance of various kinetic factors as well as equilibrium 
processes in controlling the growth of crystals.

The zoning profiles from Caribou Mountain pheno- 
crysts and from plagioclase crystals in many other environ
ments (c.f. Lipman, 1963? Maaloe, 1976? McDowell, 1978? Kuo 
and Kirkpatrick, 1982? Loomis and Welber, 1983) exhibit fine 
oscillations, abrupt drops of up to 15 mole % An, reversals, 
and intervals of constant composition. The growth models 
presented in the previous section showed that only smooth, 
continually decreasing An/Ab patterns could be produced 
under equilibrium conditions. Compositional discontinui
ties, common in phenocrysts from many environments, must 
result from growth under disequilibrium conditions.
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Crystal-Melt Partitioning Models

One of the least certain yet most important factors 
in evaluating growth under non-equilibrium conditions is the 
manner in which components are distributed between crystal 
and melt. If a liquid of composition LQ (figure 21) at tem
perature Tq is cooled instantaneously to some temperature 
, what will be the composition of the. plagioclase crystal 

grown? Jackson (1958) concluded that the phase composition 
forming under disequilibrium conditions would be very close 
to that which would form at equilibrium for the given liquid 
composition. . This crystal composition is shown as in
figure 21. would be the composition to form regardless of 
the temperature in this model. As plagioclase crystallizes, 
the melt becomes depleted in An relative to Ab, and the 
crystal compositional profile would evolve in the exact 
manner as that of a crystal growing under equilibrium condi
tions. If disequilibrium partitioning was defined as this 
model proposes, a normal zoning profile would result regard
less of the undercooling.

Loomis (1981) evaluated three possible disequilibri
um partitioning models proposed by Hopper and Uhlman (1974) . 
His modeling of crystal growth in the plagioclase-water sys
tem under non-equilibrium conditions suggests that the com
position of the crystallizing plagioclase is best described 
as that which would form during equilibrium growth at the 
ambient temperature. The crystal forming from LQ at T^ in
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Models. —  The diagram shows the predicted crystal composition (Ĉ  or Ĉ ) 
to form according to the partitioning laws discussed in the text, when 
an original liquid (Lq) is undercooled from Tq to T̂ . in
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this model is = Any crystal forming at would be of com
position Cg regardless of the An/Ab ratio of the melt. 
Under this assumption, the composition of a crystal growing 
at some undercooling will always be more albitic than that 
expected for equilibrium growth from the same melt: the 
greater the undercooling, the greater the deviation from the 
equilibrium crystal composition.

These models represent two possible cases for parti
tioning during non-equilibrium growth, Jackson's analysis of 
major component distribution between/ melt and crystal 
predicts a smooth zoning profile equivalent to that which 
would form during equilibrium growth, and therefore, cannot 
account for the irregularities observed in plagioclase crys
tals, Lofigren' s (1974) experimental work indicates that un
dercooling produces crystal compositions more sodic than 
those expected under equilibrium conditions, supporting the 
second model, The temperature-dependent concept appears to 
be a better approximation to behavior in natural systems, 
Additionally, the simulations presented in the next section 
indicate that discontinuities in plagioclase zoning can be 
generated if partitioning occurs as suggested by Loomis.

Simulated Profiles
The general method diagrammed in figure 12 was again 

used to generate the disequilibrium profiles. The 
temperature-dependent partitioning concept was used in these
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simulations, therefore, temperature became a third indepen
dent variable to be specified rather than calculated in ord
er to model disequilibrium conditions. Figure 22, created 
from the Caribou Mountain bulk composition, shows zoning 
patterns expected for a variety of cooling histories. Be
cause plagioclase was the only phase grown in these runs, 
residual and water components accumulated in the melt. The 
granite, granodiorite, and tonalite compositions all produce 
profiles of similar morphology as those in figure 22; the 
only difference being the absolute An values.

The curve labeled D1 in figure 22 simulates growth 
at a constant undercooling of 20 °C„ This profile is topo
logically similar to the equilibrium growth curves, but ab
solute An values are reduced. In simulation D2, an initial

/ . .undercooling was imposed and the temperature was controlled
So that undercooling decreased linearly from 20-0 °C during 
growth. The cooling history of profile D3: (1) began with an 
initial 20 °C undercooling, (2) continued isothermally until 
accumulation of residual and water and fractionation of pla
gioclase components depressed the 1 iquidus to this tempera
ture, and (3) followed the 1iquidus temperature until the 
end of growth. In the fourth simulation, D4, an initial 20 
°C undercooling was followed by temperature decreases of 
2.25 °C during each molar increment of crystal growth until 
the actual temperature equaled the 1iquidus temperature.
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Figure 22. Simulated Disequilibrium Flagioclase Zoning Profiles Generated from the 
Caribou Mountain Bulk Composition. —  Curves D1, D2, D3, and D4 refer 
to the different disequilibrium growth models described in the text.
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At this point (at radius ca« 0.085 cm) , equilibrium growth 
was simulated.

Several additional simulations were conducted to as
sess the effects of fractionation of residual components on 
plagioclase zoning during disequilibrium growth. The pro
files shown in figure 23 are from the dry granite system 
where considerable residual material is crystallized with 
plagioclase. The curve labeled NRES in the diagram was con
structed assuming that the residual component in the melt 
was not removed by crystallization of a "non-plagioclase" 
phase; RES designates crystallization of a residual phase 
using the same removal scheme for the granite system as was 
described in the Equilibrium Growth section. The NRES curve 
in figure 23 simulates the isothermal D3 Caribou Mountain 
temperature history model. The RES curve in the diagram was 
produced by imposing the same initial 20 °C undercooling and 
subsequent isothermal conditions as was done for the NRES 
curve, and forcing residual components to be removed from 
the melt.

Discussion
Curves D2, D3, and D4 in figure 22 are interesting 

in that they deviate from the "equilibrium-type" profiles. 
Figure 24 schematically illustrates how the zoning plateaus 
and reversals may form. A liquid of composition LQ initially 
at temperature TQ is cooled to some temperature T^. The
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Figure 23. Simulated Disequilibrium Profiles in the Dry 
Granite System Under Isothermal Conditions.
—  The profile labeled NRES was created by 
allowing residual components to accumulate in 
the melt; the RES curve was generated by for
cing residual components to crystallize 
concomitantly with plagioclase as described 
in the text.
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Figure 24. Schematic Flagioclase Phase Diagram for Complex Melts. —  The dashed loop 
illustrates the lowering of the 1iquidus and solidus with increasing water 
or residual melt components. The T's refer to temperatures, C's to crystal 
compositions, and L's to liquid compositions discussed in the text.
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disequilibrium partitioning concepts used in this model 
predict that the crystal composition forms at „ If 
growth were totally dependent on component transfer in the 
melt, the liquid at would be represented by the equili
brium 1 iquidus composition at «, However, as crystal growth 
velocity is limited by interfacial processes in addition to 
melt transport (Kirkpatrick, 1975, 1976; Loomis, 1981, 
1983) , the melt at is not on the liquidus, but at some 
intermediate value ,

The undercooling (liquidus temperature-ambient tem
perature) at the interface is T2-Tl° As Plagioclase growth 
continues and water and residual Components accumulate in 
the melt, the liquidus is depressed to a position such as 
that shown by the dashed loop in figure 24. The crystal 
composition to form, represented by C^, is more calcic than 
C^, and the undercooling, Tg-T^, is less than that initially 
imposed on the system. The decreasing undercooling causes a 
reversal in plagioclase zoning. If the ambient temperature 
is decreasing slightly during growth, the depression of the 
liquidus by non-plagioclase components may "keep pace" with 
declining temperatures to maintain a nearly constant under
cooling; plateaus or regions of little zoning in crystals 
could be formed in this manner. Conversely, if were crys
tallizing at T^ and water or residual components were remov
ed from the melt, the crystal composition would tend towards 
C^. In this instance, the loop would be raised to some
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position such as that of the solid loop in the figure, un
dercooling at the interface would increase, and the crystal 
composition would become more alb.itic» In a real system, the 
crystal composition may fluctuate between Cg and at T^, 
depending upon processes operating at the crystal-melt in
terface. In this manner, the composition may reverse, show 
sharp drops in An content, or remain relatively consistent 
during isothermal or near isothermal growth.

The reversal in curve D3 in figure 22 is an example 
of crystallization under isothermal conditions after an ini
tial undercooling„ The growth of the inner part of this 
crystal shows a gradual increase in An content, such as that 
shown in going from to Cg, as the 1 iquidus is depressed 
and undercooling, decreased during growth. Curve D2, growth 
during continually decreasing undercooling, shows a similar 
but less pronounced plateau and reversal. Again, constant 
anorthite values and increases in An content in the profiles 
are a result of decreasing an initially imposed undercool
ing.

The early drop in An content and subsequent sharp 
reversal shown by curve D4 is best explained by refering to 
figure 25. The dashed line represents the actual temperature 
path, and the solid line is the temperature path of the 
1iquidus for the melt composition. As the crystal starts to 
grow at temperatures described by the dashed line, the 
difference between the 1iquidus and actual temperatures
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Figure 25. Temperature History of Caribou D4 Disequilibrium 
Growth Model. —  The solid line represents the 
temperature path of the 1iquidus for the given 
melt composition; the dashed line is the actual 
temperature path used to create the zoning pro
file. Undercooling starts to decrease at a 
radial distance of ~ 0.07 cm. See text for 
discussion.
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increases very slightly. Therefore, the undercooling is 
nearly constant, and the first 0,07 cm of the profile exhi
bits normal zoning similar to D1 in figure 22, The drop in 
An content in the first part of the D4 profile corresponds 
to the nearly constant undercooling portion of figure 25, At 
a radial distance of about 0,07 cm, the difference between 
the 1iquidus and actual temperature begins to decrease dur
ing growth because of the negative slope of the 1iquidus 
curve and because accumulating non-plagioclase melt compo
nents act to depress the 1iquidus, Even though the actual 
temperature continues to decrease along the dashed line, the 
undercooling also decreases, producing a reversal in the 
profile. The increasing An content with decreasing under
cooling is similar to that in profiles D2 and D3,

The RES curve in figure 23 (the granite system) best 
illustrates how plagioclase zoning, formed under disequili
brium conditions, may be partially controlled by the growth 
of other phases. The initial undercooling for the RES and 
NRES curves in the figure is identical, and both of the 
crystals are grown under isothermal conditions, but the un
dercooling throughout growth differs between the simula
tions, The crystallization of phases other than plagioclase 
causes the 1iquidus temperature to increase, In figure 22, 
this can be envisioned as going from the dashed loop to the 
solid loop. This causes an increase in undercooling; there
fore, the crystal composition becomes more sodic. In figure
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23, the RES curve has a lower absolute An content at a given 
point than does the NRES curve. The zoning morphology is 
strongly affected by residual component fractionation: the 
RES curve exhibits normal zoning, and the NRES curve exhi
bits a zoning reversal.

In the granodiorite, tonalite and Caribou Mountain 
systems, plagioclase crystallizes alone (or is modally dom
inant) through an initial growth interval. Simulations of 
isothermal growth in the intermediate anhydrous systems in
dicates that plateaus and reversals in plagioclase zoning 
are not strongly affected by residual component fractiona
tion because residual phases do not start to grow until 
after a significant amount of plagioclase has crystallized, 
and variations from normal zoning would have already formed 
in the inner portion of phenocryst profiles (see section on 
equilibrium growth).

Figure 26 illustrates the difference that might be 
expected in the phenocryst zoning profile morphologies of 
crystals taken from systems of different bulk composition. 
The curve labeled GR RES (the RES curve in figure 23) was 
created from the dry granite bulk composition, assuming an 
initial 20 0C undercooling, subsequent isothermal growth, 
and residual melt component fractionation. GD RES was pro
duced from the dry granodiorite bulk composition assuming a 
parallel temperature history of 20 °C undercooling and 
isothermal growth, and, residual component fractionation
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Figure 26. Comparison of Disequilibrium Zoning Profiles
from the Dry Granite and Granodiorite Systems. 
—  Anhydrous granite bulk composition: GR, 
anhydrous granodiorite bulk composition: GD. 
Residual melt components were fractionated 
during plagioclase growth as described in 
the text.
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outlined for the granodiorite system. The difference in the 
shape of the two curves is striking, Clearly, the concomi
tant growth of residual phases with plagioclase serves to 
increase plagioclase undercooling and promote normal zoning.

Water accumulation in the melt tends to depress the 
1iquidus and decrease undercooling. Because anhydrous melt 
components are continually removed as crystallization 
progresses, the relative water content in the melt in
creases. So, although residual component fractionation may 
increase undercooling, particularly near the end of the 
crystallization sequence, water accumulation will tend to 
buffer this action by decreasing undercooling. This effect 
will be more pronounced in the granitic system relative to 
the granodiorite system because of the greater abundance and 
earlier crystallization of anhydrous residual components in 
the former system.

Figure 27 shows how water accumulation in the system 
can offset the effects of residual melt component fractiona
tion on plagioclase zoning morphology. The curve labeled GR 
DRY was produced from the dry granitic melt composition with 
residual component fractionation (RES curve in figure 23) . 
GR 1% is the expected profile in the granite system with 1 
wt% initial water content in the melt and the same residual 
component fractionation scheme. Both curves were produced 
through isothermal growth after the imposition of an initial 
20 °C undercooling. These curves illustrate the fact that
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Figure 27. Simulations in the Granite System Showing the 
Effects of Melt Water Accumulation on Dis
equilibrium Flagioclase Growth. —  The curve 
labeled GR DRY was produced from the anhydrous 
granite bulk composition; the GR 1% profile 
was generated from the same anhydrous comp
osition with 1 wt.% water added.
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accelerated water build-up in the melt, resulting from frac
tionation of anhydrous melt components, decreases undercool
ing, which offsets the increase in undercooling brought 
about by growth of "non-plagioclase" anhydrous phases„ Fig
ure 28 illustrates an analogous case in the granodiorite 
system. Both curves were produced during isothermal growth 
after an initial 20 °C undercooling was imposed; anhydrous 
residual melt components were removed under the same scheme 
in both simulations. The GD 1% curve was produced from the 
starting anhydrous granodiorite bulk composition with 1 wt% 
water added; the GD DRY curve was generated from the same 
initial anhydrous bulk composition without any water added. 
Unlike the granite system (figure 27) , variations in water 
content do not significantly change the disequilibrium pro
files in the intermediate systems. During early crystalliza
tion in these systems where plagioclase grows alone, anhy
drous residual components accumulate in the melt and depress 
the 1iquidus which decreases undercooling, promoting reverse 
zoning during initial plagioclase growth.

Depression of the 1iquidus by water accumulation 
reaches a limit at melt saturation. As the ambient tempera
ture decreases, undercooling increases because the 1 iquidus 
is "fixed" with respect to water at the water saturation 
value. Plagioclase growth in the saturated system is analo
gous to that in the dry system because the 1 iquidus is no 
longer affected by water build-up in the melt.
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Figure 28. Simulated Flagioclase Zoning Profiles from 
the Granodiorite System. —  GD DRY was gen
erated from the anhydrous granodiorite bulk 
composition; GD 1% from the same anhydrous 
components with 1 wt.% water added.
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Consequently, crystallization of residual material in the 
saturated system will magnify the increasing undercooling 
caused by declining temperature, and normal zoning will be 
produced. Additionally, mass balance constraints of pla- 
gioclase crystallization will tend to produce normal zoning 
near the end of growth as the melt becomes depleted in Ca 
and Al.

Expression in Natural Systems
It is useful to examine the simulation results in 

both a macroscopic and microscopic environment. On a 
pluton-wide scale, the compositional profiles of phenocrysts 
from a granite might be expected to exhibit a slightly dif
ferent morphology than those from an intermediate system 
such as a granodiorite. In a granite, the crystallization 
of phases together with plagioclase throughout the crystal
lization history of the entire system would tend to increase 
plagioclase undercooling and promote normal zoning. In a 
tonalite or granodiorite, where plagioclase might be expect
ed to be the only (or modally dominant) phase on the 
1iquidus during early crystallization, residual components 
would accumulate in the melt, depress the 1iquidus, and 
reduce undercooling, Plagioclase growth under these cir
cumstances would be mirrored.by profiles exhibiting plateaus 
and reversals. As the intermediate system cools, and other 
phases crystallize simultaneously with plagioclase,
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undercooling should increase and produce more normal zoning 
at the ends of the profiles,

/

The same general predictions can be applied to indi
vidual crystals in any system. Residual phase crystalliza
tion, localized convective overturn (c,f„ Jackson 1979 ? 
Loomis 1983) , or residual component buildup at a single face 
of a growing phenocryst might be expected to produce irregu
lar zoning by affecting the liquidus and undercooling. Os
cillatory zoning patterns, which commonly vary from crystal 
to crystal in a given sample, might be produced by fluctuat
ing undercooling peculiar to each "crystal environment"„ 
Zoning reversals at the single crystal level should be most 
pronounced over intervals when plagioclase is the only phase 
crystallizing. Any micropertubations that cause fluctuations 
at a crystal face might be masked by the system wide influ
ences of residual phase crystallization which increases pla- 
gioclase undercooling and promotes normal zoning.



CARIBOU MOUNTAIN REVISITED

Compositional variations in Caribou Mountain plar 
gioclase phenocrysts record both the chemical and physical 
history of the system. The theories discussed above allow 
for the interpretation of crystallization processes in the 
trondhjemite stock,

Implications of Plagioclase Zoning
The profiles shown in figures 7 and 8 (rim and in

termediate regions respectively) exhibit relatively flat 
compositional plateaus through most of the crystal radius, 
followed by a broad reversal, and ending with a strong nor
mal zoning trend. The overall morphology of these profiles 
is very similar to curves D2, D3, and D4 in figure 22, These 
models suggest that crystallization in the rim and inter
mediate areas of the pluton took place in a environment in 
which undercooling decreased during most of the growth se
quence.

For the most part, grains from the core of the body 
(figure 9) do not show as pronounced a reversal near the end 
of growth as do rim and intermediate region samples„ In 
terms of the growth models discussed earlier, these crystals 
might have grown under conditions where undercooling de
creased very slightly, or remained nearly constant. These

75
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stepscan morphologies appear to fall somewhere between 
curves D1 and D2 shown in figure 22.

The profiles from all three regions of the stock 
clearly illustrate that Caribou Mountain crystallization 
took place under disequilibrium conditions. The most strik
ing major zoning feature is that of the constant-composition 
plateaus. According to the disequilibrium models, this would 
suggest that undercooling decreased during crystallization 
by growth in an environment in which the ambient temperature 
was decreasing very slowly (nearly isothermal conditions) 
and/or by the depression of the liquidus through accumula
tion of water and residual components in the melt. Oscilla
tory zoning exhibited by grains from all parts of the pluton 
can not be correlated, even within a given polished section, 
arguing for extremely localized non-equilibrium interfacial 
processes.

Compositional variations in profiles from different 
parts of the stock are subtle but noticeable. The average 
anorthite composition of both the crystal cores and plateau 
features systematically decreases from the rim region of the 
body inwards. These differences exhibited by the profiles 
suggest that: (1) plagioclase nucleation and growth took 
place in composi.tionally different environments throughout 
the pluton, or that (2) the more sodic compositions in core 
region phenocrysts reflect increasing plagioclase undercool
ing from the margins into the core of the stock.
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Variations in Grain Abundance 

The length of the zoning profiles in figures 1, 8,
and 9 illustrate a real variation in phenocryst size ob
served in the pluton. Crystals from the core of the body 
are, on the average smaller and more numerous than pheno- 
crysts from the rim of the stock. Figure 10 shows these 
grain size differences, and that the abundance of crystals 
per unit volume decreases outward from the core of the body. 
The nucleation data of Penn (1977) and Swanson (1977) sug
gest that increased nucleation rate in the center of the 
body may be a reflection of increased water content and/or 
increasing undercooling in the core of the pluton relative 
to the rim.

Crystallization History
In order to adequately describe the crystallization 

history of the Caribou Mountain trondhjemite, one must ac
count for the three major observations noted earlier: (1) 
differing grain sizes and abundances in the body, (2) sys
tematic compositional variations of An content, and (3) the 
"disequilibrium nature" of the zoning.

Reference to discrete core, intermediate, and rim 
divisions of the body facilitate description of the solidif
ication history. In a real sense, the physicochemical crys
tallization environment changes in a "continuous" manner.
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Variations in plagioclase composition, grain density, and 
profile morphologies attest to the gradual evolution of the 
system.

Multiple Intrusions
A history of multiple intrusions of magmas with 

slightly differing CaO, AlgO^, Na20, and Si02 might be a 
plausible explanation for the compositional variations not
ed. However, the majority of the evidence would refute this 
interpretation of petrogenesis„ Davis' (1963) study of the 
internal structure of Caribou Mountain (based on biotite 
foliation and orientation of joints, dikes, and fractures) 
concludes that the body was emplaced in a single intrusive 
event. Additionally, it is difficult to envision multiple 
intrusions that could produce such a gradual and systematic 
variation of crystal compositions. One would also expect 
more erratic grain size variations if several pulses of hot 
magma were emplaced within solidified or partially solidi
fied material, and resorption features should be common. It 
also seems likley that multiple intrusions would produce' . i
zoning profiles with similar morphologies in a given 
"pulse", but that should show variations between episodes 
reflecting different thermal and chemical environments. Con
tinuous injection of hot magma would tend to stablize the 
latter crystallizing portions of the system at nearly 
isothermal conditions relative to the cooler country-rock
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environment experienced by early pulses of material» This 
should result in greater undercooling and normal profiles in 
material from the rim of the stock and more isothermal- 
decreasing undercooling plateau or reverse profiles in the 
centero Such a variation is not observed in samples from 
Caribou Mountain.

Convection
A crystallization model involving convection of an 

initially homogeneous melt is another possible explanation 
for the features displayed in the system. Several studies 
have shown that compositional variations in small intrusive 
bodies are the result of differentiation rather than multi
ple intrusions (Karner, 1968; Ragland and Butler, 1972; 
Bateman and Knockleberg, 1978; Bateman and Chappell 1979). 
Differentiation implies that material must be transported 
within the system. Loomis and Welber (1983) summarize evi
dence to show that diffusion is not an effective means of 
component redistribution on a plutonic scale. Calculations 
by Shaw (1974) and Marsh (1978) indicate that convection can 
be ah important process by which material is transported in 
melts of intermediate to granitic composition.

Convection also plays an important role in heat dis
tribution in the system. Temperature gradients in the pluton 
will be reduced by convective overturn (c.f. figure 15 in 
Ragland and Butler, 1972). Temperature buffering through
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convective heat redistribution will tend to stabilize the 
thermal regime and the crystallization environment will tend 
towards that of an isothermal system, -

The features displayed in the Caribou Mountain sys
tem are generally consistent with a crystallization history 
involving magma convection. Upon intrusion into cooler coun
try rock, the margins of the system were sufficiently under
cooled to initiate plagioclase nucleation, Phenocryst growth 
took place in a partially congealed "mush-zone" near the 
edges of the body, The temperature was maintained at fairly 
constant levels throughout the pluton through the thermal 
buffering effects of the connecting pluton core. The pla
teaus and reversals in the rim region zoning profiles formed 
at this time when the initial undercooling decreased as 
fractionation of the melt occurred, The ambient tempera
tures were sufficiently high at this time so that pla
gioclase (+hornblende) was at least the dominant if not the 
only phase on the 1 iquidus, Some water and residual com
ponents that were excluded by the crystallizing plagioclase 
were moved in towards the center of the body by convective 
transport, but most remained in the mush zone to form the 
matrix of the rocks that crystallized near the edges of the 
pluton. Calcium in the melt was depleted relative to sodium 
by the early crystallization of a relatively anorthitic pla
gioclase and hornblende.
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Crystallization began in the intermediate regions of 

the stock when the ambient temperature had dropped suffi
ciently to nucleate plagioclase from a slightly differen
tiated melt. Growing crystals became attached to the inward
ly advancing mush zone and experienced the same sort of 
thermal buffering as did the rim region phenocrysts. The An 
content of the core of these crystals and their average pla
teau compositions are lower than those of earlier formed 
crystals because they nucleated and grew from a melt that 
was slightly more sodic than the rim bulk composition. Con
vection continued to distribute water and anhydrous com
ponents not incorporated by the plagioclase into the core of 
the body and to maintain a relatively consistent high tem
perature environment. The profiles from phenocrysts grown in 
the intermediate portions of the stock reflect the same sort 
of decreasing undercooling conditions as do those from the 
margin of the body. The compositional differences between 
the two regions reflect the differentiating nature of the 
melt.

As the stock continued to cool, plagioclase nuclea- 
tion and crystallization took place in the center of the 
body. By this time, the melt was significantly "differen
tiated" with respect to plagioclase components as evidenced 
by the the relatively low phenocryst core and plateau An 
compositions in core region rocks. The slight normal zoning 
of the profiles from this portion of the piuton probably
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reflect the concomitant crystallization of large amounts of 
residual material with plagio.clase on the liquidus as tem
perature continued to decrease. The tendency to produce nor
mal zoning by increasing undercooling through the removal of 
residual material was attenuated somewhat by the accumulated 
water depressing the liquidus and decreasing undercooling.

Water accumulation inwards in the stock throughout 
solidification had another important affect on crystalliza
tion processes. As discussed earlier, increasing water con
tent in a melt causes nucleation to occur at relatively 
lower undercoolings. In Caribou Mountain, this is manifested 
by the increase in the total number of grains per unit 
volume as one moves from the margin to the core of the body. 
The similar profile morphologies in all parts of the stock 
indicate that undercooling must have decreased through the 
growth of all of the crystals. Loomis (1983) has demonstrat
ed that plagioclase growth rate increases with increasing 
undercooling over the range of reasonable plutbnic under
coolings (less than 100 °C).. If undercooling in the interior 
of the pluton were significantly greater than that experi
enced at the margins., one would expect grains in the center 
of the stock to be larger than those at the rim, contrary to 
figure 10. The greater nucleation rate in the core of the 
intrusion was not a result of significant increases in un
dercooling, but rather a consequence of relatively greater 
water concentration in the magma.
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Oscillations are superimposed on the major zoning 

features in all of the crystal profiles. These compositional 
fluctuations result from localized variations at each crys
tal face in the mush zone. Continuous movement of a crystal 
in the mush would place it in a number of differing micro-
environments. A local environment may have experienced a 
constant temperature decrease over a short time interval and 
produced a zoning feature such as that shown by curve D4 in 
figure 22. Growth or accumulation of residual material and 
local convection at a single crystal face are mechanisms 
that could cause changes in undercooling; any or all of 
these processes might account for the erratic small-scale 
zoning features.

The biotite orientation in the stock provides a fi
nal indication that convection was taking place in the sys
tem. Primary foliation, roughly concentric about the core 
of the body, is parallel to expected differential flow pat
terns in a convecting system.



CONCLUSIONS

The crystal growth simulations indicate that reverse 
zoning, compositional plateaus< and discontinuous zoning in 
plagioclase phenocrysts must result from growth under dise
quilibrium conditions. Bulk melt composition must be con
sidered in addition to the ambient temperature in the 
evaluation of non-equilibrium growth systematics. Under 
disequilibrium conditions, the crystallization of residual 
phases during plagioclase growth tends to increase under
cooling of plagioclase which promotes normal zoning. Compo
sitional profiles from systems in which plagioclase is not a 
modally dominant phase (such as a granite) should exhibit 
normal zoning trends relative to zoning profiles in pla
gioclase from systems of intermediate composition. This 
does not imply that the system grew under equilibrium condi
tions; rather that evidence of disequilibrium in granitic 
systems may not be readily apparent. Systems of intermedi
ate composition, where plagioclase may be the only phase on 
the liquidus over a period of time, are more easily inter
preted through the study of plagioclase zoning.

Experimental studies of plagioclase crystallization 
in saturated systems may not. accurately reflect the affect 
of evolving melt composition on plagioclase zoning. Because 
the plagioclase liquidus is fixed with respect to water
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content in the saturated (or dry) system at the initiation 
of crystal growth, fractionation of anhydrous residual melt 
components will increase undercooling and promote normal 
zoning in plagioclase profiles. The modeling results in 
this study indicate that decreasing undercooling can produce 
the compositional plateaus and reversals observed in natural 
phenocrysts, and that water accumulation in the unsaturated 
fractionating melt during disequilibrium plagioclase growth 
is a plausible mechanism by which the liquidus is depressed 
and undercooling decreased.

The "movement" of the plagioclase liquidus as a 
result of accumulation and depletion of melt components ex
erts a strong control on major and minor zoning features. 
As experimental data describing abundances of individual 
phases as a function of temperature in a crystallizing sys
tem becomes available, more accurate interpretative models 
can be formulated.

The features exhibited by plagioclase crystals from 
the Caribou Mountain trondhjemite can best be explained as 
having formed during crystallization under non-equilbrium 
conditions. The thermal buffering required to account for 
the morphology of the zoning profiles suggests that a con
vective process was operative during plagioclase nucleation 
and growth. Systematic changes in grain size and composi
tion strongly support the concept of convective mass 
transfer of water and other melt components.
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