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ABS TRACT

The Cornelia

Pluton was

previously

been faulted in two (Gilluly, 1946).

found

to

have

The downthrown apex is

host to a copper ore-body, and the upthrown block represents
a vertical cross-section of the igneous system.
Field work confirmed the character of the relation
ship

between

described

three

texturally-distinct

by Wadsworth

(1968).

quartz

Plagioclase

monzonites

crystals were

chosen from all the phases, including previously undescribed
hydrothermal rocks, and analyzed with a microprobe.
of

anorthite

tematic

content

patterns

of

versus

Graphs

radial distance revealed sys

compositional

variation,

analysis

of

which yielded a consistent, time-dependent model for the em
placement and crystallization of the system.
The granodiorite resulted from an earlier intrusive
event.

The quartz monzonites crystallized

initially down

ward from the system's roof, and, subsequently, upward from
the floor.

Saturation of the remaining pocket(s)

of magma

led to the development of an inner fine-grained phase,
possibly, the evolution of hydrothermal fluids.

and

The genetic

connection between these fluids and eventual mineralization
of the cupola is suggested.

ix

INTRODUCTION

The Cornelia Pluton is an interesting geologic sys
tem for the purposes of igneous study.
and petrographically zoned intrusion,

It is a chemically
and its relationship

to the New Cornelia Copper Mine makes it especially impor
tant to understand what types of processes were responsible
for

its

emplacement

and

crystallization.

The pluton has

been faulted in two, the downthrust cupola hosts the orebody
and erosion

of

the upthrust block has exposed a vertical

cross-section of the system at depth.

There is available at

Ajo, therefore, an excellent opportunity for the analysis of
the

igneous

and, to some

extent,

hydrothermal

mechanisms

which culminated in the deposition of ore.
The igneous interpretation of this intrusion is com
plicated by its compound make-up.

The presence of several

distinct rock-types within the pluton attests to its complex
igneous history,

and

the

superposition of

late and post-

magmatic hydrothermal alteration upon the original textures
and chemistry provides

a source

of

further

confusion.

An

understanding of the relationships between the quartz diorite, granodiorite,

and three types of quartz monzonite is

essential to the analysis of the system as a whole.

Only by

having some idea of the physical and chemical evolution of
such a system can we hope to unravel the intricate sequence
1

2

of events that produce intrusion-centered, economic mineral
deposits.
The

compositional

zoning

of

plagioclase

crystals

provides an excellent method with which to analyze primary
igneous processes.

The almost ubiquity

of plagioclase

in

igneous rocks, coupled with its ability to retain an inter
nal chemistry reflective of the environments and materials
from which it crystallized,

renders it an easily available

tool with which petrologists can probe mechanisms of magma
tic crystallization.

Analysis of plagioclase from the Cor

nelia Pluton seemed ideal, therefore, as a method of inter
preting

the

igneous

histories

of

the various

rock

types.

Indeed, the systematic variation in the types of zoned crys
tals observed,

coupled with the field study of the spatial

and petrographic characteristics of
sizeable

amount

of

data

the system,

from which

inferences

yielded
as

to

a

the

paragenesis of the intrusive body could be attempted.
The purpose of the present study is to provide a set
of data

to help

further

our

history of the Cornelia Pluton.

understanding of the igneous
An attempt has been made to

interpret these data in terms of possible models of emplace
ment

and

inferences

crystallization.
presented

herein,

It

should
though,

be

clear

that

simply appear

the

to be

consistent with the data available, and are not intended to
represent a unique set of processes responsible for the for

3

mat ion of a system as complex as the Cornelia.

Many of the

general conclusions of this work, however, seem inevitable
according to our present understanding of this type of in
terpretation,
sion,

and some headway in the study of the intru

crystallization,

and mineralization

of

the Cornelia

Pluton is believed to have been achieved.
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1.

CARDIGAN
GNEISS

Generalized geologic map of the Ajo area. —
The copper pit at Ajo is centered on the wedge
of Tern in the southeastern corner of the map.
Geographic coordinates are included for reference.
After Dixon (1966) and Wadsworth (pers. comm. 1984).

THE CORNELIA PLUTON

Location
The Cornelia
generally

coinciding

Pluton
with

is exposed
the

copper

larger exposure just west of the town.
which

comprises

most

of

in two areas, one
pit

in A jo,

and

a

The second locality,

the Little A jo Mountains,

is the

only one looked at in detail by the present study.
Figure 1 is a locality map in which geographic coor
dinates are included for reference.

The town of Ajo is lo

cated in Southwestern Arizona, approximately midway between
Gila Bend, the Mexican border, Tucson, and Yuma.
General Geology
The regional geology of the area, including the Cor
nelia Pluton,

and the town and mine at A jo, was thoroughly

investigated

by

Gilluly

(1942

and

1946) .

Only

description,

therefore, will be included here.

a

brief

The discus

sion of the general geology of the region will be followed
by a more detailed description of the pluton.
Regional Lithologies
The Cornelia system was emplaced

into the Cardigan

gneiss and the Concentrator volcanics during the Early

5
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Tertiary.
be

Gilluly inferred the Precambrian metamorphics to

metaigneous,

and

produced foliation.

described

two possible

episodes

that

The overlying Tertiary volcanics con

sist of up to a kilometer-thick, highly-altered sequence of
andesites,

keratophyres,

breccias,

and

tuffs

(Gilluly,

1946).
These rocks are unconformably
terfingering Locomotive
the Middle Tertiary.

overlain by

fanglomerate

These

include

the

and Ajo volcanics
alluvial

in
of

fan deposits

and andesite tuffs and breccias, which are themselves origi
nally overlain unconformably by almost 2200 m. of assorted
alluvium and volcanics, all described by Gilluly (1946).
Structure
The structural history responsible for the present
distribution of rock-types is complex.
gested by Gilluly

(1946)

A model history sug

involves a series of episodes of

faulting and rotation which are summarized below.
be noted that his

structural

interpretation,

It should

although

not

thoroughly re-investigated during the course of this work,
contains genetic implications regarding the original orien
tation of the intrusive rocks that are consistent with the
findings of this paper.
The series of
Pluton

were

intrusions w h i c h make up

originally

emplaced

as

a

the Cornelia

low-angle,

body which thinned con siderably at its tip.

dike-like

Crystallization

7 •

A *327

MQM

'

•65a

♦V<

•?

4

j

Km

Figure 2.

Map of the distribution of the textural phases
within the Cornelia Quartz Monzonite. — Numbers
refer to sample localities. Contacts shown were
determined by Wadsworth (pers. comm., 1983, 1984)
on the basis of a quarter-mile sampling grid and
field work. See text for descriptions of rock
types.
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was followed by displacement along the then steeply-dipping
Gibson fault (figures 1 and 2) .

This movement was inferred

by Gilluly (1946) to have been normal, and to have produced
a throw

of over

1300 m.

(4000

ft.),

responsible

for

the

current separation of the mineralized cupola from the main
part of the body.
The

region underwent

significant

deposition of the Locomotive fanglomerate.

erosion prior

to

Steeply-dipping

relationships of the originally nearly horizontal strata of
the fanglomerate indicate that its deposition was followed
by regional tilting, presumably a result of normal displace
ment along the Little A jo Mountain fault (figures 1 and 2).
Gilluly* s estimate of 50° of southward rotation implies that
the now steep outer contacts of the intrusive system origi
nally dipped only about 30° to the south.

The exposed area

of

almost

the

body,

therefore,

represents

an

vertical

cross-section of the original intrusion, in which the top of
the system is now its southern contact.
New Cornelia Mine
The downthrown apex of the Cornelia Pluton is host
to the copper orebody presently mined by the Phelps Dodge
Corporation.
been

The mineralization found in the open pit has

extensively

(1966) .

described

by

Gilluly

(1942)

and

Dixon

9

Mining of copper in the A jo area has continued in
termittently since about 1750.

The Arizona Mining and Trad

ing Co. hauled high-grade ore by horse and mule teams to San
Diego , where it was shipped to Wales in the 1850s.

Drilling

of reserves was begun after the turn of the century by the
Calumet and Arizona Co., which had mined out the oxidized
carbonate ore by 1930.

Mining of the underlying sulfide ore

began in 1924, and by 1962, 255 million tons of ore had pro
duced 4,060,592,000 pounds of copper (Dixon, 1966).
Dixon

(1966) , contrary to all previous ’and

quent publications,

subse

states that the "New Cornelia ore body

is in the apex of an offshoot from the Chico Shuni Quartz
Monzonite stock." This stock is a Mesozoic intrusion located
south of the Cornelia

Quartz

Monzoni te,

and bears

no ap

parent genetic relationship to the mineralized rocks (figure
1) (Gilluly, 1942, 1946).

He goes on to describe the rocks

in the pit, which, apparently, are of two types.

A central

north-south

monzonite

fault

divides

"hard

massive

quartz

with bornite-chalcopyrite mineralization and weak hydrother
mal alteration"

to the west,

from "soft quartz monzonite,

quartz diorite, and rhyolite with abundant flow sheeting and
strong hydrothermal alteration [and] pyrite and chalcopyrite
mineralization" to the east.

10

Petrography and Textural Variation
Three chemically distinct facies make
nelia Pluton:
zonite.

up

the Cor

quartz diorite, granodiorite, and quartz mon-

These rock names are used to maintain some degree

of consistency with previous work done in which their oc
currence

was

originally

(Wadsworth, 1968, 1975) .

described

(Gilluly,

1942 ,

1946)

Their compositions with respect to

the classification proposed by the IUGS

(Streckeisen, 1979)

indicate that the granodiorite is a quartz monzodiorite, and
that only some of the southern-most quartz monzonite is of
that type, the rest clearly falling into the granite field.
Figure 2 is based on Wadsworth's

(1968,

and pers.

comm., 1983) interpretation of rocks from a quarter-mile in
terval sample grid, except for the depicted distribution of
the micro-quartz monzonite which was remapped by Wadsworth
as a result of field work conducted
Although

the

gneiss-quartz

in February

diorite,

quartz

of 1984.
diorite-

granodiorite, and granodiorite-quartz monzonite contacts ap
pear consistent with field observations, the validity of the
relationships shown between the varieties of quartz monzon
ite is uncertain.

The boundaries of the micro-quartz mon

zonite are especially in doubt.
shown

in figure

The contacts of this phase

2 are only meant to outline areas within

which the fine-grained quartz monzonite is especially abun
dant (Wadsworth, pers. comm., 1984).

Pods and blebs of the

11

micro-quartz monzonite were found distributed throughout the
north-central portion of the stock by the writer, as well as
in a large outcrop in the northwestern portion of the sys
tem.
In general, though,
representative

of

the

the relations of figure

general

distribution

varieties of quartz monzonite.

The

of

equigranular

2 are

the

three

phase

is

the most abundant and dominates the southern and some of the
central portions of the pluton.

It appears to grade into

the porphyritic phase over a short distance (tens of meters)
further north,

though the

trace

of

surface is difficult to define.

this

gradation

on the

Much of the area between

the equigranular and porphyritic quartz monzonites is taken
up

by

the

micro-quartz

micro-quartz monzonite
sharp,

but

often

monzonite.

and

all

Contacts

other

complexly

rocks

between

are

interfingered.

the

generally
Partially

resorbed pieces of both equigranular and porphyritic quartz
monzonite

were

found

within

the

several places near its borders.

finer-grained

phase

in

These xenoliths were ap

parently affected by magmatic motion as they often appear as
"swirls" with tails which leave trails of phenocrysts in the
finer-grained matrix (figure 3).
The
types,

average

modal

compositions

of

all

five

rock

as reported by Wadsworth (1968), appear in Table 1.

Gilluly (1946) commented on the lack of any systematic modal

12

variation within the quartz monzonite, yet failed to recog
nize the granodiorite as a separate phase.

The distinctions

between the three quartz monzonites are more textural than
mineralogic,

and

should

become

clear

as

each

one

is

described.
Quartz Diorite
The quartz diorite is found along the margins of the
Little A jo Mountains,
2).

especially

to the southwest

(figure

It was not considered for the purposes of this work be

cause

of

the

concensus

among previous workers

separate intrusive origin (Gilluly, 1942, 1946)
1968,

1975) .

The

exposure

of Cornelia

Gibson fault also contains quartz diorite,
lationship similar to that of the west,

as

to

its

(Wadsworth,

rocks east of the
in a spatial re
along part of the

intrusive contact.
Granodiorite
The granodiorite was first identified as a rock-type
by Wadsworth (1968) who recognized its distinct modal compo
sition and mapped its contact with the quartz monzonite on
the basis of his sampling grid.
ly been
1984).

identified
This

monzonite

rock

in the
is very

in appearance.

The contact has subsequent

field

(Wadsworth,

similar
It

pers.

comm.,

to the southern quartz

is generally hypidiomorphic-

granular, and is slightly cumuloporphyritic with respect to

13

plagioclase
Wadsworth
mantles

and

mafic

minerals

'(dominately

hornblende).

(1968) reports an abundance of potassium feldspar

on plagioclase,

as well

as

reaction

hypersthene-augite-hornblende-biotite.

relations

of

The grains generally

range from 1.0 mm. to 5.0 mm. in size.
Equigranular Quartz Monzonite
The equigranular tag penned by Wadsworth
apparently a relative,
sections

of

this

phase

and not an absolute one.
looked

at

in

the

present study are weakly seriate porphyritic.

(1968)

is

All thin

course

of

the

Most minerals

occur in a range of sizes,* from .5 mm-, to 4.5 mm., and ex
cept for anhedral quartz, are generally subhedral.
the only quartz monzonite with
crystals

of hornblende, which,

traces

This is

of pyroxene within

along with biotite,

is the

dominant mafic mineral.
Micro-Quartz Monzonite
This phase is the one most easily distinguished in
the field.

It is fine-grained, with a small percentage of

medium-grained, and, rarely,
potassium

and plagioclase

course-grained phenocrysts

feldspar.

of

The crystals of this

rock-type sometimes display a "bleb-like" appearance similar
to that described by Gilluly (1942)
area

in rocks from the mine

14

Wadsworth (1968) utilized this condition, as well as
the apparent similarity between the shape of the orebody and
the outline of the micro-quartz monzonite

in figure

2 to

deduce that the outcrop of micro-quartz monzonite represent
ed the "conduit through which magma,

late-magmatic impreg

nating solutions, and mineralizers moved on their way to up
ward concentration in the stock's apex." It should be noted
that Dixon

(1966) attributed part of the shape of the ore-

body to fault movement, and that the inferred shape of the
micro-quartz
tained.

monzonite

has

not yet been

perfectly ascer

Wadsworth (1968) also assumed that the textural and

compositional characteristics of this facies indicated that
"another discrete episode of magma emplacement is probably
required to account for them." The results of the present
work, as described in a subsequent section, do not indicate
such a requirement.
Porphyritic Quartz Monzonite
The

porphyritic

nature

of

this

rock-type

is

only

distinguished from that of the equigranular variety by the
hiatal nature of its crystal-size distribution, and from the
micro-quartz

monzonite by

its coarser grain size.

crysts are, again, predominately feldspars.

Pheno-

Generally, the

size of grains in this phase is similar to that in the equi
granular quartz monzonite,
tion described,

except for the hiatal distribu

and the sporadic occurrence of phenocrysts

15

of up to 7 mm.
The presence of a poikilitic fabric, in which oikocrysts of quartz enclose small laths of plagioclase, in some
of. the

samples

of porphyritic quartz monzonite,

used by Wadsworth

was

also

(1968) as a criteria for recognition and

distinction from the equigranular variety.

He has since re

ported the presence of this texture within the equigranular
as well as the porphyritic quartz monzonites, in areas mar
ginal to the micro-quartz monzonite (Wadsworth, pers. comm.,
1984) .
Other Igneous Phases
The three quartz monzonites are cross-cut by sporad
ic, narrow
The

(usually between 1 and 15 cms.)

aplites

are,

when

fresh,

pink,

and

aplitic dikes.

range

from

very

fine-grained,

saccharoidal, to almost aphanitic varieties.

Contacts

sharp,

ticed.

are

and no preferred

orientation was

no

Dark-green xenoliths of all sizes which appear igne

ous, though often altered, also occur sporadically and ap
pear to be especially abundant in the northern portion of
the stock.

"Andesitic dikes" have been reported

granodiorite-quartz

monzonite

contact

near

(Wadsworth,

comm., 1984), but were not seen by the writer.

the

pers.

16

Leucocratic Ridges
One of the most striking petrologic characteristics
of the

northern part

presence

of

of the Little A jo Mountains

conspicuous,

evidently

is the

fracture-controlled,

zones of extremely leucocratic rock (figure 4).

These zones

are mineralogically similar to the quartz monzonites,
varieties

all

of which are bleached within these zones, which

appear to follow a fracture set with an average strike of
approximately N56°e , and usually dips about 70° NW.

Specif

ic reference to this type of alteration was not found in the
literature.
The hydrothermal nature of this alteration is evi
denced by its restriction to gradational selvages surround
ing visible fractures often coated with epidote.

The width

of these selvages ranges from several millimeters to several
meters.

The chemical nature of the alteration

have principally
its

appearance,

tendencies,

involved
high

silicification,

relative hardness,

as
and

appears

to

evidenced by
ridge-forming

and albitization, seen in the character of its

plagioclase described in a later section.

No bulk chemical

data exists

for these rocks, which were not considered in

Wadsworth's

original

1983).

sample grid

(Wadsworth,

pers.

comm.,

Although no mapping was done for this study, field

relations suggested a marked spatial coincidence of leuco
cratic

rock with

the micro-quartz monzonite.

The genetic

17

link between this alteration and the mineralization of the
cupola

of

considered.

the system has,

apparently,

not been previously

18

Table 1
Average Modal Compositions

Rock-type

Gd

EQM

PQM

MQM

# of Samples

17

36

6

14

Plagioclase
K-spar
Quartz
Biotite
Hornblende
Amphibole
Chlorite
Pyroxene
Opaques
Sphene
Apatite
Others
Total

Table 1.

47.67
21.13
9.96
4.75
7.34
1.73
1.51
2.84
2.02
.27
.44
.38

39.92
29.93
20.01
3.69
4.26
.08
.13
.08
1.23
.17
.16
.38

35.63
33.74
24.31
1.60
2.94
— ———
——“ —
.95
.40
.14
.27

31.04
37.95
25.30
3.54
.95
— ———
.07
————
.82
.20
.54
.79

100.04

99.83

99.98

101.20

Average modal compositions for the Cornelia
Granodiorite and Quartz Monzonites determined
by Wadsworth (1968, and pers. comm., 1984).
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Figure 3.
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Figure 4.

Photograph of the leucocratic ridges of the
Little Ajo Mountains. — See text for discus
sion of hydrothermal alteration in these
areas.

PLAGIOCLASE ZONING

Previous Work
Theories of crystal nucleation and growth have been
summarized several times (e.g. Kirkpatrick, 1974, 1975, and
1981), and experimental work by Strnad and Douglas
James

(1974) , Fenn

Swanson,

(1980),

(1977),

among

Swanson

others, have

(1973),

(1977) , and Naney and
increased

our

under

standing with their observations of the effects of the va
rious physiochemical parameters on the composition of plagioclase crystallizing

from a melt.• Interpretations based

on theory and numerical simulations by Vance
Jackson

(1979),

Kirkpatrick

(1975,

1976,

(1962, 1965),
1981),

(1981, 1983), Lasaga (1982), Fisher and Lasaga
Strauss

Loomis

(1981), and

(1983) have provided further information on the in

teractions of a growing crystal and its environment.
of the basic concepts

Many

involved in their work will be dis

cussed in the following section.
Application of these concepts to intrusive and ex
trusive suites of rocks have also been numerous, and conclu
sions reached in much of this work have been taken into ac
count in the present study.

Greenwood and McTaggert (1957)

correlated optically-determined, compositional zones of plagioclase within genetically related rocks, and although
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generally good

correspondence was

achieved

in metamorphic

rocks,

igneous crystals displayed more complex small-scale

zoning

features

not characteristic

Pringle et al. (1974)

of

the

interpreted calcic

larger

system.

rims within

the

cores of plagioclase as a manifestation of the loss of pres
sure associated with the intrusion of a tholeiitic sheet.
The relative importance of the effect of pressure is a point
that will also be treated to some extent in the next sec
tion.
Maaloe
gioclase

in

(1975)

the

investigated the implications of pla

Skaergaard

intrusion.

He

explained

the

presence of two general types of plagioclase "primocrysts,11
complex ones with resorbed cores and simpler ones with un
zoned cores, in terms of crystal settling from the top of
the chamber, resorption in the hotter central portion of the
chamber, and accumulation at the bottom.

The onset of con

vection at some later stage coincided with the disappearance
of the first type and the introduction of the second type,
as the heat within the magma was redistributed and nucleation was

allowed

to proceed

throughout

the chamber.

His

work is interesting in regard to the present study because
his data also represented a vertical cross-section of an in
trusive body.

Especially applicable

is an estimate of the

thermal gradient within the magma imposed by
geotherm into which it was intruded.

the

regional
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Loomis and Welber •(1982) interpreted the plagioclase
zoning variation they found in the Rocky Hill Granodiorite
Pluton in the context of a model of inward crystallization
of a "mush zone," and the late-stage accumulation of vola
tiles within the core of the intrusion.
cessfully

explained

the areas

Their model suc

of constant composition and

reverse-zoning in the anorthite profiles of plagioclase in
terms of the effects of these mechanisms on the environment
from which they grew.

Their conclusions regarding these ef

fects

of

provided

many

the

ideas

incorporated

into

the

models proposed in the present study.
More recently,

Strauss

(1983)

included the effects

of residual component accumulation in his interpretation of
the crystallization of the Caribou Mountain

Pluton.

This

type of accumulation was found by him to have had a signifi
cant

effect

on

the

throughout the stock.

variation

of

plagioclase

zoning

In particular, he used this effect in

his explanation of the presence of constant-composition pla
teaus and increases

in anorthite content of feldspars from

the rim and intermediate regions of the body.
tals

apparently

grew

many of the other

early,

mineral

at high

These crys

temperatures, before

phases were

stable,

and conse

quently were exposed to an environment in which the residual
phases

that

would

otherwise

have

been

incorporated

other minerals were allowed to accumulate.

into

The core of the
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pluton, on the other hand , is of finer grain-size,

and may

have resulted from an environment of high water accumulation
and residual component loss through extensive crystalliza
tion of all phases.

The effects and interactions between

these physical parameters are complex and will be discussed
more fully below.

Concepts
Nucleation
In order for the growth of a crystal to proceed,
nucleus must be formed.

a

The nucleation of a crystal is the

result of the clustering of the type of particles that make
up the crystal.
crease with

The free energy of such a cluster will in

its size until

a critical

value

is

achieved

after which the free energy will decrease, and the crystal
will be stable and may continue to grow.
Nucleation can only take place when the temperature
has dropped below the liquidus of the material;
must

be

measured

supercooled.

in magmas

is

usually

in terms of the bulk undercooling of the melt, or

the difference between
tures.

Supercooling

the system

the

liquidus

and

ambient

tempera

Laboratory experimentation has repeatedly shown that

the rate of nucleation will increase with undercooling until
the rise in viscosity results in a decrease of nucleation
(e.g. Swanson, 1977) .
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Fenn

(1977)

also observed

these

effects

of under

cooling on nucleation and experimented further with composi
tional variations.

He noticed that varying the composition

of simple anhydrous melts had little effect on the relation
ship between undercooling and nucleation , but that the addi
tion of water to the system had a profound effect (figure
5) .

An increase in the water content of the melt markedly

decreased the undercooling necessary for maximum nucleation
to be

achieved,

Swanson

(1977)

although

the maximum

noticed similar effects

itself was

smaller.

in Whitney's

(1975)

haplogranite and haplogranodiorite compositions.
Whether

crystals

in

real

systems

nucleate

as

a

result of perturbances in the melt which may bring particles
together, or on

"seeds"

of

former

crystals

or

any

other

small bits of matter upon which the crystal may stabilize,
is not entirely
when

resorbed

understood.

Certainly

in some cases,

as

cores are observed or during late-stage nu

cleation when the ratio of magma to solid begins to approach
zero, crystals begin to grow on some pre-existing surface,
in

a

"heterogeneous"

fashion

(Kirkpatrick,

1974,

1976).

"Homogeneous" nucleation, in which crystals nucleate direct
ly from a liquid, must also occur at some point, but is dif
ficult to prove as the seed that may have initially spawned
the crystal may simply no longer be observable.
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UNDERCOOLING

Figure 5.

Diagram from Fenn (1977) in which the control
of water and undercooling on nucleation rate
are shown. — The numbers on the curves re
present the weight % water used in each run.
See text for discussion of chemical and tex.tural implications of nucleation rate.
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Crystal Growth
The

thermodynamic

and

kinetic

considerations

in

herent to our understanding of crystal growth in general are
far too complex and
Instead,

lengthy

to be presented

fairly here.

the effects of environmental parameters common to

igneous systems on the growth of plagioclase will
phasized.

The major

variables

concerned

are

be em

temperature,

measured in terms of undercooling, composition of the melt,
and pressure, which will be the topic of a separate section
below.
Once nucleation has occured, the crystal growth rate
is

then

related

to

ttie undercooling

of the system

manner analogous to the rate of nucleation.

in a

The growth rate

of a crystal is relatively low for small amounts of under
cooling, increases at larger amounts of undercooling, until
a critical value is reached, after which the rate of growth
will decrease.

Usually,

however,

the curve

of

increasing

and maximum growth rate occurs at smaller undercoolings than
that of nucleation.
The

rate-controlling

factor

during

crystal

growth

may be either the diffusion of components in the melt or the
kinetics of growth at the crystal-melt interface.

The com

position of the melt at the interface must surely be affect
ed by the build-up of components not being incorporated into
the advancing crystal structure, and the depletion of those

28

that are.

Water is an excellent example of the former type

of component,

though heat

associated with

may also be concentrated at the interface.
the melt,

therefore,

must

be

crystallization
Diffusion within

efficient

enough

to reduce

these gradients before their effect on the undercooling, by
reducing

the

temperature,

liquidus
is severe

temperature
enough

and raising the ambient

to stop or

inhibit growth.

The kinetics of growth, on the other hand, must also have a
dominating effect as evidenced by the abundance of subhedral
and euhedral crystals in igneous rocks.

The shape of these

crystals must be the result of the processes that govern the
formation of the crystal lattices stable in a particular en
vironment.
The composition of a crystal growing at a specific
point

in time is of prime importance in the study of pla-

gioclase zoning.
feldspars

has

The compositional variation within zoned

often been

described

in terms of models of

"equilibrium" and "disequilibrium" growth.
Equilibrium Growth
Equilibrium crystal growth is an idealized process
in which the liquidus and solidus temperatures are fixed at
a given composition and pressure.

There is only one crystal

composition in equilibrium with a melt at any given time,
therefore, and the edge of a growing crystal

is always of
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this composition.
Growth, then, occurs in a series of "infinitesimal"
steps.

The

anorthitic

component

of

the

melt

is reduced

after each step, and the next step of crystal growth will be
less calcic.

If diffusion within the crystal is negligible,

and diffusion within the melt is rapid, the resulting crys
tal will be zoned as shown in figure 6.
Notable characteristics of this type of zoning in
clude smooth profiles and a monotonic decrease in anorthite
mole percent.

Natural plagioclase zoning patterns, though,

are noticeably different
are never

smooth,

but

in these respects.

rather,

typically

small and large-scale variations

The profiles

contain

in composition.

abundant
Zones of

reverse-zoning, in which the anorthite content of the crys
tal increases with growth, attest to the predominately dise
quilibrium nature of natural systems.

ANORTHITE

MOLE

Granodiorite

CRYSTAL RADIUS (MICRONS)

Figure 6.

Numerical simulations by Strauss (1983) of
crystal growth according to an idealized
model of perfect fractional crystallization.
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Disequilibrium Growth
Although

the

assumption

of

negligible

diffusion

within plagioclase crystals is probably a good one, as evi
denced by the preservation of compositional zoning, diffu
sion in the melt is probably not rapid enough to remove the
gradients formed at the crystal-melt interface during crys
tallization.

Zoning profiles of natural plagioclase usually

contain considerable fluctuations of anorthite content which
suggest that igneous crystal growth occurs under significant
amounts of undercooling.

This supercooling will provide the

supersaturation necessary for nucleation and growth, as well
as overcome, or supply the energy for, interface attachment
kinetics, excess energy of crystal lattice defects, and ex
cess energy of inclusions (Lofgren, 1974).

The experimental

and theoretical work mentioned previously also indicate that
crystal

growth

is

probably

governed

by

disequilibrium

processes.
The

composition

of

a

crystal

amount of undercooling is uncertain.
ture on the crystal

composition

growing

at

a

given

The effect of tempera

in non-equilibrium condi

tions of growth is considered small in the model proposed by
Jackson (1958) .
cluded

that

As in equilibrium conditions, Jackson con

the composition would be the same at a given

liquid composition regardless of the undercooling.
tional

zoning

in this model

would

Composi

develop in exactly the
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same way as in equilibrium models, namely, a smooth profile
would be formed as the melt became enriched in albite rela
tive to anorthite.
Hopper and Uhlman (1974) proposed several models for
partitioning

of components between a crystal and the melt

under conditions of disequilibrium.
of

crystal

growth

which

data were used by Loomis
models.

Numerical

closely matched
(1981)

simulations

the experimental

to evaluate

the proposed

His work suggests that the composition of a crystal

growing at significant undercoolings is best represented by
the composition that would be stable under equilibrium con
ditions at the ambient temperature, regardless of the compo
sition of the liquid.
Clearly, the first model cannot account for the type
of

zoning

profiles

Lofgren (1974)
growing
sodic

commonly

observed

in igneous

systems.

indicates that the composition of a crystal

in an environment of disequilibrium would be more

than

that

forming

under

agreement with the latter model.
imposed on the system,
composition.

equilibrium

conditions,

in

The amount of undercooling

then, will directly affect crystal

Namely, the greater the undercooling, the more

sodic the crystal composition.

Variations

in undercooling

during crystal growth will, therefore, leave a compositional
imprint on crystals of minerals of low internal diffusion,
such as plagioclase.

A decrease in undercooling, for exam-
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pie, will produce a reversely-zoned crystal,

in which cal

cium increases in content away.from the core.

More common

ly, the opposite is also true.
Effects of Pressure
Experimental examination of the dry An-Ab system has
shown that the plagioclase 1iquidus and solidus are lowered
slightly with decreasing pressure (Lindsley, 1968).

The ad

dition

of

system,

though,

apparently results

perature
1973).

high

with
Lower

concentrations

decreasing

of

water

to

the

in a rise of the liquidus tem
pressure

concentrations

(Eggler

and

of water have been

Burnham,
found

to

produce both a lowering and a rise of the temperature of the
liquidus with decreasing pressure (Eggler and Burnham, 1973)
(Whitney, 1975).

A saturated plagioclase system was report

ed by Johannes (1978) , to undergo a lowering of the liquidus
and solidus with increasing pressure.
The effect of pressure on the temperatures
plagioclase

liquidus

and

solidus,

though

of the

extensively

researched, in not immediately clear.

Water certainly has a

pronounced

of

effect

on

the

behavior

response to changes in pressure.

Loomis

the

liquidus

in

(1979) pointed out

that the lowering of the liquidus associated with negative
changes in pressure incurred during ascent of magma through
the crust

is probably partly offset by adiabatic cooling.
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It was also found

(Loomis, 1983)

that variations

in pla-

gioclase composition in equilibrium with a given melt with
increases in pressure of up to three kilobars were negligi
ble at a constant mole fraction of water.
pressure

on crystal

therefore,
more,

composition

are

The effects of

likely

to

and their nature is far from certain.

composition

and

temperature

be

small,

Further

almost certainly affect

the liquidus temperature to a much more significant degree.
Pressure, then, will be ignored as a physical parameter of
influence in the interpretations of this work.

PLAGIOCLASE ZONATION OF THE CORNELIA PLUTON
Data Accumulation
Field Work
The pluton was

looked

at

in

detail

during

seven

field trips to the area in 1983 and January of 1984.

An at

tempt was made

impor

tance.

to note

characteristics

of genetic

Observations of the textural variations within dis

tinct phases, contact relationships between.rock-types, in
cluding those apparently related to late and post-magmatic
hydrothermal events, were emphasized.

No attempt, however,

to map the pluton in detail was made.

The outer contacts

have been mapped previously (Gilluly, 1946) , and the approx
imate

distribution

of

the

various

textural

varieties

quartz monzonite have been interpreted by Wadsworth

of

(1968)

principally on the basis of samples collected from a quarter
mile

(.4 Km)

grid

.

Descriptions and implications of the

field observations obtained are contained elsewhere in this
report.
Sample Collection
Samples used in this study were obtained
sources.

from two

Those with single-digit numbers were collected in

1982 by R . Strauss and T. Loomis for the purpose of deter
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mining the feasibility of a plagioclase study at Ajo.
tional samples needed to complete a SW-NE

Addi

traverse across

the most complex portions of the pluton were provided by W.
Wadsworth.

The seven specimens for microprobe analyses were

chosen to represent the most
including

transitional

cratic varieties.

and

important rock-types present,

hydrothermally

altered, leuco-

Sample localities are shown in figure 2.

Sample Preparation
Polished thin sections of the samples selected were
examined

optically

gioclase present.

to determine the character of the pla
The three to five grains

selected

from

each section for microprobe analysis met the following re
quirements:
1.

They were representative of a particular crystal habit
(i.e. large, subhedral phenocrysts or small, anhedral
groundmass).

2.

They

looked

unaltered

enough

to

allow

microprobe

analysis from core to rim.
3.

They appeared to be compositionally zoned

in cross-

polarized light.
4.

Their apparent orientation in thin section would allow
microprobe work approximately paralleling the a or c
crystallographic axes in order to avoid truncated zon
ing observed by Bottinga, Kudo, and Weill (1966) along
the b axis.
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5.

The core of

the crystal

appeared

to be

cut by

the

plane of the thin section.
The last two requirements were the most difficult to une
quivocally

determine.

The

generally

good

correlation

between the data obtained for all the grains of a particular
thin section,

though,

probably implies that the zoning ob

served is representative.
Reflected-light

microphotographs

of

the

selected

grains were taken and microprobe traverses were mapped.

The

position of the grains in thin section was determined in a
Cartesian coordinate system and measured with a micrometer.
The polished

sections were

electroplated with

a layer

of

carbon in order to aid sample current transmission.
Data Reduction and Analysis
Microprobe
An ARL Scanning Electron Microprobe Quantometer at
the University of Arizona was used to analyze the composi
tional zoning along the
gun was

run

nanoamps.

at

15 Kv

traverses
and

selected.

The electron

the sample current averaged 20

The beam diameter was set at about 10 microns in

order to reduce the effects of Na and Si diffusion.
Traverses

were

stepscanned

determined core to the crystal

from

the

optically-

rim along 5 or 7.07 micron

intervals, depending on the direction relative to the
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motorized X-Y stage.

Peak counts for Si, Al, and Ca, were

taken for 10 seconds at each step.

A spot analysis of the

grain was taken immediately before and after each run for
the purposes of data
and

plagioclase

reduction, beam drift determination,

stoichiometry

check.

The

microprobe

calibrated to standards provided by T. Loomis.

was

The raw data

was recorded on paper tape.
Zoning Profiles
The raw microprobe data were converted to plots of
anorthite mole %.

Good correspondence and close relation

ships between background-corrected counts per second, ele
mental weight percentages,
the major

elements

in

and cation formula numbers for

plagioclase

Ribbe and Smith (1966) and Welber

have

been

(1977).

reported

by

Mole percentages

of anorthite were determined for each step on the basis of
either Al or Ca, depending on which displayed the most pre
cision.

In most cases,

both were good and Showed similar

patterns of variation, and mole percentages were calculated
by averaging the two.
Plagioclase stoichiometry was tested for each point
by

subtracting

(figure 7).

the

cation

formula

numbers

of Ca

from Al

Data that varied significantly was edited, and

the bad points were left blank when graphed.

Strauss (1983)

reported an accuracy of +5 mole % An with approximately +1
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Figure 7.

Plagioclase stoichiometric check for anorthite profile plots. — The cation number
of Ca was subtracted from that of Al, and
points that significantly deviated from
1.0 were deleted.
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mole % An precision in a study using a practically identical
technique.
Two or three traverses were run on each crystal, and
a total of forty-eight profiles were obtained.

The reduced

data were plotted as anorthite mole % versus distance

(in

microns) from the assumed core of the crystal.
Description of Zoning Profiles
Representative
patterns observed

profiles

of

the

plagioclase

in each sample were chosen.

zonal

Significant

variations in the characteristics of zonation of each local
ity

were

features
scale,

found,
of grains

oscillatory

and

correspondence

in the

same sample

zoning was

of

the

was

generally not

large-scale

good.

Small-

correlatable,

however, even between traverses of the same grain, attesting
to the extremely local nature of some magmatic mechanisms,
as inferred by Greenwood and McTaggart (1957).
The granodiorite plagioclase profiles all have ini
tial compositions of about An^^.

These calcic cores remain

fairly constant before experiencing an increase of approxi
mately 5%

anorthite and an outer normally-zoned rim which

drops to less than An2().

Profile AS15 XI T3

(figure 8)

is

typical of plagioclase in the granodiorite.
The three samples of equigranular quartz monzonite
all contain zoned plagioclase crystals with cores of about

6 0 -i
AS15 XI T 3
-'vA v-a.-hv A vvv/sZ

ANORTHITE MOLE

o'

40-
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-

0
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Figure 8

■

I
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I

1200

(MICRONS)

Zoning profile from sample 15 (granodiorite)
— See text for discussion.

60 _

A S 65a X 3 T 2
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40

20-

A S65a XI T 2

A S 4 X3 T 2

)
800
DISTANCE (MICRONS)

Figure 9.

Typical zoning profiles of the equigranular
quartz monzonite. — See text for discussion.
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An4 Qf though sometimes these are intensely altered
9).

In addition, outer rims of between Ang and An15 are not

uncommon.

Most

display an

of

equigranular
pluton

the

crystals

in

this

rock

phase

also

intermediate plateau of almost An30 which gen

erally increases

all

(figure

in radius with depth in the system.

The

quartz monzonite in the southern part of the

is actually weakly

plagioclase

crystals

seriate-porphyritic,
display

similar

but almost

profile

charac

teristics, with the exception of sample 6b (figure 10).
This sample is a bleached, equigranular quartz mon
zonite

found

(figure 2).

between

two

areas

of micro-quartz monzonite

Although similar to the other quartz monzonites

in terms of the initial and final compositions of its pla
gioclase crystals, the profiles differ in detail (figures 9
and 10), presumably because of the high degree of alteration
of its feldspars.

In particular, wide oscillations of mole

percent anorthite throughout the plagioclase, probably due
to the presence of zones of secondary

1albitization,1 made

the determination of general zonal trends difficult.
Sample

331

is

texturally

transitional between

equigranular and micro-quartz monzonites.

the

As shown by pro

file AS331 XI Tl (figure 11), an inner core compatible with
the equigranular quartz monzonite is followed by a drop to
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AS6B X 2 T 2

400
800
DISTANCE (MICRONS)

Figure 10.

Zoning profile from sample 6b (leucocratic
equigranular quartz m o n z o n i t e ) . —
See text
for discussion.
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60 - t
AS33I XI Tl

▼

1200
DISTANCE

Figure 11.

(MICRONS)

Zoning profile from sample 331 (equigranular/
micro-quartz m o n z o n i t e ) . —
See text for d i s 
cussion.
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60 -i

ANORTHITE

MOLE

AS5a X5 Tl

AS5a X3 Tl

DISTANCE (MICRONS)

Figure 12.

Zoning profiles from sample 5a (micro-quartz
monzonite). —
See text for descriptions and
discussion.
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values of approximately An^Q, typical of the porphyritic and
micro-quartz monzonite plagioclase cores.
The

micro-quartz

large phenocrysts
granular
An40

9

monzonite

(figure

12)

contains

similar to the plagioclase of the equi-

quartz monzonite.

Broad

inner

cores

of

roughly

ive way to plateaus of about An-jg, followed by a small

section

of reverse-zoning,

as

shown by AS5a

X5

Tl.

The

groundmass plagioclase are small and drop quickly from An^g
in their cores to about An^^ at their rims, as seen in AS5a
X3 Tl.
Three profiles were chosen to represent the northern
porphyritic quartz monzonite (figure 13).
Tl,

Profiles As327 X2

and AS327 XI Tl represent the groundmass plagioclase.

They both have peaks in their cores of approximately An^g,
and AS327 X2 Tl appears to show a marked increase in anorthite content at the edge of its core before dropping to an
outer,

normally-zoned

rim

that

drops

from An23

to An12*

AS327 X3 Tl is a phenocryst profile with a relatively flat
core which increases about 5% along its edge, followed by a
normally-zoned rim which drops
analogous

to

the

groundmass

to about An12, in a manner

plagioclase.

The

low

(30%)

anorthite content of the core of the phenocryst profile may
be due to a lack of coincidence between the plane

of

the

polished section and the true core of the grain, in view of
the groundmass core values.

The crystal, on the other hand,

A S 327 XI II

ANORTHITE

MOLE

AS 327 X3 Tl

AS327 X2 Tl

400

800

DISTANCE (MICRONS)
Figure 13.

Zoning profiles from sample 327 (porphyrytic
quartz m o n z o n i t e ) . —
See text for discussion.

327

PQM
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Distance from Southern Gd-QD Contact (Kms.)

x

Figure 14.

Graph of the average anorthite content of
all profiles analyzed in each sample plotted
versus their distance from the southern
quartz diorite-granodiorite contact. - See
text for discussion.
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may have nucleated later, and thus never have grown in an
environment in which An4Q was stable.
In general, all the rock types analyzed have charac
teristic plagioclase zoning patterns.

The average anorthite

content of all the feldspars considered in each sample, how
ever,

are less distinctive.

Figure 14

is a plot of these

average values graphed versus the sample locality's distance
from the southern granodiorite-quartz diorite contact.

All

the quartz monzonites cluster between 25 and 31%, and the
grano'diorite lies a little above 42% anorthite. Sample 65a
contains abundant albite rims which may account for its re
latively low value.

Otherwise, the equigranular quartz mon

zonites are generally the highest of the quartz monzonites
in

terms

of

the average

anorthite

content of their pla

gioclase, though they are closely followed by the porphyritic and micro-quartz monzonites.
Summarizing,

the

granodiorite

plagioclase

show

a

significantly greater anorthitic component than the quartz
monzonites, and zoning profiles unlike those of the adjacent
equigranular

quartz

monzonites.

The

equigranular

quartz

monzonite plagioclase contain cores of approximately An4Q,
intermediate plateaus of about An3Q which become wider to
wards the north, and normally-zoned outer rims which drop to
almost An^Q The plagioclase phenocrysts of the micro-quartz
monzonite are very similar to the equigranular plagioclase.
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except for the slightly more calcic composition of the in
termediate plateaus, which

typically

have

reversely-zoned

edges, and are followed outward by truncated zones of normal
zoning.

The groundmass plagioclase of the micro-qiiartz mon-

zonite,

however, are

small

and

display

simple,

zoned profiles that drop from An30 to An15.
quartz

monzonite

plagioclase

sometimes

normally-

The porphyritic

display

reversely-

zoned cores that are perhaps slightly less anorthitic than
the

cores

of

phenocrysts

from

elsewhere

in

the

system.

These crystals are also distinctive in their lack of inter
mediate

plateaus

between

their

cores

and

their

outer,

normally-zoned rims.
The variations in plagioclase zoning described above
are schematically illustrated in figure 15.

ANORTHITE

MOLE

%
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Phenocrysts

20-

Groundmass

20-

Figure 15.

DISTANCE

Summary of the major zoning characteristics
of the quartz monzonite plagioclase. — >
Graphs are placed according to the original
vertical orientation suggested by Gilluly
(1946) .

INTERPRETATION OF DATA
Inferred History of Intrusion
The Cornelia Pluton,
result

of

three

trusive events.

separate,
The quartz

as a whole,

though

is evidently

the

genetically-related,

in

diorite was

previously deter

mined to have been formed by an earlier intrusion of lessfractionated magma

(Gilluly, 1946, Wadsworth, 1968).

Three

observations appear to confirm the pre-quartz monzonite ori
gin of the granodiorite:
'1.

Sharp, well-defined contacts with both

the

southern

quartz diorite and the northern quartz monzonite.
2.

Average anorthite content of feldspars is much higher
than that of quartz monzonites.

3.

Plagioclase

zonal

morphology

is

significantly

dif

ferent in character.
The granodiorite, then, was intruded

into an already crys

talline quartz diorite, and was subsequently intruded by the
quartz monzonite.
Inferred History of Crystallization
While the quartz diorite and granodiorite facies are
relatively homogeneous texturally, the quartz monzonite con
tains three texturally distinct phases.
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Crystallization of
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the quartz monzonite must
which

conditions

varied

have been a complex process in

dramatically.

The

compositional

zoning of plagioclase crystals from all the quartz monzonitic phases is a record of the effects of the changing en
vironment on the composition of the crystals growing in the
cooling melt.

The zoning patterns of these crystals are the

result of diffusional

and convectional mechanisms of heat

and mass transfer, as well as of post-crystallization
teration

in

the

hydrothermal

and

surface

al

environments.

Their interpretation, therefore, is necessarily non-unique,
although

there

processes

can

be

responsible

anorthite content.

little
for

the

doubt

as

to

large-scale

the

types • of

variations

of

The following sequence of events appears

to be consistent with the zoning observed.
Cooling of the magma began near the southern contact
of

the

quartz

monzonite,

and

the

undercooling

imposed

through most of the system caused nucleation of plagioclase.
The drop

in temperature associated with intrusion was ap

parently greater

in

the

south

and

decreased

towards

the

north, and the critical undercooling necessary for signifi
cant nucleation to occur was not initially achieved in the
north.

Correspondingly,

the cores of phenocrysts from the

central micro-quartz monzonite are slightly more anorthitic
than those of the southern equigranular phase, as expected
at smaller undercoolings.

The

cores

of most

of

the pla-
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gioclase crystals analyzed had compositions of approximately
40% anorthite, which must

have been close

to

the

initial

crystal composition stable at the imposed.undercooling.
Resorbed cores within the plagioclase were not ob
served .
initial

This
core

fact,

along with the general coincidence of

compositions

of

plagioclase

from

different

areas within the system appears to indicate that at least
some of the feldspars nucleated within the magma.

Whether

this process occurred in a homogeneous or an heterogeneous
fashion is difficult to determine, but the episodic nature
of

the

plagioclase

profile

morphologies

described

below

seemingly confirms this primary nucleation within the magma.
The undercooling caused by the continued drop in the
ambient temperature

in the southern part of the system and

fractionation of the magma caused deposition of plagioclase
containing approximately 30% anorthite.

Crystals growing in

the magma began to grow zones of relatively constant compo
sition which,

as suggested by the models of disequilibrium

growth discussed previously, may have occurred as a result
of either or both of two processes.
The crystal composition could have remained stable
because of a very gradual decrease in undercooling in an en
vironment in which the ambient temperature remained nearly
isothermal, or

because

the

liquidus

was

depressed, as a

result of the accumulation of water and residual components
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in the melt, at a rate that closely matched the decline in
ambient

temperature.

may have been

Convection within

in part

responsible

for

the magma

chamber

a decrease

in the

cooling rate experienced by the growing crystals.
fects of heat

loss

The ef

at the boundaries of the system might

have been greatly reduced by a convective redistribution of
heat.

Although

a

convective

mechanism

would

also

have

redistributed residual components throughout the melt, their
accumulation in the southern area was probably great enough
to account for liquidus depression at a rate resembling the
rate of cooling.
within the magma,

In any case, the longer a crystal remained
the longer the constant-composition pla

teau it grew, as evidenced by the apparent increase in width
of the plateau region to the north within the equigranular
quartz monzonite.
The

zones

of

roughly constant

composition

in

the

plagioclase of the equigranular phase are followed outwardly
in most cases by normally-zoned rims.

This shift in profile

morphology is a reflection of a change in the environment in
which the crystals were growing.

Fractionation of the magma

may have suddenly begun to exert an effect on crystal compo
sition, or, more likely, undercooling of the local environ
ment may have begun to increase.

Again, this change in un

dercooling may have been the result of either or both of the
following conditions:
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1.

An increase in the rate of cooling.

2.

The lack of water and residual component accumulation
in the environment.

Both of these processes would have affected the cate of un
dercooling,
and

the

the first by lowering the ambient temperature,

second

by

stabilizing,

or

even

increasing

the

liquidus temperature.
The development

of outer,

normally-zoned

rims

ob

served on plagioclase of the Rocky Hill granodiorite pluton
was explained by Loomis and Welber

(1982)

in terms of the

"capture" of phenocrysts by an encroaching "mush zone." The
concept of a mush zone as a physical mechanism of progres
sive crystallization
sons.

is an attractive one for several rea

In the first place,

due

to the necessarily higher

rate of heat loss through the boundaries of the system, it
seems intuitive to suppose that crystallization in magmatic
chambers occurs initially along the sides and progresses in
ward.

Secondly, the complete solidification of magma neces

sitates a transitional period in which the volume of crys
tals begins to supercede the volume of interstitial fluid.
This period might

be

represented

"mush" lining the already

spatially

crystalline

rind,

by a layer of
and

separated

from it by a boundary coincident with the solidus isotherm.
Thirdly,

and

most

convincingly,

this

concept

provides

a

mechanism by which both of the above conditions can be ex
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plained.

Convection within the magma would

not penetrate

the viscous mush zone, and the cooling rate experienced by a
crystal captured by an advancing semi-crystalline mush would
increase dramatically.

As the ratio of solid to liquid in

creased with continued crystallization, there would be lit
tle room in which water and residual components could accu
mulate;

they would diffuse out into the magma.
The plagioclase

of

the equigranular

quartz monzo-

nite, then, after a period of growth within the magma, were
captured by a mush zone moving in from the southern contact.
During this time, the growth and nucleation rates of most of
the mineral phases were appropriate to produce a generally
equigranular texture.
and was

responsible

This process continued for some time,
for

the crystallization

of

the equi

granular quartz monzonite.
The northern contact of the Cornelia Pluton was in
terpreted by Gilluly (1946) to be fault-bounded.

If this is

the case, the textures of the northern limit of the system
are hidden from view, and our understanding of the processes
of crystallization which governed the formation of the nor
thern part of the system is hampered.
the northern
which

the

area

zoning

is
of

What

the porphyritic quartz
both

phenocryst

is exposed in
monzonite

and groundmass

in

pla

gioclase is somewhat different in detail than the zonal pat
terns in the feldspars of the equigranular quartz monzonite.
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The
phase,

cores

of

the

plagioclase

of

the

porphyritic

as well as their average anorthite content

14),. are

slightly

quartz monzonite.

lower

than

those

These

crystals

of

the

(figure

equigranular

are also distinctive in

their lack of intermediate, compositionally constant zones.
A third difference

pertains

to the

increase

in anorthite

content just before

the outer, already familiar,

normally-

zoned rim.
All of these characteristics appear to indicate that
the porphyritic quartz monzonite grew in an environment af
fected by the nearly complete crystallization of the equi
granular quartz monzonite.

The initial thermal gradient im

posed on the system by loss of heat along the southern con
tact

(the roof of the chamber according to Gilluly,

might have been lessened to some degree,
not entirely eliminated, by convection.

though

1946)

certainly

Plagioclase in the

north, as evidenced by their slightly less anorthitic cores,
nucleated at a time when the magma had already experienced a
depletion of its anorthite component.

It thus took slightly

longer for the northern part of the stock to be undercooled
enough to allow crystal nucleation to proceed at a signifi
cant rate.
The plagioclase profiles of the porphyritic quartz
monzonite,

as seen in their lack of zones of constant An30

and their increases in anorthite content, appear to reflect
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a condition of restricted undercooling.

In particular, un

dercooling rose to a level appropriate for significant nucleation to occur, but not to where plateaus of AngQ would
grow.

In addition, plagioclase growing in the magma of the

northern part of the system underwent a period during which
reverse zoning developed.

This decrease in undercooling is

consistent with an increase in volatiles, particularly wa
ter, in the rapidly diminishing amount of magma.
The accumulation of water may also have had a marked
effect on the resultant texture of the rock.
previously,

the

nucleation

through

experimentation

amounts

of

amounts

of water.

to

undercooling

in

rate

maximum

occur

at

the

As explained

has

been

progressively

presence

of

found
lesser

increasing

The porphyritic nature of the northern

quartz monzonite may be the product of greater mineral nu
cleation rates which resulted in a rapidly encroaching mush
zone

of

nucleating

crystals

in which

larger

plagioclase

crystals that had nucleated in the magma were engulfed.
outer,

normally-zoned

again,

the

result

of

portions
their

of

the

plagioclase

incorporation

in

this

The
were,

viscous

mush.
The direction in which the mush zone responsible for
the crystallization of the porphyritic quartz monzonite ad
vanced is not

immediately clear;

suggested: Firstly,

two possible models

are

the geometry of the exposed pluton may
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not be indicative of the system as a whole;
phase

may

simply

be

a

continuation

of

the porphyritic
the

equigranular

quartz monzonite formed as the mush zone continued to en
croach inward within an environment affected by the changes
described

above.

The

spatially

intermediate

micro-quartz

monzonite might be a later intrusion from deeper in the sys
tem.

The porphyritic quartz monzonite,

have crystallized

from north

to south,

alternatively,
as

exposed

may

today.

The mush zone might have begun to develop in the northern
part of the system and continued towards the already mostly
crystalline equigranular quartz monzonite.

This

direction

implies crystallization upward from the floor of the system
according to tiilluly's structural interpretation.
The problem is further complicated by the apparently
transitional nature of the contact between the porphyritic
and equigranular quartz monzonites.

As mentioned previous

ly, no evidence of a sharp contact between the two was found
in outcrop.

The gradation between these two chemically dis

tinct phases could be incorporated into either of the models
just described.

A transition from equigranular to porphyri

tic development during progressive crystallization from the
roof would certainly be gradual.
zation

of

North to south crystalli

the porphyritic quartz monzonite,

on

the

other

hand, might also produce an area of textural transition as
the two mush zones came together.
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The presence of a poikilitic texture, in which small
plagioclase crystals occur within quartz,

in areas of both

the equigranular and porphyritic quartz monzonites surround
ing the micro-quartz monzonite,

has been interpreted to be

indicative of saturation of interstitial magma with respect
to water by Wadsworth
this

feature may

porphyritic

(pers. comm.).

indicate

phases

were

that both

As explained below,
the equigranular

in contact with

and

the micro-quartz

monzonite during

its formation during the final

stages

of

crystallization.

Although this observation is the only one

available with which to distinguish between the two mecha
nisms,

north

to

south

crystallization

of

the porphyritic

quartz monzonite will be assumed hereafter for the sake of
consistency.
The volume of magma remaining after continued crys
tallization

from north to south of the porphyritic quartz

monzonite continued to decrease at an increasing

rate.

concomitant increase in the mole fraction of water

A

in the

magma continued until the mode of crystallization apparently
shifted

from one

of medium and coarse-grained porphyritic

crystallization to the development of the micro-quartz mon
zonite.

Several characteristics of the textural fabric and

plagioclase chemistry of the micro-quartz monzonite allude
to its environment of crystallization:
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1.

Fine grain size.

2.

Lack of well-developed,

normally-zoned

rims

on pla-

gioclase phenocrysts.
3.

Reverse zoning at the end of An35 constant-composition
zones of plagioclase phenocrysts.

4.

Chaotic

intermingling with fragments of equigranular

and porphyritic quartz monzonite.
The

relationship between

undercooling

and

crystal

nucleation and growth rates has already been discussed, as
has the effect of residual accumulation on the liquidus tem
perature.
unlikely

A gradual change in all of these parameters seems
to explain

the

distinctly

sudden

change

in

the

character of crystallization which resulted in the formation
of the central phase of the pluton, the micro-quartz monzo
nite.
er,

A continuous, gradual change in some of them, howev

particularly water

dramatic change

content,

could

lead

to

a

in another, the bulk undercooling

sudden,
of

the

system.
The

liquidus

temperature

of

any

mineral

will

be

depressed by an increase in the mole fraction of water and
other components in the melt until the melt becomes saturat
ed with respect to water.

At saturation, the liquidus tem

perature will no longer continue to be depressed, except by
non-volatile

components,

continue to decrease.

even

though

the

temperature

The undercooling of such

may

a system,
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then, will begin to increase substantially as soon as sa
turation

is

achieved.

would result

in

A

large

immediate

increase

in

undercooling

increases in crystal nucleation

and growth rates.
In the Cornelia

Pluton,

such

produced the micro-quartz monzonite.

a change might have
The fine grain size of

the groundmass would have been a direct result of the rapid
crystallization of the saturated pocket(s) of magma remain
ing, and crystals growing in the magma prior to saturation
would have been engulfed in a freezing matrix of small crys
tals with little opportunity for further growth.

Many

of

the phenocrysts within the micro-quartz monzonite nucleated
at about the same time as the
equigranular
slightly
those

phase,

lower

of

the

though,

also

of

the

southern,

as described previously,

undercooling.
south,

feldspars

These

crystals,

developed

again

at a
like

constant-composition

zones, but of a more anorthitic composition.

The environ

ment in the central area, then, was similar to the magmatic
environment of the south prior to final crystallization, ex
cept

for

the

degree

of

final

water

accumulation

which

resulted in the reverse zoning.
The relatively low viscosity of the saturated magma,
accompanied by the evolution of a supercritical fluid phase,
would have
large

resulted

stresses

in

a

developed,

turbulent
swirling

environment
fragments

of

in
the

which
sur
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rounding already crystalline or semi-crystalline, equigranular and porphyritic phases into the chilling magmatic resi
duum (figure 3).
The increase in pressure associated with the evolu
tion of a vapor or supercritical phase upon saturation of a
magma with respect to water in a closed system has sometimes
been used as
crystalline

a mechanism inducive to the fracture of the

rind

and

(e.g. Burnham,

1979).

pressure

system

of a

might certainly

the

"pressure

quench"

of

the

magma

Although the change in the internal
undergoing

exceed

the

such

fracture

a

phase

strength

of

transition
the wall

rock, such a process is not necessary to explain the textu
ral variations

observed

in the Cornelia Quartz Monzonite.

The surrounding rock might have fractured prior to satura
tion as a consequence of, for example, contraction associat
ed with crystallization.

In that case, the system would no

longer have remained closed, and the fluid would have been
able to seep out gradually without causing
fracturing

event.

In any

case,

there

a catastrophic

seems to be little

doubt as to the association between water saturation and the
crystallization of the micro-quartz monzonite.
The textural variation and feldspar zoning profiles
observed in the Cornelia Pluton have been explained in terms
of the progressive chemical, physical, and thermal evolution
of

the

system

during

crystallization.

The

intricate

66

relationships

between

these parameters

have

been

used

construct a model consistent with the data available.

to

Fig

ure 16 is a diagrammatic representation of the evolution of
the ambient and plagioclase liquidus temperatures of pockets
of magma
phases,

in the

areas

represented by

the

three

textural

and their effect on the undercooling through time.

The various stages of increasing, constant, decreasing, and
finally,

dramatically

increasing undercooling have already

been described at length.
Figure 17 is a series of Barker diagrams constructed
by W. Wadsworth on the basis of 214 chemical analyses.
"deep" and "core" zones roughly correspond to
rytic

and

micro-quartz

monzonites,

and

His

the porphythe

"roof,"

"subroof," and "core-margin" zones represent the equigranular quartz monzonite.

The fractionation sequence indicated

by the chemical variation observed is consistent with
models presented above.

the

Figure 16.

A diagrammatic representation of the evolution
of the Cornelia Pluton. — Graphs on the left
represent the thermal histories of the ambient
(Ta) and plagioclase liquidus (Tl) temperatures
for pockets of magma in the areas indicated.
These areas correspond to the location of the
three textural varieties of quartz monzonite
stratified according to Gilluly (1946). Graphs
on the right represent the corresponding under
coolings as functions of time for the same
pockets Specific events are indicates as fol
lows: tl: Intrusion and nucleation of plagio
clase in southern and north-central areas.
t2:
Nucleation of plagioclase in northern area.
t3:
Saturation of remaining magma with respect to
water.

Southern
Area

North
Central
Area.

Northern
Area

Figure 16.

A diagrammatic representation of the evolution
of the Cornelia Pluton.
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Barker diagrams by W. Wadsworth (unpubl. ms.)
of chemical variation within the Cornelia Plu
ton. —
See text for significance of zones.
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Geometry
The

geometry

of

the Cornelia

Quartz

Monzonite

in

outcrop varies in several ways from that expected in a mag
matic system in which crystallization proceeded inward from
the walls.
concentric

In an ideal
pattern

of

interpretation of such a model, a

textural

phases

should

occur.

The

quartz monzonites reveal the following departures from that
pattern:
1.

The equigranular phase is restricted in outcrop to the
southern part of the pluton, and the porphyritic phase
occurs only in the northern part.

2.

The elongate nature of the micro-quartz monzonite, and
the lack of development of the coarser-grained quartz
monzonites along the eastern and western walls of the
system proportional

to their development

in the nor

thern and southern regions.
The first fact may not be a significant
from a concentric

pattern;

variation

generally coarse-grained

still surrounds fine-grained rock.

rock

Differences between the

porphyritic and equigranular quartz monzonites are likely to
be due to timing.

As explained previously,

the porphyritic

rock formed after much of the equigranular phase had crys
tallized.

Its texture is the result of the late nucleation

of its crystals due to a slower cooling rate.

The reason

for the difference in cooling rate between the northern and
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southern sections of the system is not entirely clear.
Gilluly's

(1946)

interpretation

of

the

structural

evolution of the region, in which the southern and northern
contacts of the pluton represent the roof and floor of the
intrusive body respectfully,

allow several possible mecha

nisms with which to explain the thermal differences to be
envisioned.

The rims of a vertical cross-section of an ig

neous system do not necessarily reflect similar environments
of

crystallization

section.
tainly

as

they

might

in

a horizontal

cross-

The thermal gradient of the wall rocks would cer
impose

an

influence

on

the magma, because

of

the

greater loss of heat through the roof of the system, though
the magnitude of such an influence over a depth of 3 or 4
kilometers was probably not very great.
timated

the difference

Maaloe

(1975), es

in the magmatic temperature of the

Skaergaard intrusion, from a 30°C/Km ambient geotherm, to be
a minimum of
liquidus

over 4 kilometers,

temperature,

than 10°C.
Pluton

60°C

as

a

function

and a difference
of pressure,

of

in

less

The application of his estimate to the Cornelia

is certainly not

serves as a precedent.

a straightforward

one,

though

it

The establishment of even a small

thermal gradient within the initial magma chamber may have
been enough to retard the nucleation of crystals near the
floor.

The

onset

of

convection

effectively

removed

this

gradient in Maaloe1s tholeiitic system, but a granitic con
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vective regime, due to its greater viscosity,
expected to be nearly as efficient.

could not be

Alternatively, magmatic

flow may have continued for a time near the floor
area)

(northern

of the system allowing temperatures to remain higher

in that area.
The second departure from a concentric
more difficult

to understand.

pattern

is

As described in a previous

section, there is a dominant, predominately east-west frac
ture system which appears to have exerted some control over
late-stage episodes of silicification and albitization, and
possibly

the

distribution

of

the

micro-quartz

monzonite.

This structural control may be solely responsible
distortion of the shape of the phases.

for

the

On the other hand,

some unknown characteristic of the environment in which the
quartz monzonites crystallized may have impeded significant
crystallization along the sides of the system.

CONCLUSIONS

The

findings

of

this

work

have

been

numerous.

Analysis of plagioclase crystals revealed a wealth of infor
mation, which, when combined with observations of field re
lations,

provided

a

heretofor

unavailable data

which to study this igneous system.

base with

A consistent, physical

ly feasible model has been suggested for the emplacement and
crystallization of the Cornelia Pluton.
A
Whether

picture

of

the earlier,

multiple
less

intrusions

differentiated

has

developed.

bodies

underwent

the complek sequence of events responsible for the textural
zonation

of

the quartz

monzonites

The fact remains, however,

is

impossible

to

that the mineralization

tell.
of

the

cupola appears to be centered on the last intrusion.
The

quartz

monzonite

heterogeneous environment.

crystallized

in

a

thermally

Crystallization inward, princi

pally from the roof and floors of the chamber, culminated in
a saturated magma and a fine-grained, "porphyry" core.

The

existence of several intrusions, the last of which is signi
ficantly porphyritic, is a characteristic common to almost
all

copper

porpyry

deposits

States (Stringham, 1966).

of

the

Southwestern

United

The key to understanding the

72

73

significance of this relationship must be buried within the
igneous history of these systems.
The micro-quartz monzonite clearly played an impor
tant

role

in

the

Whether

it was

(1968) ,

in

processes

as

controlling

significant

terms

of

having

as

proposed

been

the

"mineralizers11 of the stock's apex,
dence

for

preferential

evolution.

by

Wadsworth

conduit

for

the

is doubtful.

No

evi

hydrothermal

through this phase has been noted.

ore

fluid

circulation

The evolution of these

fluids, though, may be more clearly connected with the for
mation of the fine-grained rock.
ed

with

its

crystallization

Magma saturation associat

was

necessarilly

concomitant

with the evolution of a fluid phase of some type.
istence

of

fracture-controlled

probably, silicification,

areas

of

The ex

albitization

and,

is clear evidence of hydrothermal

flow through this deep portion of the system.

The prove

nance of these hydrothermal fluids may or may not be linked
to the micro-quartz monzonite,

but their chemistry appears

suggestive of equilibration with late-magmatic fluids.
presence

of epidote

along

the

fracture

The

surfaces may have

been a result of the alteration of the higher-temperature,
primary plagioclase.
In any case, thorough chemical analysis of the leucocratic rocks is required before their importance in regard
to

mineralization

can

be

established.

Further

chemical,

74

especially trace element analysis of the entire body, would
also improve out understanding of the system in general.

A

close look at plagioclase, though, has proven to be an ex
cellent tool, and more
only add to the picture.

extensive work

of

this

type could
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