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ABSTRACT

Compositional zoning p ro f ile s  o f p lag ioc lase  from the  

Ninem ile G ranodiorite  Stock (Cochise, County, A rizona) were measured 

by microprobe. The core compositions o f c ry s ta ls  were around 40%

An and the rim values were grouped t ig h t ly  around 14% An regardless  

o f the composition o f the ad jacent m in e ra l. P ro f ile s  displayed no 

system atic v a r ia t io n  re la te d  to  p o s itio n  in  the stock. The lack o f 

system atic changes in  the p ro f ile s  and the lack o f a p o rp h y rit ic  

te x tu re  suggests the absence o f  w ater concentration in  the center 

o f the pluton during c r y s ta l l iz a t io n .  The constant rim values o f  

c ry s ta ls  suggest a m elt th a t  had very e f f ic ie n t  d iffu s io n  or tra n s ­

fe r  o f components during c r y s ta l l iz a t io n .

One possib le explanation fo r  the lack o f v a r ia t io n  in  the  

p ro f ile s  is  th a t  the center o f  the p luton may not have y e t been 

exposed by erosion. Another p o s s ib il i ty  is  th a t some b u ffe rin g  

mechanism may have been e f fe c t iv e  during c r y s ta l l iz a t io n .  The most 

l ik e ly  mechanism would have been a ra p id ly  connecting magma core. 

The mixing could provide a thermal b u ffe r as long as the mixing 

volume was la rg e  enough to  be an e f fe c t iv e  heat source.

v i i i



INTRODUCTION

The form ation o f com positionally  zoned m inerals in  an 

igneous system is  a d is eq u ilib riu m  process. The end re s u lt  is  

dependent upon the tem perature, pressure, and m elt composition 

evo lu tion  during c r y s ta l l iz a t io n .  I f  the zoned m ineral is  re ­

s is ta n t  to  in tr a c ry s ta ll in e  d if fu s io n , the zoning p r o f i le  can 

be tre a te d  as a record of the conditions under which the c ry s ta l 

grew.

Zoned p lag ioc lase  c ry s ta ls  make useful records of condi­

tio n s  o f c r y s ta l l iz a t io n  in  igneous systems. P lag ioclase is  a 

very common m ineral and c ry s ta l l iz e s  over a la rg e  p o rtio n  of the 

c r y s ta l l iz a t io n  in te rv a l o f most igneous bodies. In tr a c ry s ta l­

l in e  d iffu s io n  is  very slow in  th is  m ineral as is  shown by the  

preservation  of in t r ic a te  zoning. The composition o f p lag io ­

clase c ry s ta l l iz in g  from a m elt is  s e n s itiv e  to  tem perature, 

pressure, composition o f the m e lt and to the v a r ia t io n  of these 

variab les  w ith  tim e. With a q u a lita t iv e  understanding o f the 

e ffe c ts  o f the c o n tro llin g  v a ria b le s  o f the p lag io c lase  systen, 

i t  is  possib le  through the study of zoning p ro f ile s  and th e ir  

system atic v a ria tio n s  w ith in  a pluton to develop a h is to ry  o f 

c r y s ta l l iz a t io n  of the body o f rock.
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The usefulness of zoned p lag ioc lase  in  the study o f  

igneous systems has been shown by several previous workers.

Greenwood and McTaggart (1957) were able to  successfu lly  co rre ­

la te  zoning p ro f ile s  between grains in  both pluton and bath o ly th - 

sized systems. Vance (1962, 1965) se t fo r th  models to  exp la in  

the form ation o f observed p ro f ile s  in  igneous p lag io c lase . Weibe 

(1 9 6 8 ), Maaloe (1978 ), and Loomis and Welber (ms) a l l  conducted 

system atic studies o f compositional zoning in  p lag ioc lase  and 

in te rp re te d  them in  terms o f magmatic processes such as in tru s io n , 

magma mixing and convection, and w ater s a tu ra tio n .

The o b je c tiv e  o f th is  study is  to measure the compositional 

zoning o f p lag ioc lase  in  the Ninem ile Stock, Cochise County, A rizona, 

and develop a cooling h is to ry  fo r  the stock from in te rp re ta tio n s  

of these p ro f ile s  in  terms o f c r y s ta l l iz a t io n  models fo r  the  

p lag ioc lase  system.
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PLUTON DESCRIPTION

Location

The Ninem ile Stock is  located approxim ately s ix  m iles south 

o f the town o f Bowie and s ix  m iles north o f Apache Pass, in  the  

southeast corner o f the Dos Cabezas Mountains, Cochise County, 

Arizona. Most o f the p lu to n 's  outcrop area is  contained in  sections  

8 , 9 , 15 and 17, T14S, R28E, S a lt  R iver and G ila  Baseline and 

M erid ian .

General Geology

The stock is  a simple in tru s io n  of l ig h t  colored g ran o d io rite  

w ith  a fresh  and massive outcrop th a t  is four square m iles in  e x te n t. 

Almost a l l  o f the stock d isplays a uniform ly coarse-grained te x tu re . 

Numerous a p l i t i c  dikes crosscut the main body o f the p lu ton . These 

a p l i t i c  dikes are cut by la te r-fo rm e d  pegmatite d ikes.

Potassium-Argon dating o f b io t i t e  from the Ninem ile Stock 

gives an age o f 29.0+ 1.7my (Erickson, 1969). The m id -te r t ia ry  stock 

in trudes both the Precambrian Pinal Series and the Precambrian Sheep 

Canyon Quartz Monzonite Gneiss.

The contact o f the in tru s io n  shows a very th in  c h i l l  zone 

on the order o f 10 cm where observed. In  one a rea , a two fo o t wide 

dike o f the main body th a t in trudes the country rock shows only 10 

cm o f c h i l l  zone on e ith e r  s id e . The te x tu re  a t  the cen ter o f the  

dike is  s im ila r  to  th a t o f main body.

3



4

The stock appears to  be composed o f a series  o f dom e-like  

structu res  ( f ig u re  1 ) .  However, the rock shows no d e f in ite  flow  

alignm ent o f grains from which to judge emplacement movements.

The stock also contains b io t i t e - r ic h  sch lie ren  which, accord­

ing to Erickson (1 9 6 9 ), show p a r t ia l  m elting  e f fe c ts . He suggests 

th a t these may represent p a r t ia l ly  molten xenoliths o f the country 

rock.

Petrography

Three d is t in c t  rock tex tu res  are present in  the pluton and 

in  the two types o f dikes ( f ig u re  2 ) .

The main body o f the pluton is  an equ igranular hypidiomor- 

phic g ran o d io rite  consisting  o f p la g io c la s e , o rth o c lase , q u a rtz , 

m agnetite , b io t i t e ,  and minor a p a tite  and z irc o n . The p lag ioc lase  

grains range in  s ize  from two to f iv e  mm, w hile  some orthoclase and 

quartz grains reach dimensions o f up to  1 .5  cm.

The bulk composition o f the pluton appears from petrographic  

observation to  be uniform throughout the area sampled. The mineralogy 

is  constant throughout the pluton and the average a n o rth ite  content 

of the p lag ioc lase  grains show no system atic changes w ith  p o s itio n  

in  the p lu ton .

The p lag ioc lase  is  euhedral to subhedral w ith  strong o p tic a l 

zoning ( f ig u re  3 ) .  The cores and some zones o f the c ry s ta ls  show a 

tendency to be s e r ic i t iz e d .  A lb ite  and Carlsbad twins are widespread 

in  a l l  samples. An occasional g ra in  w i l l  show patchy zoning, which

A



Figure 1: Photograph of Dome-like Structure
in the Ninemile Stock
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Figure 2: Photograph of A p l i te  and Pegmatite Dikes in the
Main Pluton Rock.--The pencil is  resting  on the 
main pluton rock with the t ip  pointing to a l ig h t  
colored pegmatite dike which is next to an a p l i te  
dike of roughly equal width.



Figure 3: Photomicrograph o f a Plagioclase Grain Showing
Strong Optical Zoning
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may suggest a h is to ry  o f resorp tion  (Vance, 1965), but cores th a t  

show resorbed o u tlin es  are very ra re . Verm icular intergrowths o f  

quartz and p lag ioc lase  were observed on the edges o f  a few p la g io -  

clase g ra in s .

B io t ite  is the main p h y llo s i lic a te  present in  the grano- 

d io r i t e .  I t  shows good b irds-eye  e x tin c tio n  and is p leochro ic  

brown under p la in  l ig h t  except where a lte r in g  to  c h lo r ite .  The 

c h lo r ite  e x h ib its  anomalous blue in te rfe re n c e  colors and is  p leo ­

chroic green in  p la in  l ig h t .

M agnetite is  present as both a primary mineral and as a 

by-product o f hydrothermal a lte r a t io n .  M agnetite is  commonly asso­

c ia ted  w ith  c h lo r ite  and is  most l ik e ly  a by-product o f b io t i t e  

a lte r in g  to c h lo r ite .  The secondary m agnetite has a n e e d le -lik e  

h a b it. The primary m agnetite shows c rys ta l forms ranging from 

euhedral cross-sections to  anhedral b lebs.

Orthoclase appears to  have c ry s ta ll iz e d  la te  in  the grano- 

d io r i te .  The orthoclase is  anhedral and f i l l s  the in te rs tic e s  

between grains o f o ther m in era ls . I t  contains inclusions o f p lag io ­

c lase , b io t i t e ,  q u a rtz , z irc o n , and m agnetite. Many grains show 

w ell developed cross hatch tw inning. The orthoclase is  p e r th i t ic  

w ith  exso lu tion  v is ib le  in  some g ra in s .

Quartz is  a lso  a la te  c r y s ta l l iz in g  phase in  the pluton  

and e x h ib its  a tendency to  be anhedral, to  contain inc lusions of 

p lag io c lase , and to f i l l  the in te rs tic e s  between more euhedral



m inerals . The quartz also shows w ell-developed undulatory e x tin c -  

t i  on.

Minor amounts o f a p a tite  and zircon are also present in  the  

stock. Small amounts o f muscovite are present in  some samples, but 

whether i t  is  o f primary or secondary o r ig in  can not be determined.

Also noted in  the mainbody o f the pluton was an unusual 

fe a tu re  a t  the boundaries between p lag ioc lase  grains and grains o f  

orthoclase showing exsolu tion  lam e llae . A rim o f a lb i te - r ic h  com­

p o s itio n  seems to  be p la ted  onto the p lag ioc lase  ( f ig u re  4 ) .  This 

extra  la y e r  o f p lag ioclase is  only present a t  p lag io c lase-o rth o c lase  

boundaries; i t  ends where the edge o f the p lag io c lase  g ra in  comes 

in to  contact w ith  another phase.

The m ineralogy o f  the a p l i te  dikes is  s im ila r  to  th a t o f 

the main body but the te x tu re  is  q u ite  d if fe r e n t .  The a p l i te  dikes 

have a sugary te x tu re  and are more coarse-grained in  the areas close  

to  the center o f the stock than in  areas near the con tact. The 

grains range in  average s ize  from 0 .8  mm near the center o f the  

stock down to  0 .4  mm close to the con tact. P lag ioc lase  and magne­

t i t e  grains in  the more coarse-grained dike samples also are more 

euhedral than in  samples from near the con tact. The major m inerals  

present are p la g io c lase , o rthoc lase , q u a rtz , muscovite and m agnetite . 

The p lag ioc lase  is  zoned and shows the same twinning as in  the coarse 

grained rocks. The orthoclase is  twinned a ls o , but u n lik e  th a t in  

the main body, i t  does not contain in c lu s io n s . The quartz has

9
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Figure 4: Photomicrograph of an Orthoclase-p lag ioclase Boundary.- -
A zoned plagioclase grain nearly a t  op tica l ex t in c t io n  
except fo r  a rim of A lb i t ic  composition which is present 
at the boundary with orthoclase.
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n e ith e r inclusions nor u n d u la tio ry  e x tin c tio n . The main m in era lo g i- 

cal d iffe re n c e  between these dikes and the main body is  th a t musco­

v ite  is  the major p h y llo s i lic a te  in  the d ikes, and i t  shows much 

less a lte ra t io n  than i t s  coarse-grained equ iva len t in  the p lu ton .

The pegm atite dikes are so coarse-grained th a t i t  is  imprac­

t ic a l  to make th in  sections from the samples. The gra in  s izes in  

these dikes range from 3 to  10 cm in  s iz e . From hand sample speci­

mens, fe ld s p a rs , q u a rtz , muscovite and an occasional garnet could be 

id e n t if ie d .



DATA COLLECTION AND REDUCTION

Sample C o llec tio n

Samples were taken along a traverse  through what was thought 

to be the center o f the p lu to n . By taking samples across the pluton  

i t  was hoped th a t  any s ig n if ic a n t  zoning changes re s u ltin g  from 

changes in  the v a riab les  c o n tro llin g  c r y s ta l l iz a t io n  would be sam­

pled. The traverse  s ta rte d  a t  the contact w ith  the Pinal Series on 

the south, went over one of the dom e-like s tructures  and ended a t  

the v a lle y  gravels on the n orth . See sample lo ca tio n  map, f ig u re  5.

Sample Preparation

Thin sections were cut from each sample and inspected fo r  

degree o f a lte ra t io n  and o p tic a l zoning in  the p lag io c lase . Samples 

th a t were fresh  w ith  abundant zoned p lag ioc lase  had polished sec­

tion s  made from them fo r  microprobe an a lys is .

Probe Technique

Compositional zoning in  the p lag io c lase  grains from the  

samples was measured using an ARL Scanning E lectron Microprobe 

Quantometer w ith a Tracer Northern Automation System a t  the Univer­

s ity  o f Arizona. The microprobe was run a t  15 Kv and 15 nanoamps 

sample cu rre n t.

Stepscans were run from the apparent core o f the measured 

grains to th e ir  rim s. Due to  the lack of resorbed cores in  the

12
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p lag io c lase , i t  is  very d i f f i c u l t  to  determine i f  the probe section  

cuts through the actual compositional core o f the g ra in . Many 

grains probably have been cut a t  some pos ition  between the rim and 

the core. To assume th a t  the cores o f a l l  the p lag ioc lase  grains  

w il l  have an a n o rth ite  content g re a te r than some value also requ ires  

the assumption th a t a l l  o f the p lag ioc lase  nucleated under the same 

conditions throughout the p lu to n , which is  very u n lik e ly . Some 

p r o f i le s ,  where the center o f the g ra in  was id e n t if ie d  by resorb- 

t io n  o u tlin e s , show core values th a t  have lower An values than 

zones midway to  the rim  as shown by Wei be (1968 ). Id e n tify in g  an 

a rb itra ry  minimum l im i t ,  or assuming the highest value to  be the  

core, makes i t  possib le to  m is in te rp re t an outer la y e r  as the core. 

Thus, grains were chosen fo r  ana lys is  simply i f  they displayed  

strong o p tic a l zoning w ithout attem pting to  id e n t ify  ones cut 

through the compositional core.

The program TRAV, developed by Tom Teska and Paul W elber, 

was used to  run the stepscans. The e lec tro n  beam was stepped 

across the sample increm entally  by a m otorized x -y  stage. Peak 

counts were taken fo r  th ree  elements ( S i , A1 and Ca) fo r  ten seconds 

a t each step . The raw data were recorded on paper tape .

A spot ana lys is  o f the g ra in  was taken before and a f te r  

each tra v e rs e . The f i r s t  spot ana lys is  was used in  the reduction  

of the data . The second ana lys is  was used to  te s t  fo r  beam d r i f t .  

The estimated a n a ly tic a l e rro r  is  +5 mole percent a n o rth ite .
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Data Reduction

The raw data from the microprobe stepscans were reduced 

using a program, STPCRT, designed and w ritte n  by Paul Welber and 

Dr. Timothy Loomis. The program was run on a DEC 10 in te ra c tiv e  

system a t  The U n iv e rs ity  o f Arizona.

F ir s t  the raw data was tra n s fe rred  from the paper tape to  

disk storage using an o p tica l reader a t  The U n iv e rs ity  o f Arizona 

Computer Center. The STPCRT program then converted the to ta l counts 

to counts per second and subtracted the background counts fo r  each 

element. The background counts were measured by the pretraverse  

spot an a lys is . This l e f t  background corrected counts per second. 

Assuming a l in e a r  re la tio n s h ip  between the cation  formula number 

and the counts per second, as shown by Welber (1977 ), the cation  

formula number can be ca lcu la ted  fo r  each spot in  the fo llow ing  

manner:

CFN(I) = CTS/SEC(I) X CFN(J)/(CTS/SEC(J))

CFN(I) = cation  formula number a t  the p o in t on the traverse  

CTS/SEC(I) = corrected counts per second from the traverse  

CFN(J) = ca tio n  formula number a t the spot ana lys is  

CTS/SEC(J) = corrected counts per second from the spot 

an a lys is .

Bad data points due to  cracks, a l te r a t io n ,  or inclusions  

were id e n t if ie d  by a s to ich io m etric  te s t .  I f  the CFN fo r  Ca is  

subtracted from th a t  fo r  A1 the remainder should be one. The



points th a t  are s ig n if ic a n t ly  d if fe r e n t  from one can be zeroed in  

the data f i l e .

An mole percent is  ca lcu la ted  fo r  p lo ttin g  by sim ply m u lt i­

p lying the CFN(Ca) by 100.

P ro file s  o f An mole percent were then p lo tte d  on a te k tro n ix  

graphics te rm in a l. The p ro f ile s  were p lo tte d  as a n o rth ite  mole 

percent vs. d istance in  microns. On the p lo ts  the center o f the  

gra in  is  a t  zero and the rim is  to  the r ig h t .  Bad data points are  

l e f t  as blanks in  the p lo ts .

16



DISCUSSION OF PLUTONIC CRYSTALLIZATION

"E q u ilib riu m 11 C ry s ta ll iz a t io n

Bowen (1913) described a simple system fo r  a lb ite -a n o r th ite  

c ry s ta l-m e lt  e q u il ib r ia  assuming idea l mixing fo r  a lb ite  and anor- 

th i t e  in  the m elt and in  p la g io c lase . By assuming an a c t iv i t y  

model fo r  the in te ra c tio n  o f HgO w ith  p lag ioc lase  m elts the systen 

can be expanded to  a lb ite -a n o rth ite -H g O .

The major v a riab les  fo r  the system are tem perature, pressure, 

and composition. I f  the composition and pressure are f ix e d  the temp­

eratures o f the solidus and liq u id u s  are defined . In the dry system, 

pressure w i l l  have a small e f fe c t  on the liq u id u s . Pressure becomes 

much more im portant fo r  a w ater saturated  m e lt. In  a saturated m e lt, 

the increased s o lu b i l i t y  a t  high pressures allows the water content 

to  increase. An increase in  the w ater content o f a p lag ioc lase  m elt 

w il l  cause the eq u ilib riu m  m elting  loop to  s h i f t  to  lower tempera­

tures in  a su b p ara lle l manner. A change in  the shape o f the loop 

caused by the s h if t in g  w i l l  show as an opening o f the loop fo r  an 

ideal simple system (Loomis, 1979). The fa c t  th a t w ater content can 

a f fe c t  the eq u ilib riu m  m elting  loop shows th a t i t  is a very im portant 

v a ria b le  fo r  the p lag ioc lase  system.

In  nature plutons are probably not adequately represented  

by simple systems. To develop a thermodynamic model o f a complex 

m elt i t  would be necessary to  know the non-ideal mixing character­

is t ic s  o f the components and the thermodynamic data fo r  the m elts .

17



Not enough is  known about the above a t  present to c a lc u la te  an 

accurate model, but em pirica l models such as the one developed by 

Loomis (1979) are u s e fu l.

The em pirical model shows almost the same q u a lita t iv e  fe a ­

tures as does the simple system, except fo r  one trend . In the  

em pirical model o f Loomis (1 9 7 9 ), the ad d itio n  o f w ater causes a 

very small closing o f the loop instead of an opening, along w ith  

the lowering of the p o s itio n  o f the loop ( f ig u re  6 ) .  As a re s u lt  

of th is ,  the c ry s ta l composition is  not very s e n s itiv e  to  the water 

content, and s ig n if ic a n t  e rro r  would be encountered by using the  

simple system instead o f the em pirica l model (Loomis, 1979). The 

small decrease o f a n o rth ite  content and la rg e  decrease o f liqu idus  

temperature caused by an increasing mole f ra c t io n  of water are  

shown by ca lcu la tio n s  w ith  th is  em pirica l model ( f ig u re  7 ) .

Rayleigh fra c tio n a l c r y s ta l l iz a t io n  (R ayle igh , 1896) is  

one possib le process to  c rea te  a zoned c r y s ta l . Rayleigh f ra c t io n ­

a tio n  models assume th a t (1 ) d iffu s io n  and tra n s fe r  o f components 

in  the m elt is fa s t  enough to m aintain  a homogenous m e lt, (2 ) th a t  

in t r a c ry s ta ll in e  d iffu s io n  is in s ig n if ic a n t ,  and (3 ) th a t the  

c r y s ta l l iz in g  la y e r  o f p lag ioc lase  is in  eq u ilib riu m  w ith  the m e lt. 

I  r e fe r  to  th is  as an "equ ilib rium " process since the la s t  la y e r  on 

the c ry s ta l is in  e q u ilib riu m  w ith  the m elt even though the whole 

system is  not in  eq u ilib r iu m . The zoning created by th is  mechanism 

in  the c ry s ta l as i t  grows would be s o le ly  due to  dep le tion  o f the

18
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Figure 6: I l lu s t r a t io n  o f the Subparalle l Depression o f  the
Liquidas Loop by an Increase o f  Water in  the M e lt . -  
Figure ca lcu la ted  from an em pirica l model o f pi agio 
clase e q u ilib r iu m  (Loomis, 1979). The to ta l pi agio  
clase fo r  the c a lc u la tio n s  was 49.48% o f the m elt.
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Figure 7: Diagrams Showing the E ffe c ts  o f Water on Temperature and
C rystal Com position.— The e f fe c t  o f m elt w ater content on 
(A) e q u ilib riu m  c ry s ta l composition and (B) liq u id u s  
tem perature fo r  the Rocky H i l l  bulk com position, according  
to  the em pirica l model o f Loomis (1 9 7 9 ).
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m elt. The "equ ilib rium " composition o f the p lag ioc lase  being 

removed from the m elt w i l l  s h i f t  the m elt composition to  the a lb i te  

side . This s h i f t  w i l l  a lso make the subsequent "equ ilib rium " c rys ta l 

composition more a l b i t i c ,  g iv in g  r is e  to  the zoning.

The shape o f the zoning p r o f i le  generated by dry Rayleigh  

fra c tio n a tio n  is  d is t in c t iv e .  The core of the p r o f i le  is a high 

f l a t  p lateau w ith an a n o rth ite  value corresponding to  th a t  o f the  

eq u ilib riu m  crys ta l composition fo r  the bulk composition of the  

m elt. Most o f the zoning is  in  the outer h a lf  o f the p r o f i le  and 

consists only o f normal zoning. The whole p r o f i le  is  smooth w ith  

a lack o f compositional breaks, due to  the "equ ilib rium " nature o f 

the c r y s ta l l iz a t io n  process. A gradual dep le tion  process can not 

be c a lle d  on to  g ive a compositional d is c o n tin u ity . The end compo­

s it io n  w i l l  reach zero mole percent a n o rth ite . F igure 8 shows a 

computed zoning p r o f i le  fo r  the approximate Ninem ile Stock composi­

tio n  from the program, MASBAL, designed and w r it te n  by Loomis. The 

discussion o f the data used to  c a lc u la te  th is  curve is  presented 

in  a section  below.

I f  the i n i t i a l  magma is  considered to  be homogeneous, then 

the most im portant c o n tro llin g  fe a tu re  in  th is  model is  how w ell 

the magma mixes. This fe a tu re  can be considered in  two end member 

examples, one being re fe rre d  to as is o la te d  c r y s ta l l iz a t io n  and the  

other as communicating c r y s ta l l iz a t io n .  In  the is o la te d  case, a 

p lag ioc lase  c rys ta l can be thought o f as growing from a packet of
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Figure 8: Rayleigh F rac tio n a tio n  P r o f i le  C alcu lated  fo r  the
Bulk Composition o f  the Ninem ile S to ck .— C alcu la ­
t io n  was made assuming the m elt to have been dry .
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m elt th a t does not in te ra c t  w ith  any m elt a ffe c te d  by any o ther  

p lag ioclase g ra in . In the communicating case, the opposite w i l l  

be tru e  where the m elt adjacent to  the growing c ry s ta l w i l l  mix 

or exchange w ith  m elt th a t is  adjacent to  o ther p lag ioc lase  crys­

ta ls .  The d iffe re n c e  between the two is  merely a m atter o f the 

scale on which the m elt mixes.

In the is o la te d  case, the cores should a l l  be of the " e q u i l i ­

brium" composition fo r  the i n i t i a l  m e lt, assuming each packet o f 

m elt to  be o f the same i n i t i a l  com position. Due to  the lack  of 

in te ra c tio n  between the packets o f m e lt, no dep le tion  e f fe c t  w i l l  

change the composition o f the m elt th a t  the core nucleates from.

On the o ther hand, the rims may show a range o f compositions. The 

la s t  segment of each p r o f i le  should r e f le c t  the type o f m ineral 

th a t was growing ad jacent to the p la g io c lase . For example, the 

p r o f i le  rim composition next to quartz would be d if fe r e n t  from th a t  

next to o rthoclase . Each m ineral a ffe c ts  the m elt d i f fe r e n t ly  and 

i t  would be expected th a t the rim compositions would be dependent 

on the composition o f the adjacent mineral and i ts  com petition w ith  

p lag ioc lase  fo r  components in  the m e lt.

Due to  exchange throughout the m elt in  the communicating 

case, v a r ia b le  core compositions would be expected fo r  p lag ioclase  

nucleating a t  d i f fe r e n t  tim es. With the growth o f e a r ly  p la g io ­

clase and a bulk d ep le tio n  in  p lag ioc lase  components, la te  nuc lea t­

ing p lag ioc lase  w i l l  show more sodic core compositions than the
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ea rly  ones. In the p e r fe c tly  communicating case, the rim composi­

tions would be expected to  be constant and show no dependence on 

the adjacent m in era l. With p e rfe c t communication any com petition  

e ffe c ts  a t  the rim o f a p lag ioc lase  g ra in  would be spread over the  

whole m elt.

These are l im it in g  cases. The natura l system w i l l  undoubted­

ly  be in-betw een. I f  the is o la te d  case is c a rrie d  too f a r ,  mixing 

w ith in  each packet o f m elt w i l l  not be e f fe c t iv e  enough to  a llow  

enough exchange o f  components to a llow  c rys ta l growth a t  a l l .  There 

is  a f i n i t e  l im i t  to  the d istance over which components w i l l  exchange, 

e s p e c ia lly  as c r y s ta l l iz a t io n  becomes complete, so a p e rfe c t communi­

cating  case w i l l  not be p ossib le . S t i l l ,  enough c h a ra c te r is tic s  o f 

the end member cases should be measurable to be able to d is tin g u ish  

which o f these cases is  more c lo se ly  approached. Even under condi­

tions o f d ise q u ilib riu m  c r y s ta l l iz a t io n ,  these fea tu res  should be 

apparent and u s e fu l.

D iseq u ilib rium  C ry s ta ll iz a t io n

The conditions requ ired  by the assumptions o f Rayleigh  

fra c tio n a l c r y s ta l l iz a t io n  models are only occasionally  approximated 

in  natural systems. D iffu s io n  in  natural systems w il l  probably not 

be e f fe c t iv e  enough to  keep the m elt homogenous and "equ ilib rium  

con d itio ns" w i l l  not be m aintained. In  th is  case the growth o f a 

zoned m ineral in  an igneous system w il l  be a d is e q u ilib riu m  process.



A c e rta in  amount o f supersaturation  is  required  fo r  both 

nucleation  and c rys ta l growth ( fo r  example, K irk p a tr ic k , 1976).

This w i l l  occur when the magma becomes supercooled w ith  respect 

to some phase. The amount th a t a m elt is  supercooled by is  

described as undercooling, AT. Undercooling is  the d iffe re n c e  

between the liqu idus  tem perature fo r  the m elt composition and the  

actual temperature o f the m elt ( f ig u re  9 ) .

The dependence o f the nucleation  ra te  on undercooling is  

d if fe re n t  from the dependence shown by the c r y s ta l l iz a t io n  ra te .

Both w i l l  increase to  a maximum w ith  increasing undercooling and 

then decrease w ith  a fu r th e r  increase in  undercooling (K irk p a tr ic k ,  

1976). The c r y s ta l l iz in g  ra te  w i l l  reach a maximum a t lower values 

of undercooling than w i l l  the nucleation  ra te  (f ig u re  1 0 ).

Undercooling can be thought o f as provid ing the d riv in g  

fo rce  necessary fo r  c r y s ta l l iz a t io n .  Some o f the many processes 

th a t undercooling must overcome or provide energy fo r  are in te rfa c e  

attachment k in e t ic s , excess energy o f c rys ta l la t t ic e  d e fec ts , and 

excess energy o f inclusions (Lofgren, 1974).

The composition o f the c rys ta l growing from the m elt is  

very dependent on undercooling. As would be expected, as the temper­

ature  drops below the liq u id u s  the c rys ta l composition c r y s ta l l iz in g  

w il l  dev ia te  from the eq u ilib riu m  c rys ta l com position. In the  

plag ioclase system, as the AT increases the composition o f the  

c r y s ta l l iz in g  c rys ta l is very hard to  p re d ic t due to  u n certa in ty  in

25
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Figure 9: I l lu s t r a t io n  Showing the E ffe c t  o f aT on
C rystal Com position.— A. is  the eq u ilib riu m  
c ry s ta l composition fo r  the bulk composition 
b. The d iffe re n c e  between the E q u ilib rium  
C ry s ta ll iz a t io n  Temperature and the actual 
tem perature shown by the lower cross l in e  is  
AT. The c ry s ta l composition is  changed by 
AT, but the actual value depends on the non­
e q u ilib riu m  p a r t it io n in g  model used. The change 
from the e q u ilib riu m  p a r t it io n in g  to  n o n -e q u ili­
brium p a r t it io n in g  is  shown by the dashed l in e .
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Figure 10: Schematic Diagram I l lu s t r a t in g  the D if fe re n t
Relations o f  Nucleation and Growth Rate to  
Undercooling
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non-equilib rium  p a r t it io n in g  models, but the composition most l ik e ly  

becomes more a lb i te - r ic h  (Loomis, ms). The actual d ev ia tio n  of the 

c rys ta l composition from the eq u ilib riu m  composition shows almost 

a l in e a r  re la tio n s h ip  w ith  AT (Loomis, ms).

Increasing and decreasing the AT as the c rys ta l grows can 

cause zoning o f a complex nature even w ith  a constantly  uniform  

bulk composition o f m elt a t  the in te r fa c e . Sudden changes in  AT 

can even cause compositional breaks in  zoning p r o f i le s .  Some 

things th a t can cause sudden increases in  AT are the c h i l l in g  e f fe c t  

of the surrounding country rock on a piuton as i t  is  emplaced, 

pressure re lease  o f v o la t ile s  from a p lu to n , or o ther mechanisms 

th a t cause quick increase in  cooling ra te s .

Boundary Layer E ffec ts

B o ttin ga, Kudo, and W e ill (1966) reported measuring compo­

s it io n a l gradients in  the boundary layers  adjacent to  p lag ioc lase  

in  vo lcan ic g lass . They believed the gradients in  the glass could 

be regarded to  be rep res en ta tive  o f conditions present during  

c r y s ta l l iz a t io n .  I f  the v e lo c ity  o f  c ry s ta l growth is fa s te r  than 

th a t o f  d iffu s io n  in  the m e lt, then a t  the in te rfa c e  o f  a c ry s ta l 

growing from a m elt, a la y e r w i l l  e x is t  in  which components th a t  

are included p r e fe r e n t ia l ly  in to  the c ry s ta l s tru c tu re  are dep leted , 

whereas components th a t are not p r e fe r e n t ia l ly  included in  the  

c rys ta l w i l l  be enriched in  th is  la y e r . Compositional gradients
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w il l  p e rs is t in  th is  la y e r  i f  the growth ra te  causes the dep letion  

and enrichment to  proceed fa s te r  than d iffu s io n  can smooth them out. 

For p lag ioc lase  c rys ta l growth from a p lag ioc lase  m e lt, w ater would 

be enriched and a n o rth ite  dep leted .

The gradients w i l l  have a d e f in ite  e f fe c t  on c rys ta l growth. 

The w ater b u i l t  up a t  the in te rfa c e  w i l l  cause a lowering o f the  

liq u id u s  temperature in  the boundary la y e r  and, thus, a lowering  

o f the AT th a t  a c rys ta l face experiences. The b u ild  up o f  a lb ite  

and dep le tio n  of a n o rth ite  a t  the boundary la y e r w i l l  provide a 

s h i f t  in  composition o f the m elt th a t the c rys ta l face is  in  contact 

w ith . The compositional e f fe c t  w i l l  also have the e f fe c t  o f lowering  

the AT a t  the in te r fa c e .

Large Scale Mechanisms o f  Pluton C ry s ta ll iz a t io n  

Other mechanisms th a t a f fe c t  c ry s ta l growth are la rg e  scale  

processes such as convection and p luton-w ide compositional changes.

As a pluton c ry s ta ll iz e s  from i t s  contact inward, the re ­

maining magma may become progress ive ly  enriched in  w ate r. The 

c r y s ta l l iz a t io n  o f anhydrous phases w i l l  tend to  increase the w ater 

content o f the magma i f  the magma is  not dry. As long as w ater loss 

through the c r y s ta ll iz e d  w all o f the pluton is not ra p id , e ith e r  

d iffu s io n  o r magma convection w i l l  move w ater from the b u ild  up a t  

the magma chamber w a ll to the magma, causing the magma to  be 

enriched in  w ater. Magma convection is more e f fe c t iv e  than



d iffu s io n  fo r  concentrating the w ater in to  the core. This concen­

t ra t io n  o f w ater can have a profound e f fe c t  on c r y s ta l l iz a t io n .

Fracturing  is  another process which is  very im portant to  

the c r y s ta l l iz a t io n  o f  a p lu to n , e s p e c ia lly  through i t s  e f fe c t  on 

v o la t i le s .  H ydrofracturing caused by a b u ild  up o f w ater pressure 

w il l  cause a very quick re lease o f th a t  pressure and a switch to  

ad ia b a tic  c r y s ta l l iz a t io n .  The change in  c r y s ta l l iz a t io n  due to  

an increase in  AT w i l l  cause a change in  rock te x tu re s . F racturing  

can also  be the re s u lt  o f thermal e ffe c ts  (Knapp, 1978) which w i l l  

cause both tension and shear fra c tu re s . These fra c tu re s  would less  

l ik e ly  cause the re lease o f  v o la t i le  pressure, but i f  they did the  

re s u lt  would be the same.

The b u ild  up o f water to  the sa tu ra tio n  po in t could cause a 

p o rp h y ritic  te x tu re  in  the center o f the p lu ton . A p o rp h y rit ic  

te x tu re  can form w ithout a fra c tu r in g  event, but the fra c tu r in g  

event w i l l  enhance the undercooling and can promote the form ation  

of a p o rp h y ritic  te x tu re  i f  la rg e  c ry s ta ls  p reviously  formed.

A consequence o f a ra p id ly  convecting magma is  th a t  i t  w i l l  

cool more q u ick ly  than a s t a t ic a l ly  cooling pluton because a con­

v e rtin g  pluton tends to m aintain  a higher thermal g ra d ie n t. The 

mixing magma w il l  keep a constant temperature as long as a la rg e  

volume is  mixing and th is  allows the maintenance o f th a t  high 

g ra d ie n t. The thermal b u ffe rin g  caused by a la rg e  convecting core 

o f a pluton can give a f a i r l y  uniform increase in  AT as the magma

30



31

freezes onto the w all o f the p lu ton . This e f fe c t  w i l l  only work 

w hile  the convecting magma is  la rg e  enough to provide an e f fe c t iv e  

heat source.



PLAGIOCLASE ZONING IN THE NINEMILE STOCK

Probably the most useful se t o f data fo r  a study re la tin g  

p lag ioc lase  zoning to  the c r y s ta l l iz a t io n  h is to ry  o f  a p luton is  a 

set o f zoning p ro f ile s  o f p lag ioc lase  from samples th a t represent 

a l l  o f the exposed parts o f  the p lu ton . Zoning p ro f ile s  w i l l  con­

ta in  a la rg e  amount o f in fo rm ation  th a t can be in te rp re te d  by the  

theories  discussed above.

V a ria tio n  o f Zoning P ro file s  w ith in  a Sample 

Each sample showed a range o f values fo r  An content o f the  

cores o f the p lag ioc lase  g ra in s . The high fo r  each sample was a 

core o f around 40% An. One sample had a core o f 52% An, but i t  was 

the only g ra in  analyzed w ith a v is ib ly  resorbed core. As noted 

befo re , the general lack  o f resorbed cores makes i t  hard to t e l l  

i f  the probe section  a c tu a lly  cuts the core o f the g ra in . The 

range o f core compositions could be due to c u ttin g  e ffe c ts  a lone, 

but the p o s s ib il i ty  o f  dep le tion  and la te  nuc lea tion  could also be 

a cause o f some o f the v a r ia t io n .

The rim compositions have no com plications associated w ith  

th e ir  measurement due to  c u ttin g  e f fe c ts . The average rim composi­

t io n  was 14.27% An ( f ig u re  1 2 ). The data se t had a one sigma value  

o f 3.22% An fo r  the rim  values , which is  close to  the accuracy o f  

th e  microprobe measurement o f rim  compositions. Because the rim  

compositions were c o n s is te n tly  close to  th is  value in  each sample
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they had to be independent o f  the m ineral ad jacent to  the spot 

where the p r o f i le  ended.

The average An content was ca lcu la ted  fo r  each p r o f i le  by 

in te g ra tio n  and a range o f values was found in  each sample. This 

average value w i l l  be a ffe c te d  by c u ttin g  problems since i t  is  very  

im portant to  h i t  the core o f the grain  w ith  the beginning o f the 

p r o f i le .  This is  shown by the p o s itiv e  c o rre la tio n  between core 

composition and the average An content fo r  th a t grain  ( f ig u re  1 1 ).

The data seem to  support the communicating m elt model over 

th a t o f the is o la te d  m elt model fo r  c ry s ta l growth. The observed 

p o s itiv e  c o rre la tio n  between the average An content and the core 

composition can not d is tin g u ish  between the two cases due to  the  

u n certa in ty  o f  whether the probe section cuts the core o f the grain  

or not. The p lo t can not d is tin g u is h  between th is  and the possi­

b i l i t y  o f dep le tion  together w ith  la te  n u c lea tio n . However, the  

t ig h t  grouping o f the rim  compositions and the lack  o f v a r ia t io n  o f  

the rim composition w ith  ad jacent m ineral type is  convincing support 

o f the communicating model ( f ig u re  1 2 ).

P r o f i le  V a ria tio n  w ith in  the Pluton

As w ith  the core and rim values and the average An content 

o f the p lag ioc lase  c ry s ta l cores, the shapes o f the p ro f ile s  show 

no system atic change w ith  p o s itio n  in  the p lu ton . S im ila r it ie s  

e x is t  between p ro f ile s  th a t s ta r t  out a t  the same apparent core 

values throughout the exposed parts o f the pluton ( f ig u re  1 3 ).
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R e la tiv e ly  f l a t  cores w ith  occasional drops in  An content are  

very common among the p ro f ile s  th a t s ta r t  a t  values above 30% An 

( f ig u re  1 3 ). The plateaus are o f v a r ia b le  length and are fo llow ed  

by a sharp compositional break. These breaks are approxim ately  

10% An in  magnitude. Following the compositional break the general 

trend is  one o f normal zoning, a lthough .the p ro f ile s  show breaks 

in  the normal zoning o f plateaus and d is c re te  jumps in  An conten t. 

These fea tu res  appear in  combination or alone.

The p ro f ile s  th a t  have lower apparent core values may or 

may not have f l a t  cores. Those th a t  do not have the f l a t  cores 

have morphologies th a t  are q u ite  s im ila r  to  the ou ter portions o f  

the p ro f ile s  ju s t  described. The p ro f ile s  th a t  s ta r t  w ith  lower An 

content cores could e ith e r  be the re s u lt  o f  c u ttin g  problems or 

la te  nucleation  coupled w ith  d e p le tio n . I f  i t  is  la te  nucleation  

then they resemble the outer parts  o f the o th er p ro f ile s  because 

both grew a t  the same tim e.

Superimposed on every p o rtio n  o f each p r o f i le  is  a very f in e  

scale o s c il la to ry  zonation. Some p ro f ile s  show less of i t  due to  

a la rg e  step d istance used in  the stepscan. This small scale  zoning 

ranges from two to  fo u r percent An, which is  close to  the l im i t  o f 

the microprobe accuracy.

The general lack o f system atic v a r ia t io n  o f zoning p ro f ile s  

as a functio n  o f lo c a tio n  in  the pluton suggests a s im ila r  AT 

h is to ry  fo r  a l l  samples. Since AT depends upon tem perature and the
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liq u id u s , and the liq u id u s  depends on the w ater con ten t, th is  obser­

vation  argues aga inst s ig n if ic a n t  w ater b u ild  up w ith in  the p a rt o f 

the pluton th a t was sampled. The lack of a la rg e  c h i l l  zone may 

also in d ic a te  some s o rt o f thermal b u ffering  mechanism, such as 

rap id  convection. A b u ffe rin g  mechanism would also help provide a 

uniform cooling h is to ry  from sample to  sample.

The mechanism o f c r y s ta l l iz a t io n  o f p lag io c la s e , in  terms 

of "equ ilib rium " and d iseq u ilib riu m  processes, can be e luc idated  

by comparison of the observed p ro f ile s  w ith  the th e o re tic a l Rayleigh  

fra c tio n a tio n  curve ( f ig u re  4 ) .

The c a lc u la tio n  o f the fra c tio n a tio n  curve involved several 

u n c e rta in tie s . These u n c e rta in tie s  were nucleation  h is to ry , w ater 

content, and bulk composition o f the anhydrous m elt. The nucleation  

den sity  was estim ated from petrographic observations. The o r ig in a l  

w ater content is  unknown, but changes in  w ater content w i l l  only  

a f fe c t  the s ta r tin g  a n o rth ite  content fo r  the curve through i t s  

e f fe c t  on the liq u id u s . The shape o f the curve w i l l  be e s s e n tia lly  

the same, so the ca lc u la tio n s  were made fo r  a dry m e lt. The ana ly ­

s is  fo r  the bulk composition was only s e m i-q u a n tita tiv e . I t s  lack  

o f accuracy w i l l  have a q u a n tita t iv e  e f fe c t  on the curve, but the  

morphology w i l l  not be profoundly a ffe c te d . The shape o f  the curve 

is  most strong ly  determined by the An-Ab r a t io  in  the c ry s ta l being 

higher than in  the m e lt. Bulk composition and w ater content o f  

the m elt w i l l  have an e f fe c t  on the curve, but w i l l  not reverse the  

p re fe re n tia l p a r t it io n in g  o f a n o rth ite  in to  the c r y s ta l .



40

The Rayleigh fra c tio n a tio n  p r o f i le  ca lcu la ted  fo r  the  

Ninem ile Stock composition gives a f l a t  core o f  39% An, in  

probably fo rtu ito u s  agreement w ith  the core compositions o f  grains  

w ith high An compositional p la teaus. The grains w ith  high 

plateaus seem to  have experienced close to "equ ilib rium " c ry s ta l­

l iz a t io n  in  the e a r ly  parts o f th e ir  growth. This "equ ilib rium "  

growth is  ended by the form ation o f the la rge  compositional 

breaks and o ther d is e q u ilib riu m  features  th a t make the p ro f ile s  

rough. The amount th a t the p ro f ile s  drop away from the Rayleigh  

fra c tio n a tio n  curve is  a good in d ic a to r  o f AT, since there  is  

almost a l in e a r  re la tio n s h ip  between AT and d ev ia tio n  from e q u i l i ­

brium (Loomis, ms). Thus, d is e q u ilib riu m  c r y s ta l l iz a t io n  processes 

record sharp change o f AT during growth. The apparent randomness 

o f these d e ta ils  argue fo r  an element o f local c o n tro l. A com­

plex combination o f com petition fo r  components, w ater b u ild  up, 

and lim ite d  e f fe c t iv e  communication range could e a s ily  give r is e  

to  the v a r ia b i l i t y  o f  the p ro f ile s  even w ith in  one o f these sam­

ples ( fo r  example, f ig u re  14 ).
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CONCLUSIONS

The lack  o f  v a r ia t io n  in  the zoning across the p luton can 

be the re s u lt  o f several d i f fe r e n t  fa c to rs , including thermal 

b u ffe rin g , erosion , and a dry i n i t i a l  magma.

Changes in  conditions o f c r y s ta l l iz a t io n  should occur 

ra p id ly  as you move in to  the pluton from the co n tac t, but the th in  

c h i l l  zone a t  the co n tac t, coarse-grained te x tu re  o f the pluton  

and the lack o f change in  the p lag io c lase  p ro f ile s  argues th a t  th is  

change was re s tr ic te d  to  an extrem ely small distance a t  the pluton  

edge. This most l ik e ly  is  the re s u lt  o f some thermal b u fferin g  

mechanism th a t  kept the AT a t  low and f a i r l y  constant values in  a l l  

of the samples. A mechanism th a t  can keep the cooling ra te  small 

w il l  provide an e f fe c t iv e  b u ffe r  against changes in  AT. Rapid magma 

convection can achieve th is  by exchanging hot magma from the chamber 

in te r io r  w ith  the c h ille d  magma a t  the chamber w a ll .  This w i l l  tend 

to  keep a high tem perature, and low AT, m elt a t  the w all o f the 

chamber fo r  the p lag io c lase  to  c r y s ta l l iz e  from. The h igh, f l a t  An 

core composition o f some p ro f ile s  could e a s ily  form under conditions  

caused by convection, and the compositional breaks could form when 

the c rys ta l becomes attached to  the w all o f the p lu to n . As long as 

rap id  convection can provide an e f fe c t iv e  thermal b u f fe r ,  p lag io c lase  

zoning p ro f ile s  might show l i t t l e  system atic changes w ith  distance

43
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from the con tact. By the tim e th a t a connecting c e n tra l portio n  

of a pluton is  too small to provide a thermal b u ffe r , the cooling  

ra te  should be slow enough so th a t the AT could remain s m a ll. A 

convecting magma core can cause a thermal b u ffe rin g  th a t  allow s  

s im ila r  AT of c r y s ta l l iz a t io n  from close to the contact to  the  

pluton core.

Another way to get s im ila r  p ro f ile s  is  fo r  a l l  o f the 

samples to be from approxim ately the same p o s itio n  in  the pluton  

w ith  respect to the con tact. This could be the case i f  erosion  

has not exposed the core o f the p lu ton . In  the Ninem ile Stock 

th is  could have e a s ily  happened i f  the sampling traverse  ran 

over one o f the dom e-like s tru c tu re s .

A w ater b u ild  up does not seem to  have occurred to any 

s ig n if ic a n t  ex ten t in  the Ninem ile Stock. The. systematic p r o f i le  

changes and reverse zoning th a t  in d ic a te  a progressive water b u ild  

up were not observed in  the Stock. A buried core o f the pluton  

could possib ly show the e ffe c ts  o f water b u ild  up, but the data  

gathered gave no in d ic a tio n  of one.
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