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ELECTRON MICROPROBE ANALYSES OF MINERALS I N  PRECAMBRIAN 

ROCKS AT TtiE LOS ALAMOS SCIENTIFIC LABORATORY GEOTHERMAL 

TEST SITE, JEMEZ MOUNTAINS, NEW M E X I C O  

Stephen N.  Ehrenbercj 
and 

P r i s c i l l a  C .  P e r k i n s  

ABSTRACT 

E l e c t r o n  m ic rop robe  ana lyses  a r e  p resen ted  f o r  p l a g i o c l a s e ,  
b i o t i t e ,  hornb lende,  magne t i t e ,  m ic roc l i ne ,and  c h l o r i t e  i n  c o r e  
samples f r o m  G r a n i t e  T e s t  Ho le  One a t  t h e  Los Alamos Geothermal 
T e s t  S i t e .  The ana lyses  and accompanying p e t r o g r a p h i c  d e s c r i p -  
t i o n s  c h a r a c t e r i z e  m a t e r i a l  t h a t  i s  b e i n g  exposed t o  a r t i f i c i a l  
hydro thermal  systems i n  l a b o r a t o r y  exper iments .  P l a g i o c l a s e  i n  
g r a n i t o i d  r o c k s  e x h i b i t s  s i g n i f i c a n t  c o m p o s i t i o n a l  v a r i a t i o n  
( a l b i t e  r i m s  on c a l c i c  o l i g o c l a s e )  and a l t e r a t i o n  t o  s e r i c i t e  and 
ep ido te .  

I. INTRODUCTION 

I n  a p r e v i o u s  s tudy ,  Pe rk ins  (1973) d e s c r i b e d  

t h e  pe t rog raphy  o f  Precambrian r o c k s  near  t h e  Los 

Alamos S c i e n t i f i c  L a b o r a t o r y  Geothermal Tes t  S i t e .  

The o b j e c t  o f  t h a t  s t u d y  was t o  p r e d i c t  and charac-  

t e r i z e  t h e  l i k e l y  h o s t  r o c k s  f o r  geothermal  e x p e r i -  

ments t o  be c a r r i e d  o u t  a t  dep th  below t h e  l e v e l  o f  

t h e  f i r s t  d r i l l  ho le ,  G r a n i t e  T e s t  Ho le  One. It 
was demonst ra ted  t h a t  rock  types  i n  t h e  f i r s t  t e s t  

h o l e  e x h i b i t  a v a r i a t i o n  i n  m ine ra logy  t h a t  makes 

t h e  t e s t  h o l e  m a t e r i a l  r e p r e s e n t a t i v e  o f  Precambrian 

rocks  l i k e l y  t o  be encountered  a t  depth.  Rocks i n  

t h e  recove red  c o r e  a r e  s i m i l a r  t o  those  i n  t h e  Sandia 

and Nac im ien to  Mountains,  and i n  Precambrian o u t -  

c rops  exposed n e a r e s t  t h e  t e s t  s i t e .  The Precam- 

b r i a n  basement a t  t h e  t e s t  s i t e  i s  o v e r l a i n  by  a 

cove r  o f  Pa leozo ic  and Mesozoic sediments and Ceno- 

z o i c  v o l c a n i c s  o f  t h e  .Jemez P la teau.  

Hav ing  shown t h a t  g r a n i t i c  r o c k s  a r e  l i k e l y  t o  

be dominant a t  dep th  and a s s o c i a t e d  w i t h  l e s s e r  

amounts o f  a m p h i b o l i t e ,  t h e  prob lem remained t o  

de te rm ine  t h e  p r o b a b l e  range o f  chemica l  c o m p o s i t i o n  
o f  m i n e r a l  phases wh ich  may be expec ted  t o  i n t e r a c t  

w i t h  c i r c u l a t i n g  h o t  f l u i d s  i n  f r a c t u r e d  basement 

rocks  d u r i n g  t h e  exper iment .  

11. ANALYZED SAMPLES 

Twelve samples o f  c o r e  f r o m  G r a n i t e  T e s t  Ho le  
One were s e l e c t e d  f o r  m i n e r a l  a n a l y s i s .  L o c a t i o n s  

and p a r t i a l  modal ana lyses  o f  a l l  samples a r e  tabu -  

l a t e d  i n  t h e  previ 'bus r e p o r t  (Pe rk ins ,  1973, Tab les  

I, I V  and V.) D e t a i l e d  p e t r o g r a p h i c  d e s c r i p t i o n s  

on t h e  PD-2 s e r i e s  o f  samples a r e  p resen ted  i n  Ta- 

b l e  I. 

probe ana lyses  o f  p l a g i o c l a s e ,  b i o t i t e ,  hornb lende,  

magne t i t e ,  m i c r o c l i n e ,  and c h l o r i t e .  

Tab les  I 1  t h r o u g h  I X  c o n t a i n  e l e c t r o n  m i c r o -  

111. ANALYTICAL PROCEDURE 

A l l  ana lyses  were made u s i n g  an A p p l i e d  Research 

L a b o r a t o r i e s  (EMX)- E l e c t r o n  M ic rop robe  i n  t h e  Depar t -  

ment o f  Geology a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  

Los Angeles.  P o l i s h e d  t h i n  s e c t i o n s  were p repared  

~ 
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f o r  each specimen and coated  w i t h  carbon s i m u l t a -  
n e o u s l y  w i t h  p o l i s h e d  s tandards.  O p e r a t i n g  cond i -  

t i o n s  were 15-KV a c c e l e r a t i n g  p o t e n t i a l  and 0.02-  

microamperes sample c u r r e n t .  Three d e t e c t o r s  were 

used f o r  s imu l taneous a n a l y s i s  o f  t h r e e  e lements 

a t  one spot .  

by S i ,  A1,and Fe. 

20 t o  100 seconds i n  o r d e r  t o  r e c o r d  a minimum o f  

10 000 counts  f o r  m a j o r  e lements.  

K, Cay and Na were r u n  f i r s t ,  f o l l o w e d  

I n t e g r a t i o n  t i m e  v a r i e d  f r o m  

"Rims" and "cores"  i n  t h e  t a b l e s  o f  ana lyses  

r e f e r  t o  o u t e r  and i n n e r  p o r t i o n s  o f  c r y s t a l s ,  

r a t h e r  t h a n  t o  a c t u a l  edges o r  c e n t e r s  o f  g r a i n s .  

Each a n a l y s i s  r e p o r t e d  i s  an average o f  s i x  ana lyzed 

s p o t s  on a c r y s t a l .  

I V .  CALCULATION OF ANALYSES 

Raw d a t a  were c o r r e c t e d  by  an o x i d e  c o r r e c t i o n  

computer program a t  UCLA u s i n g  techn iques  o f  Bence 

and A lbee (1968). A l l  i r o n  i s  c a l c u l a t e d  as FeO 

s i n c e  t h e  m i c r o p r o b e  does n o t  d i s c r i m i n a t e  between 

Fe" and Fe+3. 

expec ted  i n  b i o t i t e  and hornblende.  

a l y s e s  a r e  r e p o r t e d  as w e i g h t  p e r c e n t  e lements,  a l -  

though i t  would be p o s s i b l e  t o  c a l c u l a t e  o x i d e s  

assuming t h e  i d e a l  r a t i o  o f  FeO/Fe203. 

t e n t  i n  b i o t i t e  and hornb lende i s  n o t  ana lyzed on 

t h e  mic roprobe b u t  i s  c a l c u l a t e d  t o  match t h e  s t o -  

i c h i o m e t r i c  ba lance expec ted  i n  t h e s e  hydrous min-  

e r a l  s. 

Some f e r r i c  i r o n  c o n t e n t  i s  t o  be 

M a g n e t i t e  an- 

Water con- 

V. EVALUATION OF ANALYSES 

Most ana lyses  t o t a l  t o  between 99% and 100%. 

However, ana lyses  PD-3-8 ( p l a g i o c l a s e ) ,  PD-3-3 

( p l a g i o c l a s e )  and PD-2-2 ( m i c r o c l i n e )  t o t a l  101.7, 

98.2, and 98.5 p e r c e n t ,  r e s p e c t i v e l y .  The d i s -  
c r e p a n c i e s  a r e  p r o b a b l y  due t o  i n e x a c t  d u p l i c a t i o n  

o f  a n a l y t i c a l  s p o t s  on inhomogeneous g r a i n s  d u r i n g  

a n a l y s i s  o f  t h e  second o r  t h i r d  s e t  o f  e lements.  

On ly  t h r e e  e lements can be ana lyzed a t  one t i m e  on 

t h e  UCLA microprobe.  Most p l a g i o c l a s e  c r y s t a l s  

have c a l c i u m - r i c h  cores  and s o d i u m - r i c h  r i m s .  Cores 

a r e  crowded w i th  secondary s e r i c i t e  and e p i d o t e  

wh ich  may contaminate  a n a l y s i s  by a d d i t i o n a l  K o r  

Ca, r e s p e c t i v e l y .  

T o t a l s  f o r  b i o t i t e  and hornb lende f a l l  c o n s i s -  

t e n t l y  s h o r t  o f  100% assuming normal w a t e r  c o n t e n t s  

o f  2% and 3% r e s p e c t i v e l y .  P o s s i b l e  sources o f  

e r r o r  i n c l  ude d e v i  a t i  on o f  s tandards  f rom recorded 

compos i t ions  ( f o r  example, inhomogene i ty ) ,  i n e x a c t  

d u p l i c a t i o n  o f  a n a l y t i c a l  s p o t s  d u r i n g  ana lyses  o f  

second and t h i r d  e lement  s e t s ,  and p o s s i b l e  presence 

o f  o t h e r  ox ides .  The f i r s t  source  o f  e r r o r  i s  n o t  

c o n s i d e r e d  t o  be an i m p o r t a n t  f a c t o r ,  because s tand-  

a rds  used were cross-checked w i t h  o t h e r  s tandards  

d u r i n g  a n a l y s i s  , and hornb lende was ana lyzed u s i n g  

two s e t s  o f  s tandards .  

I n e x a c t  d u p l i c a t i o n  o f  a n a l y t i c a l  s p o t s  wou ld  

be expec ted  t o  produce a more random p a t t e r n  of va- 

r i a t i o n  t h a n  i s  observed. T h i s  wou ld  n o t  be a m a j o r  

source  o f  e r r o r ,  because hornb lende and b i o t i t e  do 

n o t  appear t o  be o p t i c a l l y  zoned, and most  ana lyzed 

samples were homogeneous w i t h  r e s p e c t  t o  m a j o r  e l e -  

ments. The low t o t a l s  a r e  l i k e l y  t o  be due t o  t h e  

presence o f  f e r r i c  i r o n  wh ich  i s  n o t  c a l c u l a t e d  i n  

t h e  a n a l y s i s .  A l l  i r o n  i s  c a l c u l a t e d  as FeO i n  t h e  

t a b 1  es. 

V I .  D I S C U S S I O N  

The purpose o f  a n a l y z i n g  m i n e r a l s  i n  r o c k s  o f  

G r a n i t e  T e s t  Ho le  One was t o  c h a r a c t e r i z e  f u r t h e r  

t h e  s t a r t i n g  m a t e r i a l  t o  be used i n  geochemical i n -  

v e s t i g a t i o n s  o f  t h e  r e a c t i o n s  t o  be expec ted  be- 

tween r o c k s  s i m i l a r  t o  t h e  c o r e  and h o t  f l u i d s  w h i c h  

w i l l  be c i r c u l a t e d  i n  t h e  Precambr ian basement du- 

r i n g  geothermal  exper iments .  

o p t i c a l  d e t e r m i n a t i o n s  o f  m i n e r a l s  p r e v i o u s l y  r e -  

p o r t e d  f o r  t h e  c o r e  m a t e r i a l .  

t i o n s  de termined by t h e  u n i v e r s a l  s t a g e  ( P e r k i n s ,  

1973, Tab le  V I I ,  p.8) a r e  i n  genera l  agreement w i t h  

m i c r o p r o b e  d e t e r m i n a t i o n s ,  b u t  t h e  l a t t e r  show a 

g r e a t e r  v a r i e t y  i n  compos i t ions ,  and somewhat more 

c a l c i c  compos i t ions ,  t h a n  d i d  t h e  fo rmer .  

P e t r o g r a p h i c  o b s e r v a t i o n s  and mic roprobe a n a l -  

yses show t h a t  t h e r e  i s  c o n s i d e r a b l e  a l t e r a t i o n  and 

inhomogenei ty  i n  t h e  f e l d s p a r s  o f  t h e  c o r e  rocks .  

The i d e n t i t y  of t h e  f i n e - g r a i n e d  m a t e r i a l  i n  t h e  

cores  o f  p l a g i o c l a s e  c r y s t a l s  was c o n f i r m e d  as 

e p i d o t e  and s e r i c i t e  by p a r t i a l  ana lyses  showing 

h i g h  Ca and K c o n t e n t s  r e s p e c t i v e l y .  The percentage 

o f  e p i d o t e - s e r i c i t e  a l t e r a t i o n  i n  p l a g i o c l a s e  o f  t h e  

g r a n i t o i d  r o c k s  ranges f rom 2 t o  35 p e r c e n t  ( P e r k i n s ,  

1973, Tab le  V I I I ) .  

I n  genera l ,  t h e  mic roprobe ana lyses  c o n f i r m  

P l a g i o c l a s e  composi- 

I n  a d d i t i o n ,  f e l d s p a r s  o f  these 
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o f  t h e s e  r o c k s  e x h i b i t  p e r t h i t e  and a n t i p e r t h i t e  
l a m e l l a e ,  myrmek i te  zones between a d j a c e n t  m i c r o -  

l i n e  and p l a g i o c l a s e ,  and t h i n  a l b i t e  overgrowths  

on c a l c i c  p l a g i o c l a s e .  Such chemical  v a r i a t i o n s  i n  

K, Ca.atid Na p r e s e n t  i n  t h e  s t a r t i n g  m a t e r i a l  a r e  

i m p o r t a n t  f a c t o r s  t o  be c o n s i d e r e d  i n  m o n i t o r i n g  

t h e  a l t e r a t i o n  o f  f e l d s p a r s  d u r i n g  hydro thermal  

exper iments  on t h e s e  samples. Q u a r t z  i n  t h e  c o r e  

r o c k s  i s  homogeneous and u n a l t e r e d ,  so t h a t  i t  w i l l  
be e a s i e r  t o  t r a c e  changes wh ich  a f f e c t  q u a r t z  d u r -  

i n g  t h e  exper iments .  

used i n  c o n j u n c t i o n  w i t h  volume percentages o f  mine-  

r a l s  i n  c o r e  r o c k s  ( P e r k i n s ,  1973) t o  c a l c u l a t e  ~ 

"model" r o c k  c o m p o s i t i o n s  wh ich  may be expec ted  t o  

be exposed t o  f l u i d s  d u r i n g  t h e  geothermal  e x p e r i -  

ment. These compos i t ions  may be used as t h e  b a s i s  

f o r  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  c h e m i s t r y  o f  

r e a c t i o n s  and t h e  amount and n a t u r e  o f  s o l u t i o n  and 

d e p o s i t i o n  t o  be expec ted  i n  a r t i f i c a l  hydro thermal  

systems. 

Composi t ions o f  m i n e r a l s  i n  t h e  t a b l e s  may be 
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TABLE I 

! 

PETROGRAPHIC DESCRIPTIONS OF ANALYZED SAMPLES 

Pe t rog rapher :  P. C.  P e r k i n s  

Sample PD-2-2 

Name: g r a n i t e  ( v a r i e t y :  a d a m e l l i t e )  ve ined  by s y e n o g r a n i t e  a p l  i t e - p e g m a t i t e  

Co lo r :  b rown ish  g r a y  w i t h  p a l e  r e d  t o  p a l e  r e d d i s h  brown m i c r o c l i n e  

G r a i n  S ize :  

Tex tu re :  

medium-grained q u a r t z  monzoni te;  medium. t o  coa rse -g ra ined  a p l i t e - p e g m a t i t e  

m a t r i x  g r a n i t i c  (hyp idomorph ic  g r a n u l a r )  c u t  by  1-cm-wide v e i n  v a r y i n g  f r o m  medium-grained a p l i t e  

t o  coa rse -g ra ined  pegmat i te ;  v e i n  d i p s  60'; m i c r o c l i n e  subhedra l  i n  ve in ,  anhedra l  t o  aubhedra l  i n  

m a t r i x  

Modal A n a l y s i s :  

who le  r o c k  average i n c l u d i n g  m a t r i x  and v e i n  

E s s e n t i a l  M ine ra l s :  

Accessory M i n e r a l s :  b i o t i t e  2%; c h l o r i t e  1%; opaques 1% 

Trace M i n e r a l s :  a p a t i t e ,  ep ido te ,  muscov i te ,  myrmeki te,  sphene 

E s s e n t i a l  M i n e r a l s :  

m i c r o c l i n e  35%; o l i g o c l a s e  21%; a l t e r e d  o l i g o c l a s e  13%; q u a r t z  20% 

m a t r i x :  

o l i g o c l a s e  32%; a l t e r e d  o l i g o c l a s e  18%; m i c r o c l i n e  21%; q u a r t z  13%, b i o t i t e  10% 

Accessory  M i n e r a l s :  sphene 2% 
Trace M i n e r a l s :  a p a t i t e ,  c a l c i t e ,  c h l o r i t e ,  ep ido te ,  muscov i te ,  myrmeki te,  opaques,  z i r c o n  

syenogran i  t e  a p l  i te-pegmat i  t e  

E s s e n t i a l  m i n e r a l s :  

P l a g i o c l a s e  Compos i t ion  Determined by U n i v e r s a l  S tage 

m i c r o c l i n e  52%, q u a r t z  39%; o l i g o c l a s e  6%; a l t e r e d  o l i g o c l a s e  3% 

A n o r t h i t e  Conten t  m a t r i x  Twin  Law i n  Measured C r y s t a l  
An 24-26 a l b i t e  w i t h  second c leavage  

An 24-25 a1 b i  t e  

T h i n  S e c t i o n  D e s c r i p t i o n :  

Tex tu re :  c r a c k  t r a n s v e r s e  t o  t r e n d  o f  a p l i t e  v e i n  a l o n g  c a l c i t e  v e i n  e n t i r e l y  w i t h i n  a p l i t e ;  s e v e r a l  sub- 

Q u a r t z :  u n d u l a t o r y  and mosa ic  e x t i n c t i o n ;  i n c l u s i o n  t r a i n s  s u b p a r a l l e l  t o  mosaic e x t i n c t i o n  boundar ies ;  

p a r a l l e l  t h i n  c a l c i t e  v e i n s  i n  a p l i t e ;  t h e y  c u t  m i c r o c l i n e  and q u a r t z  

mosa ic  s i m p l e  boundar ies  w i t h  p l a g i o c l a s e  and m i c r o c l i n e ;  i m p l i c a t e  boundar ies  between q u a r t z  c r y s t a l s  

round g r a i n s  o f  s e r i c i t i z e d  p l a g i o c l a s e ;  p e r t h i t e ,  f i l m  t ype ;  t h i n  p a r a l l e l  c a l c i t e  f i l m s  a l o n g  d i r e c -  

t i o n  o f  p e r t h i t e  l ame l lae ,  a t  i n t e r v a l s  1 mm a p a r t  i n  l a r g e r  c r y s t a l s  

o l i g o c l a s e  s l i g h t l y  t o  modera te l y  s e r i c i t i z e d ;  as g r a n u l a r  subhedra l  a l t e r e d  c r y s t a l s  0.05 mm 

d iamete r  a l o n g  m i c r o c l i n e  se lvages ;  as i n c l u s i o n s  i n  m i c r o c l i n e  sur rounded by t h i n  c l e a r  a l b i t e  r ims ;  

most  c r y s t a l s  2 t o  4 mm; a n t i p e r t h i t e  w i t h  m i c r o c l i n e  b l e b s  

B i o t i t e :  

A p a t i t e :  subhedra l  g r a i n s  t o  0.1 mm d iameter ,  a s s o c i a t e d  w i t h  sphene 

C a l c i t e :  b ranch ing  v e i n s  0.05 mm t h i c k  i n  a p l i t e  

C h l o r i t e :  p a l e  green, r e p l a c i n g  b i o t i t e  

Ep ido te :  anhedra l ,  t o  0.3 nun; p a l e  g r e e n i s h  y e l l o w  t o  g r a y i s h  y e l l o w  green 

Muscov i te :  f l a k e s  w i t h  c h l o r i t i z e d  b i o t i t e  t o  0.1 mm 

Opaques: 

Sphene: 

M i c r o c l i n e :  Car l sbad  t w i n s  t o  5 mm; w e l l - d e v e l o p e d  g r i d  t w i n n i n g ;  p o i k i l i t i c ,  e n c l o s i n g  q u a r t z  b l e b s  and 

P l a g i o c l a s e :  

p l e o c h r o i c  p a l e  o l i v e  t o  da rk  y e l l o w i s h  brown 

equant  i s o m e t r i c  g ranu les  o f  magnet ic  t o  0.2 mm; m i n o r  p y r i t e  and c h a l c o p y r i t e  

euhedra l  t o  2 mm.; p l e o c h r o i c  p a l e  y e l l o w i s h  orange t o  g r a y i s h  y e l l o w ;  c o l o r l e s s  r i m s  on l a r g e r  

c r y s t a l s ;  r i m s  0.05 mm t h i c k  
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TABLE I 
c o n t i n u e d  

Sample PD-2-3 

- Name: g r a n i t e  ( v a r i e t y :  a d a m e l l i t e )  

Co lo r :  b rown ish  g ray ;  p a l e  r e d d i s h  brown t o  p a l e  r e d  m i c r o c l i n e  

G r a i n  S ize :  

Tex tu re :  g r a n i t i c  (hyp id iomorph ic  g r a n u l a r )  

Modal A n a l y s i s  : 

medium-grained, w i t h  coa rse -g ra ined  m i c r o c l i n e  

E s s e n t i a l  M i n e r a l s :  

Accessory  M i n e r a l s :  b i o t i t e  4%; opaques 1% 

Trace  M i n e r a l s :  a l l a n i t e ;  a p a t i t e ;  c a l c i t e ;  c h l o r i t e ;  ep ido te ;  muscov i te ;  myrmek i te ;  sphene; z i r c o n  

T h i n  S e c t i o n  D e s c r i p t i o n :  

m i c r o c l i n e  37%; q u a r t z  28%; p l a g i o c l a s e  20%; a l t e r e d  p l a g i o c l a s e  8% 

Tex tu re :  g r a n i t i c  t e x t u r e  (hyp idomorph ic  g r a n u l a r )  s l i g h t l y  m o d i f i e d  by  i m p l i c a t e  g r a i n  boundar ies ;  a few 

c o a r s e - g r a i n e d  m i c r o c l i n e  c r y s t a l s  ( s u b h e d r a l )  

Q u a r t z :  

M i c r o c l i n e :  

mosaic and u n d u l a t o r y  e x t i n c t i o n ;  i n  some mosaics o f  g r a i n s  w i t h  i m p l i c a t e  g r a i n  boundar ies ,  t h e r e  

a r e  two m u t u a l l y  p e r p e n d i c u l a r  s e t s  o f  i n c l u s i o n  t r a i n s  

o f  s e r i c i t i z e d  p l a g i o c l a s e ;  g r i d  t w i n n i n g  and Car l sbad  t w i n s  w e l l  developed; g r i d  t w i n n i n g  l a m e l l a e  

o f f s e t  by m i n u t e  c racks  i n  some g r a i n s ;  p e r t h i t i c ,  w i t h  f i l m s  and beads o f  p l a g i o c l a s e  

medium-grained t o  coa rse -g ra ined  subhedra; p o i k i l i t i c ,  e n c l o s i n g  q u a r t z  b l e b s  and rounded b l e b s  

Myrmek i te :  

P l a g i o c l a s e :  

we l l -deve loped  wormy r i m s  on p l a g i o c l a s e  i n v a d i n g  m i c r o c l i n e  

subhedra l  t o  3 mm; g r a n u l a r  bo rde rs  w i t h  m i c r o c l i n e ;  s l i g h t l y  t o  modera te l y  s e r i c i t i z e d ;  

s l i g h t l y  zoned e x t i n c t i o n ;  i n  some g r a i n s  t w i n n i n g  becomes f a i n t  o r  d isappears  nea r  g r a i n  boundary; 

a n t i p e r t h i t e  b l e b s  i n  cores ;  some g r a i n s  have c l e a r  w e l l - t w i n n e d  r i m s  o f  a l b i t e  g rowing  i n t o  m i c r o c l i n e  

B i o t i t e :  

A l l a n i t e :  subhedra l  r e c t a n g u l a r  c r y s t a l  0.5 x 0.3 mn; p l e o c h r o i c  da rk  y e l l o w i s h  orange t o  modera te  brown; 

p l e o c h r o i c  p a l e  g r e e n i s h  y e l l o w  t o  o l i v e  green; s l i g h t l y  a l t e r e d  t o  c h l o r i t e  

n e a r l y  metamic t  core ;  p l e o c h r o i c  h a l o  i n  a d j a c e n t  b i o t i t e ;  r a d i a t i n g  expans ion  c racks  i n t o  s u r r o u n d i n g  

q u a r t z  

A p a t i t e :  t o  0.2 mm, a s s o c i a t e d  w i t h  b i o t i t e  

C a l c i t e :  

C h l o r i t e :  
Ep ido te :  anhedra l ;  a s s o c i a t e d  w i t h  c h l o r i t e ;  t o  0.2 mm 

Muscov i te :  f l a k e s  i n  a l t e r e d  p l a g i o c l a s e  

Opaques: 

Sphene: 

Z i r c o n :  rounded subhedra l  i n c l u s i o n s  i n  b i o t i t e  sur rounded by p l e o c h r o i c  h a l o s  

d i s c r e t e  g r a i n s  i n  a l t e r e d  p l a g i o c l a s e  

rep lacement  o f  b i o t i t e ;  p l e o c h r o i c  p a l e  y e l l o w i s h  green t o  modera te  y e l l o w i s h  g reen  

m a g n e t i t e  t o  2 mm anhedra l  w i t h  i n c l u s i o n s  o f  a p a t i t e  and sphene; equant  g ranu les  0.2 mm, m i n o r  

p y r i t e  

dusky y e l l o w  when up t o  0.5 mn 
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TABLE I 

c o n t i n u e d  

b 

- Name: g r a n i t e  ( v a r i e t y :  a d a m e l l i t e )  

Co lo r :  

G r a i n  S ize :  

Tex tu re :  

Modal A n a l y s i s :  

b rown ish  gray;  p a l e  r e d d i s h  brown t o  p a l e  r e d  m i c r o c l i n e  

medium-grained, w i t h  a few coarse’-grained p l a g i o c l a s e  c r y s t a l s  

g r a n i t i c  (hyp id iomorph ic  g r a n u l a r ) ;  i n  hand specimen, l a r g e s t  c r y s t a l s  a r e  m i c r o c l i n e  

E s s e n t i a l  M i n e r a l s :  

Accessory  M ine ra l s :  opaques, sphene 

Trace M i n e r a l  s : 

q u a r t z  31%; o l i g o c l a s e  27%; a l t e r e d  o l i g o c l a s e  3%; m i c r o c l i n e  30%; b i o t i t e  6% 

a p a t i t e  , c a l c i t e  , c h l o r i t e ,  e p i d o t e  , muscovi t e ,  myrmeki t e  , z i  r c o n  

P l a g i o c l a s e  Compos i t ion  Determined by  U n i v e r s a l  S tage 

A n o r t h i t e  Conten t  Twin Law i n  Measured C r y s t a l  

An 26 a1 b i  t e  

An 24 a1 b i  t e  

c l e a r  r i m  on 

a l t e r e d  p l a g i o c l a s e :  
An 3-5 a l b i t e  

T h i n  S e c t i o n  D e s c r i p t i o n  

Tex tu re :  s l i g h t l y  m o d i f i e d  h y p i d i o m o r p h i c  g r a n u l a r ;  i m p l i c a t e  boundar ies  on subhedra l  f e l d s p a r s  

Q u a r t z :  mosaic and u n d u l a t o r y  e x t i n c t i o n ;  i m p l i c a t e  g r a i n  boundar ies ;  f i n e  g ra ined ,  up t o  5 mm 

M i c r o c l i n e :  g r i d  and Car l sbad  t w i n s ;  f i l m  p e r t h i t e ;  p o i k i l i t i c ,  e n c l o s i n g  round q u a r t z  b l e b s  and square  

Myrmek i te :  a t  ends o f  p l a g i o c l a s e  c r y s t a l s  p r o t r u d i n g  i n t o  m i c r o c l i n e ;  as b l e b  i n  m i c r o c l i n e ;  r i m s  between 
t o  rounded s e r i  c i  t i zed p l  a g i  o c l  ase 

m i c r o c l i n e  and p l a g i o c l a s e  t o  0.2 mm t h i c k  

o l i g o c l a s e  t o  7 mm; s l i g h t l y  s e r i c i t i z e d ;  l a r g e  c r y s t a l s  have f r e s h  c l e a r  a l b i t e  r i m s  w i t h  

t w i n  compos i t i on  p lanes  con t inuous  w i t h  i n n e r  p a r t  o f  c r y s t a l ,  b u t  w i t h  d i f f e r e n t  e x t i n c t i o n  ang le ;  

a l s o  as f i n e - g r a i n e d  subhedra l  g ranu les  b o r d e r i n g  m i c r o c l i n e ;  a n t i p e r t h i t e  w i t h  tw inned  m i c r o c l i n e  

beads 

P l a g i o c l a s e :  

B i o t i t e :  

A p a t i t e :  euhedra l  t o  subhedra l  i n c l u s i o n s  i n  b i o t i t e  t o  0.3 mm; i n c l u s i o n s  i n  m i c r o c l i n e  

C a l c i t e :  

C h l o r i t e :  rep lacement  of  b i o t i t e  i n  p a r a l l e l  i n t e r g r o w t h ;  p l e o c h r o i c  p a l e  y e l l o w i s h  green t o  moderate 

Muscov i te :  

Opaques: 

Sphene: f i n e - g r a i n e d  c o l o r l e s s ;  l a r g e r  euhedra l  g r a i n s  t o  1 mm p l e o c h r o i c  y e l l o w i s h  g ray  t o  dusky y e l l o w ;  

Z i r c o n :  rounded subhdra l  g r a i n s  i n  b i o t i t e  sur rounded by  p l e o c h r o i c  ha los ;  g r a i n  s i z e  t o  0.05 mm 

p l e o c h r o i c  g r a y i s h  y e l l o w  green t o  o l i v e  g ray ;  some a l t e r e d  t o  c h l o r i t e  and c a l c i t e  

d i s c r e t e  g r a i n s  i n  m i c r o c l i n e  and o l i g o c l a s e  

ye1 1 owi s h g reen 

d i s c r e t e  f l a k e s  i n  s l i g h t l y  s e r i c i t i z e d  o l i g o c l a s e ;  as f r i n g e s  on b i o t i t e ;  t o  0.2 mm 

equant  g ranu les  and l a r g e r  anhedra l  g r a i n s  o f  m a g n e t i t e  t o  1 mm; m ino r  p y r i t e  

some have i n c l u s i o n s  o f  a p a t i t e  
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TABLE I 

c o n t i n u e d  

Sample FD-2-6 

Name: 

Co lo r :  vedium d a r k  g r a y  

--- G r a i n  S ize :  

Tex tu re :  f o l i a t e d ;  f o l i a t i o n  d e f i n e d  by  d i s c o n t i n u o u s  t h i n  l a y e r s  o f  b i o t i t e ;  t h i n  (0.05- t o  0.2-mm) v e i n  

g n e i s s i c  t o n a l i t e  m a t r i x ;  w i t h  c l o t s  o f  m i c r o c l i n e ,  g n e i s s i c  g r a n i t e  ( a d a m e l l i t e )  

medium-grained w i t h  coa rse -g ra ined  megacrysts o f  m i c r o c l i n e  

o f  c a l c i t e  p a r a l l e l  t o  f o l i a t i o n  (specimen n o t  c racked  a l o n g  i t ) ;  hand specimen has c l o t  of p a l e  

r e d d i s h  brown m i c r o c l i n e  2 cm i n  d iameter ;  m i c r o c l i n e  c r y s t a l s  v e r y  l o c a l i z e d ;  f o l i a t i o n  d i p  50' - 60' 

Modal A n a l y s i s :  

f o r  t h i n  s e c t i o n  w i t h  two 6 mm megacrysts o f  m i c r o c l i n e , g n e i s s i c  a d a m e l l i t e  average compos i t i on  

E s s e n t i a l  M i n e r a l s :  p l a g i o c l a s e  32%; a l t e r e d  p l a g i o c l a s e  11%; m i c r o c l i n e  24%; q u a r t z  22%; b i o t i t e  8% 

Accessory  M i n e r a l s :  muscov i te  1%; opaques 1% 

Trace M i n e r a l s :  c a l c i t e ,  c h l o r i t e ,  ep ido te ,  myrmek i te ,  sphene 

E s s e n t i a l  M i n e r a l s :  p l a g i o c l a s e  51%; a l t e r e d  p l a g i o c l a s e  4%; q u a r t z  26%; b i o t i t e  15% 

Accessory M i n e r a l s :  m i c r o c l i n e  2% 

Trace  M i n e r a l s :  a p a t i t e ,  c a l c i t e ,  c h l o r i t e ,  muscov i te ,  opaques, sphene 

f o r  m a t r i x  o f  t h i n  s e c t i o n  e x c l u d i n g  two m i c r o c l i n e  megacrys ts ,  g n e i s s i c  t o n a l i t e  

T h i n  S e c t i o n  D e s c r i p t i o n :  

Tex tu re :  t h i n  s e c t i o n  c o n t a i n s  two megacrys ts  o f  m i c r o c l i n e  and i s  n o t  r e p r e s e n t a t i v e  o f  hand specimen, 

k h i c h  i s  g e n e r a l l y  d e v o i d  o f  m i c r o c l i n e  excep t  f o r  a 2-cm c l o t  and one i s o l a t e d  megacrys t  0.5 cm; 

l c n t i c l e s  o f  p l a g i o c l a s e  and q u a r t z  p a r a l l e l  t o  f o l i a t i o n  d e f i n e d  by  b i o t i t e  

u n d u l a t o r y  and mosaic e x t i n c t i o n ;  g e n e r a l l y  c l e a r ,  w i t h  i n c l u s i o n  t r a i n s  (?Boehm l a m e l l a e ) ,  p lanes  

o f  round i n c l u s i o n s  con t inuous  t h r o u g h  q u a r t z  g r a i n s  o f  d i f f e r i n g  o p t i c a l  o r i e n t a t i o n  

two megacrys ts  5 t o  7 mm i n  l e n g t h  on edge o f  s l i d e ;  p a r t  o f  c l o t  o f  m i c r o c l i n e  c r y s t a l s  i n  

hand specimen; p o i k i l i t i c ,  c o n t a i n i n g  a l t e r e d  p l a g i o c l a s e  c r y s t a l s  w i t h  t h i n  c l e a r  a l b i t e  r i m s  o r  r i m s  

of  myrmek i te ;  p e r t h i t i c ,  w i t h  v e r y  t h i n  f i l m s  and sma l l  beads of p l a g i o c l a s e  tw inned  on a l b i t e  law; 

p o i k i l i t i c  c r y s t a l s  a l s o  enc lose  b i o t i t e  p a r t l y  a l t e r e d  t o  c h l o r i t e ;  c o n t a i n  p a r a l l e l  f i l m s  o f  c a l c i t e  

a s s o c i a t e d  w i t h  hemat i te ,  0.05 mm wide; some c r y s t a l  a reas  a r e  i n t e r n a l l y  c racked,  o f f s e t t i n g  g r i d  

Q u a r t z :  

M i c r o c l i n e :  

t w i n n i n g  
Myrmek i te :  

P l a g i o c l a s e :  

f i l m s  w i t h  r a d i a t i n g  s t r u c t u r e  p e n e t r a t i n g  m i c r o c l i n e  f r o m  a d j a c e n t  p l a g i o c l a s e  

s l i g h t l y  t o  modera te l y  s e r i c i t i z e d ;  con t inuous  zoned e x t i n c t i o n ;  some p a r t l y  r e p l a c e d  by  

c a l c i t e ;  a n t i p e r t h i t e ,  w i t h  b l e b s  o f  tw inned  m i c r o c l i n e  c o n c e n t r a t e d  i n  c r y s t a l  cores ;  some c r y s t a l s  

show s l i g h t l y  ben t  t w i n  lame l lae ;  a l s o  as s m a l l  round  s t r o n g l y  s e r i c i t i z e d  i n c l u s i o n s  i n  p o i k i l i t i c  

m i c r o c l i n e ;  i n  m a t r i x  anhedra l  t o  subhedra l ,  t o  2 o r  3 mm 
p l e o c h r o i c  moderate g r e e n i s h  y e l l o w  t o  da rk  y e l l o w i s h  brown; e x t r e m e l y  f i n e - g r a i n e d  a l t e r a t i o n  

p r o d u c t  (?sphene) 

B i o t i t e :  

A p a t i t e :  subhedra l ,  w i t h  b i o t i t e ;  t o  0.2 m d iamete r  

C a l c i t e :  v e i n  0.05 mm w ide  t o  0.2 m wide; v e r y  f i n e - g r a i n e d  d u s t y  c r y s t a l s ;  ex tends  o u t  f r o m  v e i n  a l o n g  
" 

t w i n  p lanes  i n  p l a g i o c l a s e  

C h l o r i t e :  

Muscov i te :  

Opaques: 

Sphene: w i t h  b i o t i t e  and c h l o r i t e ;  anhedra l  t o  subhedra l  

p l e o c h r o i c  g r a y i s h  y e l l o w  green t o  p a l e  green, p a r a l l e l  i n t e r g r o w t h s  r e p l a c i n g  c h l o r i t e  

f r i n g e s  on some b i o t i t e  f l a k e s ;  f l a k e s  between p l a g i o c l a s e  g r a i n s  t o  0.2 mm 

euhedra l  m a g n e t i t e  t o  0.3 mm 
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T A B L E  I 

continued 

Sample PD-2-9 

- Name: 
Color: amphibolite dark  gray 
Grain Size: 

b i o t i t e  amphibolite w i t h  t ona l i t e  a p l i t e  

amphibolite f i n e  grained; with c lus te rs  of hornblende c rys ta l s  i n  mosaic arrangement u p  t o  
4 mn across; c lus te rs  are elongate and  define a fo l i a t ion  which i s  parallel  t o  boundary o f  medium 
grained massive ap l i t e ;  ca l c i t e  veins .5 mm thick d i p  10' and 80°, a p l i t e  border dips 60' 

Essential Minerals: hornblende 46%; plagioclase 19%; a l te red  plagioclase 11%; b i o t i t e  15%; quartz 8% 
Trace Minerals: 

Modal Analysis: 

apa t i t e ,  ch lo r i t e ,  opaques, sphene 

Thin Section Description: 
Texture: zone o f  a l te ra t ion  of plagioclase along 0.03-mm-wide f i l l e d  crack with 90' dip along middle of 

s l i d e  
Quartz: mosaic and undulatory extinction; f i l l s  part  of a l t e r a t ion  crack 
Plagioclase: 

Bio t i te :  

s l i gh t ly  to  strongly se r i c i t i zed  along edges a n d  twin planes; in a p l i t e ,  c rys ta l s  t o  2 mm 
a r e  p o i k i ' l i t i c  containing quar tz  blebs and b i o t i t e  

pleochroic pale greenish yellow t o  grayish olive; c rys ta l s  are somewhat oriented, defining a 
vague fo l i a t ion  

ated with opaques and sphene a re  aligned para l le l  t o  the s l i g h t  fo l i a t ion  o f  the b i o t i t e ;  
c rys ta l s  with thin pale rims of ?ac t ino l i t e ,  pleochroic pale green t o  grayish yellow green 

pleochroic halos 

Hornblende: pleochroic grayish green t o  grayish yellow green; elongate c lus te rs  of mosaic c rys ta l s  associ- 
some 

Apatite: euhedral t o  subhedral needles and  grains in plagioclase; as inclusions in b io t i t e  surrounded by 

Chlorite: pale yellowish green, i n  parallel  intergrowths replacing b i o t i t e  
Opaques: equant grains o f  magnetite t o  0.1 mm; t iny  equant grains as inclusions in hornblende 
Sphene: w i t h  ch lo r i t e  and b i o t i t e  
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TABLE I 

c o n t i n u e d  

Sample PD-2-13 

- Name: band (1 ) : q u a r t z - b i o t i  t e  amphi bo1 i t e  

band ( 2 )  : t o n a l i t e  a p l i t e  
band ( 3 )  : h o r n b l e n d e - b i o t i t e - q u a r t z - o l i g o c l a s e  gne iss  

C o l o r :  (1 )  da rk  gray;  ( 2 )  medium l i g h t  gray;  ( 3 )  medium da rk  g r a y  

G r a i n  Size:  f i n e - g r a i n e d ;  medium-grained a p l i t e  

Tex tu re :  f o l i a t e d ;  f o l i a t i o n  d e f i n e d  by a l t e r n a t i n g  t h i n  bands o f  b i o t i t e - h o r n b l e n d e  and q u a r t z - o l i g o c l a s e ;  

a p l i t e  v e i n  p a r a l l e l  t o  m a t r i x  f o l i a t i o n ;  b i o t i t e  and hornb lende have s t r o n g  p r e f e r r e d  o r i e n t a t i o n ;  

f o l i a t i o n  d i p  40'; c a l c i t e  v e i n  i n  hand specimen has d i p  o f  80' 

Modal A n a l y s i s :  

q u a r t z - b i o t i t e  a m p h i b o l i t e :  

E s s e n t i a l  M i n e r a l s :  

T race M i n e r a l s :  ep ido te ;  m i c r o c l i n e ;  sphene 

E s s e n t i a l  M i n e r a l s :  

Accessory M i n e r a l s :  m i c r o c l i n e  4%; hornb lende 1% 
Trace M i n e r a l s :  c h l o r i t e ;  ep ido te ;  sphene 

E s s e n t i a l  M i n e r a l s :  o l i g o c l a s e  36%; a l t e r e d  o l i g o c l a s e  2%; q u a r t z  36%; b i o t i t e  15%; hornb lende 8% 

Accessory M i n e r a l s  : 
Trace m i n e r a l s :  

hornb lende 42%; o l i g o c l a s e  26%; a l t e r e d  o l i g o c l a s e  3%; b i o t i t e  16%; q u a r t z  12% 

t o n a l i t e  a p l i t e :  

o l i g o c l a s e  42%; a l t e r e d  o l i g o c l a s e  6%; q u a r t z  41%; b i o t i t e  5% 

h o r n b l e n d e - b i o t i t e - q u a r t z - o l i g o c l a s e  gne iss  

m i  c r o c l  i ne 2% 
e p i d o t e ;  opaques; sphene; z i r c o n  

P l a g i o c l a s e  Compos i t ion  Determined by U n i v e r s a l  S t a s  

A n o r t h i t e  Conten t  

Band ( 2 )  
An 27-30 

Band ( 3 )  

An 26 a1 b i  t e ,  Car lsbad,  Car lsbad-a1 b i  t e  

s t r o n g  p r e f e r r e d  o r i e n t a t i o n  o f  b i o t i t e  and hornb lende i n  mosaic o f  p l a g i o c l a s e ;  edge o f  a p l i t e  

Twin Law i n  Measured C r y s t a l s  

a1 b i  t e  w i t h  p e r i  c l  i ne 

Th in  S e c t i o n  D e s c r i p t i o n  
Tex tu re :  

v e i n  d e f i n e d  o n l y  by decrease i n  hornb lende and i n c r e a s e  o f  g r a i n  s i z e  and a l t e r a t i o n  o f  f e l d s p a r ;  l o n g  
axes of  f o l i a t e d  m i n e r a l s  a r e  p a r a l l e l  t o  o r i e n t a t i o n  of t h e  a p l i t e  ve in ;  t h e r e  i s  no smooth boundary 
a long  wh ich  a c rack  wou ld  be l i k e l y  

Q u a r t z :  u n d u l a t o r y  and mosaic e x t i n c t i o n  

M i c r o c l i n e :  anhedra l  , i n t e r s t i t i a l  p o i k i l i t i c  g r a i n s  e n c l o s i n g  b i o t i t e ,  q u a r t z ,  and o l i g o c l a s e ;  l a r g e s t  

Myrmeki te:  One g r a i n  sur rounded by q u a r t z  i n  a p l i t e  
P l a g i o c l a s e :  

g r a i n s ;  a l t e r a t i o n  p r o d u c t  a lmos t  opaque, low b i r e f r i n g e n c e  

of c r y s t a l s ;  w e l l - t w i n n e d  a n t i p e r t h i t e  i n  some c r y s t a l s  i n  a p l i t e  

o l i v e  g r a y  

c r y s t a l s  a r e  most p o i k i l i t i c ;  up t o  0.7 mm 

g r a n o b l a s t i c  mosaic o f  anhedra l  g r a i n s ;  some l a r g e r  c r y s t a l s  a r e  p o i k i l i t i c  and enc lose  q u a r t z  
( k a o l i n i t e ? ) ;  most a l t e r a t i o n  a l o n g  edges 

B i o t i t e :  

Hornblende: 

s t r o n g  p r e f e r r e d  o r i e n t a t i o n  i n  band ( 3 ) ;  up t o  0.3 mm i n  l e n g t h ;  p l e o c h r o i c  y e l l o w i s h  g ray  t o  

p l e o c h r o i c  p a l e  o l i v e  t o  dusky green; some clumps o f  c r y s t a l s  w i t h  mosaic t e x t u r e ;  clumps 1 mm 

i n  d iameter ;  p r e f e r r e d  o r i e n t a t i o n  o f  c axes i n  a m p h i b o l i t e  
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Sample PD-2-13 

TABLE I 

continued 

Apatite: 

Epidote: 
Opaques: 
Sphene: 
Zircon: 

euhedral to subhedral inclusions in hornblende and very f ineq ra ined  needles in  plagioclase; a l so  
i ncl usi ons i n  b i o t i t e  

pleochroic greyish yellow t o  moderate greenish yellow; u p  t o  0 .5  mm 
magnetite grains up t o  0.5 mm in band ( 3 ) ;  elsewhere smaller equant grains 

i n t e r s t i t i a l  small grains beside hornblende and b i o t i t e  c rys ta l s  
t i ny  inclusions in  b io t i t e  surrounded by pleochroic halos 
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TABLE I 1  TABLE I 1  

con t inued  
PLAGIOCLASE I N  GRANITOID ROCKS 

Ana lys t :  S. Ehrenberg 
PD-3-5 PO-2-2 

r i m  co re  r i m  r i m  

Weight Percent  Oxides 

Si02 64.5 63.2 61.5 62.7 

A1203 21.6 22.8 23.7 22.8 
FeO 0.03 0.03 0.10 0.13 
CaO 2.4 4.3 6.6 4.9 

0.10 0.11 0.12 0.35 
Na20 10.4 9.2 7.6 8.5 

TOTAL 99.0 99.6 99.6 99.4 

K2° 

Number o f  Ions on t h e  Basis  o f  8 Oxygens 

S i  
A1 
Fe 
Ca 
K 
Na 

TOTAL 

Ab 
An 
O r  

S i02 

FeO 
CaO 

A1203 

K2° 
Na20 

TOTAL 

2.868 2.804 2.741 
1.133 1.193 1.244 
0.001 0.001 0.004 
0.112 0.204 0.314 
0.005 0.006 0.007 
0.897 0.789 0.661 

5.016 4.997 4.970 

88.5 79.0 67.3 
11.0 20.6 32.0 
0.5 0.6 0.7 

PLAGIOCLASE I N  GRANITOID ROCKS 

PO-2-3 PD-2-4 PD-3-7 

Weight Percent  Oxides 

60.8 60.8 61.4 
23.8 24.2 24.0 

0.14 0.12 0.16 
5.7 6.2 5.8 
0.14 0.20 0.32 
8.6 8.3 8.1 

99.2 99.8 99.8 

2.793 
1.199 
0.005 
0.283 
0.020 
0.736 

5.036 

70.8 
27.2 

1.9 

PD-2-6 

60.8 
24.2 

0.12 
5.9 
0.11 

8.2 

99.3 

Number o f  I ons  on t h e  B a s i s  o f  8 Oxygens 

S i  2.728 2.713 2.735 2.71 7 
A1 1.259 1.272 1.258 1.279 
Fe 0.005 0.005 0.006 0.005 
Ca 0.274 0.295 0.276 0.282 
K 0.008 0.011 0.01 8 0.006 
Na 0.744 0.721 0.702 0.715 

TOTAL 5.018 5.01 7 4.995 5.004 

PLAGIOCLASE I N  GRANITOID ROCKS 

Ab 72.5 70.2 70.5 71.3 
An 26.7 28.7 27.7 28.1 
O r  0.8 1.1 1.8 0.6 

TABLE I11 

PLAGIOCLASE I N  AMPHIBOLITES AND APLITES 
Ana lys t :  S. Ehrenberg 

PD-2-8 PD-3-8 
PD-2-13 amphi bo1 i t e  ap l  i t e  PD-2-9 

Weight Percent  Oxides 

S i  O2 

A1203 
FeO 
CaO 

Na20 

TOTAL 

K2° 

S i  

A1 
Fe 
Ca 
K 
Na 

TOTAL 

Ab 
An 
O r  

60.5 61.2 62.1 58.4 

24.9 24.7 23.1 26.0 
0.16 0.22 0.10 0.13 
6.7 7.3 5.9 7.5 
0.20 0.17 0.21 0.11 
7.8 8.1 8.3 7.4 

100.3 101.7 99.7 99.5 

Number o f  I ons  on t h e  Basis  of 8 Oxygens 

2.688 2.688 2.764 2.623 
1.307 1.279 1.213 1.376 
0.006 0!008 0.004 0.005 
0.317 0.345 0.283 0.361 
0.011 0.009 0.012 0.006 
0.672 0.690 0.720 0.642 

5.000 5.018 4.995 5.013 

67.2 66.1 70.9 63.6 
31.7 33.0 27.9 35.8 

0.1 0.9 1.2 0.6 

PD-3-1 PD-2-9 PD-2-9 PD-3-1 
r i m  

Si02 58.4 

A1203 26.0 
FeO 0.13 
CaO 7.8 

0.16 
7.2 Na20 

TOTAL 99.7 

K2° 

c o r e  co re  

Weight Percent  Oxides 

58.3 56.2 
25.9 27.1 

0.13 0.21 
8.9 8.6 
0.18 0.08 
6.5 6.8 

r i m  

54.3 
28.8 

0.13 
12.2 
0.11 
4.7 

100.2 99.9 99.1 
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TABLE 111, on t i  nued 

PLAGIOCLASE IN AMPHIBOLITES A N D  APLITES 

Number o f  Ions on the Basis o f  8 Oxygens 

Si  
A1 
Fe 
Ca 
K 
Na 

TOTAL 

Ab 
An 
Or 

Si02 

FeO 
CaO 

Na20 

TOTAL 

2'3 

K2° 

2.620 
1.374 
0.005 
0.375 
0.009 
0.628 

5.01 1 

62.1 
37.0 
0.9 

PD-3-3 
rim 

2.612 
1.370 
0.005 
0.427 
0.010 
0.568 

4.991 

56.5 
42.4 

0.1 

PD-3-2 

2.548 
1.449 
0,008 
0.419 
0.005 
0.599 

5.028 

58.6 
41 .O 

0.4 

PD-3-2 
rim 

Weight Percent  Oxides 

60.1 60.0 60.6 
24.5 24.0 23.9 
0.10 0.09 0.18 
5.3 6.7 6.0 
0.93 0.14 0.46 
7.4 8.1 8.1 

98.2 99.0 99.2 

2.450 
1.532 
0.005 
0.589 
0.006 
0.412 

4.993 

58.5 
40.9 

0.6 

PD-3-2 
c o r e  

59.4 
24.4 

0.19 
7.1 
0.54 
7.6 

99.2 

Number o f  Ions on the Basis o f  8 Oxygens 

S i  2.716 2.700 2.721 2.679 
A1 1.305 1.274 1.265 1.297 
Fe 0.004 0.003 0.007 0.007 
Ca 0.256 0.323 0.288 0.341 
K 0.054 0.008 0.027 0.031 
Na 0.647 0.709 0.707 0.666 

TOTAL 4.981 5.018 5.013 5.021 

TABLE IV 

BIOTITE IN GRANITOID ROCKS 
Analyst:  S .  Ehrenberg 

S i02  

Ti02 

A1203 
FeO 

MnO 

MgO 

CaO 

K2° 
Na20 

PD-3-5 

36.0 

3.4 

14.7 

18.9 

0.56 

10.0 

0.04 

9.4 

0.09 

PD-2-2 PD-2-3 PD-3-7 --- 
Weight Percent  Oxides 

35.6 36.2 36.3 

2.0 2.9 3.1 

14.9 14.8 14.9 

18.7 19.1 18.9 

0.07 0.63 0.59 

10.7 10.7 11.0 

0.08 0.07 0.06 

9.1 9.3 9.4 

0.08 0.12 0.14 

H20 (calc17.0 8.7 6.0 5.5 

TOTAL 100.1 99.9 99.8 99.9 

PD-2-6 

36.1 

1.6 

15.4 

19.7 

0.41 

11.1 

0.09 

9.1 

0.11 

6.2 

99.8 

Number o f  Ions on the  Basis o f  24 Oxygens 

Si 5.186 

T i  0.364 

A1 2.495 

Fe 2.278 

Mn 0.069 

Mg 2.157 

Ca 0.007 

K 1.732 

Na 0.025 

5.006 

0.213 

2.462 

2.198 

0.008 

2.232 

0.012 

1.639 

0.020 

5.297 

0.321 

2.559 

2.333 

0.078 

2.340 

0.01 1 

1.743 

0.033 

5.336 

0.345 

2.589 

2.325 

0.073 

2.403 

0.010 

1.765 

0.038 

5.262 

0.178 

2.645 

2.397 

0.050 

2.411 

0.015 

1.693 

0.031 

Ab 67.6 68.2 69.2 64.2 
An 26.8 31.1 28.2 32.9 
Or 5.6 0.7 2.6 2.9 
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Ana lys t :  S. Ehrenberg 

PD-2-13 

Si02 36.7 
T i  O2 2.3 

2'3 15.4 
FeO 17.3 

MnO 0.20 

MgO 12.5 
CaO 0.05 

K2° 9.4 
Na20 0.08 
H20 ( c a l c )  6.1 

TOTAL 100.0 

S i  

T i  

A1 
Fe 
Mn 

Mg 
Ca 
K 
Na 

5.295 

0.250 
2.627 

2.084 

2.680 
0.008 

0.024 

1.724 
0.023 

TABLE V 

BIOTITE I N  AMPHIBOLITES AND APLITES 

PD-3-8 

36.5 

2.4 
15.1 
17.7 

0.43 
12.3 
0.05 

9.4 
0.10 
5.9 

99.9 

PD-2-9 PD-3-3 

Weight Percent  Oxides 

36.5 35.9 

2.8 2.7 
15.5 14.8 
17.5 17.4 
0.17 0.41 

12.6 12.1 

0.29 0.06 

9.5 9.3 
0.09 0.12 
5.0 7.2 

100.0 100.0 

PD-3-2 
a p l i t e  

36.0 

3.2 
14.6 
18.2 

0.39 
11.4 
0.06 

9.2 
0.10 
6.8 

100.0 

Number o f  I ons  on t h e  Basis  o f  24 Oxygens 

5.306 5.361 5.120 5.185 
0.265 0.307 0.286 0.347 
2.578 2.676 2.489 2.476 
2.155 2.152 2.081 2.190 
0.053 0.022 0.050 0.047 
2.661 2.759 2.576 2.441 
0.008 0.046 0.008 0.008 
1.742 i .7a7 1.686 1.690 
0.028 0.024 0.034 0.028 

PD-3-2 
amphi bo1 i t e  

36.4 

2.5 
14.9 
17.8 

0.42 
12.1 

0.08 

9.3 
0.11 

6.3 

99.9 

5.256 

0.276 
2.536 
2.151 
0.051 
2.612 
0.012 
1.705 

0.030 
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TABLE V I  TABLE V I  

con t i nued  

HORNBLENDE 
Ana lys t :  S .  Ehrenberg 

S i02  
T i 0 2  

FeO 
MnO 

2'3 

MgO 
CaO 

Na20 
H20( c a l  c ) 

K20 

PD-3-8 PD-3-8 
PD-2-13 a m p h i b o l i t e  a p l i t e  PD-2-9 

Weight Percent Oxides 

43.7 

0.86 

9.4 
17.0 

0.45 
11.1 
11.6 

1.2 
1.5 
3.2 

42.6 

1.1 

9.5 
17.3 

0.70 
10.5 
11.7 

1.2 

1.4 
4.0 

45.8' 44.4 

0.32 1.7 

7.6 9.0 
16.2 14.9 

0.67 0.3 

10.9 12.1 
11.8 11.8 

0.6 0.96 

1.1 1.4 
5.0 3.5 

S i  

T i  
A1 
Fe 

Mn 

Mg 
Ca 
K 
Na 

HORNBLENDE 

Number o f  Ions on t h e  Basis o f  23 Oxygens 

6.292 
0.193 
1.592 
1.795 

0.037 
2.565 
1.871 
0.172 
0.412 

6.247 

0.116 
1,373 

1.649 

0.033 
2.614 
1.725 

0.100 
0.274 

TOTAL 100.0 100.0 100.0 100.1 

TABLE V I 1  
Number o f  Ions on t h e  Basis  of 23 Oxygens 

6.157 
0.099 
1.422 

1.905 
0.091 
2.412 

1.758 

0.180 
0.375 

6.115 
0.107 
1.471 

1.946 
0.096 
2.317 

1.707 
0.196 
0.356 

S i  
T i  
A1 
Fe 
Mn 

Mg 
Ca 
K 

Na 

6.161 
0.091 

1.571 
2.009 

0.054 
2.338 

1.748 
0.216 

0.405 

5.978 
0.117 
1.563 
2.025 
0.083 
2.195 

1.753 
0.217 

0.375 

6.240 
0.033 
1.221 
1.851 

0.077 
2.215 

1.725 
0.100 

0.283 

6.165 
0.176 
1.475 
1.725 

0.038 
2.489 

1.758 

0.169 
0.368 

PD-3-3 PO-3-2 -- PD-2-9 PD-3-1 

Weight Percent  Oxides 

Si02 
T i 0 2  

FeO 
MnO 

W O  
CaO 

2'3 

K2° 
Na24 
H20 ( c a l c )  

44.3 

1.8 
9.5 

15.1 
0.3 

12.1 
12.3 
0.95 

1.5 

2.0 

45.6 

1.1 
8.5 

14.4 
0.3 

12.8 
11.7 
0.57 

1 .o 
3.9 

'44.0 43.8 

0.9 1 .o 
8.6 8.9 

16.3 16.7 
0.76 0.81 

11.6 11.1 
11.7 11.4 

1 .o 1.1 
1.4 1.3 
3.6 3.8 

MAGNETITE 
Ana lys t :  S .  Ehrenberg 

PD-3-5 PD-2-2 PO-2-3 PD-3-7 PD-2-6 PD-2-13 
--I____-- 

Weight Percent  Elements 

S i  0.08 0.03 0.17 0.07 0.06 0.05 

T i  0.02 0.02 0.02 0.05 I 0.01 0.02 

A1 0.12 0.12 0.14 0.11 0.12 0.11 

Fe 70.4 70.3 69.7 71.3 71.1 71.1 

Mn 0.06 0.08 0.06 0.05 0.06 0.03 

Mg 0.03 0.05 0.03 0.04 0.05 0.04 

Ca 1.2 0.06 0.05 0.05 0.05 0.04 

K 0.02 0.02 0.04 0.03 0.03 0.03 

Na 0.02 0.02 0.02 0.01 0.03 0.01 

TOTAL 99.9 99.9 99.9 99.9 



TABLE VI11 TABLE I X  

cont inued 
MICROCLINE 

Ana1yst:S. Ehrenberg 

PD-2-2 PD-2-2 PD-2-2 PD-2-2 
r i m  core r i  m co re  -- 
Weight Percent  Oxides 

Si02 64.9 64.7 64.6 64.0 
18.3 17.9 18.0 18.1 

FeO 0.05 0.02 0.03 0.04 
CaO 0.02 0.01 0.02 BDa 

S i  

T i  
A1 
Fe 
Mn 

2'3 

Na20 0.46 0.52 0.39 0.51 Mg 

K20 
Ca 
K 

TOTAL 99.8 99.0 99.0 98.5 Na 

16.0 15.8 '16.0 15.8 

Number o f  Ions on Basis  o f  8 Oxygens 

S i  3.004 3.015 3.011 3.001 

A1 0.998 0.984 0.987 1.001 
Fe 0.002 0.001 0.001 0.001 
Ca 0.001 ---- 
Na 0.041 0.047 0.036 0.047 
K 0.945 0.938 0.954 0.943 

0.001 ---- 

BD = below d e t e c t i o n  l i m i t  a 

TABLE I X  

CHLORITE 
Ana lys t :  S .  Ehrenberg 

PD-3-5 PD-3-1 
g r a n i t e  PD-3-8 amphi bo1 i t e s  PD-3-2 

Weight Percent  Oxides 

S i02  25.5 
T i  O2 0.06 

2'3 17.8 

FeO 23.5 
MnO -0.8 
MgO 16.3 
CaO 0.10 

0.06 
0.04 Na20 

H20 ( c a l c )  15.5 

K20 

26.5 
0.13 

19.1 

23.0 
0.6 

17.2 
0.12 
0.08 
0.04 

13.0 

25.8 

0.14 
19.3 
21.4 
0.1 3 

18.8 
0.11 
0.02 
0.02 

14.0 

TOTAL 99.7 99.7 99.7 

24.9 
0.03 

20.1 
22.1 

0.7 
16.9 
0.10 
0.10 
0.06 

14.7 

99.7 

CHLORITE 

Number o f  I ons  on Basis  o f  36 Oxygens 

4.943 
0.009 
4.071 
3.812 

0.132 
4.706 

0.021 
0.015 

0.014 

5.261 
0.019 
4.467 
3.823 

0.105 
5.078 

0.025 
0.019 

0.014 

5.038 
0.022 

4.435 
3.488 
0.022 
5.457 

0.023 
0.005 

0.008 

4.837 
0.005 
4.615 
3.597 
0.1 14 
4.910 

0.020 
0.024 

0.023 
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