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X

T h is w ork i s  con cern ed  w ith the study of the alum inium  

s ilic a te -b e a r in g  ro ck s  in  5 a u r e o le s  b ord erin g  the D onegal g ra n ite s , 

nam ely , Fanad a u reo le , N orthern  a u reo le  of A rdara  P luton , 

B a rn esm o re  a u reo le , T horr a u reo le  and e n c la v es  and the M ain 

D onegal G ranite au reo le . The way in  w hich the d ifferen t fo rm s of 

alum inium  s i l ic a te s  o ccu r  in  th e se  a u r e o le s , i. e. in  d ifferen t zon es  

or  in terca la ted  bands, p ro v id es an id ea l s itu ation  to study the fa c to rs  

affectin g  the form ation  of one form  rath er  than another. The fact 

that and alusite  i s  w id e ly  p resen t w h erea s  kyanite i s  r e s tr ic te d  to  

cer ta in  a r e a s  or  eren cer ta in  bands, im p o se s  a reco n s id era tio n  of 

putting the burden o f the developm ent o f a p a r ticu la r  alum inium  

s il ic a te  polym orph s o le ly  on the tem p eratu re  and p r e ss u r e  of 

m etam orp h ism . The outcom e o f th is  study in the form  of p e tro lo g ica l, 

ch em ica l and m odal data, m ak es p o ss ib le  the a s s e s s m e n t  of other  

fa c to r s , if  th ere  w ere  any, a ffectin g  the d evelopm ent o f a p a rticu la r  

alum inium  s il ic a te  polym orph.

The p resen t th e s is  is  d ivided into th ree  parts: -

PART ONE d ea ls  w ith the f lu o rescen t X -r a y  sp ec tro sco p y  as  

a m ean s o f s i l ic a te  a n a ly s is . In the F ir s t  C hapter o f th is  part, the  

X -r a y  sp ec tro ch em ica l a n a ly s is  of p e lit ic  ro ck s by a lim ited  

com p osition a l range technique is  co n sid ered . A s im p le  d irect  

p e lle tiz a tio n  m ethod for  the a n a ly s is  o f S i0 2 , T i0 2, A ^O g, F e 2 ® 3  

(total), MnO, MgO, CaO, K20, N a20, P ^  in  p e lit ic  ro ck s carry in g  

abundant b io tite  and m u sco v ite  i s  d escr ib ed . The r e lia b ility  of 

the technique u sed  i s  in v estig a ted  at length  and the m ethod of a n a ly s is  

d escr ib ed  is  a s  good or b etter  than e x is t in g  published  m ethods u sin g  

m ore com p lex  equipm ent, sam p le  p rep aration  and/ or co rrec tio n
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tech n iq u es. The lim ite d  co m p o sitio n a l range u sed  a llo w s d irect  

d eterm in ation  of the com p osition .

In the Second C hapter, a techn iq ue for  the f lu o re sce n t X -r a y  

sp ectro g ra p h ic  m ic r o -a n a ly s is  o f s i l ic a te  m in e r a ls  i s  d escr ib ed .

The m ethod u t i l iz e s  5 -8  m illig r a m m e s  o f s i l ic a te  m in e r a ls  (b iotite  

and garnet) and the sam p le  p rep ara tion  i s  s im p le  and stra igh tforw ard . 

The pow dered m in era l i s  d ir e c tly  p e lle t iz e d  u s in g  c e llu lo se  backing  

and the sam p le  i s  m ask ed  w ith  a le a d  m ask . The p r e c is io n  and 

accu ra cy  of the d eterm in ation  of S it^ , TiO^, AlgO^, Fe^O^

MnO, MgO, CaO, K 0, are in v estig a ted  and proved  to  be high.

PA R T TWO of the th e s is  i s  a resu m e  of the e a r lie r  w ork done 

on the alum inium  s il ic a te  po lym orp h s. The p u blished  data on the  

tem p eratu re  and p r e ss u r e  o f fo rm ation  o f th e se  m in e r a ls  are  com p iled  

and the argu m en ts and c r it ic is m s  of the d ifferen t w orks are  

su m m arized .

PART THREE d ea ls  w ith the alum inium  s il ic a te  b earin g  ro ck s  

in  the contact a u r e o le s  studied . The F ir s t  C hapter o f th is  part 

d ea ls  w ith the p e tro lo g y  o f th ese  r o ck s , th e ir  sp a tia l arran gem en t in  

re la tio n  to the g ra n ite s  a s  w e ll a s  the tex tu ra l c h a r a c te r is t ic s  of the 

alum inium  s il ic a te  m in e r a ls . In A rdara a u reo le , a kyanite zone is  

e sta b lish ed  and in  both A rdara  and the M ain D onegal gran ite  a u r e o le s , 

garnet, kyanite, s ta u r o lite , an d alu site  and fib ro lite  are  shown to be 

a u reo le  m in er a ls . The seq u en ce  o f c r y s ta ll isa t io n  is  an e a r ly  

fib ro lite , fo llow ed  by garnet, then s ta u ro lite -k y a n ite  and fin a lly  

fe ld sp a r  and an d a lu site .

In the Second C hap ter, the r e s u lt s  o f the ch e m ic a l and m odal 

a n a ly se s  fo r  80 ro ck s  a s  w e ll a s  21 c o ex is tin g  b io tite s  from  the 

d ifferen t a u r e o le s  are  p resen ted . F o r  th is  a n a ly s is , a rectan gu lar
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rock  sp ec im en  i s  u sed . Two p a r a lle l s l i c e s  are  cut fro m  both ends 

and the part in  b etw een  th ese  two s l i c e s  i s  u sed  for  the ch em ica l 

a n a ly s is . B y th is  techn iq ue, it  i s  hoped that the c o rr e la tio n  betw een  

the ch em istry  o f the rock  and its  m od al co m p o sitio n  i s  a 

m eaningful one. T he an a ly tica l r e s u lt s  show , am ong o th er  th in gs, 

that th ere  i s  a d istin ct c o rre la tio n  b etw een  the com p o sitio n  of the  

rock  and its  c o ex is tin g  b io tite . P h a se  d iagram s of the 80 ro ck s  

show  that kyanite o c c u r s  only in  r o ck s  o f high M /F M  v a lu e s  w h erea s  

andalusite  o c cu rs  in  m o st rock s r e g a r d le s s  o f th e ir  M /F M  ra tio s .

A lso  th ere  i s  no ch em ica l d istin ctio n  betw een  a n d a lu site -b ea r in g  

and s illim a n ite -b e a r in g  ro ck s. When the 80 ro ck s are p lotted  on 

the sam e AFM  o r  AKFM diagram , th ey  show  a d istin ct grouping into  

k y a n ite -b ea r in g  rocks n ear the M co rn er  and k y a n ite -fr e e  rock s near  

the F  co rn er . K yanite developm ent i s  shown to be dependent on the 

M /FM  of the rock  rath er  than on the sp a tia l arran gem en t of the rock  

re la t iv e  to  the gran ite  contact. C onsequently , the alum inium  s i l ic a t e 

b earin g  ro ck s stud ied  are divided into 2 groups of d ifferen t M /FM  

r a tio s , n a m ely :-

k y a n ite -b ea r in g  ro ck s Ì  and alusite  - s ta u ro lite  - f ib ro lite , 

k y a n ite -free  ro ck s Ì  and alusite  and/ or  s illim a n ite  and/  or  fib ro lite

- s ta u ro lite

It i s  concluded  at the end o f th is  w ork that the reg ion a l 

c h lo r ite -m u sc o v ite  Ì  b io tite  ro ck s evo lved  to th e ir  p r e se n t m in era logy  

through two s e r ie s  o f reaction s:

1. A r e la t iv e ly  e a r lie r  rea c tio n  producing any of the fo llow ing

a sse m b la g e s  depending on the M /F M  ra tio  of the rock:
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H ig h M /F M  : k y a n ite -b io t ite -m u sc o v ite  - garnet

In term ed iate  M /F M  : k y a n ite -b io t ite -m u sc o v ite -s ta u r o lite
i  garnet

Low M /F M  : b io t ite -m u sc o v ite  -  s ta u ro lite  + garnet

2. A r e la t iv e ly  la te r  rea c tio n  ir r e s p e c t iv e  o f the M /F M  ratio  of 

the rock  producing an d alu site  a n d /o r  s illim a n ite  depending  

on the n e a r n e ss  of the rock  to the gran ite .

The two rea c tio n s  a re  con cu rren t w ith no tim e gap in  betw een .

It i s  a lso  concluded  that w h erea s  kyanite production  depends 

on the M /FM  ra tio  of the rock , and alusite  d evelopm ent is  thought to  

be due to ch an ges in  p h y sica l con d ition s (i. e . an in c r e a se  in  T or  

a d e c r e a se  in  P ). C o a rse  s illim a n ite  d eve lop s on ly  in  ro ck s  v e r y  

c lo se  to the gran ite  con tact, hence a high tem p eratu re  i s  the 

co n tro llin g  factor  fo r  i t s  developm ent.
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C H A P T E R  ONE

FLUORESCENT X -R A Y  SPECTROGRAPHIC ANALYSIS OF
SILICATE ROCKS

I. INTRODUCTION

W hatever i s  the m ethod u sed  for  a n a lysin g  s il ic a te  r o ck s , 

the r e lia b ility  i. e. the so u rce  and am ount of e r r o r s  in vo lved  in  

th is  m ethod, m u st be e stim a ted  b efo re  u s in g  the r esu lt in g  data 

to  draw c o n c lu s io n s . T h is  r e lia b ility  i s  d eterm in ed  by both the 

p r e c is io n  and a ccu ra cy  of the m ethod in  u se  and it s  a s se s s m e n t  

in v o lv es  the s ta t is t ic a l  a n a ly s is  of the data obtained. To fo llow  is  

a com p arative  su m m ary  of the r e lia b ility  of som e of the com m on ly  

u sed  m eth ods in  s i l ic a te  a n a ly s is . The s ta t is t ic a l  te r m s  u sed  in  

the d isc u ss io n  a r e :-

n num ber of o b serv a tio n s , a n a ly se s , rea d in g s , e tc .

X am ount of e lem en t, num ber of counts (in X -r a y  a n a ly s is ),

X a r ith m etic  m ean of X s.

d d ev ia tion  of an o b serv a tio n  from  the m ean.
S standard dev iation  or the u n certa in ty  of a s in g le  

o b serv a tio n  =

Sc standard counting e r r o r  (for X -r a y  w ork only w here X
i s  the num ber of counts) = ^  ^

in  c a se  of

standard unknown

u sin g  standard for  co m p a r iso n  - s im p le  ra tio .
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Sx standard e r r o r  or the e r r o r  of the a r ith m etic  m ean =
Vn

C r e la t iv e  deviation  of a s in g le  o b serv a tio n  or the
c o e ffic ien t of v a r ia tio n  = S—  x 100

X
C

E r e la tiv e  e r r o r  of the m ean = r—
V n

The r e lia b ility  of the convention al w et ch e m ic a l m eth od s has  

been  d isc u sse d  at length  bt F a irb a irn  et al. , (1951), F a irb a irn  and 

S h airer  (1952) and F a irb a irn  (1953) in  a co o p era tiv e  in v estig a tio n  of 

a Qkanite and a D iab ase a s  w e ll a s  a syn th etic  g la s s  of 

gran itic  com p osition . The r e s u lt s  of th is  in v estig a tio n  shocked  the  

g e o lo g is ts  who w ere  accu stom ed  to u se  the a n a ly tica l r e s u lt s  

without question ing th e ir  r e lia b ility .

T hree in ter e st in g  fa c ts  a r ise  in  con n ection  w ith  the  

conventional w et ch em ica l m eth od s, n a m ely :-

1. In terlab oratory  p r e c is io n  i s  m uch lo w er  than had been  

supposed.

2. F ro m  the a ccu ra cy  and p r e c is io n  point of v iew , for  S i and Al 

the m ethod is  p r e c is e  but not accu ra te  due to  b ia s  in  

d eterm in ation  w h erea s for  M g, Ca, Na, and K, it i s  

r e la t iv e ly  l e s s  p r e c is e  but m ore  accu rate.

3. B y v irtu e  of the dependence of som e d eterm in ation s on o th ers  

a s  w e ll a s  the b ia s  in the Si and A l d eterm in ation , the 

sum m ation of the r e s u lt s  of rock  a n a ly s is  n ear  to  100% is  not 

an a ssu ra n ce  of th e ir  c o r r e c tn e s s .

F o r  th ese  r e a so n s , coupled  w ith the fa c ts  that conventional 

m ethods req u ire  long tim e , high c o s t s  and sp e c ia l sk ill , s y s te m s  of 

the s o -c a lle d  rapid  a n a ly s is  of s i l ic a te s  have b een  p rop o sed  (Shapiro



and B rannock 1952, 1956, C orey  and Jack son  1953, B an n erjee  

and C o llis s  1955, R iley  1958). A c r it ic is m  of the rap id  m ethod  

w as p resen ted  by M ercy  (1956) who show ed that s in g le  

d eterm in ation s by rapid m eth ods of:

a. SiO^, to ta l iron , FeO, MgO, CaO, ^ £ 0 ,  K^O and PgO,. 

are a ll p r e c is e  and a ccu ra te .

b. TiO is  accu rate  but m o d era te ly  p r e c is e .
u

c. A1 0 Q, F e o0 show m od era te  a ccu ra cy  and p r e c is io n .
2 o ¿ i o

d. MnO show s poor a ccu ra cy  but m od erate  p r e c is io n .

e. H„0+ sh ow s poor a ccu ra cy  and p r e c is io n .

The fo llow in g  tab le is  a co m p ila tion  of M e r c y 's  data of 

a ccu racy  and p r e c is io n  b ased  on s ix  a n a ly se s  of each  of a gran ite  

from  the R o s s e s  and an o ld er  grad od iorite  from  the d io r it ic  ph ase  

of T horr D is tr ic t , both from  Co. D onegal, E ir e .

3



E lem en t

“!- ------

A ccu racy P r e c is io n

C Range of e r r o r  C C E*

S i° 2
1
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A12°3 1-2% (+2. 8 )-(4 . 3)% . 3.0% 1. 0%
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In  th e  p e r io d  of th e  l a s t  15 y e a r s ,  X - r a y s  a s  a  to o l fo r  

c h e m ic a l a n a ly s is  h a s  b e e n  u n iv e r s a l ly  an d  s u c c e s s fu l ly  t r i e d  

p a r t i c u la r ly  a f te r  the  d ev e lo p m en t of h ig h  in te n s i ty  s e a le d  X - r a y  

tu b e s  w ith  s ta b le  p o w e r s o u rc e s ,  h ig h ly  s e n s i t iv e  c o u n te r s ,  

c r y s ta l s  of la r g e  sp a c in g  and  h ig h  d if f ra c t in g  p o w e r , and  r e l ia b le  

e le c tro n ic  co u n tin g  s y s te m s . T h is  p ro v id e s  a n o th e r  m e th o d  fo r  

s i l ic a te  a n a ly s is  w h ich  is  m o re  ra p id  an d  w ould  be b e t te r ,  and  

m ig h t o u td a te , the  w et c h e m is t r y  if  p ro v e d  to  be r e l ia b le .

T o  fo llow  i s  a  d is c u s s io n  of th e  a n a ly t ic a l  m e th o d  u s e d  in  the  

p r e s e n t  w o rk  and  i t s r e la ib i l i ty .

II. SA M PL E P R E P A R A T IO N  - P E L L E T IZ A T IO N

S am p le  p r e p a r a t io n  i s  b a s ic a l ly  a  m e th o d  by  w hich  a 

h o m o g en eo u s  re p ro d u c ib le  s p e c im e n  s u r f a c e  c an  be p r e s e n te d  in  

an  ad eq u a te  w ay to  th e  X - r a y  s p e c tro g ra p h . O nce th e s e  p a r a m e te r s  

a r e  s a t is f ie d , th e  ch o ice  of a  p a r t i c u la r  m e th o d  r a th e r  th an  

a n o th e r  w ill d epend  on th e  t im e  f a c to r  and  the  e a s e  w ith  w hich  

th e  s p e c im e n  is  p r e p a r e d  f ro m  th e  s a m p le .

T he co m m o n ly  u s e d  w ay s of p r e p a r in g  s a m p le s  fo r  X - r a y  

f lu o re s c e n c e  a r e  fu s io n  and d i r e c t  p e l le t iz a t io n  of th e  p o w d er. 

B e s id e s  b e in g  le n g th y , fu s io n  te c h n iq u e  a ls o  h a s  th e  d is a d v a n ta g e s  

of d iff icu lty  in  a tta in in g  re p ro d u c ib i l i ty  (C hodos an d  E n g e l, 1961), 

p o s s ib i l i ty  of c o n ta m in a tio n s  f ro m  th e  d if fe re n t  e q u ip m e n ts  u s e d  

(B a ird  e t a l. , 1961), and  lo s s  in  in te n s i ty  p a r t i c u la r ly  of M g, A l, 

and  N a (H ornung  ). T h e r e f o r e ,  d i r e c t  b r iq u e tt in g  w as

in v e s t ig a te d  and  p ro v e d  to  be re p ro d u c ib le  and  m o re  p r a c t i c a l  a s  

w ill be show n l a t e r .
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B riq u ettes  w ere  p rep ared  in  the fo llow in g  w ay:-

1. The pow dered sp ec im en  (about 2 g ra m s for  each  p e lle t)  w as  

m ixed  with b a k elite  r e s in  to  the ra tio  of 6:1 and the m ixtu re  

w as c a re fu lly  h o m ogen ised  for  20 m in u tes in  a b a ll -m il l .

2. The h om ogen ised  m ix tu re  w as poured  into s te e l  m old  and 

backed w ith a known am ount of pure c e llu lo se  pow der w hich  

w as kept standard for  a ll the p e lle ts .

3. The pow der w as c o m p r e sse d  grad u ally  aga in st h igh ly  p o lish ed  

s te e l d is c s  or g la s s  d is c s  up to  30 ton s on ram , kept th ere  

for  20 seco n d s and then the p r e ss u r e  w as r e le a s e d  s low ly .

04. The b r iq u ette s  produced w ere  baked for  \  hour at 110 C, face  

up in an oven.

The b ak elite  i s  u sed  h ere  a s  a th e r m o -r o a s tin g  b in der that 

g iv es  a robust and durable b riq u ette . B r iq u ette s  of pure p ow d ers, 

although would r e su lt  in  h igh er  in te n s it ie s , p roved  to  be p r a c tic a lly  

d ifficu lt to  p rep are  and to handle.

The u se  of the g la s s  d is c s  a s  pads aga in st w hich the pow der is  

p r e s s e d  is  b e tter  than the p o lish ed  s te e l  d is c s . The fa ct that one 

g la s s  d isc  is  u sed  for  p rep arin g  one p e lle t , r e s u lt s  in  b r iq u ette s  

w hose su r fa c es  are not only m ir r o r - l ik e  (V olborth, 1963), but a lso  

rep rod u cib le . M o reo v er , it  s a v e s  the t im e  con su m ed  in  the frequent 

p o lish in g  of the s te e l  d is c s . W orth m en tion in g  i s  the fa c t that only  

in  v e r y  ra re  c a s e s ,  the g la s s  d is c s  cra ck ed  during r e le a s in g  the 

p r e ssu r e . Y et, ch eck s  m ade on such  p e lle ts  show ed that the 

la tter  are fr e e  fro m  any g la s s  (S ii^ ) con tam in ation s. The g la s s  d is c s  

w ere  put d ir e c tly  on a s te e l  ram  having a sm ooth  su r fa ce . It w as  

n oticed  that if  a soft t is s u e  is  put b etw een  the g la s s  d isc  and the
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s t e e l  ram , the g la s s  d isc  sh a ttered  co m p le te ly  into sm a ll p ie c e s .

The c e llu lo se  backin g i s  u se fu l in  that it  g iv e s  an adequate 

space for  la b e llin g .

III. STANDARD USED - EXTERNAL STANDARD

A s the ro ck s  co n cern ed  in  the p r e se n t w ork are  a ll 

m etam orph ic p e lit e s , a w ide range of co m p o sitio n  i s  u n lik e ly  to  be  

displayed . T h ere fo re , a c a re fu lly  a n a ly sed  rock  of th is  group  

(GL-10) can be sa t is fa c to r ily  u sed  a s  an ex tern a l standard  to  w hich  

the "unknowh" rock  can  be com pared . T h is  m ethod h a s the  

fo llow in g  ad van tages:-

1. The u ltim ate  r e lia b ility  i s  a ch iev ed  w hen both the stand ard  and 

the unknown of n ea r ly  s im ila r  co m p o sitio n , are  id en tica lly  

prepared .

2. The co m p a riso n  w ith such  a standard  can co m p en sa te  for  

the ab sorp tion  and enhancem ent e ffe c ts  en cou n tered  in  th ick  

sa m p les  of co m p o site  nature and, ind eed , it i s  the e a s ie s t  

way to  do so .

3. C om paring the unknown w ith the standard a s  qu ick ly  a s  is  

convenient can  e lim in a te  e r r o r s  due to  the in s ta b ility  and 

drift in  the e le c tr o n ic  sy ste m .

4. E r r o r s  due to  go n io m eter  se ttin g  p a r tic u la r ly  that ev o lv in g  

from  r e se tt in g  the g on iom eter  to  the 2 0 va lu e co rresp on d in g  

to m axim um  in ten sity , can  be e lim in a ted  i f  the standard

and the unknown are  in terch an ged  w ithout d istu rb ing the  

gon iom eter .



8

IV. EQUIPM ENT

A S iem en s-m a k e  K r y sta llo fe x -4  in  conjunction  w ith a G. S. 

type reco rd in g  and counting co n so le  w ere  u sed .

F o r  quantitative a n a ly s is , a constant X -r a y  rad ia tion  

in ten sity  i s  req u ired . T h is  in ten sity  i s  p rop ortion a l to  the cu rren t  

in  the X -r a y  tube and to  the square root of the tube v o lta g e . A s  

sp ec ified  by the m a k ers , both the cu rren t and the vo lta g e  in  the 

X -r a y  tube of K r y sta llo fe x -4  are  s ta b iliz e d  to an a ccu ra cy  of 0.1%, 

flu ctu ation s of the m ain s vo ltage  of 220 V. b etw een  +10 and -10% 

are taken into account.

X -r a y  tu bes w ith chrom ium  and tu n gsten  anod es w ere  u sed . 

Both tubes have b ery lliu m  w indow s w ith a v e r y  low  ab sorp tion  

fa c to r .

F o r  m an gan ese , a tu n gsten -an od e tube w as u sed  for  two  

r e a so n s :-

1. M anganese X -r a y  flu o re sce n t in ten sity  i s  m uch h igh er when  

u sin g  tu n gsten  rad ia tion  com p ared  to  a ch rom iu m  one.

2. When a chrom ium  tube i s  u sed , th ere  i s  an overlap  of

MnKa and CrKn . A lthough th is  overlap  can be r e so lv e d  by Jd
u sin g  su itab le  seco n d a ry  co llim a tio n  and a sc in tilla t io n  counter, 

y et, a great lo s s  in f lu o re sce n t in ten sity  w ill be m arked .

F o r  the oth er e lem en ts , i. e . N a, M g, A l, Si, P , Ca, F e ,

K, and T i, ch rom iu m -an od e tube g iv e s  m uch h igh er  in ten sity  for  

a ll the e lem en ts  ex cep t for  F e , bein g  accord in g  to  Jenk in s (ora l 

com m u n ica tion ),n early  3 of that of tu n gsten -an od e  tube.
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The rad iation  counting co n so le  i s  p rovid ed  w ith s in g le 

im p u lse  counting and im p u ls e -p r e s e le c t in g  f a c i l i t ie s ,  an e lec tr o n ic  

c lock  with tim e  p r e se le c t io n , and an im p u lse -h e ig h t a n a ly ser .

T h is type of m ea su r in g  apparatus i s  su itab le  for  u se  w ith G e ig e r -  

M uller, p rop ortion a l and sc in tilla t io n  counter tu b es.

A gas flow  p rop ortion al cou n ter w as u sed  in  p r e fe r e n tia l to  

a G e ig er -M u ller  counter b eca u se , accord in g  to  P a r r ish  and K ohler

(1956), L iebhafsky et a l. , (1960), it has the fo llow in g  a d v a n ta g es:-

1. The vo ltage  s ig n a ls  produced by the counter are  p rop ortion a l 

to  the en erg y  of the X -r a y  quanta that produced  the p u lse s .

2. It e lim in a te s  the n o n -lin ea r ity  p ro b lem s.

3. It m ak es p o ss ib le  to  apply s im p le  e le c tr o n ic  p u lse  height 

d iscr im in a tio n  tech n iq u es g iv in g  a lo w er  background and a 

h igh er p eak /b ack grou nd  ra tio . T h is  i s  p a r tic u la r ly  im portant 

when pow der sp ec im en s  that have a co m p lex  sp e c tra l  

d istr ib u tion  are used .

In p r e feren ce  to a sc in tilla t io n  cou n ter , g a s -f lo w  p rop ortion al 

counter p ro v id es  b e tter  en ergy  of reso lu tio n  (2. 5 t im e s ) .

R ecord in g  w as a u to m atica lly  done by an e le c tr o n ic  p r in t-o u t  

r e c o r d e r  attached to  the counting c o n so le . T h is r e c o r d e r  p r in ts  out 

the num ber of counts o ver  a p r e -s p e c if ie d  fixed  in terv a l of tim e .

In the p resen t w ork, fix ed  tim e  rath er  than fixed  counts w as  

u sed  in  m ea su r in g  the in ten sity . T h is  i s  b e c a u se :-

1. U sin g  a fixed  counts p ro ced u re, the c o lle c t io n  of the sam e  

num ber of counts on the background a s  on the peak ta k es  a 

v e r y  long tim e  p a r ticu la r ly  if  the background in ten sity  is
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v e ry  low  r e la t iv e  to that of the peak - a s itu a tio n  w hich is  

m et in  m o st of the e lem en ts  a n a ly sed  for.

2. S ta tis t ic a lly , it  h as b een  show n by H ein rich  (1959), B irk s

and B row n (1962) that th ere  i s  no advantage in  u s in g  a fixed  

counts p roced u re in stea d  of a fix ed  tim e  one. G aylor (1962) 

g o es even  fu rth er  in sta tin g  that fix ed  tim e  i s  n ev er  w o rse  

and n ea r ly  a lw ays b e tter  than fix ed  counts.

V. GONIOMETER SETTINGS

F o r  the d eterm in ation  of 29 of the peak and the background of 

the d ifferen t e lem en ts , a 29 sca n  o v er  the peak w as f ir s t  p erfo rm ed  

and au tom atica lly  reco rd ed  on the ch art r e c o r d e r . T hen counts  

w ere taken by the s tep w ise  scan ning  of the app roxim ate reg io n  in  

w hich the peak o ccu rs  at in ter v a ls  of 0. 02° and p lotted  gra p h ica lly  

to lo ca te  the exact p o sitio n  of the point of m axim um  in ten sity .

The g on iom eter  w as a lw ays rotated  in  one d irectio n  to  avoid  e r r o r s  

a r is in g  from  b ack lash  in  the adjustm ent of the gon io m eter  drum .

When rock  sam p le  w as u sed , a s lig h t sh ift in  the 29 of the 

peak i s  n oticed  com p ared  with sa m p les  of the pure e lem en t or its  

s im p le  sa lt . T h is  m ay be due to  the d ifferen ce  in  the ch e m ic a l sta te  

in  w hich the e lem en t is  p resen t in  the two sa m p les .

VI. INSTRUM ENTAL CONDITIONS - 
 PULSE HEIGHT ANALYSIS (P . H. A . )

A s m ea n s of sep ara tin g  X -r a y  photons into d efin ite  m ea su ra b le  

sp e c tra l l in e s , a gypsum  c r y s ta l in  conjunction w ith a p u lse  height
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s e le c to r  w ere  u sed .

The u se  of the c r y s ta l alone i s  not conven ient b eca u se  of:
g

1. L o ss  of in ten sity  by a fa c to r  of the ord er of 10 (L iebhafsk y  

et al. , 1960).

2. D iffraction  of lin e s  in  odd o rd ers  that m ay g ive r is e  to  lin e  

in ter feren ce  a n d /o r  r e la t iv e ly  high background, both of w hich  

cannot be e lim in a ted  by u sin g  the c r y s ta l alone (H ein rich , 1960).

F o r  th ese  r e a so n s , a p u lse  height s e le c to r  w as u sed  in  

conjunction with the c r y s ta l. By defin ition , the p u lse  height s e le c to r  

i s  "a c ircu it d esign ed  to  s e le c t  and p a s s  vo lta g e  p u lse s  in  a 

cer ta in  range of am plitude" (The Internation al D ic tio n a ry  of P h y s ic s  

and E lectronicSb). P u lse  height s e le c t io n  i s ,  th er e fo re , a p r o c e s s  

of sep aratin g  the c h a r a c te r is t ic  X -r a y s  from  the sp ec im en  

accord in g  to  th e ir  e n e r g ie s  ra th er  than w avelength . The range of 

p u lse  height that p a s s e s  the s e le c to r  is  c a lle d  a "window". T h is  

window has a "base" or a lo w er  th resh o ld  and a height or "channel", 

both of which are m ea su ra b le  in  v o lts . The b a se  and the channel 

can be adjusted  to  s e le c t  and p a ss  p u lse s  ly in g  betw een  the en ergy  

l im its  of the s e le c to r  se ttin g s  for  counting and r e je c t  the u n d esired  

ones.

A sy stem a tic  approach fo r  se ttin g  the p u lse  height s e le c to r  is  

n e c e ssa r y . In the p re se n t w ork, th is  w as done as d escr ib ed  

h erea fter .

A. C hoice of C ounter V oltage , B a se  L ine and Channel Width

Sam ples u sed  for  the p re se n t in v estig a tio n s  are  the pure  

e lem en ts  or th e ir  pure s im p le  s a lt s ,  r e fe r r e d  to  h ere  a s  E lem en ta ry
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Standards.

W ithout u sin g  the channel, the b ase  lin e  i s  s e t  at d ifferen t 

v o lta g es  and a stepwisfe sca n  a c r o s s  counter v o lta g es  at each  b ase  

lin e  settin g  i s  then p erform ed . In the p resen t w ork, the counter  

voltage w as changed by step s  of 15 v o lts . C ounts are  taken at 

su itab le  rate  and the average of th ree  rea d in g s is  p lo tted  aga in st  

the corresp on d in g  counter v o ltage . The INTEGRAL c u r v es  produced  

in th is  way are of the type shown in F ig . la .

The figu re  show s that counts in c r e a se  rap id ly  until th ey  rea ch  

a m axim um  le v e l  and then rem a in  constant over  a c er ta in  range of 

counter v o lta g es  form in g  a p lateau  c h a r a c te r is t ic  of p rop ortion al 

cou n ters. A ccord in g  to P a r r ish  and K ohler (1956), th is  p lateau  

r ep re sen ts  the vo ltage  range w hich w ill produce p u lse  am p litu d es  

g rea ter  than the d iscr im in a tio n  le v e l  i. e . once the app lied  vo ltage  

ex ceed s  the m in im um  req u ired  to m ake a ll p u lse s  g r ea ter  than the 

th resh o ld  or the b ase  lin e , no fu rth er in c r e a se  in  in ten sity  is  

obtained when the counter vo ltage  i s  in c r ea se d . A s i s  to be 

exp ected , the h igh er  the b a se  lin e  v o lta g e , the h igh er  is  the 

counter vo ltage  req u ired  to  rea ch  th is  p lateau  of m axim um  counts.

In sp ection  of th ese  in teg ra l c u r v es  fo r  the d ifferen t e lem en ts  

show s two in ter e st in g  fea tu res:

1* T here i s  a w ide range of v o lta g e s  that can be applied  on the 

counter w ithout changing the in ten sity .

2. The h igh er the a tom ic num ber of the e lem en t, the sh o r ter  is

the w avelength  of i t s  sp e c tra l lin e  and the lo w er  i s  the counter  

vo ltage  req u ired  to get m axim um  counts at a g iven  b a se  lin e .

F u rth er  in c r e a se  in counter vo ltage  w ill ca u se  a sudden r is e



in  counts corresp on d in g  to the G eig er  counter reg io n  w here  

p rop ortion ality  does not hold anym ore.

The sam e proced u re m entioned  above in  producing in teg ra l 

cu rv es  is  rep ea ted  u sin g  the channel th is  tim e . D IFFER ENTIA L  

cu rv es  of the type ex a m p lified  in  F ig . 1 b and c are  produced , each  

at a p a rticu la r  b a se  lin e  se ttin g . T h ese  c u r v es  show  that counts  

in c r ea se  to a value s im ila r  or v e ry  c lo se  to  that obtained in  in teg ra l 

cu rv es , rem ain  unchanged at th is  le v e l  o v er  a c er ta in  range of 

counter v o lta g es  and then drop rap id ly . T h is  drop in d ica te s  that 

at th is  le v e l , the p u lse s  are am p lified  to such a d eg ree  that th ey  

ex ceed  the upper th resh o ld  of the p u lse  height d iscr im in a to r .

F ro m  th ese  graphs, a com p lete  p ic tu re  of the appropriate  

com bin ations of counter v o lta g e , b a se  lin e  and channel width that 

give a stab le  m axim um  counts fo r  a p a rticu la r  e lem en t, are  known. 

E ven tually , d ifferen t s e ts  of con d ition s that would not be a ffec ted  

by sligh t flu ctuation s in  the vo ltage  of th ese  th ree  v a r ia b le s , can  

be sp ecified .

A s to the ch o ice  of a b ase  lin e , it  i s  to  be noted that the 

high er the b a se  lin e , the n arrow er  b e c o m e s  the p lateau  of stab le  

m axim um  counts at a g iven  channel width (cf. F ig s . 1 b and c). 

H ence it is  ad v isab le  to  u se  a s  low  b ase  lin e  a s  conven ient.

H einrich  (1960) pointed out that r a is in g  the b ase  lin e  not only o ffer s  

no advantages, but a lso  r e s u lt s , in cer ta in  c a s e s ,  in a lo s s  of 

e ffic ien cy  in  the sep ara tion  of en erg y  le v e ls .

R egarding the ch o ice  of the counter vo lta g e , it i s  p re fera b le  

to m aintain  it at a le v e l  s lig h tly  above that n e c e s s a r y  to rea ch  the 

m axim um  counts. A s H einrich  (1960) poin ts out, th is  " m in im izes  

the p a ss in g  of n o ise  p u lse s  sm a lle r  than the d e s ir e d  sign a l. "

13
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The settin g  of the channel width at a p a r ticu la r  vo lta g e  

depends on w hether or not th ere  are  e le m e n ts  that m ight in ter fe r e  

with that of in te r e st . If p re se n t, th is  in ter fe r en ce  should be 

ca re fu lly  in v estig a ted  and e lim in a ted  a s  i s  exp la in ed  in  the next 

section ..

B. E lim in a tio n  of L ine In ter feren ce

The e ffe c t of e lem en ts  w hose sp e c tr a l l in e s  of odd o r d e rs  

are lia b le  to  in ter fe r e  w ith the sp e c tr a l lin e  of in te r e s t  can be  

elin in ated  by vary in g  the channel width.

Suppose that the sp e c tr a l lin e  of an e lem en t "A" to  be 

m ea su red  i s  su ffic ien tly  n ear to  a sp e c tra l lin e  of another e lem en t  

"B" w hich i s  lia b le  to  in te r fe r e . F ir s t  we se t  the p u lse  height 

se le c to r  on the b a se  lin e  and the counter v o lta g e s  a lrea d y  ch osen . 

Then u sin g  a sam p le  of e lem en t "A" contain ing no e lem en t "B^  

the channel i s  c lo se d  co m p le te ly  so  that no counts are  r e g is te r e d .  

The channel is  then opened grad u ally  (at s tep s  of 2 v o lts  in  the  

p resen t w ork). It w ill be n o ticed  that counts w ill in c r e a se  s tea d ily  

until th ey  rea ch  a m axim um  w hereb y th ey  w ill rem a in  con stan t no 

m atter  how m uch is  the channel width in c r ea se d .

The sam e p r o c e s s  i s  rep ea ted  on a sam p le  of e lem en t "B" 

that d oes not contain  e lem en t "A". A s the channel width is  

in c r ea se d , the counts r is e  along a range of channel width  

corresp on d in g  to the in c r e a se  n oticed  in  the c a se  of e lem en t "A" 

b efore  the la tte r  r e a c h e s  it s  fu ll counts. T h is  i s  fo llow ed  by a 

plateau r ep resen tin g  the f ir s t  ord er  con trib u tion s to  the background  

F u rth er  in c r e a se  in the channel width w ill brin g  about an in c r e a se
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in  counts that co rresp o n d s to h igh er  ord er  con trib u tion s to  the  

background a n d /or  the in ter fer in g  sp e c tra l lin e  of e lem en t "B" 

depending on w hether an im m ed ia te  secon d  plateau  and/ or sharp  

in c r ea se  in counts i s  produced. It i s  ev id en t that the range of 

channel width to  be u sed  i s  that producing the f ir s t  p lateau . The 

ch o ice  of a point in  the m id d le  of th is  p lateau  i s  a su itab le  one, 

being not a ffected  by s lig h t flu ctuation  in the channel v o lta g e . The 

c la s s ic  exam ple of m ea su r in g  A l in the p r e se n c e  of T i i s  i llu s tr a te d  

in F ig . 2a.

C. B ackground and P eak /B ack grou n d  R atio

A background w ill be a lw ays p re se n t when the in ten sity  of an 

X -ra y  lin e  i s  m ea su red  for  any sp ec im en  in g en era l, and w hen u sin g  

pow der sp ec im en s  of co m p o site  nature in  p a rticu la r . C om ponents  

that contribute to the background are p r im a r ily  r e f le c t io n s  at 

high er o rd ers  of c h a r a c te r is t ic  and n o n -c h a r a c te r is t ic  rad ia tion s  

a ll of w hich are  B ragg  an gle-d ep en d en t and seco n d a r ily  sca tter e d  

X -r a y s , d etector  n o ise , ra d io a c tiv ity  and c o sm ic  ra y s. The 

background, th er e fo re , m ay v a ry  co n sid era b ly  fro m  one sp ec im en  

to  another.

The background b e co m es  an im portant p rob lem  and, indeed  

a c r it ic a l one, in  the d eterm in ation  of ligh t e lem en ts  of low  in te n s it ie s .  

A s pointed out by P a r r ish  and K ohler (1956) and la te r  by L iebhafsky  

et al. , (1960), the p rob lem  b e co m es  w o rse  when a sc in tilla t io n  counter  

i s  u sed  in stead  of a prop ortion al counter b eca u se  of the fo r m e r 's  

l e s s  en ergy  of reso lu tion .

M ore im portant s t i l l  is  the peak /b ack grou nd  ratio  w hich m ust



be attained as high as p o ss ib le  or at le a s t  h igh er  than the lower- 

l im its  of X -r a y  d etec ta b ility . P a r r ish  and K ohler (1956) show ed  

that the peak/background ra tio  i s  a function of the a n a ly zer  

tra n sm issio n .

E ven tu ally , p u lse  height s e le c t io n  would be ex p ected  to  

elim in ate  the h igh er ord er contribu tions to  the background, thus  

im proving P /B  ratio . T h is  w as found to  be true by vary in g  the  

channel width. C hanges in  the b a se  lin e  proved  to  have a v e r y  

l it t le  e ffec t , if  not at a ll, on the P /B  ra tio . W orth m ention ing  is  

that accord in g  to  L iebhafsky et a l. , (1960), the p u lse  height 

se le c tio n  a lso  f i l t e r s  out sca ttered  X -r a y s  a s w e ll a s  the 

phototube n o ise  when d iffe re n c e s  in  en ergy  are la rg e  enough.

P r a c tic a lly , the p rob lem  i s  approached by doing a step w ise  

channel width sca n  with the gon iom eter  se t  at the peak and another  

scan  with the gon iom eter  se t at the background, u sin g  the sp ec im en  

to be an alysed  in both c a s e s  (F ig . 2 b). F ro m  the c u rv es  produced, 

the channel width that g iv e s  a good P / B  ra tio  w ithout a co n sid era b le  

lo s s  of counts on the peak, can be known.

D. C onditions U sed  In A n a ly s is

T able 2 show s the in stru m en ta l cond itions ch o sen  for  the 

differen t e lem en ts  an a lysed  for.

16
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VII. RELIABILITY OF THE METHOD USED

X -r a y  e m is s io n  sp ectrograp h y  is  not an ab so lu te  m ethod of 

determ inin g the am ounts of e le m e n ts  p resen t. A ccord in g  to  

L iebhafsky et al. , (1960) if  the co m p a r iso n  i s  "properly" c a r r ie d  

out, the r e lia b ility  of a com p arative  X -r a y  e m is s io n  m ethod is  

m ea su red  by i t s  p r e c is io n . The te r m  "properly" in c lu d es  the u se  

of a standard so  r e lia b le  that it m ay be co n s id ered  to  contain  the 

e lem en ts  of in te r e s t  at (or v e ry  c lo se )  the tru e w eight fra c tio n  

known.

A. S o u rces  of E r r o r s

E r r o r s  m ay be (a) m ech a n ica l and e le c tr ic a l  p a r tic u la r ly  due 

to  the in sta b ility  of cou n ter e le c tr o n ic s , i. e. m ach in e rep ro d u cib ility , 

or (b) due to the nature of the sp e c im en s  (p e lle tiz in g , g ra in  s iz e ,  

sam ple su rface  e t c .) .

Y et, an e r r o r  w hich i s  not only im portant but a lso  unavoidable  

i s  the Standard C ounting E rr o r  "Sc". It r e s u lt s  from  flu ctu ation s  

that cannot be e lin in a ted  as  lon g  as  quanta a re  counted b eca u se  

X -r a y  quanta are em itted  random ly and not reg u la r ly  in tim e

in c a se  of u sin g  a co m p a r iso n  standard  for  the e sta b lish m en t of 

s im p le  ra tio  (proof of th e se  equations i s  exp la in ed  at len gth  in  

L iebhafsky et a l. , 1960). T h is  e r r o r  is  s ig n ifica n t in that it can  be 

u sed  as  "a c r ite r io n  for  judging the op eratin g  con d ition s fo r  X -r a y  

e m is s io n  spectrography" (L iehhafsk y et a l. , 1960).

(M acdonald, 1964). T h is  Sc eq u a ls to
standard unknown
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H ence, a co m p arison  b etw een  Sc and S g iv e s  a c lu e for  the 

re lia b ility  of the an a ly tica l r e s u lt s . The id en tity  of th ese  two  

standard e r r o r s  i s  an in d ication  that the d ifferen t con d ition s of 

a n a ly s is  w ere sa tis fa c to r y  o ver  the p er iod  req u ired  to take the 

data.

F o r  the d ifferen t t e s t s  of rep ro d u cib ility , th e rock  w hich w ill  

be u sed  as  a standard during the actu al co u rse  of a n a ly s is  (GLIO) 

w as cru sh ed  to  d ifferen t gra in  s iz e s  and 30 p e lle ts  w ere  p rep ared .

The fo llow in g  tab le ou tlin es  the p roced u re  of cru sh in g  and the 

conditions of each  p e lle t . (T able 3).

E ach  of the fo llow in g  a liq u ots w as h o m ogen ised  for  30 

m in utes and about 10 g ra m s of each  w ere  m ixed  w ith  b ak elite  r e s in  

to the ra tio  of 6 : 1, then  h om ogen ised  for  20 m in u tes . F iv e  

portion s (about 2 g ra m s each) of ev er y  gra in  s iz e  w ere  p e lle t iz e d  

as exp la in ed  e a r lie r . P e l le t s  No. 1 - 25 w ere  p r e s s e d  aga in st  

g la s s  d is c s  (using a fr e sh  d isc  fo r  each  p e lle t)  and th o se  nu m bered  

27 - 31 w ere  p r e ss e d  aga in st h igh ly  p o lish ed  s te e l  d is c s .

Two poin ts shotild be noted in the above m entioned  w ay of 

cru sh ing  and p rep arin g  the sam p les: -

1. A lthough the pow der i s  cru sh ed  to  p a ss  the 100, 200 or 300 

m esh  s c r e e n s , y e t th is  does not n e c e s s a r ily  m ean  that the  

o v e ra ll gra in  s iz e  i s  150, 76 or 53/ut r e sp e c t iv e ly . In fact  

the g r ea tes t  bulk of the pow der is  far  below  th ese  gra in  

s iz e s  b eca u se  u sin g  the tem a  c ru sh er  r e s u lt s  in  tra n sfo rm in g  

the m ajor part of the pow der into v e r y  fin e dust.

2. It can be argued that s iev in g  the pow der a fter  cru sh in g  would  

r e su lt  in  som e so rt of m in era l sep ara tion , p a r ticu la r ly  if  the
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TABLE 3

A liquot
N um ber

P e lle t s
N um ber

i

G rain  S ize

1 1 - 5  
and 27

S m all p ie c e s  of the rock  cru sh ed  in  T em a  
for  40 s e c s ,  and fin ish ed  w ith the b a ll 
m ill  and m anual agate m orta r  to  p a ss  
100 m  esh .

*
2 6 - 1 0  

and 28

|
-100 m esh  pow der (from  aliquot No. 1) 
fu rth er cru sh ed  in  T em a for  30 s e c s ,  and j 
fin ish ed  w ith the b a ll m il l  and m anual 
agate m orta r  to p a ss  200 m esh . \

3 11 - 15 
and 29

-100 m esh  pow der (from  aliquot No. 1) 
fu rth er cru sh ed  in  the T em a fo r  50 s e c s ,  j 
and fin ish ed  w ith the b a ll m il l  and m anual | 
agate m orta r  to  p a ss  300 m esh .

1 4 16-20  
and 30

-2 0 0  m esh  pow der (from  aliquot No. 2) 
fu rth er cru sh ed  in  T em a for  20 s e c s .

5 21-25 
and 31

fin ish ed  w ith b a ll m ill  and m anual agate  
m o rta r  to  p a s s  300 m esh . The w hole lo t  
w as sp lit in  tw o h a lv es .
The f ir s t  h a lf w as fu rth er cru sh ed  in  the 
b a ll m il l  for  hour (aliquot No. 4. 
p e lle ts  16 - 20 and 30).
The secon d  h a lf w as fu rth er  cru sh ed  in  the  
b a ll m ill  for 1 hour (aliquot N o. 5. 
p e lle ts  2 1 - 2 5  and 31).
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rock  con ta in s p laty  m in er a ls . Y et, s iev in g  w as n e c e s s a r y  

to en su re  that the w hole pow der i s  b elow  a c er ta in  grain  

s iz e . T h is  p rob lem  of sep a ra tio n  w as o v erco m e  by  

h om ogen isin g  the pow der into a b a ll m ill  h o m o g en iser  fo r 

30 m in u tes a fter  it has b een  s iev ed .

B. M achine R ep rod u cib ility  - Long and Short T erm  V aria tion s

D uring th is  te s t ,  each  p e lle t  rem ain ed  un disturbed  during the 

whole s e ts  of read in gs. F o r  each  p e lle t , count rea d in g s w ere  taken  

for  a num ber of equal co n secu tiv e  counting in te r v a ls . T h ese  

read in gs w ere  then subdivided seq u en tia lly  into s e t s  of 10 each  (the 

tim e n e c e s s a r y  for m ea su r in g  both the standard and the sp ec im en  

in the u su a l a n a ly s is ).

The r e su lts  and the s ta t is t ic a l a n a ly s is  of th is  te s t  i s  shown in  

T able 4.

In sp ection  of T able 4 show s that for  short te r m  deviation  

w ithin  s e t s ,  the standard counting e r r o r  and the standard d eviation  

can be co n sid ered  id en tica l. The s lig h t in c r e a se  of the standard  

deviation  over  the standard counting e r r o r  in  the v e r y  few  c a s e s  in  

T able 4 i s  in sig n ifica n t and, indeed , for  co m p a r iso n s  of th is  so rt, 

it can n ever  be e lim in ated .

The sam e a p p lies  to  the two standard e r r o r s  ca lcu la ted  for  

the lon g  term  deviation . In the c a se  of alum inium , for exam p le , 

over  a w orking p er io d  of 2 h ou rs, the standard d ev ia tion  i s  g rea ter  

than the standard counting e rr o r  only by 0. 01% of the am ount of A1 

p resen t; a d ifferen ce  w hich i s  in s ig n ifica n t at a ll.



I Av. Short T erm  D eviation  w ithin L ong T erm  D eviation
1 P e l - counts s e t s D eg-

E le- 1 on P /B Set r e e s
ment 1 No. peak ratio No. Sc C% s C% of f r e e 

dom
Sc C% s C % c

Si 13 22100 67 1 148 0. 67 165 0. 75 49 149 0. 67 176 0. 79
2 149 0. 67 187 0. 84
3 149 0. 67 156 0. 70
4 149 0. 67 139 0. 62
5 149 0. 67 166 0. 75

1 25568 160 0. 63 183 0. 72
6 24600 157 0. 64 222 0. 90

11 24554 157 0. 64 164 0. 67
16 24654 157 0. 64 124 0. 50
21 24503 157 0. 64 134 0. 55

T i 1 18400 22 1 136 0. 74 156 0. 85 31 136 0. 74 155 0. 84
2 136 0. 74 128 0. 70
3 136 0. 74 185 1. 00

13 15997 1 126 0. 79 193 120 27 126 0. 79 121 0. 77
2 126 0. 79 64 0. 40

!3 126 0. 79 103 0. 64
24 17431 j1 132 0. 67 165 0. 95 52 132 0. 76 148 0. 85

2 132 0. 76 167 0. 96
3 132 0. 76 99 0. 57

j 4 132 0. 76 115 0. 66
5 132 0. 76 178 1. 02 :

F e 1 19802 23 141 0. 71 195 0. 98
6 20246 142 0. 70 108 0. 53

11 20454 143 0. 70 205 1. 00
16 20334 142 0. 70 123 0. 60
21 20409 143 0. 70 128 0. 63
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E le 
m ent

P e l 
le t
No.

Av.
counts
on
peak

P /B
ratio

Short T erm  D eviation  within  
s e ts

Long T erm  D eviation  
D eg- 
r e e s
of fr e e -  Sc C% s 
dom

C % c

Set
No. Sc C% s C%

K 1 21725 42 1 148 0. 68 161 0. 74 88 147 0 .6 8  168 0. 77
2 148 0. 68 155 0. 71
3 148 0. 68 122 0. 56
4 147 0. 68 166 0. 77
5 147 0. 68 106 0. 49
6 147 0. 68 170 0. 79
7 147 0. 68 55 0. 30
8 147 0. 68 153 0. 71
9 147 0. 68 170 0. 79

Sc: standard counting e rr o r

s: standard d eviation  or the
u n certa in ty  of a s in g le  
ob servation

C%: r e la t iv e  dev iation  o f a s in g le
o b serv a tio n  or  the co effic ien t  
of v a r ia tio n  e x p r e sse d  in  p er  cent of 
the am ount p resen t.

C %: r e la t iv e  d eviation  of the counting  
e rr o r
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Since it i s  intended in  the actual co u rse  of rock  a n a ly s is  to  

u se  in ten sity  ra tio  i. e. im m ed iate  co m p a riso n  of the unknown rock  

with a ca re fu lly  an a lysed  rock  u sed  as  a standard , in stea d  of the 

d irect u se  of num ber of counts, th ere  w as no point to  d eterm in e  

the long term  d ev ia tion s o ver  w orking p er io d s  of a day or m o re .

It can, th er e fo re , be concluded that the sp ectro g ra p h  sy ste m  

i s  sa t is fa c to r ily  stab le  over  the p e r io d s  n e c e s s a r y  to  c o lle c t  the 

data of a n a ly s is .

C. E ffec t of G rain  S ize  and P e lle t iz a t io n  on R ep rod u cib ility

In th is  t e s t ,  the 5 p e lle ts  of each  gra in  s iz e  w ere  an a lysed  

for the d ifferen t e lem en ts  u sin g  a p e lle t  of another rock  as  a 

com p arison  standard to  ca lcu la te  the X -r a y  in ten sity  ra tio  

(= No. of counts of sa m p le /N o .o f counts of the standard). The 

r e su lts  of th is  t e s t  and the s ta t is t ic a l a n a ly s is  of the data i s  shown  

in T able 5.

In sp ection  of T able 5 show s that the standard d ev ia tion  is  

l e s s  than the standard counting e r r o r , su g g estin g  that th ere  i s  no 

added e rr o r  due to  p e lle tiz a tio n  and the m ethod adopted fo r  sam ple  

p rep aration  i s  sa tis fa c to ry . T he tab le a lso  show s that it i s  not 

n e c e s s a r ily  the f in e -g ra in ed  p ow d ers w hich would g ive h igh er  

p r e c is io n .

The -300  m e s h -s iz e  pow der w ill be u sed  b e c a u se :-

1. F u rth er cru sh in g  would not im p rove the p r e c is io n .

2. The m ica  in  a c o a r se  pow der m ight tend to chip off the rock .

3. F o r  co n sid era tio n  of a ccu ra cy  w hich w ill be m en tion ed  la te r ,



JElemen
j P e lle t  

tf N os. *
A verage  of 
5 ra tio s

-  ------------
S C%

i

Sx E Sc Cc%

(Si I 1 - 5 1. 0518 0. 282 0. 44 0.126 0. 20 0. 589 0. 92
63. 69 j 6 - 10 1. 0825 0. 300 0. 47 0. 134 0. 21 0. 583 0. 92

1 1 - 1 5 1. 1016 0. 488 0. 76 0. 218 0. 34 0. 577 0. 91

116 - 20 1. 1153 0. 271 0. 43 0. 121 0.19 0. 565 0. 89

21 - 25 1.1139 0. 342 0. 54 0. 153 0. 24 0. 571 0. 90

T i 1 - 5 0. 8431 0. 005 0. 55 0. 002 0. 25 0 .012 1. 33

10. 90 ! 6 - 10 0. 8317 0. 006 0. 66 0. 003 0. 30 0. 012 | 1. 33

11 - 15 0. 8311 0. 005 0. 55 0. 002 0. 25 0. 012 1. 33

16 .- 20 0. 8083 0. 007 0. 78 0. 003 0. 35 0. 012 1. 33

21 - 25 0. 8080 0. 007 0. 78 0. 003 0. 35 0. 013 1. 44

A1 I 1 - 5 0. 7998 0.198 1.16 0. 088 0. 52 0. 304 1. 78

17. 05 : 6 - 1 0 0. 7991 0. 134 0. 79 0. 060 0. 35 0. 306 1. 79

11 - 15 0. 7984 0.102 0. 60 0. 046 0. 27 0. 304 1. 78

16 - 20 0. 7816 0. 148 0. 87 0. 066 0. 39 : 0. 306 1. 79

21 - 25 0. 7882 0.104 0. 61 0. 046 0. 27 ; 0. 306 1. 79
T o ta l 1 - 5 1. 4956 0. 022 0. 22 0. 010 0. 10 0.121 1. 21

iro n 6 - 1 0 1. 5260 0. 026 0. 26 0. Oil 0. 11 0.121 1. 21

as 11 - 15 1. 5306 0. 051 0. 51 0. 023 0. 23 0.121 1. 21

F e 2°3 16 - 20 1. 5385 0. 064 0. 64 0. 029 0. 29 0. 121 1. 21

9. 99 |;21 - 25 1. 5402 0. 051 0. 51 0. 023 0. 23 0.121 1. 21
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E lem en
| P e l le t  j A v era g e  of

t N os. f 5 ra tio s&________ £____________
l S
f

j  c% j Sx~i j E Sc
*1------------
1 Cc%

j___
Mn 1 - 5 j  1. 0188 | 0. 0027 j 3. 86 1 0. 0012 1. 73 0. 0016 1 2. 28|
0. 07 6 - 1 0 I 1. 0045% | 0. 0018 2. 57 j 0. 0008 1.15 . i U. 0016 | 2. 28

I 11 - 15 j 1. 0049 I 0. 0013 1. 86 j 0. 0006 j 0. 83 j 0. 0016 j 2. 28
1
1 16 - 20 j 1. 0162 0. 0012 1. 71 1 0. 0005

1
| 0. 0006

j 0. 76 0. 0016 2. 28

21 - 25 I 1. 0262 0. 0013 1. 86 1 0. 83 0. 0016 2. 28
¡Mg 1 - 5 | 0. 8100 0. 074 3. 89 f 0. 033I 1. 74 0. 214 11. 26

1. 90 6 - 1 0 | 0. 6209§ 0. 021 1.11 f 0. 009
1

0. 49 0. 214 11. 26

11 - 15 \ 0. 5984 0. 076 4. 00 I 0. 034
i
j 0. 033

1. 79 0. 220 11. 58

16 - 20 1 0. 5506|
i 0. 5424

1 0. 074 3. 89 1. 73 0. 222 11. 68

21 -  25 1i 0. 077 4. 05 i 0. 034 1. 79 0. 224 11. 79
Ca 1 - 5 1. 0995£ i 0. 0024 0. 31 I 0. 0011z 0. 14 0. 0080 1. 04
0. 77

!
6 - 1 0 f 1. 0427

8
s 0. 0041 0. 53 j 0. 0018

j 0. 0017

0. 23 0. 0082 ; 1. 06

11 - 15 f 1 .0224 £
1 0. 0039 0. 51 0. 22 0. 0082 1. 06

16 - 20 j 1. 0377 £
i 0. 0033 0. 43 j 0. 0015 0 .19 0, 0081 1. 05

21 - 25 1. 0473 1 0. 0027 0. 35 ! 0. 0012 0.16 0. 0081 1. 05
Na 1 - 5 J 1. 0585 P13 0. 036 1. 88 |  0. 016 0. 84 0.178 9. 32

1. 91 6 - 1 0 0. 9809 1 0. 058 3. 04 I 0. 026 1. 36 [ 0.178 9. 32

11 - 15 1. 0274 1 0. 047 2. 46 ! 0. 021

! 0. 022«

1. 10 | 0.182 9. 53

]L6 - 20 0. 9866 I 0. 050 2. 62 1.17 j 0.178 9. 32
i21 - 25 0. 9857 l 0. 041 2. 15 [ 0. 018 0. 96 | 0.179 9. 37
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P e lle t  E lem en t , TN os.
A verage  of 
5 r a tio s S c% Sx" E Sc Cc% 1i

K 1 - 5 1.1839 0. 020 0. 61 0. 009 0. 28 0. 028 0. 86 j

3. 25 6 - 1 0 1.1631 0. 027 0. 83 0. 012 0. 37 0. 028 0. 86 j%
11 - 15 1.1484 0. 020 0. 61 0. 009 0. 28 0. 028 0. 86 |

16 - 20 1. 0940 0. 013 0. 40 0. 006 0. 18 0. 028 0. 86 j
21 - 25 1. 0673 0. 029 0. 89 0. 013 0. 40 0. 028 0. 86

p 1 - 5 0. 9922 0. 0028 3. 50 0. 0013 1. 57 0 .0 0 5 6 7. 00

0. 08 6 - 1 0 0. 9255 0. 0008 1. 00 0. 0004 0. 45 0. 0058 7. 25

11 - 15 0. 9384 0. 0023 2 . 87 . 0. 0010 1. 28 0. 0058 7. 25

16 - 20 0. 8998 0. 0009 1.13 0. 0004 0. 51 0. 0060 7. 50

21 - 25 0. 8988 0. 0010 1. 25 0. 0004 0. 56 0. 0060 7. 50 1

* R e fer  to T able 3 for the gra in  s iz e  of th ese  p e lle ts  

S, Sx and Sc a re  e x p r e s se d  as oxide p er  cent

C and E are e x p r e s s e d  a s  p er  cen t of the am ount p re se n t  

Sc i s  the standard counting e r r o r  of s im p le  ra tio  

Cc i s  the r e la t iv e  d ev iation  of the counting e r r o r

to
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-300 m esh  pow der proved  to  g ive  m ore  accu ra te  r e s u lt s  

than -200  pow der.

Since it i s  intended to u se  th ree  p e lle ts  for  each  rock  in stea d  

of five  during the actual co u rse  of a n a ly s is , th ree  p e lle ts  of the 

-300 m esh  pow der w ere  m ea su red  and the r e s u lt s  are s ta t is t ic a lly  

an alysed  as  shown in  T able 6.

T able 6.

E ffect of P e lle t iz a tio n  on the R ep rod u cib ility  of 3 P e l le t s

E lem en t % oxide J3_ c% Sx E %

Si 63. 69 0. 341 0. 54 0.197 0. 31
T i 0. 90 0. 005 0. 56 0. 003 0. 32
A1 17. 05 0.150 0. 88 0. 087 0. 51
F e 9. 99 0. 032 0. 32 0. 018 0.18
Mn 0 .0 7 0. 0005 0. 71 0 .0 0 0 3 0. 41
Mg 1. 90 0. 015 0. 79 0. 009 0. 46
Ca 0. 77 0. 002 0. 26 0. 001 0.15
Na 1. 91 0. 036 1. 88 0. 021 1. 08
K 3. 25 0. 021 0. 64 0. 012 0. 37
P 0. 08 0. 0006 0. 75 0 .0 0 0 3 0. 43

In both T a b les  5 and 6, s in c e  S i s  s m a lle r  than Sc, it  can  

be concluded that the standard dev iation  n o ticed  betw een  the p e lle ts  

i s  due to  the unavoidable standard counting e r r o r . It fo llo w s  that 

if  the counting i s  in c r e a se d  (low er  S c), the p r e c is io n  b etw een  the  

p e lle ts  should im p rove. T o te s t  th is  a ssu m p tion , the 5 p e lle t s  of 

the -300  m esh  pow der w ere  a n a lysed  and the counting w as in c r e a se d  

to  n ea r ly  300, 000 fo r  Si, F e , K; 80, 000 fo r  A1 and 5, 000 fo r  Mg.
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TABLE 7

E ffec t of P e lle t iz a t io n  on the R ep rod u cib ility  of 5 P e lle t s  
__________________ at High Counting Rate___________  _ _ _ _ _

E lem en t S c% Sx E Sc Cc%

Si (63. 69) 0. 085 0. 11 0. 038 0. 06 0.153 0. 24

A1 (17. 05) 0. 02 0.12 0. 009 0. 05 0. 08 0. 47

P e  (9. 99) 0. 01 0 .10 0. 004 0. 04 0. 03 0. 30

Mg (l. 90) 0. 01 0. 53 0. 004 0. 24 0. 03 1. 58

k (3. 25) 0. 006 0.18 0. 003 0. 08 0. 008 0. 25

The r e s u lt s  of th is  te s t  (Table 7) show  a great im p rovem en t in  S 

which is ,  in  turn, lo w er  than Sc. A gain th is  in d ica tes  that th ere  is  

no added e r r o r  due to p e lle tiz a tio n  and the p r e c is io n  req u ired  from  

the a n a ly s is  is  dependent on the ch o ice  of a p a r ticu la r  standard  

counting e r r o r  to  su it the w ork for  w hich the a n a ly s is  i s  done.

D* The E ffec t of G rain  S ize  of In ten sity

It h as been  fo r  a lon g  tim e  reco g n ized  that although X -r a y  

flu o re sce n c e  in ten sity  i s  u n affected  by the p h y sica l sta te  of the 

e lem en ts , y e t the extent to  w hich the pow der i s  ground has a 

co n sid erab le  e ffect. C la is se  (1956 in  C la is se  and S am son  1961) 

show ed by ex p erim en t that, in  g en era l, the f lu o re sce n c e  in ten sity  

in c r e a s e s  a s  the gra in  s iz e  d e c r e a s e s .

L a ter , C la is se  and S am son  (1961) th e o r e tic a lly  p red icted  and 

ex p er im en ta lly  v e r if ie d  in quantitative te r m s  the e ffe c t  of grain  

s iz e  on X -r a y  flu o re sce n e  in ten sity . T hey th e o r e tic a lly  show ed that 

for a g iven  w avelen gth , when the gra in  s iz e  is  v e r y  la rg e  or v e ry
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sm a ll, the in te n s it ie s  are  independent of gra in  s iz e  although they  

d iffer  from  each  oth er by a fa c to r  of 12. Y et, thesfe two e x tr em e s  

are sep a ra ted  by a " tran sition  zone" o ccu rr in g  b etw een  5/u - 1 m m , 

a range w hich " e n c lo ses  a ll the gra in  s iz e s  that can be produced  

or that are  u t iliz e d  in  X -r a y  f lu o r e sc e n c e  analysis"(p . 344 ).

T h e ir  ex p er im en ts  proved  the e x is ten ce  of such  a zone. M oreover, 

"the authors (ibid) pointed out that the b e lie f  of the n e c e s s ity  of 

p u lv er iz in g  the sam p le  a s  m uch a s  p o ss ib le  to  b y -p a s s  the  

tra n sitio n  zone, has no b a s is  and in  fact in  the c a se  of ligh t  

e lem en ts , the tra n s itio n  zone i s  d isp la ced  tow ard v e r y  fine grain  

s i z e s . .

In v iew  of th ese  fin d in gs, th is  gra in  s iz e  e ffec t is  

in v estig a ted  in the p resen t w ork. Colum n 3 of T able 5 and F igu re  

3 show the r e s u lt s  of th is  in v estig a tio n . F ro m  th ese  r e s u lt s , it  i s  

c le a r  that not a ll the in te n s it ie s  of a ll the e lem en ts  in c r e a se  w ith  

d ecrea s in g  gra in  s iz e .

T h is  d iscrep a n cy  h as b een  m entioned  and/ or in v estig a ted  

by Hornung ( ), Chodos and E n gel (1961) and V olborth (1963

and 1964). Chodos and E n gel (1961) pointed out that the p resen ce  

° f  m ica  w hich is  d ifficu lt to  grind and often form  la rg e  sp eck s  or  

pow der su r fa c e s , apparently  h as a grea t e ffe c t  on X -r a y  a n a ly s is . 

Hornung ( ) and V olborth (1963, 1964) fu rth er  in v estig a ted

th is  e ffec t and th e ir  o b serv a tio n s , to g eth er  w ith th ose  of the 

P resen t w ork are outlined in  T able 8.

V olborth (1964) exp la in ed  th is  d iscrep a n cy  in  the fo llow in g  

way. A m ic a c eo u s  m in era l lik e  b io tite  w ill in c r e a s e  i t s  to ta l 

re la tiv e  su rfa ce  than n o n -m ica ceo u s  m in er a ls  upon fu rth er  grinding; 

an e ffec t w hich is  fu rth er enhanced by p e lle t iz in g  at high p r e ssu r e .



E ffe c t of grind ing on In ten sity
E lem en t : Hornung( ) V olborth (1963) Volborth*(1964) P r e se n t  work

Si in c r e a se d e c re a se d ecrea se* *
-l% m G -l

in c r e a se

|
T i s lig h t d e c re a se in c r e a se

co n sid era b ly
in c r e a se  -20% d e c re a se

A1 in c r e a se in c r e a se
co n sid era b ly

in c r e a se  -4% d e c r e a se

Fe^- d e c r e a se in c r e a se
co n sid era b ly

reg u la r ly  
in c r e a se  
34% in  G -l  
0. 5% in  W -l

in c r e a se

Ca in c r e a se d e c re a se d e c r e a se  -7% d e c r e a se  
fo llow ed  by 
in c r e a se

Mg in c r e a se in c r e a se
co n sid era b ly

in c r e a se  -8-17% d e c re a se

K in c r e a se in c r e a se -sp o r a d ic  
and s lig h t if  not 
at a ll

d e c r e a se  4% d e c r e a se

Mn in c r e a se  
c o n sid erab ly

in c r e a se  -59% d e c r e a se  
fo llow ed  
by in c r e a se

P - - d e c r e a se

Na - - in c r e a se  2. 3% d e c r e a se

T
A

B
L

E



T A B L E  8 (CONTINUED)

The fig u re s  rep re sen t the p er  cent in c r e a se  or d e c re a se  of 

the am ount p resen t. The ca lcu la tio n s  are  b a sed  on 

e x p r e ss in g  the in te n s it ie s  in  p er  cent so  that one num ber, 

e ith e r  the h igh est or the lo w e st co rresp o n d s to the 

recom m en d ed  v a lu es  of S teven s et a l. , for  G -l and W -l 

(U. S. G eol. Surv. B ull. 1113, 1960).

The d e c re a se  is  grea te  in G -l than in  W -l
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T his r e s u lt s  in  high in ten sity  read in gs for  the e lem en ts  which  

com pose the b io tite . T h is  assu m p tion  can account for  h is  o b serv ed  

d ecrea se  or in c r e a se  in the in ten sity  of the d ifferen t e lem en ts  

except for  Na w here one would ex p ect a d e c r e a se  and K w h ere an 

in crea se  should be p red icted . T h is  d iscrep a n cy  i s  exp la in ed  by 

Volborth by the assu m p tion  that for  Na " apparently  the e ffec t of 

dim inish in g gra in  s iz e  i s  g rea ter  h ere  b eca u se  of the v e r y  soft 

radiation . B e s id e s , m o st of the sod ium  is  con cen trated  in  

P la g io c la se  and not in  b iotite" . (p. 638 ). H ow ever, the figu re  

2-3% in c r e a se  in  Na g iven  by V olborth is  for  G - 1 and no data is  

g iv e n  for  W - 1, w hich p resu m ab ly  contain s m ore p la g io c la se , to  

confirm  th is  assu m ption .

The abnorm al behaviour of K is  attributed by V olborth to  

the p rob ab ility  of "som e sp e c if ic  f ilte r in g  p r o p e r tie s  of b io tite  m ica  

and to the fact that m o st p o ta ss iu m  in  gran ite  o ccu rs  in  m ic r o c lin e  

Perthite" (p. 639 ). H ow ever, that the in c r e a se  in stea d  of a d e c re a se  

in the in ten sity  of Na is  b eca u se  m o st of the Na i s  con cen trated  in  

P la g io c la se , and that the d e c r e a se  in stea d  of an in c r e a se  in K 

in ten sity  i s  b eca u se  m o st o f K in  gran ite  o ccu rs  in  m ic r o c lin e  

P erth ite, s e e m  to  be two con trad ictin g  a ssu m p tio n s. M oreover, in  

the p resen t work, in ten sity  of K a lso  d e c r e a s e s  w ith d ecrea sin g  

grain  s iz e  although the rock  d oes not contain  any potash  fe lsp a r .

E. E rr o r  due to  C rushing

A s pointed out e a r lie r , b eca u se  of the u se  of ex tern a l 

standard for  com p arison , the r e lia b ility  of the X -r a y  sp ectro sco p y  

w ill depend m ain ly  on the fact that the unknown m u st be p rep ared
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exa ctly  a s  the standard. C rush ing is  by far  the m o st im portant step  

ln prep aration  w hich i s  lik e ly  to  introduce a b ig  e rr o r . A s shown  

ln the p rev io u s  sec tio n , the X -r a y  in ten sity  of the d ifferen t  

e lem en ts  w ill e ith er  in c r e a se  or d e c re a se  w ith vary in g  gra in  s iz e .

To te s t  the p r e c is io n  of the grinding technique adopted in the 

p resen t work, th ree  a liq u ots of the -100 m esh  pow der of GL-10 w ere  

ground sep a ra te ly  to -300  m esh . T h ree  p e lle ts  of each  aliquot w ere  

Prepared and the X -r a y  in ten sity  ra tio  w as d eterm in ed  for a ll the 

e lem en ts . T able 9 show s the r e su lt  of th is  te s t .

It can be seen  from  th is  tab le that the d ifferen ce  betw een  the  

a v era g es  of the th ree  a liq u ots i s  sm a ll and in sig n ifica n t. In fact 

1t is  so m e tim e s  sm a lle r  than the d ifferen ce  betw een  p e lle ts  of the 

sam e aliquot. M oreover , S is  a lw ays lo w er  than Sc, i. e . th ere  is  

no added e r r o r  due to cru sh ing .

T h ere fo re , it  can be concluded that the e r r o r  due to  cru sh in g  

the -100 m esh  pow der to -300  m esh  is  w ithin the p r e c is io n  of 

P elle tiz in g  the pow der of one aliquot, w hich in  turn l i e s  w ithin the 

s tandard counting e rro r .

VIII. ANALYTICAL DATA

T h irty  th ree  ch em ica lly  an a lysed  rock  pow d ers w ere  u sed  in  

the a n a ly ses  by X -r a y  flu o r e sc e n c e  to  ca lib ra te  and check  the 

r e lia b ility  of the m ethod. Appendix 1 show s a l i s t  of th ese  ro ck s  

tor any future r e fe r e n c e . Two s e r ie s  of t e s t s  w ere  done:

T e s t  No. 1. w as p erfo rm ed  on a -2 0 0  m esh  pow der. The

standard u sed  for  co m p a riso n  (G l-10, sp ec im en  tex t No. 12)



/ Í X - r a y  I n te n s i t y  R a t io S ta t i s t i c a l  D a ta
P e lle t A liq u o t A l iq u o t  A l iq u o t  j T o ta l S

/E lem en t No. j N o. 1. No. 2. N o . 3. A v e r a g e R atio O xide C%
1. 0156 
1. 0145 
1. 0119 
1. 0140

1. 0105 
1. 0044  
1. 0095  
1. 0081

1. 0219 
1. 0060  
1. 0029  
1. 0169

1 0. 9936
2 0 .9 9 2 3
3 ¡O. 9916

0 .  9925

1. 0052  
0 .9 9 0 0  
0 .9 9 6 7  
0 .9 9 7 3

0 .9 7 2 4
0 .  9954
1. 0000  
0 .9 8 9 3

1. 0131 
1. 0134 
1. 0126 
1. 0130

0. 9942  
0. 9928  
0. 9945
0. 9938

1. 0298  
1. 0010 
1. 0271 
1. 0193

0. 9978
1. 0059  
1. 0058  
1. 0032

1. 0043  
1. 0 0 0 2  
1. 0014 
1. 0019

0. 9261 
0 .9198  
0. 9953  
0. 9471

1. 0118 
1. O lii 
1. 0120  
1. 0116

0 .9 9 8 9  
0 .9 9 8 4  
0. 9976
0. 9983

1. 0029  
1. 0236  
1. 0167 
1. 0144

0 .9 9 0 9  
0 .9 9 7 5  
0 .9 9 0 4  
0 .9 9 2 2

0. 9994
1. 0 0 0 2  
0 .9 9 2 2  
0 .9 9 7 3

0. 9905  
0 . 9909  
0 .9 6 8 0  
0. 9831

] 1. 0129 0. 0012 0. 07 0. 11
(S c= 0 .153)

1. 0001, 0 .0 0 7 3  0 .0 0 6  0 .6 2
(Sc=0. 012)

j 1. 0169 0. 0024 0. 041 0. 24
(Sc=0. 304)

.9 9 6 0  0 .0 0 9 8  0 .0 9 8  0 .9 8
(Sc=0. 21)

0. 9988 0. 0026 0. 0002 0. 60
(Sc=0. 0016)

0 .9 7 3 2  0 .0 2 2 7  0 .0 4 3  2 .2 6
(Sc=0. 22)
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X--ra y  In ten sity  R a tio S ta tis t ic a l Data
P e lle t  E lem en t _No.

A liquot 
No. 1.

A liquot 
No. 2.

A liquot T ota l 
No. 3. A v era g e

S
R atio O xide C%

CaO 

D. 77

s°
3. 25

1 0. 9899 0. 9914 0. 9890
2 0 .9 8 5 8 0 .9 9 4 2 0. 9922
3 0. 9922 0 .9 9 7 4 0. 9915
Av. 5 0. 9893 0 .9 9 4 3 0 .9 9 0 9

1 1. 0023 0. 9881 1. 0035
2 0 .9 8 6 4 0. 9856 0. 9949
3 1. 0101 0. 9917 0. 9993
Av. 0 .9 9 9 6 0. 9885 0 .9 9 9 2

0 .9 9 0 5  0 .0 0 2 6  0 .0 0 2  0 .2 6
(Sc=0. 008)

0 .9 9 5 8  0 .0 0 6 3  0. 020 0 .61
(S c = 0 .028)
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and for  ca lcu la tio n  of the X -r a y  in ten sity  ra tio , w as a lso  a 

-200  m esh  pow der (aliquot No. 2 of T able 3, p. 20 ).

T es t No. 2 and No. 2 rep eated  w ere  done on a -3 0 0  m esh  

pow der. The standard (sp ec im en  12) u sed  for  th is  te s t  w as 

a lso  cru sh ed  to  p a ss  300 m esh

U n le ss  o th erw ise  ind icated , th ree  p e lle ts  p er  each  rock  pow der  

w ere p rep ared  a s  d escr ib ed  e a r lie r .

A. C h em ica l C om position  of R ock GL 10 u sed  as  a Standard

T able 10 show s the r e s u lt s  of ch em ica l a n a ly s is  of rock  GL 10 

(sp ec im en  12) done by rapid m ethod. In fact, not only the standard  

GL 10 but a lso  a ll the oth er ro ck s, the a n a ly se s  of w hich is  

M entioned in the p resen t work, are an a lysed  by the sam e m ethod.

The m ethod of a n a ly s is  i s  d escr ib ed  by R iley  (1958). A b r ie f  

outline of th is  m ethod is  to  fo llow .

A ll the e lem en ts  excep t FeO and H^O are an alysed  for in two  

s o lutions v iz . so lu tion  A and B.

Solution A : is  u sed  for  the d eterm in ation  of s i l ic a . The so lu tion  is  

Prepared  by fu sin g  the rock  with sodium  hydroxide and the fu sion  

Product is  d is so lv ed  in  w ater. S il ic a  i s  d eterm in ed  in  the ac id ified  

so lu tion  by the m olybdenum  blue m ethod.

Solution B : i s  p rep ared  by attack ing the rock  with hyd roflu oric  and 

P erch lo r ic  a c id s . E lem en ts  to  be d eterm in ed  in so lu tion  B are  total 

l ron as  Fe^O^, alum ina, titan ia , m an ganese oxide, ca lc iu m  oxide, 

M agnesium  oxide, sodium  oxide, p o ta ssiu m  oxide and phosphorous  

Pentoxide.

39
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T i ^  is  d eterm in ed  p h o to m etr ica lly  by m ean s of the y e llo w  com pound  

form ed by the addition of hydrogen  p erox id e  to  the ac id  so lu tion  a fter  

su p p ressin g  the in ter fe r en ce  of iron  with ph osp horic acid .

i s  d eterm in ed  p h oto m etr ica lly . It i s  ex tra cted  with a 

solution  of 8 -hydroxyquinoline in ch lo ro fo rm  at pH 5 a fter  com p lex in g  

iron as the ferro u s  d ip yridyl com p lex . Any rem ain in g  flu orid e is  

oom plexed by b ery lliu m  sulphate. C o rrectio n  for  titanium  

in ter feren ce  is  con sid ered .

Total Iron i s  d eterm in ed  p h o to m etr ica lly  a fter  it i s  red uced  with  

hydroxyl am ine at pH 4. 8 - 5. 0 and com p lexed  as  the red  ferro u s  

hipyridyl com plex .

Manganese is  d eterm in ed  p h o to m etr ica lly  by oxidation  to 

Perm anganate u sin g  p o ta ss iu m  period ate  in ac id  so lu tion .

p odium and p o ta ssiu m  o x id es  are d eterm in ed  by flam e ph otom etry  

using am m onium  sulphate a s  a sp e c tro sco p ic  buffer and after  

rem oving iron , alum inium  and titan ium  by m ean s of ion  exchange  
r esin .

^2^5 ■'■s d eterm in ed  p h o to m etr ica lly  by a s in g le  so lu tion  m olybdenum  

blue m ethod u sin g  a sco r b ic  acid  as the red u cin g  agent.

end MgQ are d eterm in ed  with titra tio n  v e r su s  ethylene d iam in e- 

fe tra a ce tic  acid  a fter  the rem o v a l of in ter fer in g  e lem en ts .



T A B L E  10

C h em ica l A n a ly s is  of GL 10 (S pecim en  12) *

Oxide (a) (b) M A verage

S i02 63. 89 63. 50 - 63. 69
T i0 2 0. 79 0. 80 0. 80 0. 80

A L 2°3 17. 03 17.11 17. 00 17. 05

F e 2°3 10. 02 9. 97 9. 98 9. 99

(total)

MnO 0. 07 0. 07 0. 07 0. 07

MgO 1. 96 1. 85 1. 89 1. 90
CaO 0. 66 0. 92 0. 72 0. 77

N a2o 1. 90 1. 91 1. 92 1. 91

K 2° 3. 25 3. 23 3. 26 3. 25

H2° 1. 77 1. 75 - 1. 76
P n2 5 0. 08 0. 08 0. 08 0. 08

PeO 8.17 8. 23 - 8. 20

F e 2°3 0. 88

T otal 100. 36

« A nalyst: M. B rotherton - G eology Dept.
L iv erp o o l U n iv ersity .



R esu lts

The p r e c is io n  of a n a ly s is  is  high as  p red icted  e a r lie r ;  so  

high that the sam e r e su lts  w ere  obtained u sin g  pow d ers of 

different grain  s iz e  or d ifferen t p e lle ts  of the sam e pow der. The 

ordy condition  to  get such  p r e c is io n  i s  that the rock used  as a 

standard i s  ground to the sam e gra in  s iz e  a s  that of the unknown.

The p r e c is io n  of the d eterm ination  of each  e lem en t w ill be 

d isc u sse d  la te r  at length  in due turn. But at th is  sta g e , it  can be 

Pointed out that th ere  is  no prob lem  w h a tso ev er  w ith the p r e c is io n  

when p e lle ts  of the sam e s iz e  pow der are u sed .

R egard ing the a ccu racy  of the r e s u lt s , the one-p oin t 

ca lib ration  proved to be u n sa tisfa cto ry  in m o st c a s e s , p a r ticu la r ly  

for* the r e s u lt s  of s i l ic a . The m o st p o ss ib le  explanation  for th is  

d iscrep a n cy  is  that the p re -a ssu m p tio n  that the stra ig h t ca lib ra tion  

lin e re la tin g  the per cent oxide and the in ten sity  ra tio  should go to  

the orig in  (i. e. at x = 0, y = 0), i s  fa ls e . C onsequently , th ere  

should be an in tercep t and in  the equation of the stra igh t lin e  

y = bx + a (w here b is  the slope of the lin e  and a i s  the in tercep t  

°n the y -a x is )  as£- 0.

A nother d isadvantage of th is  one p o in t-ca lib ra tio n  m ethod  

*s that for  e lem en ts  p resen t in v e ry  low  con cen tra tion s (e. g. Mn, P , 

e tc. ) or for  e lem en ts  lik e  Ca and Mg, the e r r o r  which i s  v ery  

lik e ly  p resen t in the ch em ica l a n a ly s is  of the standard w ill have a 

great e ffec t on the r e su lts  obtained by X -ra y . An e x ce llen t  

^ lu stra tio n  of th is  w ill be d em on strated  in the c a se  of Mn.

To so lv e  th is  ca lib ra tion  prob lem  and to  te s t  for  the v a lid ity



° f the a ssu m p tio n s ju st m entioned , s i l ic a  w as ch osen  for  

in vestiga tion  on account of the fa c ts  that it is  p resen t as a m ajor  

constituent and the X -r a y  r e s u lt s  show great deviation  from  th ose  

°f the ch em ica l a n a ly s is .

(i) S ilica

The p r e c is io n  of the X -r a y  sp ectro g ra p h ic  d eterm in ation  of 

SiOg is  shown in T able 11. C om pared with T able 5 it i s  evident that 

the p r e c is io n  is  below  the standard counting erro r .

P e l le t s  u sed  in  T e s t  No. 2. w ere  red eterm in ed  by X -r a y  

(T est 2 rep eated ) to g eth er  w ith oth er five  ro ck s (S pecim en  N os.

16, 22, 31, 32). Then the in ten sity  ra tio  of a ll the p e lle ts  u sed  

ln T est No. 1, T e s t  No. 2 and No. 2 rep rea ted  w ere  p lotted  again st 

the r e s u lt s  of the ch em ica l a n a ly s is . The lin e  re la tin g  the in ten sity  

r atio and the ch em ica l a n a ly s is  w as drawn; both the slop e and the 

in tercep t w ere ca lcu la ted  by the le a s t  square m ethod.

The u se  of the le a s t  square m ethod is  ju stifia b le  on the b a s is  

that the ch em ica l a n a ly se s  of the rock s w ere  done by d ifferent 

a n a lysts  at d ifferen t t im e s , hence the e r r o r s  in  the a n a ly se s  w ill be 

random. F ig . 4a show s th is  s i l ic a  ca lib ra tio n  lin e .

The equation of the s i l ic a  ca lib ra tio n  curve is:

y  = 42. 399 x + 21.1951 

SiO„% = (42. 3999 x In ten sity  R atio) + 21.1951

T able 12 show s the r e s u lt s  of ch em ica l a n a ly s is , X -r a y  

an a ly s is  ca lcu la ted  from  the s im p le  ra tio  (on e-p oin t ca lib ration ) and 

■̂ ■~nay a n a ly s is  ca lcu la ted  u sin g  the equation of the s i l ic a  graph

43
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P r e c is io n  of X -r a y  S p ectrograp h ic D eterm in ation  of Si(L
¿j

T A B L E  11

No. SiO_%
of ■

Specim en P e lle t s  X" S C% S x“ E %

T est No. 1 . (-200  M esh)
1 3 57. 62 0. 264 0. 46 0.152 0. 27
2 3 76. 01 0. 321 0. 42 0.185 0. 24
3 3 70. 07 0. 532 0. 76 0. 307 0. 44
4 3 60. 53 0. 248 0. 41 0.143 0. 24
5 3 59. 69 0. 470 0. 79 0. 271 0. 46
6 3 63. 26 0. 273 0. 43 0.158 0. 25

10 5 77. 67 0. 275 0. 35 0.123 0.16
13 5 62. 86 0. 391 0. 62 0.166 0. 28

T est No. 2. (- 300 M esh)
1 3 . .....  - 57. 31 0. 314 0. 55 0.181 0. 32
2 3 76. 37 0. 511 0. 67 0. 295 0. 37
3 3 70. 24 0. 505 0. 72 0. 292 0. 41
4 3 60. 62 0. 025 0 .0 4 0. 014 0. 02
5 3 59.18 0.149 0. 25 0. 086 0. 14

. 5a 3 59.18 0. 309 0. 52 0.178 0. 30
6 3 63. 00 0. 274 0. 43 0.158 0. 25
7 3 58. 64 0. 271 0. 46 0.156 0. 27
8 3 62. 79 0. 539 0. 86 0. 311 0. 50
9 3 58. 96 0. 618 1. 05 0. 360 0. 61

10 3 77. 30 0. 552 0. 71 0. 319 0. 41
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X : A r ith m etic  m ean

S : Standard d eviation  of a s in g le  o b serva tion  
(am ount of oxide)

Sx : Standard e r r o r  of the a r ith m etic  m ean  
(am ount of oxide)

%

C% : R ela tive  d eviation  of a s in g le  ob serva tion  
(in p er  cent of the am ount of oxide p resen t)

E % : R ela tive  e r r o r  of the m ean (in p er  cent of the

T A B L E  11 (CONTINUED)

am ount of oxide p resen t)

(lea st square). N otice  the im m en se  im p rovem en t in  the a ccu ra cy  of 

the r e s u lt s  ca lcu la ted  by the le a s t  square equation.

F u rth er  te s t  on the m ethod w as done on oth er sev en  ro ck s  

taken a s  unknowns. The r e s u lt s  are  shown in  T able 13 to g eth er  

with the data of ch em ica l a n a ly s is .

The d eviation  and standard d eviation  in  p er  cen t s i l ic a  from  

the ch em ica l a n a ly s is  are shown in  T able 14, none of the r e s u lt s  

"Was d isca rd ed  from  the ca lcu la tio n  b eca u se  of high or low  v a lu es . 

T his g iv e s  a m ea su re  of the a ccu ra cy  of the X -r a y  m ethod assu m in g  

that the ch em ica l data are  accu ra te  and rep re sen t the a r ith m etic  

^ e a n s .

W orth n oticing  is  that the a ccu ra cy  d e c r e a se s  with c o a r s e r  

§r ain s iz e . T h is i s  to be exp ected  b eca u se  w ith c o a r se  p ow d ers, the



/ — C h e m i- J . . . . . . . . X - ra y  S p e c tr o g r a p h ic  D a ta
S p e c i- c a l / T e s t  N o. 1 T e s t  N o. 2 . T e s t  2 rep ea ted  f
m en A n a ly sis! O ne-point 

ca lib ration
L ea st
square

O ne-point 
ca lib ra tion

L ea st
square

O ne-point 
ca lib ra tio n

L ea st
square

1 56. 31 54. 73 57. 62 54. 07 57.19 54. 25 57. 31

2 77. 06 82. 34 76. 01 82. 75 76. 29 82. 8 8 76. 37

3 6 8 . 58 73. 41 70. 07 73. 74 70. 28 73. 6 8 70. 24

4 61.16 59. 09 60. 53 59. 53 60. 82 59. 23 60. 62

5 59. 35 57. 82 59. 69 57. 06 59.18 57. 06 59.18

6 63. 45 63.19 63. 26 62. 75 62. 97 62. 79 63. 00

7 59. 34 - - 56.10 58. 53 56. 24 58. 64

8 63. 21 - - 62. 59 62. 8 6 62. 48 62. 79

9 58. 89 - - 56. 6 6 58. 92 56. 73 58. 96

1 0 76. 76 84. 82 77. 67 84. 57 77. 50 84. 28 77. 30

11 62. 44 - - 61. 75 62. 30 61. 45 62.10

1 2 63. 69 63. 60 63. 60 63. 60

13 62. 65 61. 42 62. 8 6 - - - -

: 15 64. 25 - - - - 64. 46 64.11

16 72. 36 - - - - 74. 84 71. 36

2 2 6 6 . 89 “ - - - 69. 38 67. 38

31 54. 87 - - - - 50. 94 55.11

32 6 8 . 87 - - - 6 8 . 55 67. 83
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T A B L E  13

C om p arison  of X -r a y  S p ectrograp h ic D ata w ith C h em ica l 
D ata for SiO u sin g  Seven Unknown R ocks and the L ea st  
Square E quation_____________________________________________

S p ecim en
C h em ica l
A n a ly s is

X -r a y
A n a ly s is

18 63.11 62. 95

19 61. 90 61. 39

2 0 62. 52 61. 77

2 1 60. 55 60. 42

24 55. 77 55. 6 6

26 76. 27 76. 03

27 50. 72 50. 78
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D eviation  of SiO % from  the C h em ica l A n a ly s is  

(d = SiO2 % X -r a y  a n a ly s is  - SiO^% Ch. A n .)

T A B L E  14

S p ecim en  d d d
T e s t  1 T e s t  2 T e s t  2 rept.

1

2
3
4
5
6
7
8 
9

10
11
12
13
15
16 
18
19
20 
21 
22 
24 
26 
27
31
32

n = 9  n = 1 2  n = 2 4
s = 0. 90 s = 0. 74 s = 0. 63

+1. 31 +0. 88 +1. 00
-1. 05 -0 . 77 -0 . 69
+1. 49 +1. 70 +1. 66
-0 . 63 -0 . 27 -0 . 54
+0. 34 -0 .1 7 -0 .1 7
-0 .1 9

CO
■sF

o
1 -0 . 45

- -0 . 81 -0 . 70
- -0 . 65 -0 . 42
- +0. 03 +0. 07

+0. 91 +0. 64 +0. 54
- -0 .11 -0 . 30

-0 . 09 1 o
 

• 
, o C

O -0 ‘. 09
+0. 21 - -

- - -0 . 14
- - 1 h—

1 o o

- - -0 .1 6
- -

r—tlO©
i

- - -0 . 75
- - -0 .1 3
- - +0. 49
- - -0 .11
- - -0 . 24
- - +0. 06
- - +0. 34
- - -1. 04
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b iotite  fla k es  w ith the tend en cy  to  l ie  p a r a lle l to the p e lle t su rface  

would g rea tly  a ffect the r e s u lt s . T h erefo re  only the -300  m esh  

r esu lts  (T est 2 repeated) w ill be co n sid ered  in the ca lcu la tio n s  and 

d isc u ss io n s  to fo llow .

It is  d ifficu lt, h ow ever, to  e st im a te  how m uch of th is  e rr o r  

is  attributed  to  the ch em ica l a n a ly s is  and how m uch to  the X -r a y  

a n a ly s is . Y et, even  stand ing a s  th ey  a re , the p resen t r e s u lt s  are  

b etter than th ose  of H ooper (1964) w here s = 1.10% s i0 2  out of 60% 

S1 0 2  a s  the m ean oxide p resen t. T hey are  com parable w ith V olborth  

(1963) who quotes s = 0. 61 and Sx" = 0.16 for  19 a n a ly se s  the 

resu lt of one of w hich (No. 9 in  h is  T able A5) w as d isca rd ed  

apparently b eca u se  of the 1. 36% S i0 2  d ev ia tion  it g iv e s  w h erea s  

four a n a ly se s  w ere  not included  in  h is  ca lcu la tio n s  b ecau se  of lack  

of g ra v im etr ic  data. A ccord in g ly , and assu m in g  x = 52%, 65% and 

77% S i0 2 , he g iv e s  the fo llow in g  data a s  the r e la t iv e  dev iation s  

and e r r o r s  rep resen tin g  the S i0 2  encountered:

C52% 1.17 E 52% 0. 31

C 65% 0. 94 E 65% 0. 25

C77% 0. 79 E 77% 0 . 2 1

On the b a s is  of 53 a n a ly se s  (d iscard in g  th ree  of the or ig in a l 56 

a n a ly ses  as being unacceptab le) V olborth (1963) con clu d es that for  

n = 53, s  = 0. 89 and Sx" = 0.12 in p er  cent SiO . A ccord in g ly ,

'52%

'65%

'77%

1. 71

1. 37

E

E

E

52%

65%

7 7%

0. 24 

0.19

1.15 0.16
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S im ila r  ca lcu la tio n s  from  the data of the p resen t w ork  

w here n = 24, s = 0. 67 and Sx“ = 0 .15 , would g ive

C 52% 1 . 2 1 E 52% 0. 25

C 65% 0. 97 E 65% 0 . 2 0

C 77% 0 . 81 E 77% 0.17

A gain, the r e s u lt s  of the p resen t w ork are com parab le  to  

'those of V olborth (1963) if  not b e tter  than them .

(ii) T itan ium  oxide

The in stru m en ta l con d ition s for  T i0 2  d eterm in ation  are  lis te d  

ln T able 2 . The p r e c is io n  of the m ethod is  shown in T able 15.

The p r e c is io n  i s  by a ll m ean s su p er io r  to that of the ch em ica l 

a n a ly s is . In the p resen t w ork C i s  2-1% of the am ount of oxide  

P resen t for  7 sp ec im en s  and l e s s  than 1% fo r  15 sp e c im en s.

C om pared with the ch em ica l m eth od s, the fo llow in g  are the 

fig u res  for  T i0 9  p r e c is io n  g iven  by d ifferen t authors: -

(M ercy, 1956 by rapid m ethods)

(S tevens and o th ers , 1960, for  G -l and W -l 
r e s p e c t iv e ly  by d irect read in g  sp ectro m eter )

(F a irb a irn  and o th ers , 1951, for  G -l and 
W -l r e sp e c tiv e ly , a ll  a n a ly ses)

(S tevens and o th ers , 1960, for G -l and W -l, 
a ll a n a ly ses)

(S tevens and o th ers , 1960 - p r e fe rr ed  value)

C = 6 . 9
c  = 9. 23, 4. 31

c  = 23. 20, 22. 56

c  = 16. 59, 18. 34

c  = 5. 76, 6 . 54
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C om pared with oth er X -r a y  data, V olborth (1963) quotes  

^ = 5, 0 and 0, 5 for  G -l and W -l r e sp e c t iv e ly  and a range of 0. 7 - 

1 * 5 for  oth er fiv e  ro ck s.

A s  to the a ccu ra cy  of TiO^ d eterm in ation , again  the on e- 

Point ca lib ra tio n  proved  to be inadequate, a s  shown in T able 16.

The fact that a ll the X -r a y  r e s u lt s  are  lo w er  than the ch em ica l 

an a ly s is  su g g e sts  that the c o lo u r im etr ica lly  d eterm in ed  0 . 80%

TiO^ of GL-10 (T able 10) i s  low er  than the tru e va lu e , thus 

rep resen tin g  a fu rth er contribu tion  to  the e r r o r  of the one-p oin t  

ca lib ration  applied to  TiO determ ination .¿t

S im ila r  to  the c a se  of an equation w as d er ived  by the

le a st square m ethod u sin g  the X -r a y  in ten sity  ra tio  on the x -a x is  

ai*d the data of the ch em ica l a n a ly s is  on the y -a x is .  The equation is:

y  = 0. 9142 x + 0. 0206 or

Ti0^% = (0 . 9142 x  In ten sity  ratio) + 0 . 0206

C alcu lated  on th is  b a s is , the X -r a y  r e su lts  are shown in  

colum n m arked le a s t  square in  T able 16 and the ca lib ra tion  graph  

ls  shown in  F ig . 4b. The r e s u lt s  in  th is  co lum n are the on es to  be 

con sid ered  in fu rth er ca lcu la tio n s  or co m p a r iso n s.

A ssu m in g  that the ch em ica l data are accu rate  and rep resen t  

the a r ith m etic  m ean, the m in us or p lus d ev ia tion s from  the 

ch em ica l a n a ly s is  are show n in  the colum n m arked  "d" in  T able 16. 

The standard d eviation  ca lcu la ted  is  S = 0 . 06% T i0 o for  - 2 0 0  m esh¿t
aad 0. 057% TiO^ for  -3 0 0  m esh . The d ev ia tion s range from  -0 .1 0  to  

+0. 09 for the 200 m esh  and from  +0. 09 to  +0. 08% TiO^ for  the 300 

^cesh pow der. Such sy m m e tr ica l p lus and m inus dev iation  in d ica tes
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T A B L E  15

PRECISION OF X -R A Y  SPECTROGRAPHIC DETERMINATION
OF T i0 2

S p ecim en No. of 
P e lle t s

T i0 o% 
X “ 1

s c% Sx" E%*

T est No. 1 . (-200  M esh)

1 3 1. 33 0. 007 0. 53 0. 004 0. 31
2 3 0. 53 0. 007 1. 32 0. 004 0. 76
3 3 0. 63 0 . 0 1 0 .1. 59 0 . 006 0. 92
4 3 1 . 0 0 0 . 0 1 2 .1 . 2 0 0. 007 0. 69
5 3 1.15 0. 007 0 . 61 0. 004 0. 35
6 3 0. 92 0 . 016 4 . 74 0. 009 1 . 0 0

1 0 5 0. 51 0 . 0 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0

11 3 0 . 80 0. 007 0 . 8 8 0. 004 0. 51
13 5 0. 55 0. 005 0. 91 0 . 0 0 2 0. 41

T est No. 2 . (-300  M esh)

1 3 1. 33 0. 007 0. 53 0. 004 0. 31
2 3 0. 54 0. 007 1. 30 0. 004 0. 75
3 3 0 . 62 0. 007 1.13 0. 004 0. 65
4 3 0. 98 0 . 0 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0

5 3 1.15 0. 007 0 . 61 0. 004 0. 35
5a 3 1.15 0. 007 0 . 61 0. 004 0. 35
6 3 0. 93 0 . 0 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0

7 3 1. 04 0. 007 0. 67 0. 004 0. 39
8 3 0. 84 0 . 0 1 0 1.19 0 . 006 0. 69
9 3 1. 09 0. 007 0. 64 0. 004 0. 37

1 0 3 0. 51 0 . 0 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0

14 3 0 . 82 0. 007 0. 85 0. 004 0. 49
17 3 0 . 8 8 0. 007 0. 79 0. 004 0. 46

* F o r  the m eaning o f th ese  s ta t is t ic a l te r m s , r e fe r  to 
T able 11, ( p . 44 ).



S p ecim en
C hem 
ic a l
A n a ly s is

T es t
X -R a y  S p ectrograp h ic D ata  

No. 1. T e s t  No. 2.
------------------ Ì

O ne-p t.
ca lib r .

L e a s t
sq u are

D ev ia t
ion

O ne-pt.
ca lib r .

L ea st
square

D ev ia t
ion

1 1. 32 1.14 1. 33 + 0 . 0 1 1.14 1. 33 + 0 . 0 1

2 0. 56 0. 45 0. 53 -0 . 03 0. 46 0. 54 - 0 . 0 2

3 0. 54 0. 54 0. 63 +0. 09 0. 53 0 . 62 + 0 . 08
4 0. 91 0 . 8 6 1 . 0 0 +0. 09 0. 84 0. 98 +0. 07
5 1. 24 0. 98 1.14 - 0 . 1 0 0. 99 1.15 -0 . 09
5a 1. 24 - - - 0. 98 1.15 -0 . 09
6 0 . 8 6 0 . 80 0. 92 +0 . 06 0 . 80 0. 93 +0. 07
7 1 . 0 2 - - - 0. 89 1. 04 + 0 . 0 2

8 0. 91 - - - 0. 71 0. 84 -0 . 07
9 1. 04 - - - 0. 94 1. 09 +0. 05

1 0 0. 54 0. 43 0. 51 -0 . 03 0. 43 0. 51 -0 . 03
11 0 . 82 0 . 6 8 0 . 80 - 0 . 0 2 0. 69 0 . 81 - 0 . 0 1

l ia 0 . 82 - - - 0. 64 0. 75 -0 . 07
1 2 0 . 80 0 . 80 0. 93 (D efin ite  c o lo u r im etr ic  erro r )
13 0. 59 0. 46 0. 55 -0 . 04 - - -
14 0 . 82 - - - 0. 70 0 . 82 0 . 0 0

17 0. 87 - - - 0. 75 0 . 8 8 + 0 . 0 1

19 0. 89 - - - 0. 83 0. 91 + 0 . 0 2

n -  9 n = 16
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Figure 4 .

The error bar l im it s  on t h is  and subsequent s im ila r  
f ig u r e s  are th e standard d e v ia tio n  o f th e  X—ray 
p r e c is io n  r e s u lt s  and th e  r e s u lt s  fo r  accuracy o f  

rap id  a n a ly s is  in  Mercy (1 9 5 0 ).
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that th ere  i s  no b ia s  in  X -r a y  sp ectro g ra p h ic  a n a ly s is .

C om pared with other X -r a y  w ork, the p resen t r e s u lt s  are  b etter  

than th ose  of H ooper (1964) who qu otes C = 11. 4% of a m ean of TiCL 

0. 6 % (in the p resen t w ork 0  = 6 . 9% of a m ean TiO„ of 0. 87%).

Volborth (1963) quotes a d ev iation  ranging from  +0.18 to -0 .1 3  

tor a range of TiO^ of 0.19 - 1. 63% (d iscard in g  four a n a ly se s  for  

having doubtful c o lo r im e tr ic  err o r ). The range of d eviation  in the 

Present w ork is  n arrow er than that of V olborth, being i  0 .10 at the 

m ost for  a T i0 o con cen tration  of 0. 54 - 1. 32%.

(iii) A lum inium  oxide

The in stru m en ta l se ttin g s  for  A^Og d eterm in ation  are shown in  

Table 2 . The p r e c is io n  of the m ethod is  shown in T able 17.

The p r e c is io n  of the -300  m esh  pow der is  h igh er  than that of the 

200 m esh . Out of 8  a n a ly se s , tw o sp ec im en s  gave a re la tiv e  

deviation of about 1. 5% w h erea s the oth er 6  sp ec im en s w ere  l e s s  

than 1% of the am ount of AlgOg p resen t.

T h is  p r e c is io n  is  h igh er than that ach ieved  fro m  the ch em ica l 

M ethods a s  shown from  the fo llow in g  data: -

c  = 3 .21 , 5 .61 F a irb a irn  and o th ers  (1951) for G -l and W -l, 
a ll a n a ly se s

c  = 2. 21, 3. 3 F a irb a irn  (1952) for  G -l and W -l, r ev ise d  
f ig u re s .

c  = 2 .6 0 , 4.16 S teven s and o th ers  (1960) for  G -l and W -l, 
a ll a n a ly se s

c  = 1.19, 1.19 S teven s and o th ers  (1960), for  G -l, and W -l, 
p r e fe rr ed  v a lu es

c  = 3 .6 ,  2 .5 S teven s and o th ers  (1960) for G -l and W -l, 
sp ectrograp h ic



55

= 3. 0 M ercy  (1956), rapid  ch em ica l m ethods

C om pared with oth er X -r a y  data, V olborth (1963) quotes  

^ = 0. 63, 0. 82, and 0. 23 for  G -l, W -l, and a sy en ite  rock  

resp ec tiv e ly . The p resen t data of p r e c is io n  are com p arab le  to  

those of V olborth.

A s to  the a ccu ra cy  of the m ethod, F ig u re  5a show s the p lo ts  of 

X -ra y  in ten sity  ra tio  v e r su s  the r e su lts  of ch em ica l a n a ly s is .

Table 18 show s the d ev ia tion s of the 16 ro ck s an a lysed  to be w ithin  

the range of Í  0. 50% alum ina. The sign  and m agnitude of th ese  

deviations bear no re la tio n  w h atsoever  to the am ount of s i l ic a  in  

the ro ck s, hence an enhancem ent e ffec t i s  u n lik ely  to be resp o n sib le

th ese  d ev ia tion s. Y et, the fact that both the (-200) and (-300)

^ e s h  pow ders gave id en tica l r e s u lt s , and that the d ev ia tion s show  

a sy m m etr ica l d istr ib u tion  regard in g  th e ir  p o s itiv e  and n egative  

Slgns, exclu d e the p o ss ib ility  of any b ia s  to  be p resen t in  the X -r a y  

A nalysis. M ost of th ese  d ev ia tion s can be, th ere fo re , due to e r r o r s  

in the ch em ica l data.

(iv) T ota l iro n  as  Fe^Og

The in stru m en ta l cond itions for iro n  d eterm in ation  i s  shown in  

Table 2 . The p r e c is io n  of the m ethod is  shown in  T able 19.

A s shown in  th is  tab le , the rep ro d u cib ility  of the fin e pow der is  

S k a te r  than that of the c o a rse  pow der in  sp ite  of the s t i l l  h igh- 

r ©producibility of the la tter . F o r  -200  m esh  pow d ers, out of 8  

n n alyses, the r e la t iv e  d eviation  of only one i s  1 . 6 %, th ree  are betw een

0. 5% and four have re la t iv e  d eviation  l e s s  than 0. 5% of the 

amount p resen t. F o r  -300  m esh , out of 11 a n a ly se s  only one has a
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TABLE 17

PRECISION OF X -R A Y  SPECTROGRAPHIC DETERMINATION
OF A12 0 3

S p ec im en
No. of 
P e lle t s ¿ V s *x - s C% S x ' E%*

T est No. 1 . (-200  M esh)
3 3 15. 34 0. 076 0. 50 0. 044 0. 29
4 3 19. 37 0 . 1 0 1 0. 52 0. 058 0. 30
5 3 19. 47 0. 255 1. 31 0.147 0. 76
6 3 18. 31 0 . 1 0 1 0. 55 0. 058 0. 32

11 3 19. 24 0 . 2 0 1 1. 04 0.116 0 . 60
13 5 16. 72 0.166 0. 99 0. 074 0. 44

.T est No. 2 . (- 300 M esh)
3 3 15.17 0. 090 0. 59 0. 052 0. 34
4 3 19. 29 0.158 0 . 82 0. 091 0. 47
5 3 19. 41 0.140 0. 72 0 . 081 0. 42
5a 3 19. 41 0.140 0. 72 0 . 081 0. 42
6 3 18.11 0.160 0 . 8 8 0. 092 0. 51
7 3 19. 93 0. 291 1. 46 0.170 0. 84
8 3 20. 33 0.183 0. 90 0.106 0. 52

14 3 17. 82 0. 290 1. 63 0.167 0. 94

* F o r  the m eaning of th ese  s ta t is t ic a l te r m s , r e fe r  to
T able 1 1 , p. 4 4  .
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TABLE 18

COMPARISON OF X -R A Y  SPECTROGRAPHIC DATA WITH THE 
CHEMICAL DATA FOR A l ^

C h em ica l 
Specim en A n a ly s is

X -R ay  Sp ectrographic D ata  

T est No. 1. T es t No.. 2.

2°3 D eviation %Ai2 0 3 D eviation

1 21. 73 22. 44 +0. 71 2 2 . 2 1 +0. 48
3 15.11 15. 34 +0. 23 15. 17 +0 . 06
4 19. 79 19. 37 -0 . 42 19. 29 -0 . 50
5 18. 92 19. 47 +0. 55 19..41 +0. 49
6 18. 06 18. 31 +0. 25 18.11 +0. 05
7 20. 05 - - 19. 93 - 0 . 1 2

8 19. 85 - - 20. 33 +0. 48
9 19. 49 - - 2 0 . 0 1 +0. 52

11 19. 49 19. 24 -0 . 25 19.15 -0 . 34
1 2 17. 05 17. 05 0 . 0 0 17. 05 0 . 0 0

13 16. 52 16. 72 + 0 . 2 0 - -

14 18. 32 - - 17. 82 -0 . 50
19 18. 99 - - 19.12 +0.13
2 1 20. 36 - - 20.16 - 0 . 2 0

23 18. 93 - - 18. 97 +0. 04
25 16. 52 - - 16. 91 +0. 39

n = 8 n = 15

s = 0. 41 s = 0. 36
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re la tiv e  d ev iation  of about 1%, two are b etw een  1 - 0.5%  and eight 

have a re la t iv e  d eviation  l e s s  than 0. 5% of the amount p resen t. The 

range of F e 2 0 3  con cen tration  i s  4 - 10%.

T h is p r e c is io n  is  v e r y  high and su p er io r  to that of ch em ica l 

raethods a s show n fro m  the fo llow in g  figu res: -

F a irb a irn  and o th ers  fo r  G -l and W -l, 
a ll a n a ly se s  (1951)

S teven s and o th ers  (1960) for  G -l and W -l, 
a ll a n a ly se s

S teven s and o th ers  (1960) for  G -l and W -l, 
sp ectrograp h ic

M ercy  (1956) - C o lo r im etr ic

C om pared with oth er X -r a y  data, V olborth (1963) g iv e s  a 'C 1 

range of 0 . 1 2  to 1 . 60.

The ca lib ra tio n  graph for  F e 2 0 3  d eterm in ation  i s  shown in  

Fig. 5b. T able 20 show s the r e s u lt s  of the X -r a y  sp ectrograp h ic  

an a ly sis  com pared  with th o se  of the ch em ica l a n a ly s is . A ssu m in g  

ihat the ch em ica l data are accu ra te  and rep re sen t the a r ith m etic  

rilean, the p lus and m inus d ev ia tion s of X -r a y  from  ch em ica l r e su lts  

are shown in the sam e tab le.

Volborth (1963) quotes a d eviation  range of - 1 . 55 to  + 0 . 8 8 %

(excluding the data for  iron -grou n d  sp ec im en s) . The range of 

A v ia tio n  in the p resen t work is  m uch n arrow er  than that of 

Volborth, being + 0 . 25 to - 0 . 54. It can, th er e fo re , be concluded  

i^at both the a ccu ra cy  and p r e c is io n  of the p resen t w ork are b etter  

than th ose  of V olborth (1963). •

C = 13. 76, 2. 8 8  

C = 1 3 .9 0 , 2 .4 9  

C = 2. 5, 5. 91 

A verage C = 2 . 1



T A B L E  19

PRECISION OF X -R A Y  SPECTROGRAPHIC DETERMINATION  
OF TOTAL IRON AS F e  0_ ¿t o

Sp ecim en
No. of 
P e lle t s

F e  0 %
x - 2 3 s C% Sx E%*

T est No. 1 . (-2 0 0  M esh)

1 3 9. 44 0 . 026 0 . 28 0. 015 0.16
3 3 9. 27 0. 067 0. 72 0. 039 0. 42
4 3 7. 72 0 .0 3 2 0. 41 0 . 018 0. 24
5 3 8 . 52 0. 070 0 . 82 0. 040 0. 47
6 3 7. 89 0. 035 0. 44 0 . 0 2 0 0. 25

1 0 5 4.17 0. 031 0. 74 0. 014 0. 33
11 3 5. 02 0 . 081 1 . 61 0. 047 0. 93
13 5 5. 50 0. 027 0. 49 0 . 0 1 2 0 . 2 2

T est No. 2 . (- 300 M esh)
1 3 9. 34 0. 095 1 . 0 2 0. 055 0. 59
2 3 3. 69 0. 013 0. 35 0 . 008 0 . 2 0
3 3 9. 21 0 . 0 1 0 0 . 1 1 0 . 006 0 . 06
4 3 7. 59 0. 025 0. 33 0. 014 0.19
5 3 8 . 55 0. 007 0 . 08 0. 004 0. 05
6 3 7. 75 0 . 0 1 0 0.13 0 . 006 0 . 08
7 3 7. 79 0. 042 0. 54 0. 024 0. 31
8 3 6 . 31 0. 025 0. 40 0. 014 0. 23
9 3 9. 21 0 . 061 0 . 6 6 0. 035 0. 38

1 0 3 4. 06 0. 013 0. 32 0 . 008 0.18
14 3 7. 24 0. 013 0.18 0 . 008 0 . 1 0

* F o r  the m eaning o f th ese  s ta t is t ic a l te r m s , r e fe r  to  
T able 11, p. 4 4  .



COMPARISON OF X -R A Y  SPECTROGRAPHIC DATA WITH THE 
CHEMICAL DATA OF F e  0g

T A B L E  20

Sp ecim en
C h em ica l
A n a ly s is

X -R ay  S p ectrograp h ic D ata  

T est No. 1. T e s t  No. 2.

% Fe2 ° 3 D eviation % Fe2 ° 3 D eviation

1 0. 52 9. 44 - 0 . 08 9. 34 -0 .1 8
2 3. 69 3. 96 +0. 27 3. 94 +0. 25
3 9. 23 9. 27 +0. 04 9. 21 - 0 . 0 2

4 7. 50 7. 72 +0 . 2 2 7. 59 +0. 09
5 9. 09 8 . 52 -0 . 57 8 . 55 -0 . 54
6 7. 99 7. 89 - 0 . 1 0 7. 75 -0 . 24
7 7. 8 8 - - 7. 79 -0 . 09
8 6 . 37 - - 6 . 31 - 0 . 06
9 9. 20 - - 9. 21 - 0 . 0 1

1 0 3. 81 4.17 +0. 34 4. 06 +0. 25
11 4. 93 5. 02 +0. 09 4. 98 +0. 05
1 2 9. 99 9. 99 0 . 0 0 9. 99 0 . 0 0
13 6 . 0 1

(5. 51-6. 53)
5. 50 -0 . 51 “ -

14 7. 00 - - 7. 24 +0. 24
15 8 . 1 2 - - 8 . 25 +0.13
18 7.12 - - 7. 24 + 0 . 1 2

19 8 . 0 0 - - 7. 93 -0 . 07
2 0 6 . 99 - - 7. 22 +0. 23
2 1 9. 44 - - 9.19 -0 . 25

2 2 8 . 39 - - 8 . 37 - 0 . 0 2

n = 1 0 n = 19

s 0. 31 s 0 . 20
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(v) M anganese as MnO

The in stru m en ta l cond itions for  MnO d eterm in ation  are lis te d  

ln T able 2 . The p r e c is io n  of the m ethod i s  shown in T able 21.

The p r e c is io n  is  su p er io r  to that of the ch em ica l a n a ly s is .

For the 2 1  ro ck s an a lysed , if  the ca lcu la tio n s  are done to the th ird  

d ecim al p la ce , then w ith in  the range of 0. 046 - 0.191% MnO, the  

standard d eviation  ran ges from  z e r o  up to 0. 0050% MnO 

(corresp ond ing to  C = 2. 61% of the am ount of oxide p resen t). Y et, 

the ca lcu la tio n s  are done only to  the secon d  d ec im a l p la ce , S 

and C w ill b ecom e z er o  for  19 ro ck s, i. e . a b so lu te ly  p r e c is e .

C om pared with the p r e c is io n  o f the ch em ica l m eth od s, the  

fo llow ing data a re  quoted: -

c  = 7. 4
c  = 36. 33, 40. 77

c  = 33. 62, 32. 33

c  = 20. 0, 12. 5

c  = 33.1 , 10 .9

M ercy  (1956) by rapid m ethods

F a irb a irn  and o th ers  (1951) fo r  G -l  
and W -l

S teven s and o th ers  (1960) for  G -l and W -l, 
a ll a n a ly se s

S teven s and o th ers  (1960) for  G -l and W -l, 
p r e fe rr ed  v a lu es

S teven s and o th ers  (1960) for  G -l and W -l, 
sp ectro g ra p h ica lly

C om pared with oth er X -r a y  data, V olborth (1963) quotes C

ranging Up to 2 .15 , the figu re  is  for W -l contain ing 0.18% MnO and

ca lcu la tio n s w ere  done to  the th ird  d ec im a l p la ce . It can, 

th erefore , be concluded that the p r e c is io n  of the p resen t w ork is  far  

rn° re su p er io r  to  the ch em ica l a n a ly s is  and com parab le w ith that of
V°lborth.
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No. of Mn0%
Specim en P e lle ts X" s c% Sx~ E%*

T est No. 1 . ( -200 M esh)

1 3 0.147 0 .0 0 2 3 1. 56 0. 0013 0. 90
4  3 0 .0 8 8 0. 0015 1 . 70 0 .0 0 0 8 0. 98
5  3 0 . 1 2 2 0.0031 2 .5 4 0.0018 1. 46
6  3 0. 093 0. 0015 1 . 61 0 .0 0 0 8 0. 93

1 0  3 0. 077 0 . 0 0 1 0 1.30 0 .0 0 0 6 0. 75
11 3 0. 115 0.0015 1. 31 0 .0 0 0 8 0. 75
13 3 0.114 0 . 0 0 1 0 0 . 8 8 0 .0 0 0 6 0. 51

I© st No. 2. (-3 0 0  M esh)

1 3 0. 148 0 .0 0 3 6 2 .4 3 0 . 0 0 2 1 1.40
3  3 0.191 0. 0050 2 . 61 0 .0 0 2 9 1. 50
4  3 0. 094 0 . 0 0 1 0 1 . 06 0 .0 0 0 6 0 . 61
5  3 0 . 1 2 0 0 . 0 0 1 0 0. 83 0 .0 0 0 6 0. 48
5a 3 0.118 0. 0017 1. 44 0 . 0 0 1 0 0. 83
6  3 0.103 0. 0034 3 .3 0 0. 0019 1. 90
7  3 0. 094 0 . 0 0 0 0 0 . 0 0 0 . 0 0 0 0 0 . 0 0

8  3 0. 046 0 . 0 0 1 0 2.17 0 .0 0 0 6 1.25
9  3 0. 087 0.0031 3 .5 6 0.0018 2. 05

1 0  3 0. 077 0. 0015 1. 95 0 . 0008 1 . 1 2

1 7  3 0. 091 0. 0015 1. 64 0 . 0008 0. 94
2 1  3 0. 057 0 . 0 0 0 0 0 . 0 0 0 . 0 0 0 0 0 . 0 0

2 3  3 0.108 0 . 0 0 1 0 0. 92 0 . 0006 0. 53
2 5  3 0. 091 0 . 0 0 0 0 0 . 0 0 0 . 0 0 0 0 0 . 0 0

* For the m eaning of th ese  s ta t is t ic a l te r m s , r e fe r  to T able 11 

p * 44.
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+ 0 . 01 
+ 0 . 02 

0 . 00 
0. 00 

- 0 . 01 
- 0 . 01 
0 . 00 

- 0 . 01 
0.00 

+ 0 . 0 1  

0 . 00 
0 . 00 

+0 . 01

0 . 00 
0. 00 
0 . 00 

+ 0 . 01

n " 10 n = 17

s = 0 .0 0 9  s “ 0 .0 0 8

1 0 .14 0.15 + 0 . 0 1 0. 15
2 0. 05 0. 07 + 0 . 0 2 0. 07
3 0.19 0.19 0 . 0 0 0.19
4 0. 09 0. 09 0 . 0 0 0. 09
5
5a

0.13  
0. 13

0 . 1 2 - 0 . 0 1 0 . 1 2

0 . 1 2

6 0 . 1 0 0 .0 9 - 0 . 0 1 0 . 1 0

7 0 . 1 0 - - 0. 09
8 0. 05 - - 0. 05
9 0 . 08 - - 0. 09

1 0 0 . 08 0 .0 8 0 . 0 0 0 . 08
11 0 . 1 2 0 . 1 2 0 . 0 0 0 . 1 2
1 2 0. 07 0 . 08 + 0 -. 0 1 0 . 08
13 0 . 1 1 0 . 1 1 0 . 0 0 -

17 0. 09 - - 0. 09
2 1 0. 05 - - 0. 05
23 0 . 1 1 - - 0 . 1 1

25 0 . 08 - - 0. 09



R egarding the a ccu ra cy  of the m ethod, with the known poor  

P recision  of MnO ch em ica l d eterm in ation  as  w e ll a s  its  poor  

accu racy  (C = 20% a lw ays n egative  e r r o r  - M ercy, 1956), the le a s t  

square m ethod proved  to be of g rea t value fo r  such situation .

U sing the X -r a y  in ten sity  ra tio  and the data of ch em ica l a n a ly s is ,

'the eq u ation  of Mn ca lib ra tio n  graph is : -

Mn0% - (0. 0628 x In ten sity  R atio) + 0.0192  

The ca lib ra tion  graph is  shown in F ig u re  6 a.

C alcu lated  on th is  b a s is , the X -r a y  data are shown alon gsid e  

the ch em ica l a n a ly s is  in  T able 22.

F ro m  the 23 ro ck s an a lysed , 1 2  ro ck s including the ton alite  

standard T - l ,  show ed no d eviation  from  the ch em ica l a n a ly s is , 

wh erea s the oth er 11 ro ck s show ed d ev ia tion s range + 0 . 0 2  to - 0 . 0 1 %. 

■MnO. T h is sy m m e tr ic a l d istr ib u tion  of p o s itiv e  and n egative  

deviations su g g e sts  that th ere  i s  no b ia s  in  the X -r a y  sp ectrograp h ic  

an a ly s is  and that the d ev ia tion s are  probably due to e r r o r s  in the  

ch em ica l data.

The a ccu ra cy  of the p resen t w ork i s  su p er io r  to that shown by 

^olborth  (1963) who quotes a d eviation  range of +0. 042 to -0 . 026% 

MnO for  a con cen tration  range of 0. 04 - 0.18% MnO.

(vi) C alciu m  oxide

The in stru m en ta l se ttin g  fo r  the d eterm in ation  of CaO is  shown  

ln T able 2 . The p r e c is io n  of the m ethod is  shown in  T able 23.

The p r e c is io n  of the X -r a y  d eterm in ation  of CaO i s  v e r y  high and 

*'0r the range of con cen tration  in v estig a ted  it s e e m s  to be independent

64
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° f  the am ount of CaO p resen t. F o r  a con cen tration  as low  a s  0.16% 

CaO the standard dev iation  i s  0. 0027 corresp on d in g  to  a re la t iv e  

deviation of 1. 69% of the amount of ca lc iu m  p resen t. F o r  

concen trations h igh er  than th is , the r e la t iv e  d eviation  hardly  

exceed s 1% of the CaO p resen t. T h ese  f ig u r e s  of p r e c is io n  are  

su p erior to th o se  of the ch em ica l m ethods as shown from  the
folio wing data:-

C = 0 . 8 8

C = 9. 6 6 , 10. 96

C = 8 . 95, 1. 46

C = 5. 05, 0. 74

C = 13 .0 , 6 . 3

M ercy  (1956) by rapid m ethods

F a irb a irn  and o th ers 1951 for  G -l and W -l 
contain ing 1. 40 and 10. 96% CaO 
r e sp e c tiv e ly , a ll a n a ly se s

S teven s and o th ers  1960 for  G -l and W -l, 
a ll the 60 a n a ly se s

S teven s and o th ers  1960 for  G -l and W -l, 
p r e fe rr ed  v a lu es

S teven s and o th ers 1960, sp ectrograp h ic

C om pared with oth er X -r a y  data, V olborth (1963) quotes a 

re la tiv e  deviation  range of 0. 34 - 0.15 for a range of con cen tration  

1. 46 - 1 0 . 94; four ro ck s being an alysed .

R egarding the accu ra cy  of the m ethod, the equation of the ca lc iu m  

ca lib ration  cu rve (F ig . 6 b) ca lcu la ted  by the le a s t  square m ethod is:

Ca0% = (1 . 0635 x In ten sity  R atio) - 0. 2022

T able 24 show s the X -r a y  sp ectro g ra p h ic  data a lon gsid e  with  

ch em ica l data. The m inus and p lus d ev ia tion s of the X -r a y  from  

*hose of the ch em ica l a n a ly se s  are  shown in  the sam e tab le.

C h em ica lly , ca lc iu m  and m agn esiu m  ox id es  w ere  d eterm in ed  

according to the m ethod d escr ib ed  by R iley  (1958). T hey are
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determ ined  on so lu tion  B by titra tio n  with e th y len ed ia m in ete tra -  

acetic  acid  a fter  rem o v a l of in ter fer in g  e lem en ts , excep t m an gan ese , 

by ex traction  of th e ir  ox id ates at pH 4. 9 - 5 .1  w ith ch lo ro fo rm  in  

a continuous ex tra cto r . " Both ca lc iu m  and m agn esiu m  ox id es  are  

determ ined on th is  ex tra cted  so lu tion  by u sin g  E. B. T. a s in d icator  

’w hereas CaO alone i s  d eterm in ed  u sin g  ca lco n  a s  in d icator . By  

Slm ple ca lcu la tion , Mg oxide can be then determ ined . T itra tion  is  

done u sin g  p h o to e lec tr ic  titra to r .

The titra tio n  for  Ca proved to  be a lw ays la b oriou s and d ifficu lt 

d eterm ine the end point p r e c is e ly . The so r t of p r e c is io n  obtained  

is  d em on strated  from  the ca re fu lly  an a lysed  GL10 (T able 10). The 

SeParate tr ip lica te  d eterm in ation s gave Ca0% = 0. 6 6 , 0. 92, and 0. 72 

(S = 0.12% CaO and C = 15. 6 % of the am ount p resen t).

With such  a low  p r e c is io n , the d ev iation  of the X -r a y  data from  

ihe ch em ica l a n a ly s is  i s  d ec id ed ly  m o stly  due to a ch em ica l e rr o r  

rather than in accu ra te  X -r a y  determ ination .

A s to  the d ev iation  n oticed  in the standard T on alite  T - l ,  it i s  

lnte r e s tin g  to note that from  the r e s u lt s  of a n a ly s is  of th is  rock , 

the g rea ter  than 5% CaO is  only g iven  by convention al m ethod. But 

when done with the rapid ch em ica l m ethod, the r e s u lt s  by d ifferent  

^A tysts w ere  as fo llow s: 4. 8 6  (average of 6 ), 4. 9, 4. 90 (average of

Only one an a lyst gave a r e su lt  of m ore than 5% by rapid  m ethod. 

^  se e m s  that Ca0% d eterm in ed  by convention al m ethod is  h igh er  than  

^bat d eterm in ed  by rapid ch em ica l m ethod. S ince the ca lcu la tion  

X -r a y  d eterm in ation  in  the p resen t w ork i s  b ased  on sp ec im en s  

c h em ica lly  an a lysed  by rapid m ethod, the d eviation  of 0. 46% CaO 

ln standard T - l  w ill d e c re a se  co n sid era b ly  if the p resen t X -r a y



67

TABLE 23

P r e c is io n  o f X -R ay  S p ectrograp h ic D eterm in ation  of CaO

Specim en
N o. of 
P e lle ts

Ca0%
X" s C % Sx" E%*

T est No. 1. (-2 0 0  M esh)

1 3 0. 44 0 .0 0 4 6 I. 04 0 .0 0 2 7 0 .6 0
2 3 0 .3 9 0 .0 0 4 2 1.08 0 .0 0 2 5 0 . 62
3 3 0 . 6 8 0 .0 0 4 2 0 . 62 0 .0 0 2 4 0 .3 6
4 3 0 .6 0 0 .0 0 5 5 0. 92 0 .0 0 3 2 0 .5 3
5 3 0.16 0 .0 0 2 7 1.69 0 . 0016 0. 98
6 3 1.17 0 .0 0 7 0 0 . 60 0. 0040 0 .3 5

1 0 5 0, 78 0 .0 0 2 7 0 .3 5 0 . 0 0 1 2 0.16
11 3 . 3 .31 0 .0251 0. 76 0. 0145 0. 44
13 5 4. 85 0. 0151 0.31 0 .0 0 6 8 0.14

T est No. 2. (-3 0 0  M esh)

1 3 0. 46 0 .0 0 4 7 I. 02 0 .0 0 2 7 0. 59
2 3 0. 40 0 .0 0 2 3 0. 57 0. 0013 0. 33
3 3 0. 71 0 .0 0 3 6 0. 51 0 . 0 0 2 1 0 .2 9
4 3 0. 63 0 .0 0 3 6 0 .5 7 0 . 0 0 2 1 0 .3 3
5 3 0.17 0 .0 0 3 6 2 . 1 2 0 . 0 0 2 1 1 . 2 2
5a 3 0.17 0 .0 0 3 4 2 . 0 0 0 . 0 0 2 0 1.15
6 3 1.18 0 .0 0 5 9 0. 50 0 .0 0 3 4 0. 29
7 3 2. 03 0 .0 0 4 6 0 .2 3 0 .0 0 2 7 0.13
8 3 0. 34 0. 0015 0. 44 0 .0 0 0 9 0. 25
9 3 0 . 8 6 0 . 0080 0. 93 0 .0 0 4 6 0. 54

1 0 3 0 . 80 0. 0053 0 . 6 6 0.0031 0 .3 8
14 3 0. 44 0 . 0 0 2 1 0. 48 0 . 0 0 1 2 0 . 28
17 3 1 . 2 2 0 .0 0 2 9 0. 24 0.0017 0.14

* F or the m eaning of th ese  s ta t is t ic a l t e r m s , r e fer  to T able 11, 
P. 44.



X - R a y  S p e c tr o g r a p h ic  D a ta
C h e m ic a l T e s t  N o . I, T est N o. 2.

Sp ecim en A n a ly s is  O ne-pt. L ea st O ne-p t. L ea st
ca lib r . sq u are D eviation ca lib r . square D eviation

1 0 . 28 0 .4 6 0. 44 + 0 . 16 0. 48 0. 46 +0.18
2 0. 64 0. 42 0. 39 -0 . 25 0. 44 0. 40 -0 . 24
3 0. 75 0. 64 0 . 6 8 -0 . 07 0 . 6 6 0. 71 -0 . 04
4 0 .3 9 0. 58 0 . 60 + 0 . 2 1 0 . 60 0. 63 +0 . 24
5 0 . 2 1 0. 14 0.16 -0 .0 5 0.15 0.17 -0 . 04
5a 0 . 2 1 - - - 0. 15 0.17 -0 . 04
6 0. 91 0. 99 1.17 + 0 . 26 I. 0 1 1 . 1 8 +0. 27
7 1. 91 - - - 1 . 62 2. 03 + 0 . 1 2

8 0. 36 - - - 0 .3 9 0 .3 4 - 0 . 0 2

9 1 . 0 2 - - - 0. 77 0 . 8 6 -0 .1 6
1 0 0. 70 0. 71 0. 78 + 0 . 08 0. 73 0 . 80 + 0 . 1 0

11 3.17 2. 54 3 .31 +0. 14 2 .5 8 3 .3 6 + 0. 19
1 1a 3.17 - - - 2 .4 4 3.17 0 . 0 0

1 2 0. 77 0 . 8 6 +0. 09 0 . 8 6 + 0 .0 9
13 5.19 3 .5 7 4. 85 -0 .3 4 - - -

14 0. 63 - - - 0. 46 0. 44 -0 . 19
17 1 . 1 0 - - - 1. 03 1 . 2 2 + 0 . 1 2

19 1.47 - - - 1.13 1.37 - 0 . 1 0

2 1 0. 58 — - 0. 57 0. 58 0 . 0 0

n = 
s  =

1 0

0 . 2 0

n = 1 8  

s = 0.15
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r e sult is  com pared  to  th o se  of rapid ch em ica l m ethod a lone. A s a 

further check , T - l  w as an a lysed  by rapid m ethod (B. Stevenson) 

and the r e s u lt s  obtained for  Ca have an average of 4. 8 6 % w hich is  

c lo se  to that of the X -ra y .

A part from  being h igh ly  p r e c is e , far  l e s s  tim e  consum in g , far  

le s s  ted iou s; X -r a y  sp ectrograp h ic  d eterm in ation  of CaO is  

accurate and, th er e fo re , i s  su p er io r  in a ll r e sp e c ts  to ch em ica l 

a n a ly sis  - convention al or rapid.

(vii) M agnesiu m  oxide

The in stru m en ta l con d ition s for  the d eterm in ation  of MgO is  

shown in T able 2.

M agnesium  with i t s  so ft rad ia tion  p roved  at f ir s t  to  be the le a s t  

sa tis fa c to ry  e lem en t regard in g  i t s  p r e c is io n . Tatie 25 show s the 

P rec is io n  of the a n a ly s is  of the ro ck s  u sed  throughout th ese  

Preparatory  s ta g e s  of X -r a y  f lu o r e sc e n c e  a n a ly s is . A lthough the 

fig u res  of d ev ia tion s shown in  T able 25 are com parab le  to  or l e s s  

ihan the standard counting e r r o r  of MgO d eterm in ation  (r e fe r  to  

Table 5) yet if  m ore ca re  is  taken in Mg d eterm in ation , the f ig u re s  

°f p r e c is io n  w ill d e fin ite ly  im p rove. Im provem ent in p r e c is io n  

c °uld be done by:-

(1) In crea sin g  the count rate

(2) Im proving the vacuum  sy s te m

T able 26 show s the p r e c is io n  of other 9 ro ck s ca re fu lly  an alysed  

f°u m agn esiu m . The tab le show s how m uch the p r e c is io n  is  

lnaproved, by in c r ea s in g  the count rate  up to  500 c o u n ts /5 m in u tes for  

1% MgO, provid ing that the vacuum  u sed  is  e ffic ien t.
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Specim en
N o. o f  
P e lle ts

Mg0%
X ' s C% Sx" E%*

T est No. 
1

1. (-2 0 0  M esh) 
3 2 .41 0.18 7. 47 0 . 1 0 4.31

2 3 1. 46 0 . 08 5. 48 0. 04 3.16
3 3 2. 34 0. 14 5. 98 0 . 08 3 .4 5
4 3 2. 79 0 .3 0 10. 75 0. 17 6 . 2 1

5 3 3 .51 0.41 1 1 . 6 8 0. 24 6 .8 3
6 3 1. 38 0. 07 5 .0 7 0. 04 2. 93

1 0 5 1.39 0. 17 12.23 0 . 08 5 .4 7
13 5 2 . 1 0 0 . 26 12.09 0 . 11 5. 50

T est No. 2 . (-•300 M esh)

1 3 2 .61 0 . 2 2 8 . 43 0.13 4. 87
3 3 1. 97 0 . 1 0 5. 08 0 . 06 2 .9 3
5 3 3 .2 5 0. 27 8 . 31 0.15 4. 80
5a 3 2. 85 0 . 18 6 . 31 0 . 1 0 3 .6 4
6 3 1 . 26 0.17 13.49 0 . 1 0 7, 79
7 3 1. 56 0. 19 12.18 0 . 1 1 7. 03
9 3 1 . 6 6 0. 15 9. 04 0. 09 5 .2 2

14 3 3 .3 9 0 . 2 0 5 .9 0 0 . 11 3 .41
17 3 1. 96 0 . 08 4. 08 0. 05 2 .3 5

* F or the m eaning of th ese  s ta t is t ic a l te r m s , r e fe r  to  
Table 1 1 , p. 4 4  .
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TABLE 26

d e c i s i o n  o f X -R ay  Sp ectrographic D eterm in ation  of MgO

Specim en
N o. of 
P e lle ts

Mg0%
X" s C% Sx~ E%*

19 3 1. 83 0 . 06 3. 28 0. 03 1. 89
2 1 3 1. 77 0 . 0 2 1.13 0 , 0 1 0. 65
23 3 2. 93 0 . 06 2. 04 0. 03 1,17
24 3 2 . 8 6 0 . 1 2 4. 19 0. 07 2. 42
26 3 2 . 6 6 0 . 08 3 .01 0. 04 1 . 74
27 3 1. 37 0. 09 6 ,5 7 0 .0 5 3. 79
28 3 1. 78 0 . 0 2 1, 46 0 . 0 1 0. 84
29 3 5 .2 5 0 . 1 0 1 . 90 0 . 06 1. 09
30 3 2.31 0. 07 3 .0 3 0. 04 1. 75

* F or the m eaning of th ese  s ta t is t ic a l t e r m s , r e fe r  to 
Table 11 , p. 44 .
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T h is p r e c is io n  is  a lm o st b e tter  than that of the conventional 

ch em ica l m ethods a s  shown from  the fo llow in g  data.

C = 35. 32, 72. 6 F a irb a irn  and o th ers  (1951) for  G -l and 
W -l contain ing 0. 39 and 6 . 53% MgO 
r e sp e c tiv e ly . A ll a n a ly se s .

C = 32.15 , 5. 29 S tev en s and o th ers  (1960) fo r  G -l and 
W -l, a ll 60 a n a ly se s .

C = 14. 6  1. 51 S teven s and o th ers  (1960) for  G -l and 
W -l, p r e fe rr ed  v a lu es.

C = 6 . 6 , 3. 0 S teven s and o th ers  (1960) for  G -l and 
W -l, sp ectrograp h ic  determ ination .

C om pared to oth er X -r a y  a n a ly s is , the p resen t data are not

better than th o se  of V olborth (1963) who u sed  the sp e c ia lly  d esign ed  

A l-ta rg e t X -r a y  tube developed  by P r o fe s s o r  Burton L. Henke and 

als o  in c r ea se d  the count rate to  c o lle c t  64, 000 counts.

R egard ing the a ccu racy  of the m ethod, F ig . 7a show s the 

ca lib ration  graph and T able 27 show s the r e su lts  of the X -r a y  a n a ly s is  

com pared w ith th ose  of ch em ica l a n a ly s is . The -3 0 0  m esh  pow der  

Proved to  be m ore accu rate  than the - 2 0 0  m esh . H ence the r e su lts  of 

tbe -300 m esh  pow der are the on es to be co n sid ered  in  the fo llow ing  

d iscu ssio n s.

The fact that the d ev ia tion s show a sy m m e tr ica l d istr ib u tion  

r e garding th e ir  p o s itiv e  and n egative  s ig n s , su g g e sts  the ab sen ce  of 

any b ia s  in the X -r a y  d eterm in ation  of Mg. F o r  the 25 ro ck s  an a lysed  

(T est No. 2. T able 27), the freq u en cy  of d eviation  i s  a s  fo llo w s:-

a deviation  of i 0. 45 - 0. 40% MgO : four ro ck s
+ 0. 39 - 0. 30% MgO : th ree  ro ck s
+ 0. 29 - 0. 20% MgO : s ix  ro ck s
+

0.19 - 0.10% MgO : four ro ck s

l e s s  than - 0 . 1 0 % : eight ro ck s
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H ow ever, m o st of th is  e r r o r  is  b e liev ed  to  be in  the ch em ica l  

determ ination b eca u se  the v ery  lik e ly  p re se n t e r r o r  in the ch em ica l 

determ ination of ca lc iu m  w ill a ffec t the a ccu ra cy  of the ch em ica l 

an alysis  of m agn esiu m  due to th e ir  in terd ep en d en ce. In fact, it  is  

rn°ne than ju st a co in c id en ce  that the la r g e  p o s itiv e  or n egative  

deviations in Mg co rresp o n d s to a d eviation  in  Ca with the opp osite  sign .

A s to the ton a lite  standard T - l ,  the X -r a y  r e su lt  of the -200  

•^esh w as h igh er  than the p r e fe rr ed  ch em ica l value by 0. 21% MgO. 

However, two in ter e st in g  po in ts a r is e : -

The m ore accu ra te  -3 0 0  m esh  pow der a lw ays show ed lo w er  

r e su lts  than the -2 0 0  m esh  (T able 27). C onsequently , th is  

+0. 21% MgO deviation  w ill be s ig n ifica n tly  red uced , have a 

-300  m esh  pow der for  ton a lite  been  used .
2

The a n a ly s is  of ton a lite  by the rapid m ethod in our la b o r a to r ie s  

(S tevens) gave a r e su lt  of 2 .11% MgO w hich i s  v e ry  c lo se  to  

the X -r a y  r e su lt  of 2.10%.

T h ere fo re , it can be concluded that the X -r a y  f lu o re sce n c e

analy s is  of Mg is  a s  p r e c is e  and a ccu ra te , if  not b etter , as the

°h em ica l a n a ly s is . In te r m s  of sp eed  and labour involved , the ch em ica l

Methods (conventional or rapid) do not stand a chance in co m p arison

flu o re sce n c e  m ethod. M oreover, a p re-k n ow led ge of the amount

Ca is  not a n e c e s s a r y  req u is ite  for  the d eterm in ation  of Mg by
X

"r&y sp ectro sco p y , the r e v e r se  ho ld s for  the ch em ica l m eth ods.

F in a lly , although the p resen t data of p r e c is io n  are  not a s  good  

as th ose of V olborth (1963), y et the p resen t accu ra cy  i s  b e tter  than h is . 

^ °lborth  (1963) quotes a d eviation  range of +1. 07 (for MgO con cen tration

3. oi%) -j;0  _Q. 21 (for 4. 42% MgO). F o r  h is  dedrifted  r e s u lt s  ( le s s  

a° cUrate a s  sta ted  by V olborth) the dev iation  range is  + 2 . 0 1  to - 0 . 8 6 %
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C om parison  of X -R ay  S p ectrograp h ic A n a ly s is  with the 
C h em ica l D ata for MgO_____________________________ _

—  _
X -R ay  S p ectrograp h ic A n a ly s is

c C h em ica l T est No. 1. T est No. 2. 
Pecim en A n a ly s is  % MgO D eviation  % MgO D eviation

1 3 .0 2 2 .41 - 0 . 61 2 .61 -0 . 41
2 1 . 2 0 1. 46 + 0 . 26 1. 52 +0. 32
3 2 .2 6 2 .3 4 + 0 . 08 1. 97 -0 . 29
4 2. 90 2. 79 - 0 . 1 1 2 . 82 - 0 . 08
5 3 .0 7 3.51 +0. 44 3 .2 5 +0.18
5a 3 .0 7 - ~ 2. 85 - 0 . 1 2
6 1 . 61 1. 38 -0 . 23 1 . 26 -0 .3 5
7 1. 83 - - 1. 56 -0 . 27
8 1.39 - - 1. 50 + 0 . 1 1
9 1. 74 - - 1 . 6 6 - 0 . 08

1 0 1.35 1. 39 +0. 04 1. 56 + 0 . 2 1
11 1.44 1. 77 + 0 .3 3 1. 41 -0 . 03
1 2 1. 90 1. 90 0 . 0 0 1 . 90 0 . 0 0
13 1. 89 2 . 1 0 + 0 . 2 1 - -

14 2 .9 4 - ~ 3 .3 9 +0. 45
17 1 . 81 - - 1. 96 +0.15
19 1. 89 - - 1. 83 - 0 . 06
2 1 1. 69 - - 1 . 77 + 0 . 08
23 3. 15 - 2 .9 3 - 0 . 2 2

24 2. 89 - - 2 . 8 6 +0. 03
25 3 .0 5 - - 2 .8 2 -0 . 23
26 2. 75 - - 2 . 6 6 -0 . 09
27 1 . 80 - - 1.37 -0 . 43
28 2.19 - - 1 . 78 -0 . 41
29 4. 91 - - 5. 25 +0. 34
30 2 . 1 0 - - 2 .31 + 0 . 2 1

—

n = 1 0  

s = 0 .31
n
s

25
0. 25
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■^gO. in  the p re se n t work, the h ig h est deviation  is  +0. 45% MgO; the  

sam e rock  h as a Ca d ev iation  of -0.17% , w hich su g g est that m o st of 

the erro r  is  due to an e r r o r  in  the ch em ica l r e su lts .

(v iii) P o ta ss iu m  oxide

The in stru m en ta l se ttin g  for  K^O d eterm in ation  are l is te d  in  

Table 2. The p r e c is io n  of the m ethod i s  shown in  T able 28.

Apart from  the fa n tastic  sp eed  of K^O d eterm in ation  by X -r a y  

(five m in u tes for  3 p e lle ts  of one sp ecim en ) the p r e c is io n  is  v ery  

*hgh and for  the range of K^0% in v estig a ted  (1. 23 - 5. 35), standard  

deviation does not vary  with con cen tration . The h ig h est deviation  

ls  0. 071% K^O (corresp on d in g  to 1. 27% of the am ount of oxide p resen t  

~5. 60%) w h erea s the h ig h est r e la t iv e  d eviation  w as 1. 77% of the amount 

Pr esen t - 1 . 64% K 0 (corresp on d in g  to  S = 0 . 029% K 0).
¿i ¿i

T h is p r e c is io n  is  su p er io r  to that o f the ch em ica l and sp e c tr o -  

§raphic m ethods as shown from  the fo llow in g  quoted figu res:

C = 3. 0 M ercy  (1956), rapid m ethod
C = 8 . 41, 24. 61 F a irb a irn  and o th ers  (1951) for  G -l and 

W -l, a ll a n a ly se s

C B 7. 26 19. 00 S teven s and o th ers  (1960) for  G -l and W -l, 
a ll a n a ly se s

C = 2. 74 and 4. 6 8 S teven s and o th ers  (1960) for  G -l and W -l, 
p r e fe rr ed  v a lu es

C = 11. 7 S teven s and o th ers  (1960), for G -l  
sp ectrograp h ic

C om pared with oth er X -r a y  data, the p resen t r e su lts  are  

com parable to  th ose  of V olborth (1963), who g iv e s  C range of 0. 6  - 1. 6 .

A s to the a ccu ra cy  of the m ethod, the equation for  ca lcu la tin g  

V %  by the le a s t  square m ethod w as d er ived  from  the X -r a y  in ten sity
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r atio and the r e s u lt s  of the ch em ica l a n a ly s is . The ca lib ra tio n  graph  

ls  shown in  F ig . 7b and the equation of the graph is

K^O% = (3. 0612 x In ten sity  Ratio) - 0. 0342

from  w hich the in tercep t on the y -a x is  i s  -0 . 0342% K 0. A s to the 

negative s ign  of the in tercep t, although its  am ount (0. 03%) can be 

neg lected  on account of bein g  sm a ll, y et V olborth (1963) h as a s im ila r  

negative in tercep t am ounting to  0. 25% K^O on h is  p o ta ss iu m  ca lib ra tion  
c u rve .

C alcu lated  by th is  equation, the r e su lts  of X -r a y  a n a ly s is  in  

com parison  with ch em ica l a n a ly s is  are shown in  T able 29. A ssu m in g  

^ a t the ch em ica l data are accu rate  and rep resen t the a r ith m etic  

rnean, the p lu s or m in us d ev ia tion s from  the ch em ica l data are shown  

ln the sam e tab le.

The range of d eviation  is  0 . 42 to + 0 . 35 w ith a standard deviation  

of 0 . 2 0  o v er  a range of 1. 23 - 5. 35% K^O concen tration . Only th ree  

ana ly se s  out of the 24 done, sh ow ed  such high deviation. The fact 

frat such r e la t iv e ly  high d ev iation  is  co n s isten t in both the 2 0 0  and 

^ 0 0  m esh  pow d ers su g g e sts  an e r r o r  in  the ch em ica l a n a ly s is  rather  

fran in accu rate X -r a y  data due to the e ffe c t  of gra in  s iz e  on K o0 

m tensity.

The p resen t r e s u lt s  com pare v e r y  w e ll w ith V olborth (1963) who 

Quotes a s im ila r  range of dev iation  from  +0. 43 to  -0 . 35 over  a range  

1. 47 - 5 . 4 3 % K^O. It i s  a greed  w ith V olborth that such  sy m m e tr ica l  

distribution  of poin ts on e ith er  sid e  of the ca lib ra tion  cu rve m ay  

lndicate an e r r o r  in  the ch em ica l a n a ly s is  rather than in accu ra te  X -r a y  

data, it  i s a lso  a greed  that w ith such a range of d eviation , the X -r a y  

data can be c o n sid ered  at le a s t  a s  accu ra te  a s  the ch em ica l m ethods.
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P r e c is io n  of X -R ay  S p ectrograp h ic  D eterm in ation  of K^O

Specim en
No. of 
P e lle t s

k 2° *

X - s c% Sx~ E%*

T est No. 1 . (-2 0 0  M esh)

1 3 3. 23 0. 038 1. 70 0 . 0 2 2 0. 98
2 3 2. 73 0 . 060 2 . 2 0 0. 035 1. 27
3 3 1. 64 0. 029 1. 77 0. 017 1 . 0 2

4 3 3. 80 0. 025 0 . 6 6 0. 014 0. 38
5 3 5. 44 0. 051 0. 94 0. 029 0. 54
6 3 3. 32 0. 007 0 . 2 1 0. 004 0 . 1 2

1 0 5 2 . 60 0. 013 0. 50 0 . 006 0 . 2 2

11 3 1. 48 0 . 0 2 1 1 .42 0 . 0 1 2 0 . 82
13 5 1.18 0 . 0 1 0 0. 85 0. 004 0. 38

T est No. 2. (-3 0 0  M esh)

1 3 3. 22 0 . 0 2 0 0 . 62 0 . 0 1 2 0. 36
2 3 2 . 62 0. 029 1 . 1 1 0. 017 0. 64
3 3 1. 57 0. 023 1.46 0. 013 0. 84
4 3 3. 75 0 . 0 2 1 0. 56 0 . 0 1 2 0. 32
5 3 5. 38 0 . 016 0. 30 0. 009 0.17
5a 3 5. 24 0. 071 1. 35 0. 041 0. 78
6 3 3. 27 0. 040 1 . 2 2 0. 024 0. 70
7 3 3. 78 0 . 0 2 0 0. 53 0 . 0 1 2 0. 30
8 3 4, 52 0. 032 0. 71 0 . 018 0.41
9 3 4. 04 0 . 0 1 0 0. 25 0 . 006 0.14

1 0 3 2. 54 0. 030 1.18 0. 017 0 . 6 8

1 2 3 3. 52 0. 050 1. 42 0. 029 0 . 82
14 3 3. 05 0 . 026 0. 85 0. 015 0. 49

* F or  the m eaning of th ese  s ta t is t ic a l te r m s , r e fe r  to T able 11, 
P* 44.



S p ecim en
C hem ical
A n a ly s is

O ne-p t.
ea lib r .

X -R a y  S p e c t r o g r a p h i c  D a ta

T e s t  No. 1. T e s t  No. 2.

L e a s t  O ne-pt. L ea s t  
sq u are D ev ia tion  ca lib r , square D ev ia tion

1 2. 87 3. 47 3. 23 +0. 36 3. 46 3. 22 + 0 , 35
2 2. 35 2. 97 2. 73 +0. 38 2 . 82 2 . 62 + 0 . 27
3 1 . 6 8 1 . 80 1. 64 -0 . 04 1. 70 1. 57 - 0 . 11

4 3. 8 8 4. 09 3. 80 - 0 . 08 4. 02 3. 75 - 0 . 13
5 5. 35 5. 82 5. 44 +0. 09 5. 75 5. 38 +0 . 03
5a 5. 35 - - - 5. 60 5. 24 - 0 . 11

6 3. 32 3. 56 3. 32 0 . 0 0 3. 51 3. 27 - 0 . 05
7 4. 00 - - - 4. 05 3. 78 - 0 . 2 2

8 4. 52 - - - 4. 84 4. 52 0 . 0 0

9 4. 46 - - - 4. 33 4. 04 - 0 . 42
1 0 2. 42 2 . 80 2 . 60 +0.18 2. 74 2. 54 + 0 . 1 2

11 1. 64 1 . 61 L 48 -0 .1 6 1 . 61 1. 48 - 0 . 16
1 2 3. 25 - - - 3. 25 3. 03 - 0 . 2 2

13 1. 23 1. 29 1.18 -0 . 05 - - -
14 3. 04 - - - 3. 28 3. 05 +0 . 0 1

17 3. 70 - - - 3. 78 3. 52 - 0 . 18

n = 9 

s = 0 . 2 1

n = 15 

s = 0 . 2 0
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(ix) Sodium  oxide

In the X -r a y  sp ectro g ra p h ic  a n a ly s is  of sod ium , cer ta in  

d ifficu lties  have a lw ays b een  r ec o g n ise d  to a r ise  from  the v ery  

'soft" nature of Na radiation . T h is la s t  p rop erty  im p o se s  cer ta in  

R estriction s and req u irem en ts  n a m ely :-

H The rad ia tion  is  a su rface  phenom enon, hence the need  of a

v e r y  sm ooth  and h igh ly  rep rod u cib le  sp ec im en  su rface .
p

6m The NaKa is  e a s i ly  sca tter e d  a n d /o r  absorbed  by a ir .

T h ere fo re  a v e r y  e ffic ie n t vacuum  sy ste m  is  v ita l.

The w avelength  of NaKa is  11. 9090 A. T h is m ean s that if  

gypsum  c r y s ta l (2d = 15.198 A) is  u sed  then the gon iom eter  

should be turned to 103. 09° to sa t is fy  the B ragg  equation.

The g eo m etry  of the S iem en s apparatus u sed  d oes not allow  

rotatin g  the gon iom eter  to such high angle. H ence, another  

c r y s ta l w ith la r g e r  d -sp a c in g  is  needed.
4

• B eca u se  of the v e r y  low  flu o r e sc e n c e  y ie ld  of sodium , a v ery  

ca refu l p u lse  height se le c t io n  to in c r e a se  the p eak /b ack grou nd  

ra tio  i s  e s se n tia l.

In addition to th ese  req u irem en ts , V olborth (1963) found it

riec e s s a r y  to u se  a sp e c ia l X -r a y  tube n am ely  the prototype A l-ta rg e t  
v

~r ay tube d eveloped  by P r o fe s s o r  B urton L. Henke at P om an a C o llege  

^ienke, 1961, 1962, B a ird  and o th ers , 1962).

In the p resen t work, the a n a ly s is  is  c a rr ie d  out w ith the usu al 

^ r -ta rg e t tube u sed  throughout the a n a ly s is . The only a ltera tio n s  in 

apparatus are: -

Changing the gypsum  c r y s ta l with KAP c r y s ta l (2d = 26. 632 A)
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to com p en sate  for  the r e s tr ic te d  rotation al angle of the  

gon io m eter  (the h ig h est angle i s  about 84° in S iem en s).

C hanging the b ery lliu m  window of the gas flow  p roportion al 

counter w ith the s t i l l  th inner polycarbonate film  ( 2  m icro n s  

thick). T h is m in im ise s  the ab sorp tion  of the c h a r a c te r is t ic  

Na radiation .

T he in stru m en ta l con d ition s are l is te d  in T able 2. The p r e c is io n  

°f the m ethod is  shown in  T able 30. Counts w ere  c o lle c te d  o v er  a 

Period of 5 m in u tes for  e ith er  the peak and the background. N otice  the 

rela tiv e  low  sodium  con cen tration  in the ro ck s under con sid era tion .

F ro m  T able 30, the re la t iv e  d eviation  range i s  0. 73 - 5. 77% for  

a range of 0. 93 - 3. 61% N a 2 0.

C om pared w ith ch em ica l a n a ly s is , the fo llow in g  are  the 

figu res of p r e c is io n  for N a 2 0  determ ination:

C = 1 . 8 M ercy  (1956) by rapid a n a ly s is

C = 7. 99, 10. 20 F a irb a irn  and o th ers  (1951) for G -l and 
W -l r e sp e c t iv e ly , a ll a n a ly s is

C = 7. 06, 9. 76 S teven s and o th ers  (1960) for  G -l and 
W -l, a ll a n a ly s is

C = 3. 3, 5. 3 S teven s and o th ers  (1960) for  G -l and 
W -l, p r e fe rr ed  v a lu es

C = 8 . 6 , 4. 3 S teven s and o th ers  (1960) for  G -l and 
W -l, sp ectrograp h ic  d eterm in ation

C om pared with other X -r a y  w ork, V olborth (1963) quotes  

^ = 0 .13 , 0. 55, 0 .10 for Na 0 co n cen tra tion s of 10. 73, 10. 75, and 4.11 

r esp ec tiv e ly .

The p resen t data of p r e c is io n  i s  b etter  than th ose  of the ch em ica l

A nalysis but lo w er  than th ose  of V olborth. P r e c is io n  of ro ck s contain ings
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■̂ a2 ° a s  high as  10% w as not tr ied . Y et, taking in co n sid era tio n  

the fa c ts  that (a) no so p h is tic a te d  a ltera tio n s  are m ade to  the 

eciuipm ent, (b) the low  con cen tration  of sodium  in  the ro ck s under  

con sid eration , and (c) the r e la t iv e ly  sh ort tim e in terv a l u sed  in  

c o llec tin g  the counts, then, th ese  fig u re s  of p r e c is io n  are adequately
good.

A s to the stan d ard isa tion  of the m ethod, the ca lib ra tio n  graph  

is  shown in  F ig . 8 a. C alcu lated  by the le a s t  square m ethod, the 

ec|uation of the graph is : -  Na^0% = 1. 6 8  X -r a y  in ten sity  ra tio  + 0 .19.

On th is  b a s is , the X -r a y  r e s u lt s ,  the ch em ica l a n a ly s is  and 

the dev iation s betw een  the two are shown in  T able 31.

F o r  the 13 ro ck s an a lysed , the d ev iation  range i s  +0. 22 to  

23% Na^O; ofaly 4 ro ck s show  high d ev ia tion s of 0. 23 to  0.17%, the 

r e st have d ev ia tion s l e s s  than 0.10%. T h is range of d eviation  is  

^ u ch  n arrow er than that of V olborth who quotes a d eviation  of +0. 37
to -o. 42.

T h ere fo re , the X -r a y  sp ectro g ra p h ic  d eterm in ation  of sodium  

can be c o n sid ered  adequate even  when u sin g  the u su a l se a le d  C r-  

target X -r a y  tube.

(x) P h osp h oru s oxide

Tabi
The in stru m en ta l se ttin g  fo r  d eterm in ation  i s  shown in

e 2. The p r e c is io n  of th is  d eterm in ation  i s  shown in T able 32.

F o r  such a ligh t e lem en t p resen t in  v e ry  low  con cen tration , 

p r e c is io n  proved  to  be e x ce lle n t although the tim e  taken for  

Accum ulating the X -r a y  counts w as r e la t iv e ly  short (5 m in u tes per  

Pellet). F or  22 a n a ly se s  done, the h igh est dev iation  w as 0. 007 for
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P r e c is io n  of X -R a y  S p ectrograp h ic D eterm in ation  of N a 0 *

TA B L E  30

Specim en
No. of 
P e lle ts

Na 0% 
2

X~
s c% Sx" E%:

19 3 I. 31 0. 05 3 .81 0. 03 2 . 2 0

2 0 3 2. 74 0 . 0 2 0. 73 0 . 0 1 0 .4 2
2 2 3 2.15 0 . 08 3. 72 0 .0 5 2.15
23 3 3.13 0 . 06 1. 91 0 .0 3 1 . 1 0

24 3 I. 78 0. 05 2 .81 0 .0 3 1.62
25 3 3 .61 0. 03 0 .8 3 0 . 0 2 0 .4 8
27 3 1. 56 0. 09 5. 77 0. 05 3 .3 3
28 3 1. 41 0 . 08 5 .6 7 0. 05 3 .2 7
29 3 0. 93 0. 04 4 .3 0 0 . 0 2 2 .4 8
30 3 1.92 0. 05 2 ,6 0 0. 03 1. 50
32 3 1. 14 0 . 06 5 .2 6 0 .0 3 3 .0 4

* F or the m eaning of th ese  s ta t is t ic a l  t e r m s , r e fe r  to 
T able II, p. 44 .
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C om p arison  of X -R ay  S p ectrograp h ic A n a ly s is  w ith the 
C h em ica l D ata of Na^O

T A B L E  31

S p ecim en C h em ica l
A n a ly s is

X -R ay
A n a ly s is D ev ia tion

11 5. 33 5. 55 + 0 . 2 2

1 2 1. 91 1. 87 - 0 . 04
19 1. 52 1. 31 - 0 . 2 1

2 0 2. 74 2. 74 0 . 0 0

2 2 1. 98 2.15 + 0 . 17
23 3. 20 3.13 - 0 . 07
24 2 . 0 1 1. 78 - 0 . 23
25 3. 61 3. 61 0 . 0 0

27 1. 55 1. 56 +o. 0 1

28 1. 36 1.41 +0 . 05
29 1 . 0 0 0. 93 - 0 . 07
30 2 . 0 1 1. 92 - 0 . 09
32 0. 97 1.14 + 0 , 17

n = 
s =

13
0.14



PgO,- con cen tration  o f 0.10% (co rresp on d in g  to C = 7. 00% of the  

amount o f oxide p r e se n t) . L on ger counting tim e  would im p rove th ese  

figu res, but th is  w as found to be u n n e ce ssa r y  for an e lem en t lik e  

Phosphorus.

It would be doing in ju stice  if  th ese  fig u re s  of p r e c is io n  are to be 

com pared with th o se  of convention al ch em ica l m ethods as show n from  

the fo llow ing data:-

C = 65 .12 , 2 9 .4 8 (F a irb a irn  and o th ers , 1951, fo r  G -l and 
W -l contain ing 0.11 and 0.14% P 2 0,_ 
r esp e c tiv e ly )

C = 24. 39, 47. 71 (S teven s and o th ers  (1960) for  G -l and 
W -l)

C = 55.10, 40. 51 (S teven s and o th ers , 1960, for  G -l and 
W -l, a ll  a n a ly ses)

No data for  phosphorus X -r a y  sp ectro g ra p h ic  d eterm in ation  is  

given by V olborth (1963) to be com p ared  with the p re se n t work.

A s to the a ccu ra cy  o f the m ethod, the ap p lication  o f the le a s t  

square m ethod to the X -r a y  in ten sity  ra tio  v e r s u s  the data of 

ch em ica l a n a ly s is  gave the fo llow in g  equation:

P 0 % = (0. 0427 x In ten sity  Ratio) + 0. 0373
¿2 0

The ap p lication  o f the le a s t  square i s  of g rea t u se  to red u ce the random  

erro r  in  the ch em ica l a n a ly s is . The ca lib ra tio n  graph i s  show n in  

Fig. 8 b.

The r e s u lt s  of the X -r a y  sp ectro g ra p h ic  a n a ly s is  com pared  with  

the ch em ica l data are. shown in T able 33. A ssu m in g  that the ch em ica l  

data are a ccu ra te  and r ep resen t the a r ith m etic  m ean, the d eviation  of 

the X -r a y  data ca lcu la ted  by the le a s t  square equation, from  the 

ch em ica l a n a ly s is  are  shown in  T able 33.

It i s  to  be noted that the d ev ia tion  for  the T on alite  standard T - l  i s
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T A B L E  32

P r e c is io n  of X -R ay  S p ectrograp h ic D eterm in ation  of P  0

-- _—

No. of 
Specim en P e l le t s p a ° 6 *

X “ s C% Sx E %*

No. 1 . (-2 0 0  M esh)

1 3 0. 09 0. 0063 7. 00 0. 0036 4. 04
2 3 0 . 06 0 .0 0 3 5 5. 83 0 . 0 0 2 0 3. 37
3 3 0. 07 0. 0015 2.14 0. 0009 1. 24
4 3 0 . 08 0 . 0028 3. 50 0 . 0016 2 . 0 2

5 3 0. 05 0 .0 0 0 6 1 . 2 0 0. 0003 0. 69
6  3 0. 09 0 .0 0 6 4 7.11 0. 0037 4.10

1 0  5 0 . 08 0 . 0 0 2 0 2. 50 0. 0009 1 . 1 2

11 3 0 . 1 0 0 .0 0 2 3 2. 30 0. 0013 1. 33
13 5 0.16 0 .0 0 3 8 2. 37 0. 0017 1 . 06

S li-stN o . 2. (-3 0 0  M esh)

1 3 0 . 1 0 0 .0 0 3 4 3. 40 0 . 0 0 2 0 1. 96
2 3 0. 07 0. 0037 5. 28 0 . 0 0 2 1 3. 05
3 3 0 . 08 0 .0 0 5 5 6 . 87 0. 0032 3. 97
4 3 0 . 08 0. 0046 5. 75 0 . 0026 3. 32
5 3 0. 07 0. 0033 4. 71 0. 0019 2. 72
5a 3 0 . 06 0. 0032 5. 33 0 . 0018 3. 08
6  3 0. 09 0. 0050 5. 56 0. 0029 3. 21
V 3 0. 09 0. 0046 5.11 0 .0 0 2 6 2. 95
8  3 0. 09 0 . 0060 6 . 67 0 .0 0 3 4 3. 85
9 3 0 . 1 0 0 .0 0 7 0 7. 00 0. 0040 4. 04

1 0  3 0. 09 0. 0025 2. 78 0. 0014 1 . 60
1 2  3 0. 09 0 .0 0 5 7 6 . 33 0. 0033 3. 65
14 3 0. 09 0 .0 0 6 7 7. 44 0. 0039 4. 30

* F o r  the m eaning of th ese  s ta t is t ic a l te r m s , r e fe r  to
T able 11, p. 44.



Sp ecim en
C h em ica l
A n a ly s is

X - R a y  S p ectrograp h ic  Data  
T e s t  No. 1. T e s t  No. 2.

O ne-pt. L ea s t
ca lib r . square D eviation

O ne-pt. L ea s t
ca lib r . square D ev ia tion

1 0.19 0 . 1 0 0. 09 -0 . 09 0.13 0 . 1 0 -0 . 09
2 0 . 06 0. 05 0 . 06 0 . 0 0 0 . 06 0. 07 +0 . 0 1

3 0. 04 0. 07 0. 07 +0. 03 0. 09 0 . 08 +0. 04
4 0 . 1 0 0 . 08 0 . 08 - 0 . 0 2 0. 09 0 . 08 - 0 . 0 2

5 0. 05 0. 04 0. 05 0 . 0 0 0 . 06 0 . 06 +0 . 0 1

5a 0. 05 - - - 0 . 06 0 . 06 +0 . 0 1

6 0. 09 0 . 1 0 0. 09 0 . 0 0 0 . 1 0 0. 09 0 . 0 0

7 0. 03 - - - 0. 09 0 . 08 +0. 05
8 0 . 1 1 - - - 0.14 0 . 1 1 0 . 0 0

9 0.13 - - - 0 . 1 2 0 . 1 0 -0 . 03
1 0 0 . 1 0 0 . 08 0 . 08 - 0 . 0 2 0 . 1 0 0. 09 f—

H
o

•
o

1

11 0. 05 0.13 0 . 1 0 +0. 05 0 . 1 2 0 . 1 0 +0. 05
1 2 0 . 08 0 . 08 0 . 08 0 . 0 0 0 . 08 0 . 08 0 . 0 0

13 0.14 0. 23 0.16 +0 . 0 2 - - -

14 0.16 - - - 0 . 1 0 0. 09 -0 . 07
17 0 . 1 0 - - - 0. 09 0. 09 - 0 . 0 1

n =  1 0 n = 15
s =  0. 04 s = 0. 04

Ü
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02 from  the ar ith m etic  m ean of the p r e fe rr ed  value of 0.14% P_0_2 5
(adopted l im its  of a ccep ta b ility  is  0 .10  - 0 .16). On th is  b a s is , it is  

sa tis fa c to ry  to a ssu m e  that the g r e a te s t  part of the d ev ia tion s l is te d  

ln the tab le is  due to e r r o r s  in  the ch e m ic a l a n a ly s is  ra th er  than an 

lfiaccu rate X -r a y  sp ectrograp h ic  d eterm in ation . T h is  i s  fu rther  

confirm ed by the c o n s is te n c y  of the r e su lts  of both - 2 0 0  and -300  m esh  

Pow ders.

An A lgo l KDF9 C om puter P ro g ra m m e for  C alcu lation

To sp eed  up the ca lcu la tio n s, a s im p le  com puter p rogram m e is  

devised . The com pu ter i s  g iven  the data u sed  to co n stru ct the  

ca lib ration  g raph, n am ely  the X -r a y  in ten sity  ra tio  of the ch em ica lly  

analysed  ro ck s and th e ir  corresp on d in g  ch em ica l co m p o sitio n  as  w e ll 

as the X -r a y  in ten sity  r a tio s  of the unknown ro ck s to  be analysed .

F ro m  th ese  data the fu nctions a and b in  the equation of the 

straight lin e  y  = bx + a are ca lcu la ted  by the le a s t  square m ethod, 

(where y  is  the p ercen t e lem en t, x i s  the X -r a y  in ten sity  ra tio , b 

ls  the s lop e  of the lin e  and a is  the in tercep t of the lin e  on the y -a x is ) .  

^he com puter w ill print out th is  equation  substitu tin g  b and a with  

^ e i r  corresp on d in g  v a lu es . The com p u ter w ill then p ro ceed  to 

ca lcu la te  the com p o sitio n  of the unknown ro ck s. F in a lly  it w ill print 

°ht the r e s u lt s  in  two co lu m s headed x  and y  w here x i s  the X -r a y  

^ ten sity  ra+io and y  i s  the co rresp on d in g  e lem en t p ercen tage  

(Appendix III).

A Check on the C alib ration  M ethod

A s a fu rth er check  on the v a lid ity  of the ca lib ra tio n  m ethod u sed  

throughout th is  w ork, a rock  (GL 31) of n ea r ly  the sa m e am ount of
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s iUca a s  that o f the standard GL 10 w as ch osen . U sing  the ex ist in g  

s ilica  a s  an "internal standard" to w hich the counts of a ll o th er  

elem en ts  are re la ted , the r a tio s  counts o f e lem en t/c o u n ts  of s i l ic a  

for a ll the e lem en ts  in both the standard GL-10 and the " unknown" 

GL-31 w ere  ca lcu la ted . The p ercen t e lem en ts  of the unknown was 

then ca lcu la ted  u sin g  th ese  r a tio s  and the ch em ica l a n a ly s is  o f the

standard GL-10.

R esu lts  obtained by th is  m ethod a lon gsid e  w ith the r e su lts  

obtained by the ex tern a l standard m ethod u sed  throughout th is  work are  

shown in  T able 34.

The ag reem en t betw een  the r e s u lt s  obtained by the two m ethods  

Proves the v a lid ity  o f the ca lib ra tio n  a lread y  u sed  and p o ss ib ly  

forn ish es another way o f ca lib ra tion  in X -r a y  sp ectrograp h y , v ia . 

using the counts of an e lem en t a lread y  p resen t in  the sam p le  provided  

that the p ercen t of th is  e lem en t i s  known to be p resen t in the sam e  

ar*iount in  both the standard and the unknown.

M ica E ffec t

The e ffec t o f the p r e se n c e  of m ica ceo u s  m in er a ls  on the 

accuracy  of the r e s u lt s  o f X -r a y  sp ectro g ra p h ic  a n a ly s is  has been  

M entioned and d isc u sse d  by V olborth (1963, 1964), C hodos (1961) and 

hfoird et al. , (1961). T h is e ffec t w as m entioned  e a r lie r  in  th is  work  

^hen the e ffec t of grain  s iz e  on the in ten sity  of X -r a y  w as in v estig a ted  
(P. 31 ). *

A ccord in g  to V olborth (1964), fu rth er grinding o f a m ica ceo u s  

r°ck  would r e su lt  in a d e c re a se  in in ten sity  for each  of Si, Ca, Na 

aifo an in c r e a se  in in ten sity  of each  of A l, F e , Mn, Mg, K, T i. T h ese  

changes in in ten sity  would take p lace  on the b a s is  of com p arin g  the 

chernical com p osition  of b io tite  to that of granite.



1 Standard R o c k  G L -1 0 : -Ì3F? - "Unknown"Rock G L -31 ( P e l l e t  No. 194)

E le m 
ent

i

I

%
C h em ica l

Counts
P ea k -
Bbkgd.

R atio
E le m en t/
S ilica

C ounts
P e a k /-
Bckgd.

R atio
E le m en t/
S ilic a

R atio  
"unknown" 
/  R atio  
standard  
GL 10

% C a lc 
io u lated  by 
E lem en t ex tern a l 

standard

S i° 2
(63. 60) 61200 61567

T i0 2 ( 0. 93) 39995 0. 6335 37790 0. 6138 0. 9393 0. 87 0 . 8 8

A1 2°3 17. 05 7088 0.1158 7887 0.1281 1.1061 18. 8 6 18. 97

F e 2°3 9. 99 47705 0. 7795 39280 0 .6 3 8 0 0. 8185 8.18 8 . 23

MnO 0. 07 3776 0. 0617 3699 0 . 0601 0. 9738 0. 07 0. 07

MgO 1. 90 223 0. 00364 189 0 ,0 0 3 0 7 0. 8425 1 . 60 1 . 61

CaO ( 0 . 8 6 ) 40802 0 .6 6 6 7 21088 0. 3425 0. 5138 0. 44 0. 35

K 2 ° 3. 25 103530 1. 6917 116175 1. 8870 1.1154 3. 63 3. 64

N a 2 0 1. 91 70 0. 00114 90 0 .00146 1. 2782 2. 44 2. 35

P 2°5 0 . 08 182 0. 00297 193 0. 00313 1. 0538 0 . 08 0 . 08 i

coco

T
A

B
L

E
 

34
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In p r a c tic e , h ow ever, V olborth  found that th is  assu m p tion  is  

valid excep t fo r  N a and K w hich behaved  op p osite  to exp ecta tion .

T able 8  (p. 33 ) sh ow s the e ffe c t  of grinding on the X -r a y

^ te n s ity  of the d ifferen t e lem en ts  a s  n oticed  by Wornung ( ),

V olborth (1963, 1964) and as  n oticed  in the p resen t w ork. In v iew  of 

the co n trad iction s shown in  th is  ta b le , four ro ck s of d ifferen t m odal 

am ounts of b io tite  and/ or m u sco v ite  w ere  te s te d  to in v estig a te  th is  

■^ica e ffec t. The r e s u lt s  of the a n a ly s is  a re  shown in  T able 35.

F rom  th is  tab le , it  can be concluded  that for  the p e lit ic  s c h is t s  and g n ie s s e s  

Under in v estig a tio n , ground s im ila r ly  to  an eq u iva len t gra in  s iz e  of 

-300 m esh , the m ic a  e ffe c t i s  n eg lig ib le  and is  p r a c tic a lly  n o n -e x ist in g .

(ix) Sum m ary and D is c u s s io n  of the r e lia b ility  of X -r a y  
sp ectro g ra p h ic  a n a ly s is________________ ______________

At th is  sta g e , the q u estion  a r is e s  a s  to w hich i s  the m o re  r e lia b le ,
X ray sp e c tr o c h e m ic a l a n a ly s is  or the w et ch em ica l m eth od s.

B efo re  d ea lin g  w ith th is  q u estion , a su m m ary  of the d ifferen t  

factors that a ffec t the r e lia b ility  of the X -r a y  m ethod and w hich fa c to r s  

V̂ere d is c u s se d  and te s te d  for  on the p rev io u s  p a g es , i s  g iven  below .

a
F a c to r s  a ffec tin g  the p rec is io n : -

(a) E le c tr o n ic s  s ta b ility  w hich  w as te s te d  by u s in g  a s in g le  

p e lle t  and tak ing counts fo r  the d ifferen t e le m e n ts  o v er  a 

p ro lon ged  tim e  (T able 4).

(b) E r r o r s  due to  the p e lle t iz a tio n  of the sam e pow der into a 

num ber of p e lle ts . T h is  w as ch eck ed  for a ll the e lem en ts  

u sin g  p ow d ers of d ifferen t gra in  s iz e s .  The X -r a y  in ten sity  

r a tio s  of fiv e  p e lle ts  of each  g ra in  s iz e  w ere  m ea su red  and 

the r e s u lt s  are  show n in  T a b le s  5, 6  and 7.
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TABLE 35

C om p arison  of X -r a y  sp ectro g ra p h ic  and ch em ica l a n a ly se s  
of rock s contain ing d ifferen t am ounts of m ica ________________

Sp ecim en M odal Anal. S i0 2% T i0 2

B io tite M u scov ite C h em ica l X -r a y Ch. X -r a y

7 30 1 59. 34 5 8 . 64 1 . 0 2 1. 04

8 5 45 63. 21 62. 79 0. 91 0. 84

19 35 0 0 61. 90 61. 39 0. 89 0. 91

2 1 30. 6 25. 8 60. 55 60. 42 0 . 8 6 0. 99
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TABLE 35 (CONTINUED)

Specim en
T otal F e  
as F e 2 0 3 MnO K2 °

Ch. X -r a y Ch. X -r a y Ch. X -r a y

7 7. 8 8 7. 80 0 . 1 0 0. 09 4. 00 3. 78

8 6 . 37 6 . 31 0. 05 0. 05 4. 52 4. 52

19 8 . 0 0 7. 93 0 .0 5 0 . 06 4. 45 4. 54
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TA BLE 35 (CONTINUED)

Sp ecim en MgO CaO

Ch. X -r a y Ch. X -r a y

7 1. 83 1 .5 6 1. 91 2. 03

8 1. 39 1. 50 0. 36 0. 34

19 1. 89 1 . 83 1. 47 1. 37

2 1 1. 69 1. 77 ft. 58 0. 58
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(c) E r r o r s  due to  cru sh in g  th e -100 m esh  pow der to  the -300  

m e sh  u sed  in p e lle tiz a tio n . T h is  w as te s te d  by cru sh in g  

th re e  sep a ra te  a lliq u o ts  o f the -100 m esh  pow der. The  

r e s u lt  i s  show n in T able 9.

F a c to r s  A ffectin g  the A ccu racy: -

(a) E r r o r s  due to  the ca lib ra tio n  technique i. e. the u se  of 

le a s t  sq u are m ethod fo r  so m e e le m e n ts  and the d irect  

s tra ig h t ra tio  {one point ca lib ra tion ) fo r  o th ers . T h is  w as  

te s te d  fo r  and found v a lid  a s  show n by the r e s u lt s  

obtained  f o r  standard to n a lite  T - l  and a lso  by u s in g  the 

e x is t in g  s i l ic a  a s  in tern a l standard (T able 32).

(b) E r r o r s  due to  the p o s s ib il ity  that the unknown i s  not 

cru sh ed  ex a c tly  a s  the standard . T h is  w as im p lic it ly  te s te d  

am ong the p r e c is io n  t e s t s  (e r r o r s  due to  cru sh in g ).

(c) E r r o r s  due to  the s o -c a l le d  m ic a  e ffec t. T h is  e r r o r  w as  

show n to  be ab sen t under the p r e se n t w orking con d ition s  

(T able 35).

(d) E r r o r s  due to  in te r e le m e n ts  e ffe c t  in both the unknowiand  

the standard  and in p a r ticu la r  th e S i-A l p rob lem . The 

d is c u s s io n  of th is  e r r o r  w ill a ls o  en ta il the a n sw er  to  the 

q u estio n  se t  at the beginn ing a s  to  w hich i s  the m o re  a ccu ra te  

X -r a y  o r  w et c h e m is tr y . T o th is  im p ortant su b ject, a m ore  

d eta iled  in v estig a tio n  w as done and is  d is c u s se d  in  the next 

sec tio n .
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In tere lem en t or M atrix  E ffec t

The in tere lem en t e ffec t inclu des: -

(a) The m a tr ix  absorp tion  or  the ab sorp tion  of the f lu o re sce n t  

rad ia tion  of an e lem en t by oth er e le m e n ts  in  the m atrix . 

T hus, i f  the e lem en t under in v estig a tio n  i s  in  a m a tr ix  of 

high ab sorp tion , the in ten sity  of it s  c h a r a c te r is t ic  rad ia tion  

w ill be r e la t iv e ly  red uced  w hile  it i s  em erg in g  fro m  the 

sp ec im en .

(b) M atrix  enhancem ent : o c cu rs  when the c h a r a c te r is t ic  

rad ia tion  of an e lem en t has su ffic ien t en erg y  to  e x c ite  the 

c h a r a c te r is t ic  rad iation  of another e lem en t. The r e su lt  

w ill be a r e la t iv e  in c r e a s e  in  the in ten sity  of the enhanced  

e lem en t. An exam p le  of th is  e ffe c t  i s  the enhancem ent of 

alum ina by s il ic a .

H ow ever, it  i s  to be sta ted  fro m  the beginn ing that a ll the ro ck s  

Under in v estig a tio n  are p e lit ic  s c h is t s  and g n e is s e s  w ith  r e la t iv e ly  

Srnall e lem en ta l d if fe re n c e s  and hence the d is c u s s io n  to  fo llo w  i s  not 

c oncerned w ith g r o s s  p ro b lem s a r is in g  fro m  v e r y  w id ely  d ifferen t 

Matrices.

F o r  a lon g  t im e , the m a tr ix  e ffe c t  w as co n s id ered  a s  an o b sta c le

in X -r a y  sp ectro g ra p h ic  a n a ly s is  of ro ck s. Y et, th ere  i s  no ju stifia b le

Reasons to a ssu m e  that for  the n orm al s i l ic a te  ro ck s  w here v a r ia tio n s

lji the ch em ica l co m p o sitio n s  are  not g rea t, the m a tr ix  w ill a ffect 
thae accu ra cy  of X -r a y  sp ectro g ra p h ic  a n a ly s is . E ven  in  the c la s s ic a l  

S a m p le  of S i-A l m utual ab sorp tion  and enhan cem ent, ex p er im en ts

p re se n t w ork show ed that w ith a range of 50 - 76% s i l ic a ,  no 

sUch alum ina enhan cem ent w as d etected .
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It i s  in te r e st in g  to m en tion  that V olborth  (1963) in trod uced  a 

co rrectio n  fa c to r  of an enhan cem ent in  A1 am ounting to  0. 8 8 % to be 

brought about by a known d ifferen ce  in  Si of 20%. H ow ever, should  

this hold tru e , one would exp ect an ab sorp tion  c o r r e c tio n  fo r  S i by 

■Ad* a c o rr e c tio n  not m entioned  by V olborth  s in c e  h is  Si r e s u lt s  

Were a ccu ra te  enough.

On the oth er hand, O r re ll and G id ley  (1964) n o ticed  a red u ction  

ln Si rad iation  w hich th ey  attributed  to  the "strong ab sorp tion  of S i-  

by A1 a tom s in  the m a tr ix  " (p. 23). A grap h ica l c o r r e c tio n  w as  

*hen developed  as fo llo w s  (p. 23 ): "A  s e r ie s  of sp ec tro g ra p h ica lly

Pu^e SiO^ stan d ard s fro m  0  to  1 0 0 % at 1 0 % in te r v a ls  w ere  m ade up 

and exam ined  to  obtain  the th e o r e tic a l l in e a r  ca lib ra tio n . A fu rth er  

Ser ie s  of stand ard s contain ing a fix ed  am ount of SiO^ and vary in g  

aiUount of A ^O g, w as then  exam in ed  and the red u ction  in  the count- 

rate due to A1 ab sorp tion  w as u sed  to  co n stru c t an e m p ir ic a l count 

ratio  c o r r e c tio n  chart. " B y th is  m ethod, the authors (ibid) w ere  able  

°bta in  a lin e a r  ca lib ra tio n  cu rve  for  s i l ic a . H ow ever, if  th is  holds  

true, one would ex p ect an enhan cem ent c o r r e c tio n  for  A1 by Si.

^Uch a c o rr e c tio n  w as not m entioned  by the authors s in c e  th e ir  A1 

resu lts  gave d ir e c t ly  a lin e a r  ca lib ra tio n  cu rve.

In su m m ary , h ere  a re  tw o w ork s in  each  of w hich  the S i-A l

Problem  w as r ec o g n ise d , y e t in  one w ork (V olborth, 1963) only the

ehhancem ent of A1 by Si w as c o r r e c te d  fo r , w h erea s  tn the oth er w ork

^ r r e ll  and. G id ley , 1964) only the ab sorp tion  of Si by A1 w as c o rr e c te d
for.

To approach and te s t  the p rob lem  of in ter e lem en t e ffe c t , two.. 

SeParate a liq u ots o f . - 1 0 0  m esh  p ow d ers of th ree  c h e m ic a lly  an a lysed  

^ucks (S p ecim en s 28, 29 and 30) and w ere  cru sh ed  to  -3 0 0

lile sh and th ree  p e lle t s  p er  each  aliquot w ere  prep ared . P e l le t s  of the



I ir st aliquot w ere  a n a lysed  for  som e of the m ajor e le m e n ts  by X -r a y  

flu o rescen ce  in  the u su a l way, i. e. u sin g  GL-10 a s  a standard  for  

com parison . The r e s u lt s  com p ared  w ith th ose  of the ch em ica l a n a ly s is  

as w ell a s  the d ev ia tio n s are shown in  T able 36.

Now knowing that a ll fa c to r s  a ffectin g  the r e lia b ility  of X -r a y  

flu o rescen ce  o th er than the in te r e le m e n ts  e ffec t have been  a lread y  

tested  fo r  and p roved  ab sent, then th e se  d ev ia tion s are  e ith er  due to  

the p re se n c e  of in te r e le m e n ts  e ffe c t  or an e r r o r  in  the ch em ica l a n a ly s is .

T h ere fo re , the p e lle ts  of the seco n d  aliquot w ere  a n a lysed  u sin g  

another rock  of d ifferen t ch em ica l co m p o sitio n  than that of G L-10, 

as u standard. The X -r a y  in ten sity  ra tio  of th ese  p e lle t s  i s  show n in  

la s t  co lum n of T ab le  36. P resu m a b ly , if  an in te r e le m e n ts  e ffec t  

ls  P resen t, the X -r a y  a n a ly s is  of the th ree  ro ck s  u s in g  another standard  

°f d ifferent ch e m ic a l co m p o sitio n  and hence of d ifferen t in te r e le m e n ts  

eff®ct, th is  a n a ly s is  w ill g ive d ifferen t r e s u lt s  than th o se  produced  by 

Using G L -1 0 .

G raphs for  the d ifferen t e lem en ts  w ere  then drawn p lotting  th is  

■'■after X -r a y  in ten sity  v e r s u s  the r e s u lt s  of ch e m ic a l a n a ly s is , as w e ll 

as v e r su s  the r e s u lt s  of X -r a y  a n a ly s is  when GL-10 w as u sed  as  a

standard.

F ig u re  9a sh ow s the p lo ts  of s i l ic a . Both the X -r a y  and ch em ica l

analySes q£ r o c k 28 ag ree  w h erea s  the o th er tw o ro ck s  gave lo w er

values than the ch e m ic a l r e s u lt s . A ssu m in g  that the data of S p ec im en  
2 8 rep r e se n ts  the tru e  S i0 2  content, then  a s tra ig h t ca lib ra tio n  lin e  

ahnot be drawn through the p lo ts  of in ten sity  ra tio  v e r s u s  r e s u lt s  of 

^ m ic a l  a n a ly s is  w ithout bringing about la r g e  d ev ia tio n s in the oth er  

0  rock s. Y et, su ch  a lin e a r  ca lib ra tio n  cu rve can  be drawn u sin g  the



r X - R a y  A nal . X -r a y  i n t e n s i t y  ra tio
1 C h em ica l u s in g  GL 10 D ev ia tion Standard R atio
! E le m en t S p ecim en A n a ly s is a s  stand ard X -r a y  C hem . u sed s p e c /s ta n d
r 28 57. 39 57. 42 +0. 03 0. 9920
S i° 2 29 60. 87 59. 20 -1. 67 A 29b 1. 0285

30 59. 04 57. 81 -1. 23 0 .9 9 4 2

28 1 . 08 1 . 2 0 + 0 . 1 2 1. 0243
T i 0 2 29 0. 84 0 . 8 8 +0. 04 A 29b 0. 7574

30 1.19 1.17 - 0 . 0 2 0. 9810 j
28 22. 46 21. 75 -0 . 71 0. 8955

A 1 2°3 29 19. 92 20. 40 +0. 48 A 29 0. 8515
30 23. 74 23. 43 -0 . 31 1. 0090 i1

¡T otal 28 9. 6 6 9. 47 -0 .1 9 1. 3843
¡Iron a s 29 6 . 1 1 7. 03 +0. 92 A 29b 1. 0390
¡F e 0 o 30 6 . 38 6 . 8 6 +0. 48 0. 9886

f

Ìi 2  3
28 2.19 1. 78 -0 . 41 0. 3617

i MgO 29 4. 91 5. 25 +0. 34 0. 9787
30 2 . 1 0 2. 31 + 0 . 2 1 0. 3981
28 0. 39 0. 53 +0.14 0. 7752

CaO 29 0. 30 0 .19 - 0 . 1 1 A 29 0. 3793
30 0. 57 0. 87 +0. 30 0. 9941 j
28 4. 56 4. 47 -0 . 09 1. 6257

K 0 29 2. 99 3. 07 +0 . 08 A b 1.1068
i 2I 30 2.. 74 2. 77 +0. 03 29 0 .9 9 0 8

CD
OD

T
A

B
L

E
 

36



p lo ts  o f in ten sity  ra tio  v e r s u s  r e s u lt s  o f X -r a y  a n a ly s is  w ith a 

deviation  of - 0. 2% S i0 2  (so lid  lin e  in  the graph). B e tte r  s t i l l  i s  the  

dashed "best" stra ig h t lin e  g iv in g  a dev iation  of - 0 . 1% s il ic a  for  

the th ree  ro ck s.

The a g reem en t of X -r a y  r e s u lt s  u s in g  two d ifferen t stand ard s  

su g g e sts  the a b sen ce  o f the in te r e le m e n ts  e ffe c t . The b e tter  fit of 

the ca lib ra tio n  cu rv e  p lotted  u sin g  the X -r a y  r e s u lt s  su g g e s ts  that 

the d ev ia tion s o f the X -r a y  a n a ly s is  fro m  the ch e m ic a l a n a ly s is  is  due 

to an e r r o r  in  the la tte r .

F ig u re  9b sh ow s the r e s u lt s  o f tita n ia  tr ea ted  in the sam e way as  

s ilic a . A gain  the X -r a y  r e s u lt s  gave a b etter  ca lib ra tio n  curve  

su g g estiv e  o f bein g  m o re  a ccu ra te  than the ch e m ic a l data.

F o r  alum ina, the r e s u lt s  are  show n in  F ig u re  10a. A gain, the  

^~uay a n a ly s is  p roved  to be m o re  a ccu ra te  than the ch e m ic a l data  

aud the cu rve show n in  the figu re  can be co n s id ered  the c o r r e c t  

ca lib ration  cu rve. Y et, b eca u se  o f the sp e c ia l in te r e s t  o f  the S i-A l  

enhancem ent, another th ree  ro ck s of w id e ly  va ry in g  s i l ic a  con ten ts  

(26, 27 and 33) w ere  c h e m ic a lly  an a lysed . T h ese  th ree  ro ck s  w ere  

^ s o  a n a lysed  by X -r a y  f lu o r e sc e n c e  and tr ea ted  in  a s im ila r  way to  

*hat of th ree  ro ck s under in v estig a tio n . The r e s u lt s  of th e se  a n a ly se s  

are shown in  T able 37.

A s is  n o ticed  from  th is  ta b le , a ll the th ree  ro ck s show  a 

P ositive  d ev ia tion  o f 1% alum ina. Y et th ey  show  no s ig n  of 

enhancem ent w hether the SiO content i s  s im ila r  to that o f  the standard  

^~10 (63. 69% S i0 2) a s  in  the c a se  o f (33), or  m uch h igh er  a s  in  the  

case  of (26), o r  m uch lo w er  as  in  the c a se  o f (27).

Now, if  the X -r a y  in ten sity  ra tio  shown in the la s t  colum n of



Fig. 9

x  Intensity ratio vs. X -ra y  analysis using 0L10 
standard



S p ec im en
N o.

S i0 2%
C h em ica l

S i0 2%
X -r a y

A l2 ° 3 %

C h em ica l

A 1 2 0 3% 
u sin g  
GL-10 a s  
stand ard

D ev ia tio n
X -C h .

X -R a y
In ten sity  R atio  
u sin g  R ock  
A - 29 a s  a 
stand ard

26 76. 27 76. 03 10. 03 11.13 +1 . 1 0 0. 4627

27 50. 72 50. 78 29. 79 31. 21 +1. 49* 1. 3211

33 64. 59 63. 50 17. 92 18. 82 +0. 90 0. 7825

* T h is  ro ck  had an u n d is so lv e d  r e s id u e  w hich  w ould red u ce  the A1 
d ev ia tion  to  a p p ro x im a te ly  1. 09%
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T able 37 is  p lotted  v e r s u s  the r e s u lt s  o f ch e m ic a l and X -r a y  

a n a ly se s  shown in  the 3rd and 4t.h co lu m n s r e sp e c t iv e ly , and if the 

ca lib ra tion  cu rve show n in F ig , 10a w as tra ced , the r e su lt  w ill be 

F igu re 10b, N o tice  that the ca lib ra tio n  cu rve ex a c tly  f it s  the p lo ts  

° f  in ten sity  ra tio  v e r s u s  the X -r a y  r e s u lt s ,  thus su g g estin g  that 

^ e  p o s it iv e  b ia s  of about 1% alum ina is  due to an e r r o r  in  the  

ch em ica l a n a ly s is .

F o r  the d eterm in ation  of to ta l iro n  as  F e  0 , F ig u re  11a show s  

that the ca lib ra tio n  cu rve w ith a s  low  a d ev ia tion  a s  - 0. 05% F e  

can only be drawn through p lo ts  u sin g  the X -r a y  a n a ly s is . T h is  

show s that the d ev ia tio n s in iron  d eterm in ation  fo r  the th ree  ro ck s  

(28, 29 and 30) are  due to ch em ica l e r r o r . O ther c h e m ic a lly  a n a lysed  

th ree ro ck s (S p ecim en s 7, 8  and 9) w ere  tr ea ted  in  the sa m e  way.

Table 38 sh ow s the r e s u lt s  o f th is  a n a ly s is .

F ig u re  lib  sh ow s the p lot of th ese  r e s u lt s .  It i s  to  be- n oticed  

that ex a ctly  the sam e ca lib ra tio n  cu rve a s  that in  F ig . 11a w as produced. 

T his rep ro d u c ib ility  o f ca lib ra tio n  cu rve  i s  su g g e stiv e  of it s  

c o r r e c tn e s s  and hen ce the m ore  a c cu ra c y  of the X -r a y  a n a ly s is .

H ow ever, a th ird  se t  of c h e m ic a lly  a n a ly sed  th ree  ro ck s  (26,
27' and 33) show ed a p o s it iv e  b ia s  in X -r a y  a n a ly s is . The X -r a y  

1n ten sity  ra tio s  of th e se  th ree  ro ck s  w ere  d eterm in ed  u sin g  the A - 29 

r°ck  standard u sed  in the above s ix  r o ck s , a s  w e ll a s  another rock  

^ L - 4 5  a s  anoth er  standard . The r e su lt  of th is  a n a ly s is  i s  shown in  

^ b l e  39.

The plot o f X -r a y  in ten sity  ra tio  u s in g  A - 29 a s  a standard v e r su s
+ v

e data o f ch e m ic a l a n a ly s is  and X -r a y  a n a ly s is  u sin g  G L-10 a s  a 

s*andard, i s  show n in F ig . 11c. H ere , two d ifferen t ca lib ra tio n  lin e s  

^ith  low  d ev ia tio n s can be drawn (so lid  and dashed l in e s  in the graph).



F ig ,  10

o>

x  Intensity ratio vs. X -ra y  analysis using G.L10 standard



S p ecim en
F e 2 ° 3%
C h em ica l

F e  0„% X -r a y  u sin g  
G L -10 Standard

D evia tion
X -r a y -C h .

X -r a y  Int. Rat. 
u sin g  A29 as St.

7 7. 88 7. 79 -0 . 09 1.1634

8 6. 37 6. 31 -0 . 06 0. 9580

9 9. 20 9. 21 +0. 01 1. 3886
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1
S p ec im en

!

F e 2 ° 3%
C h em ica l

F e 20 3% X-ray- 
u sin g  GL-10 
a s  standard

D ev ia tion
X -r a y
C h em ica l

X -r a y
In ten sity  R atio  
u sin g  A - 29 as  
a standard

X -r a y
In ten sity  Ratio  
u sin g  G L -45 as  
a standardr

26
1

6. 31 6. 93 +0. 62 1. 0180 0. 7247

j
27

!

5.12 5. 37 +0. 25 0. 7918 0. 5595

33 7. 90 8. 25 +0. 35 1. 2150 0. 8652
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Y et on ly  the so lid  lin e  f it s  w ith the o th er  two ca lib ra tio n  c u r v es  

shown in F ig s . 11a and b. M o reo v er , if  the ca re fu lly  a n a lysed  

g l - io i s  ca lcu la ted  back from  the two ca lib ra tio n  c u r v es  o f F ig . 11c, 

the c o r r e c t  value o f 99. 9% Fe^O^ can  on ly  be produced  fro m  the 

so lid  lin e , the dashed lin e  g iv in g  a va lu e of 9. 25%. S in ce the so lid  

lin e  is  produced from  poin ts r e la tin g  the X -r a y  in ten sity  ra tio  to  

the r e s u lt s  o f X -r a y  f lu o r e sc e n c e  a n a ly s is , one can  conclude that 

the X -r a y  a n a ly tica l data are the a ccu ra te  on es.

F u rth er  s t i l l ,  the la s t  co lum n of T able 39 show s the X -r a y  

^ te n s ity  ratio  of the th ree  ro ck s  u s in g  a th ird  d ifferen t standard  

° i  d ifferen t co m p o sitio n  and hence o f d ifferen t in te r e le m e n ts  e ffect. 

Yhe p lo ts  and the ca lib ra tio n  cu rve u sin g  th ese  in ten sity  r a tio s  are  

shown in  F ig u re  lid . If the standard  GL-10 i s  ca lcu la ted  from  th is  

graph, the so lid  lin e  w ill g ive the c o r r e c t  value o f 9. 99% F e  0
¿i 6

w h ereas the dashed lin e  w ill g ive  a va lu e  o f 9. 25% - ex a c tly  s im ila r  

to the s itu ation  m et in  the c u r v e s  of F ig . 11c. T h is  again  co n firm s  

the v a lid ity  of the above co n c lu s io n s  reg a rd in g  the a b sen ce  of 

lnte r e le m e n t e ffec t and the m ore  a ccu ra cy  of X -r a y  data.

The a ccu ra cy  o f both m agn esiu m  and ca lc iu m  d eterm in a tio n s  

Were exam in ed  and the r e s u lt s  are  show n in  F ig s . 12a and b. F o r  

°th  e lem en ts , the a ccu ra cy  can  be argued  e ith e r  way. Y et, the  

âct that for two ro ck s  out o f the th ree  an a lysed , a n ega tive  deviation  

°n e  e lem en t co rresp o n d s  to a p o s it iv e  d ev ia tion  in  the o th er, 

show s that part of the d ev ia tion  i s  due to ch e m ic a l e r r o r . T h is  is  

^eca u se , in  c h e m is tr y , the d eterm in ation  of Ca and Mg i s  in te r -  

^ePendent w h erea s  in  X -r a y  each  e lem en t i s  d eterm in ed  independently  

the o th er.

F o r  K 0, th ere  i s  an a g reem en t in the r e s u lt s  o f both ch em ica l
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and X -r a y  a n a ly s is  w ith a d ev ia tion  of - 0.10% K 0. F ig u re  12c 

show s the p lo ts  o f the a n a ly tica l data o f T able 34. W orth m ention ing  

Xs that p o ta ss iu m  i s  the fa s te s t  e lem en t to a n a lyse  by X -r a y . The  

three p e lle ts  o f one rock  take on ly  5 m in u tes to d eterm in e  the K 

content.

In con clu sion , the X -r a y  f lu o r e sc e n c e  a n a ly s is  of s i l ic a te  

r°c k s  proved  to be a s u c c e s s fu l m ean s to a ch iev e  m ore  rapid and 

as or m ore  a ccu ra te  r e s u lt s  com p ared  w ith ch e m ic a l m eth od s - 

conventional o r  rap id . The m ain  fa c to r s  o f th is  s u c c e s s  a re , f i r s t , 

the ro ck s a n a lysed  are  a ll p e lite s  w ith no w ide e lem en ta l v a r ia tio n s  

anh, seco n d , a group of c h e m ic a lly  an a lysed  p e lit e s  w as u sed  for  

calibration .
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CH APTER TWO

f l u o r e s c e n t  x - r a y  s p e c t r o g r a p h i c  m i c r o - a n a l y s i s
___  OF SILICATE MINERALS

_L_______ INTRODUCTION

A s has been  show n e a r lie r  in th is  w ork, X -r a y  sp e c tro sco p y  

ls  r e lia b le  rapid m ethod for  s i l ic a te  a n a ly s is . F o r  a ll  the m ajor  

ele m e n ts , one p e lle t  p er  rock  proved  to  be adequate for a n a ly s is  and 

the am ount of pow dered  sam p le  u sed  to  p rep are  one p e lle t  i s  2 g ra m s. 

H ow ever, w ith sm a ll am ounts o f g e o lo g ic a l sa m p le s  i. e. sa m p le s  of 

lim ited  s iz e  such as  m in e r a ls , e x tr a te r r e s t ia l  m a te r ia ls  a s  te k t ite s , 

ch on d ru les, e tc . a 2 gm . sam p le  i s  d ifficu lt o r  im p o ss ib le  to  obtain  

111 m any c a s e s .  H ence, th ere  i s  a need  to d evelop  a m ethod by which  

few m illig r a m s  of s i l ic a te  sam p le  can be e a s i ly  and e ffic ie n tly

analysed.

It should  be noted that not on ly  the lim ite d  sam p le  s iz e  i s  the 

Slngle c r ite r io n  by w hich  the d evelop ed  m ethod w ould be s u c c e s s fu l,  

hnt a lso  the fo llow in g  c r it e r ia  should  be taken  into con sid era tion :

The d evelop ed  m ethod m u st not in vo lve  the co m p lete  d estru ctio n  

of the sa m p le , i. e . the sam p le  should  be r e c o v e r e d  a fter  the  

a n a ly s is .
2 mThe am ount o f labour and the d ifferen t s te p s  in vo lved  in  the  

sam p le  p rep ara tion  should  be kept to a m in im um .
3

The need  of so p h istica ted  eq u ip m en ts should  be kept to a 

m inim um .
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IL GENERAL CONSIDERATIONS

One of the im portant fe a tu res  in  X -r a y  sp e c tro sco p y  i s  that 

the c h a r a c te r is t ic  f lu o re sce n t in ten sity  d e c r e a s e s  w ith  d e c re a s in g  

atom ic num ber of the e lem en ts . T h is  d e c r e a se  i s  due to the lo w er  

flu o rescen t y ie ld  o f the low  a tom ic  num ber e le m e n ts  and the  

absorption  o f the c h a r a c te r is t ic  f lu o r e sc e n t rad ia tion  by a ir , 

d iffractin g  c r y s ta l, d e tec to r  window and the sp ec im en  it s e lf .  The 

so fter  the rad ia tion , the m o re  pronounced i s  the absorption . With 

ligh t e lem en ts  a s  sod ium  and m agn esiu m , the vo lu m e of the sam p le  

^ a c t in g  w ith the p r im a ry  X -r a y  i s  th o se  a tom s at o r  n ear  the sp ectru m  

su rfa ce . H ence the su r fa ce  o f the sp e c im en  should  be v e r y  sm ooth  

and h igh ly  rep rod u cib le  fro m  one sp ec im en  to another.

On the o th er  hand, w ith "hard" ra d ia tion s a s th o se  of F e , the  

volum e of the sa m p le  rea c tin g  w ith p r im a ry  X -r a y  i s  g rea ter . 

T h ere fo re , the sam p le  m u st be "infinitely" th ick  i. e. no in c r e a se  in  

the c h a r a c te r is t ic  X -r a y  in ten sity  of the e lem en t is  brought about 

by in c r e a se  in  the sa m p le  th ick n e ss . R o se  and o th er s  (1964) pointed  

°a t that the in fin ite  depth i s  rea ch ed  fo r  Ca at l e s s  than 100 m icro n s  

and for  Mg at l e s s  than 50 m ic r o n s .

III. PREVIOUS WORK

To the b est of the w r ite r 's  know ledge, the im p ortant m icro  or  

Sern i-m icro  a n a ly s is  done on s i l ic a te  sa m p le s  i s  that o f R ose  and 

° ih e r s  in  1962, 1964 and 1965.

In 1962, R ose  and o th er s  d e scr ib e d  th ree  m eth od s of p rep arin g  

sP ecim an s u sin g  250 m illig r a m  sa m p le , nam ely:
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!• M ech a n ica lly  m ix in g  the sa m p le  w ith  4 p a r ts  o f b or ic  acid .

2. F u sin g  the sam p le  w ith 1. 250 g m s. o f L^B^O^.

2. F u sin g  the sam p le  w ith equ ivalen t am ount o f L a 0 and 1. 000 
gm . L i2B 40 ?.

In the secon d  and th ird  p rep ara tion  tech n iq u es, fu sio n  w as  

m ade in  graphite c r u c ib le s  at 1000°C for  8-10 m in . T hen b oric  acid  

Was added to the co o led  bead to bring  the w eight o f the bead up to a 

certa in  va lu e . The w hole lo t w as then ground in  a m ix e r  gr in d er  to  

P ass a 3 2 5 -m esh  s c r e e n . F in a lly  the sa m p le  w as p e lle te d  u sin g  b or ic  

acid  as backing.

The authors (ibid) d eterm in ed  CaO, F e ^ ^  and S i0 2 and 

in c lu d e d  that w ith the u se  of the heavy a b so rb er  L a 0 , th ere  w as anCt vJ

im p rovem ent in the ca lib ra tio n  l in e s . T hey a lso  concluded  that the 

third m ethod of p rep ara tion  " h as b een  u sed  to an a ly se  su c c e s s fu lly  

a v a r ie ty  o f m a te r ia ls  w ith r e s u lt s  a g ree in g  w ith in  one p ercen t of the  

ch em ica l determ ination" (1962, p. 82).

In 1964, R ose  and o th ers  app lied  the above m en tion ed  th ird  way  

sam p le p rep ara tion  excep t that th ey  u sed  on ly  50 m g. o f sam p le ,

^  m g. L a 20 3, 340m g. LigB^O^. T hey a n a ly sed  s ix  sa m p le s  of 

td ctites  for  7 m ajor  e le m e n ts  having the fo llow in g  range of ch em ica l

im position:

S i0 2 72. 3 - 74. 4

A12°3 11.1 11. 4

T ota l F e 5. 28 - 6.17

CaO 2. 36 - 2. 91

K 2° 2.17 - 2. 29

MnO 0.10 - 0.11

T i0 2 0 .6 7  - 0. 70
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N otice  how narrow  is  the range o f ch em ica l com p osition .

In 1965, R ose  et al. , in a fu rth er attem pt to red u ce the am ount 

° f  sam p le  u sed , pointed out that th ey  applied the L a^ ^ /L ^ B ^ O ,., 

fusion  technique s u c c e s s fu lly  to a sam p le  as sm a ll a s  25 m g. a 

quantity w hich " rep resen ts  a p r a c tic a l lo w er  lim it  for  the L ^ B ^ ^ .  

k &2 ^ 3  fu sion  technique" (p. 155). C onseq uently , th ey  d evelop ed  a 

new m ethod to a n a ly se  few er  m illig r a m s  of sam p le .

In th is  technique (R ose et a l . , 1965), an a ccu ra te ly  w eighed  

4-10 m g. sam p le  i s  d ecom p osed  for  s e v e r a l hou rs in 1 m l. 5:2:3 

HF:HN03:H20, the so lu tion  i s  then evap orated  to d r y n e ss , then 1 m l. 

Nl HNOg is  added to the res id u e  a fter  each  evaporation . The s i l ic a -  

fuee n itra tes  thus produced, are d is so lv ed  in 1 m l. of 1:4 HN0~. TheO
solution  i s  then  v e r y  c a re fu lly  ab sorb ed  onto 500 m g. o f pow dered  

ch rom atograph ic p ap er, m ixed  c a re fu lly  and thorou ghly  w ith tephlon, 

dried overn igh t, then ground in  a boron carb id e m o rta r  and, fin a lly , 

ca refu lly  p r e s s e d  into a p e lle t  u sin g  pow dered ch rom atograp h ic  paper  

as backing. B y th is  techn iq ue, the authors (ibid) d eterm in ed  A l 0 ,U O
total iron , K 20, CaO, T i0 2, and MnO on G -l, W -l, s ix  te k t ite s  and 

five syn th etic  g la s s e s .  The X -r a y  data a g reed  w e ll with the rep orted  

ch em ica l v a lu es  of th e se  o x id es .

C r it ic a lly  speak ing, although R ose  et a l. , (1962, 1964, 1965) 

techn iq ues are good and gave X -r a y  data a g ree in g  with the rep orted  

ch em ica l a n a ly s is , y e t s e v e r a l po in ts a r is e  in  con n ection  with th e ir  

Sample p rep aration  tech n iq u es:

‘ The sam p le  is  co m p le te ly  d estro y ed .
2

U n le ss  the quantity of the sp e c im en  i s  25 m g. or m o re , s i l ic a  
cannot be d eterm in ed .
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6’ The technique by w hich the sa m p le  is  p rep ared  i s  v e r y  lengthy, 

in vo lv in g  m any step s  and a l i s t  of p reca u tio n s. B earin g  in  

m ind that we are  d ealin g  w ith l e s s  than 10 m g. (R ose  et a l. ,

1965), the fu sio n  o f such sm a ll quantity, it s  d isso lu tio n , 

m ixin g , grinding a s  w e ll as i t s  frequent tr a n sfe rr in g  into  

d ifferen t v e s s e l s ,  in c r e a se  the p o s s ib ility  of lo s s  o f m a ter ia l  

as w e ll a s  the in trod uction  of con tam in ation s.

IV. PRELIM INARY WORK

The p resen t w ork w as in itia ted  by D r. M. P . A therton  as  a 

Project for the H onours D eg ree  Students in  the G eology D epartm ent, 

L iverp oo l U n iv ersity ; n am ely , S. P . H a rr is , P . J. H ill and H. F . Shaw, 

to g e th e r  w ith the p resen t author, the w hole tea m  tr ie d  to develop  a 

Method u sin g  few  m illig r a m s  of c h e m ic a lly  a n a lysed  b io t ite s  ava ilab le  

ln the D epartm ent. One of th ese  b io tite s  w hich w ill be r e fe r r e d  to 

as "B iotite Standard" is  pure b io tite  w hich has b een  c h e m ic a lly  

analysed  by th ree  a n a ly sts  fo r  fiv e  t im e s . T able 40 show s the r e su lt  

th ese  a n a ly se s .

The p rob lem  b ecam e d iv is ib le  in  two parts:

The p rep ara tion  of the sam p le  in a s im p le  way, adequate for  its  

p resen ta tio n  to the sp ectrograp h .

Stan d ard isation  of the m ethod i. e . the tra n sfo rm a tio n  o f the 

X -r a y  data into p ercen ta g e  e lem en t ox id e.

A s to the p rep ara tion  of the sa m p le , the e a s ie s t  way w as to  

^ount few fla k es  o f b io tite  by stick in g  th em  d ir e c t ly  on c e llo ta p e , the 

•'■ntter i s ,  in turn, m ounted on the sam p le  ho ld er .
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TA BLE 40

C h em ica l A n a ly s is  of B io tite  Standard

O xide 1 2 3 4 5 6

5 i0 2 36. 70 36. 75 35. 88 35. 88 36. 52

T i° 2 3. 04 2. 97 3. 03 4.16 2. 42

A12°3 16. 28 16.13 16. 25 15. 97 16. 03

P e 2°3 2. 31 2. 31 2. 93 2. 86 2. 52

FeO 20. 76 20. 76 20. 43 20. 43 20. 29

MnO 0. 54 0. 51 0. 50 0. 50 0. 37 0. 48

MgO 7. 62 7. 85 8.15 7. 94 8. 09 7. 82

CaO 0. 10 0.10

N a2o 0.17 0.16 0. 16 0. 18 0.15

k 2o 9. 72 9. 74 9. 62 9. 34 9. 58

« 2 ° 3. 07 3. 07 3. 07 3. 07 ( 3. 07)

:__
“ - - - -

Total 100. 24 100.27 100.12 100. 43 99. 04

T otal Iron

A s P e 20 3 25. 37 25. 37 25. 63 25. 56 25. 06 24. 82

A nalysts: M. E dm unds, M. B roth erton , J. M ather.
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A s to the stan d ard isa tion  of the m ethod, the d irect co m p a riso n  

between the X -r a y  in te n s it ie s  o f the unknown and an an a lysed  

external standard w as not p o ss ib le  becau se:

The su rfa ce  a rea  a n d /o r  the volum e of the b io tite  cannot be 

kept constant fro m  one sam p le  to another.

T h ere  i s  no guarantee that the sp ec im en  is  "infinitely" th ick .

It w as, th er e fo re , thought to u se  an e lem en t w hich is  a lread y  

P resent in the b io tite  as an in tern a l standard  to w hich the X -r a y  

d e n s i t i e s  of the o th er  e lem en ts  are re la ted . Then, the X -r a y  

d e n s i t y  ra tio s  thus ca lcu la ted  for  the unknown, can be com p ared  to 

the X -r a y  in ten sity  ra tio  ca lcu la ted  in  the sam e way for  the c h em ica lly  

analysed  standard.

A r eq u is ite  fo r  th is  ca lib ra tio n  m ethod is  the p re-k n ow led ge  

that the e lem en t to be u sed  as an in tern a l standard should  be p resen t  

ln the sam e am ount in  a ll the sp e c im en s . The v a lid ity  o f th is  

c alibration  technique w as in v estig a ted  e a r lie r  on two ro ck s  having  

the sam e am ount of s i l ic a  and the r e s u lt s  w ere  shown in  T able 34.

(P- 89 ).

S il ic a  in  b io t ite s  would provide a fa ir ly  rea so n a b le  in tern a l standard
f 0 T*r  a sem iq u an tita tive  a n a ly s is . F o r  28 a n a lysed  b io t ite s  (D eer , Howie

abd Z ussm ann, 1962) 14 of w hich are of ign eou s o r ig in  and the oth er
14 2are m etam orp h ic , the v a r ia n ce  6  w as found to be 1.10% and 2. 51%

^ 2  for  ign eou s and m etam orp h ic  b io tite s  r e sp e c t iv e ly .

U nfortunately , the r e s u lt s  of th is  a n a ly s is  proved  to be im p r e c ise  

arih in accu rate .

P e lle t iz a tio n  technique w as then  tr ied . The b io tite  sam p le w as 

iilech an ica lly  m ixed  w ith tw ice  it s  w eight b ak elite  r e s in  and the m ixtu re
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was p e lle tiz e d . The sa m e  ca lib ra tion  technique w as u sed . The 

r esu lts  show ed slig h t im p rovem en t in  p r e c is io n  but th ere  w as no 

im p rovem ent in a ccu ra cy . The m ain  r ea so n  w as that the sp e c im en s  

Were s t in  not " infinitely" th ick  and the su r fa ce  a rea  to  the sam p le  

volum e w as not con stan t.

V. THE ANALYSIS O F 5 -8  MILLIGRAMS OF
SILICATE MINERALS

F ro m  the fo reg o in g  d isc u ss io n , it  b ecam e evident that til attain  

P recis io n  and a ccu ra cy , the sam p le  should be in fin ite ly  th ick , the 

Surface  should be sm ooth  and the ra tio  su r fa ce  a rea  to e ffe c t iv e  

th ick n ess should be constant.

A fter  a num ber of t r ia ls ,  the p r e se n t author a rr iv ed  to the 

A llow ing  technique o f a n a ly s is  u sin g  5 m g. of b io tite  and 8 m g. of 

§arn ets .

Sam ple P rep a ra tio n

The m ain  equ ip m ents n eed ed  w ere  two sm a ll s ie v e s ,  and f " 

d iam eter each . The m esh  s c r e e n s  of th e se  s ie v e s  can be e a s ily  

replaced . F o r  th is  p u rp ose the s ie v e s  w ere  m ade in  the D ep artm en t's  

^ °rk sh op  as  fo llow s:

Two recta n g u la r  p la te s  o f p e r sp e x  w ere  cut 2" x 1. 5" each .
A -1-M

2 or  f"  h o le  w as d r ille d  in  the m id d le  o f the 2 p e r sp e x  p ie c e s .
Th6 m esh  s c r e e n  i s  to  be put b etw een  the two p la te s  to c o v er  th is  

Centra l h o le . The two p la te s  are  h eld  to g eth er  by 4 s c r e w s  and nuts 

b i l l e d  at the 4 c o r n e r s  of the p la te s . When the se  nuts are  tigh tened , the 

fossh  s c r e e n  is  held  s e c u r e ly . It i s  ad v isa b le  to b ev e l the edge around
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the cen tra l hole o f the upper p e r sp ex  p late.

A s m esh  s c r e e n s , B oltin g  C loth w as used . Two s iz e s  w ere  

chosen  n am ely  25N (about 61 m icro n s  5 240 B. S. S. m esh) and ION

(about 124 m icro n s  =  120 B. S. S. m esh ). The 25N and ION B oltin g  

Cloth w ere  u sed  for  the •§■" and s ie v e s  r e sp e c t iv e ly . F o r  each  

sp ecim en , a new p ie c e  o f B oltin g  C loth w as u sed . T h is  en su red  the  

absence o f any con tam in ation s fro m  one sp ec im en  to another due to  

siev in g .

A p p rox im ately  5 m g. of b io t ite s  i s  cru sh ed  m an ually  in a 

sm a ll agate m orta r  for  few  m in u tes. The pow der i s  then s ie v e d  w ith  

the help o f a sm a ll brush  to p a ss  the 25N m esh  s c r e e n  of the •§•" 

s iev e . T h is  61 m ic r o n s  or l e s s  b io tite  pow der i s  r e c e iv e d  into a 

sm a ll w atch g la s s . T he s ie v e  i s  p laced  d ir e c tly  on a g la s s  d isc  

an<i the pow der i s  then tr a n sfe r r e d  to the m e sh  h o le  (the g la s s  d isc  

ls  one of th o se  u sed  in  p rep arin g  the rock  p e lle ts  d e scr ib ed  b efore  

P* 6 ). The pow der i s  then brushed  to p a ss  the ION m esh  sc r e e n  of

the s ie v e . T h is  w ill be found e a sy  due to the la r g e  s iz e  o f the  

^ c s h  h o le s  com p ared  to the pow der gra in  s iz e . With p r a c tic e , th is  

tinal s iev in g  can be done to produ ce a heap of b io tite  on the g la s s  

Plate, w ith a m o re  or l e s s  un iform  th ick n ess .

T h is  la s t  s ie v in g  i s  done w ith the g la s s  p late  p laced  on the 

Platten of the hyd rau lic  p r e s s . The die o r  the supporting rin g  of the  

Pra s s  i s  put on top of the platten . C e llu lo se  pow der i s  then  s iev e d  

&ently w ith the help  o f a brush  and a w ide s c r e e n  ord in ary  s ie v e  until 

hole of the die i s  filled . The id ea  o f s ie v in g  the c e llu lo s e  i s  to  

it "show ers"  around the b io tite  heap and fin a lly  c o v er in g  it 

c°m p le te ly  w h ile  the b io tite  i s  s t i l l  held  in p lace  w ithout any 

disturbance.
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P r e s s u r e  i s  then grad u ally  in c r e a se d  up to 30 to n s /r a m , then  

kept th ere  for 30 seco n d s. The p r e ssu r e  i s  then r e le a s e d  gently  

and stea d ily . The r e su lt  w ill be a c e llu lo s e  p e lle t  in  the m iddle of 

which the b io tite  pow der is  p r e sse d . The w hole su r fa ce  has a 

m irro r  fin ish .

The above m entioned  sam p le  p rep ara tion  technique has the 

follow ing advantages:

h The p rep aration  o f one p e lle t  ta k es  about 15 m in u tes.

2- P a r tic u la r  o r  high sk ill i s  not req u ired .

3* C ontam ination of the sam p le  i s  v e r y  un likely .

4- A ccu rate  w eigh ing  i s  not needed.

L o ss  o f sm a ll am ounts of the sam p le  due to grinding a n d /o r  

s iev in g  is  in s ig n ifica n t s in c e  the 5 m g. are m o re  than what is  

needed to produce and "infinitely" th ick  sp ec im en .

No need for  a v a r ie ty  o f equ ip m ents and m a te r ia ls .

'• M ost im portant i s  that the b io tite  can be r ec o v e re d  from  the 

p e lle t  by scra tch in g  it w ith a n eed le .

Sam ple P r e se n ta tio n  to the X -r a y  S p ectrograph

No m atter  what i s  the d eg ree  o f ca re  taken in s iev in g  and 

PeU etis in g , the v e ry  ou ter  ed g es  o f the b io tite  c ir c le  w ill be see n  to 

thin out and d iffu se into the surrounding c e llu lo s e . The d egree  of 

thinning out d iffers  from  one sp ec im en  to another. T h ere fo re , 

A s k i n g  the ou ter  ed g es  of the sp ec im en  w as n e c e s sa r y .

A lea d  m ask  w as sep a ra te ly  done as  fo llow s:

On the p latten  o f the hyd rau lic  p r e s s ,  c e llu lo s e  pow der, then  

t®ad pow der, then c e llu lo s e  pow der w ere  sp rin k led  in  the g iven  ord er.
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The w hole lo t w as then p r e s s e d  to 30 to n s / ram . T h is  produced  a 

lead  d isc  sandw iched betw een  two c e llu lo s e  sh e e ts . The amount o f  

c e llu lo se  and lea d  u sed  w ere  ju st enough to produce the th in n est 

P o ssib le  d isc  w hich would p reven t the c h a r a c te r is t ic  F e  Ka rad iation  

1° p a ss  through to the d etector . T h is  w as check ed  by u sin g  pure  

iron  oxide p e lle t.

A h o le , sm a lle r  in  d iam eter  than that o f the b io tite  c ir c le  w as  

d rilled  in th is  m ask . The m ask  w as then  glued on one of the sam p le  

h o ld ers. One sam p le  ho ld er ca rry in g  one p a r ticu la r  m ask  w as u sed  

throughout the a n a ly s is  o f each  e lem en t. T h is  e lim in a te s  the e r r o r s  

due to:

i- The th ick n e ss  o f the m ask.

The s iz e  o f the hole in  the m ask .
O

The p o sitio n  of the ex p o sed  a rea  of the sp ec im en  r e la t iv e  to the 

p rim a ry  X -r a y  beam  and the c r y s ta l.

B y th is  m ethod, a sp ec im en  w hich has rep rod u cib le  sm ooth  

su rface  and constant su r fa ce  a rea  i s  p resen ted  to the sp ectrograp h .

■̂s to the e f fe c t iv e  th ick n e ss  of the sp ec im en , 5 m g. sam p le  proved  

*° be a s  e ffe c t iv e ly  deep as  30 m g. p rep ared  in  the sam e way. T h is  

Was te s ted  for  F e  and T i and both p e lle ts  gave the sam e num ber of 

°ounts.

P • In stru m enta l C onditions

The sam e in stru m en ta l con d ition s as th o se  u sed  for  rock  a n a ly s is  

aPd shown in  T able 2, p. 17 w ere  u sed  h ere  w ith v e r y  s lig h t ch an ges. 

•P'or Mg d eterm in ation , the counter window w as changed from  

^ery lliu m  to the v e r y  th in p o lycarb on ate  film  of 2 m icro n  th ick n ess .
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A lso  the count rate  for  m o st of the e lem en ts  w as changed to su it 

the p resen t lo w er  count con d ition s.

D. C alib ration

The im m ed ia te  and d irect co m p a r iso n  w ith an ex tern a l standard  

° f  n ea r ly  the sam e com p o sitio n  as  that o f the unknown, i s  by far the  

b est m ethod of ca lib ra tio n  as d is c u s se d  e a r lie r  (p. 7 ). T h ere fo re ,

a ca re fu lly  a n a ly sed  m in era l w ill be u sed  as  a standard to w hich  

other unknown sa m p le s  of the sam e m in era l are  com pared .

The B ackground and its  E ffec t on C alib ration

The a rea  of the sam p le  irra d ia ted  i s  m uch s m a lle r  than the 

apea of the beam  from  the X -r a y  tube. H ence, the background  

M easured  w ill be due to the sam p le  and the sam p le  m ask . T h ere fo re , 

the background counts should be su b tracted  from  the to ta l counts  

before co n stru ctin g  the ca lib ra tio n  g raph.

T h is  w as found to be tru e fo r  m o st o f the e le m e n ts . The d irect  

com p arison  betw een  the to ta l counts of the unknown and the standard  

after  su b tractin g  the background counts, gave a good ca lib ra tio n  

§raph in the form  of a stra igh t lin e  p a ss in g  in m o st c a s e s  through the  

° r igin . The slop e of the lin e  w as con stan t for  d ifferen t  

M easu rem en ts o f d ifferen t p e lle ts .

H ow ever, for iro n  and s i l ic a , it w as found that good ca lib ra tio n  

Staphs are  produced  only if  the to ta l counts w ere  u sed  i. e. the back- 

§round counts are  not su b tracted . M o reo v er , if  the sam p le  m ask  w as  

changed, the s lop e  and in tercep t o f the ca lib ra tio n  graph are changed, 

^he rea so n  for  th is  i s  not y e t c le a r ly  un derstood . Y et th is  m eant 

*bat a new ca lib ra tio n  graph is  to be co n stru cted  each  tim e  the iron
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an d /o r  s i l ic a  are m ea su red  in one batch o f sp e c im en s.

T h is p rob lem  w as so lv ed  by ch oosin g  th ree  c h e m ic a lly  an a lysed

sp ec im en s that have the b est fit on the ca lib ra tio n  graph a fter  a

repeated  s e r ie s  of m ea su rem en ts . The X -r a y  in te n s it ie s  o f th ese

th ree sp ec im en s  are  m ea su red  with each  batch of sp e c im en s . The

r e su lts  of the th ree  known sp ec im en s  a re  then a n a lysed  by the le a s t

square m ethod and the equation of the stra ig h t lin e  (y = bx + a) of

the ca lib ra tio n  g raph under th is  p a r ticu la r  condition  of a n a ly s is ,

can be ca lcu la ted . Knowing the s lop e  and the in tercep t o f the

ca lib ration  lin e , the p er  cent e lem en t can be ca lcu la ted  fo r  the X -r a y
.
^ te n s ity  r a tio s  o f the unknowns.

,
The com pu ter p rogram m e shown e a r lie r  (p. i f  ) w ill be of

great value in th is  s itu ation . In p r a c tic e , what w ill be needed, then,
.
ls  only ex tra  th ree  m ea su rem en ts  when a batch o f unknowns is  

analysed . The com pu ter p rogram m e w ill c a rr y  out a ll the n e c e s s a r y  

ca lcu la tio n s. *

*
* • P r e c is io n  of the M ethod  

—

The p r e c is io n  o f the m ethod w as te s te d  on th ree  p e lle t s  o f the

hiotite standard (u sin g  5 m g. of b io tite  for  each  p e lle t) a s  w e ll a s  on

th ree p e lle ts  of garn et (u sin g  8 m g. for  each  p e lle t) . The r e s u lt s  and 
thle s ta t is t ic a l a n a ly s is  o f th is  te s t  are  shown in T a b les  41 and 42.

F ro m  th ese  ta b le s , it i s  ev id en t that sam p le  p rep aration  and 

P resen tation  is  h igh ly  p r e c is e . The standard d eviation  o f a s in g le  

Pelle t  i s  in  m ost of the c a s e s  m uch lo w er  than the standard  counting  

error . In few  c a s e s , the two d ev ia tio n s w ere  com p arab le .

It can, th er e fo re , be concluded  that w ith such  high p r e c is io n ,
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E lem en t No. A n a ly s is on P eak on Bckgd. n t "n b Count N~ Counts
M in s . i

1 12583 2825 9758 10
!

SiO 2 3 6 .3 4 12650 2825 9825 10 9794 34
2 3 12624 2825 9799 10

1 28166 8874 19202 ;
TiO 2 3 .0 0 28017 8874 19133 4 19163 164 *

2 3 27939 8874 19065
1 11032 3840 7192

A190„ 2 16.13 10938 3840 7098 8 7139 48Cj O
3 10968 3840 7128

T otal 1 19334 7790 11544
Iron  as 2 25. 27 19288 7790 11498 4 11583 109

F e 2°3 3 19496 7790 11706

1 4116 3146 970
MnO 2 0. 48 4147 3146 1001 2 1017 », 57

3 4227 3146 1081
• 1 1467 875 592

MgO 2 7. 93 1520 935 585 7 588 4
3 1591 1005 586
1 60547 7278 53269

K90 2 9. 60 60468 7278 53190 4 53094 238
¿A

3 60100 7278 52822
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elem en t

C % of  
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p resen t
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S x - % 
E le m 
ent

E % o f the
am ount
p resen t

Standard Counting E rro r
C c % of

Sc Sc % the am ount 
C ounts e lem en t p re se n t

SiO
9

0. 13 0. 36 19 0. 08 0. 21 124 0. 46 1. 27
Ci

T i0 2 0. 026 0. 83 95 0. 015 0. 48 192 0. 031 9 .9 9

AI2°3
0. 11 0. 68 27 0. 06 0. 39 121 0. 27 1. 67

F e 2 0 0. 24 0. 95 63 0. 14 0 .5 5 165 0. 34 1. 34

MnO 0. 02 4. 16 33 0. 01 2 .4 0 65 0. 03 6. 25

MgO 0. 05 0. 63 2 0. 03 0. 36 50 0 .6 7 8 .4 5

K2°
0. 04 0. 41 13 7 0 .0 2 0. 24 260 0. 05 0. 52

T
A

B
L

E
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P r e c is io n  of X~Ray Sp ectrographic M icro a n a ly s is  of G arnet*  
________ _______ (3 p e lle ts  , 8 m g. each)



c: C Standard Counting E rr o r

E le m . % e lem en t
% o f the
am ount
p re se n t

S x '
C ounts

Sx"
% e lem en t

E o f  
the
am ount

p re se n t

Sc
C ounts

Sc % 
e lem en t

C c % of 
the
am ount
p r e se n t

SiO
2

0. 29 0. 73 52 0. 16 0. 42 117 0. 38 0. 96

TiO
2

0. 001 3 .2 5 15 0 .0 0 0 7 1. 88 31 0. 0015 3. 75

a i 2 ° 0. 08 0. 37 10 0. 04 0. 21 88 0. 38 1. 78

F e 2° 0. 25 0. 88 89 0. 14 0. 51 157 0. 25 0. 88

MnO 0. 08 0. 87 93 0. 05 0. 50 142 0. 08 0. 87

CaO 0. 02 0. 76 163 0. 01 0. 44 212 0. 014 0. 54

MgO 0. 053 3 .3 3 4 0. 03 1. 92 36 0. 255 16 .04

* The G arnet u sed  is  "EDM. LM-18"
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°n ly  one p e lle t  o f 5 m g. of b io tite  or  8 m g. of garnet, can sa fe ly  

be u sed  for  a n a ly s is .

A n a ly tica l Data and the A ccu ra cy  of the M ethod

T w elve  to fou rteen  b io tite s  and fiv e  g arn ets  w hich had been  

ch em ica lly  a n a lysed  w ere  u sed  to t e s t  the accu ra cy  of the m ethod.

Appendix II sh ow s d e ta ils  o f th ese  m in e r a ls  for future r e fer en ce .

(i) S ilica

The r e s u lt s  o f the a n a ly s is  of s i l ic a  is  show n gra p h ica lly  in  

F ig . 13a. The co m p a riso n  betw een  the ch em ica l and X -r a y  data is  

shown in T able 43. The d ev ia tion s of the X -r a y  a n a ly s is  are shown in  

ihe sam e tab le.

W orth m ention ing  i s  that the X -r a y  in ten sity  ra tio  u sed  in  

drawing the s i l ic a  ca lib ra tio n  graph w as ca lcu la ted  without subtractin g  

the background from  the to ta l counts. The equation of the stra igh t  

ca lib ration  lin e  is:

;

S i0 2% 31. 88 X -r a y  In ten sity  R atio + 4. 68

F o r  a range o f 34. 09 - 37. 02% S i0 2> the d ev ia tion s range w as  

22 to -0 . 32%. A ssu m in g  that the ch em ica l data are  a ccu ra te  and 

rep resen t the a r ith m etic  m ean, the standard d eviation  o f the X -r a y  

R esults from  the ch em ica l v a lu es  w as ca lcu la ted  as:

S = 0.17% S i0 2

Sx~ = 0. 05% S i0 f
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C om parison  of X -r a y  S p ectrograp h ic  D ata and C h em ica l 
A n a ly s is  of SiO^ in B io tite s

X -R a y  S p ectrograp h ic  A n a ly s is  
C h em ica l D ev ia tio n s

Sp ecim en No. A n a ly s is  SiO^% X -r a y -C h e m ic a l

T A B L E  43

1 37. 02 37. 08 +0. 06

2 3 6 .0 8 3 5 .9 0 -0 .1 8

3 34. 09 34.11 +0. 02

4 3 4 .6 8 34. 69 +0. 01

5 3 4 .4 7 34. 57 +0.10

6 35. 64 3 5 .3 6 -0 . 28

7 35. 63 35. 77 +0. 14

8 36 .41 3 6 .5 5 +0. 14

9 3 5 .8 7 3 5 .5 5 -0 .3 2

10 3 5 .2 3 3 5 .3 4 +0. 11

11 34. 29 3 4 .3 7 +0. 06

12 3 6 .3 4 36. 56 +0. 22
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A ssu m in g  that x “ = 34% and x~ = 37% (The lo w e st  and h ig h est  

v a lu es  o f s i l ic a  in  the m in e r a ls  an a lysed ), the r e la t iv e  d ev ia tion  in  

te r m s of p er  cent o f the am ount p resen t is:

C 34%

1! O • CJl o E 34% 0.14

C 37% = 0 .4 6 E 37% 0.13

(Ü) A lum inium  oxide

The r e su lts  of the a n a ly s is  of alum inium  oxide are  shown  

grap h ica lly  in  F ig . 13b. The co m p a r iso n  b etw een  the ch em ica l and 

the X -r a y  data is  show n in T able 44.

The standard dev iation  o f the X -r a y  a n a ly s is  from  the ch em ica l 

data is:

S = 0. 29% A120 3 Sx * = 0. 08% AlgO

A ssu m in g  that x = 18. 29 and 20. 68% rep resen tin g  the lo w e st and’ 

high est a lum ina content in  the sa m p les  an a lysed , then the co e ffic ien t  

° f  va r ia tio n  and the r e la t iv e  e r r o r  in  te r m s  o f p er  cent o f the am ount 

P resen t are:

C18. 29 ■ L 5 8 E 18. 29 ~ ° ' ^ 4

C 20. 68 = 1 .40 M
C

O o CD oo

II O ~&
k-

In v iew  of the fa c ts  that:

the s ta t is t ic a l f ig u r e s  of a ccu ra cy  are  com p arab le  to th o se  of 

the p r e c is io n  o f the a n a ly s is , and

the sy m m e tr ic a l d istr ib u tion  o f the d ev ia tion s w ith reg a rd s  to 

th e ir  p o s it iv e  and n egative  s ig n s , in d ica te s  that th ere  i s  no b ia s
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C om p arison  o f X -r a y  S p ectrograp h ic  D ata w ith C h em ica l  
D ata for A l 0„ in B io tite s- ---------  --  -   * — z—o— ■— ——*--»----- -------- ----- —   —

T A B L E  44

S p ecim en  No.
C h em ica l
A n a ly s is

X -R ay
A n a ly s is

D eviation
X -r a y  - C h em ica l

1 20. 62 21,15 +0. 53

2 18.29 18. 22 -0 . 07

3 19. 60 19. 66 +0. 06

4 20. 68 20. 20 -0 . 48

5 19. 74 19.65 -0 . 09

6 19. 75 19. 73 -0 . 02

7 18.85 19.05 +0. 20

8 19. 46 19.35 -0 . 11

9 20. 07 2 0 .3 7 +0. 30

10 20. 39 20. 39 0. 00

11 20. 45 19. 99 -0 . 46

12 16. 13 16.30 +0. 17



Firgirc 13

The error bar limits on this and subsequent similar 
figures arc the standard deviation of the X-ray 
precision results and the results for accuracy of 
rapid analysis in Mercy (195G).
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in the X -r a y  a n a ly s is  tow ard s e ith er  h igh er  or  lo w er  r e su lts  

than the ch e m ic a l a n a ly s is ,

th er e fo re , it  can be concluded  that alum inium  oxide in b io tite s  can  

be d eterm in ed  with rea so n a b le  a ccu ra cy  u sin g  the p re se n t m ethod of 

X -r a y  a n a ly s is .

(iii) T itan ium  oxide

The r e su lts  o f TiO^ d eterm in ation  are  show n in T able 45. and 

are g rap h ica lly  r ep re sen ted  in F ig . 14a.

F o r  th ese  Iresu lts, the standard d ev ia tion  o f the X -r a y  data 

from  the ch em ica l a n a ly s is  is:

S = 0.16% T i0 2

Sx'=  0. 04% T i0 2

A ssu m in g  that x = 1. 40 and x = 3. 39, the r e la t iv e  dev iation  in  

te r m s  of p er  cent of the am ount p r e se n t is:

o J—' i4̂ O

II 11.14 E l. 40% 3. 04

C 3. 39% 4. 72 E 3. 39% 1. 26

W orth m ention ing  is  that the ca lib ra tio n  g r a p h  is  a stra igh t  

tine p a ss in g  to the o r ig in . T h is  su g g e s ts  that the one point 

ca lib ra tion  m ethod is  sa t is fa c to r y  in  T i0 2 d eterm in ation .

(iv) T ota l Iron as F e 20 3

Iron w as d eterm in ed  tw ice  u sin g  the sa m e  se t  of p e lle ts  but



128

C om parison  o f X -r a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is
of TiO^ in B io tite s

T A B L E  45

C h em ica l 
S p ecim en  No. A n a ly s is % Oxide

D eviation  
X -r a y -C h e m . An.

1 I. 60 1. 52 -0 . 08

2 1. 74 1. 68 -0 .0 6

3 2. 83 2 .9 0 +0. 07

4 2. 95 2. 90 -0 .0 5

5 3 .0 2 2 .9 0 -0 .1 2

6 2 .2 5 2.18 -0 . 07

7 1. 57 1. 48 -0 . 09

8 1. 53 1. 57 +0. 04

9 1. 58 1. 58 0. 00

10 2 .01 1. 91 -0 . 10

11 3 .3 9 3 .0 0 -0 . 39

12 3 .0 0 3 .0 0 0. 00

13 1.57 1. 75 +0. 18

14 1. 40 1. 71 +0.31
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u sin g  d iffe re n t hole s iz e  m ask  for  each  te s t . T es t No. 1. w as done 

u sin g  a m ask  w ith a b ig  h o le , The r e s u lt s  of th is  te s t  i s  shown in  

colum n m arked  T e s t  No. 1. in T able 46 and are  g ra p h ica lly  rep resen ted  

in F ig . 15a. In ca lcu la tin g  the X -r a y  in ten sity  r a tio s , the background  

counts w ere  not su b tracted  fro m  the to ta l counts.

F o r  th is  te s t , th e range o f d eviation  i s  +1. 23 to -1. 08 F e ^ g .

The standard d ev ia tion  of the X -r a y  a n a ly s is  from  the ch em ica l data 
is:

S = 0. 62% F e 20 3

Sx" = 0.17% F e 20 3

A ssu m in g  that x  = 16. 42 and x = 27. 71, then

C16. 42% 3. 77 E 1 6 .42% = lm 05

C 27. 71% 2. 24 E 27. 71% = °* 62

(fig u res  a re  in  p er  cen t o f the am ount p resen t).

H ow ever, th ese  fig u re s  o f a ccu ra cy  are not sa t is fa c to r y  

regard in g  the high f lu o re sce n t y ie ld  of F e  Ka rad iation . The sam p le  

P reparation  i t s e l f  w as shown e a r lie r  to be p r e c is e  (T able 41, p. / /S  ) 

With S = 0. 24% F e  0 o and C oc = 0. 95. T h e re fo r e , th is  high2 o 25. 2 ( 7 0

deviation  w as thought to be due to sam p le  m isp resen ta tio n  and a 

second  te s t  w as done.

In the secon d  te s t  (T est No. 2 in T able 46), a m ask  with a 

sm a lle r  hole w as u sed . The r e s u lt s  are  show n in T able 46 and are  

grap h ica lly  r ep re sen ted  in F ig . 15b. The standard d ev ia tion  o f the 

^ -r a y  a n a ly s is  fro m  the ch em ica l data is:
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C om p arison  of X -R a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is  
of T otal Iron as FegOg in B io tite s  and G arnets

T A B L E  46

X -R a y  S p ectrograp h ic  A n a ly s is  
T est No. 1. (F ig , 15a) T es t No. 2. (F ig . 15b)

Sp ecim en  C h em ica l D eviation  D eviation
No. A n a ly s is  % oxide X -r a y -  % oxide X -r a y  -

C h em .A n . C h em .A n .

1 16. 42 16. 67 +0. 25 16.98 +0. 56
2 21.61 2 2 .8 4 +1. 23 21. 70 +0. 09
3 27. 71 27. 88 +0.17 27. 78 +0. 07
4 2 5 .5 4 25. 02 -0 . 52 25. 84 + 0 .3 0
5 2 3 .7 4 22. 66 -1. 08 2 3 .3 7 -0 .3 7
6 2 2 .6 4 22 .61 -0 . 03 22. 52 -0 . 12
7 2 3 .6 6 2 3 .4 2 -0 . 24 2 3 .3 2 -0 . 34
8 21.06 21. 46 +0. 40 21. 49 +0. 43
9 21. 72 21. 67 -0 . 05 21.18 -0 . 54

10 22. 69 23 .31 +0. 62 23. 11 +0. 42
11 22. 23 21. 72 -0 . 52 21. 84 -0 .3 9
12 25. 27 2 6 .2 7 +1. 00 26. 15 +0. 88
13 18. 62 18. 43 -0 .19 18. 52 -0 . 10

>•- 14 * 2 4 .9 2 2 5 .2 7 + 0 .3 5 25. 05 +0.13

G arnets (F ig . 14b)
1 3 9 .8 3 40. 02 +0. 19
2 31. 20 30. 97 -0 . 23
3 3 2 .3 9 31. 83 -0 . 56
4 28. 30 28, 90 +0. 60
5 3 6 .0 2 36.12 +0. 10



FegOg ( t o t a l )  in  b i o t i t e s .
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S = 0. 42% Fe^Og

Sx~ = 0.11% F e 20g

A ssu m in g  that x = 16. 42 and x = 27. 71, the r e la t iv e  deviation  

in te r m s  of p er  cent o f the am ount p resen t is:

C1 6 .42% = 2- 55 E 16. 42% -  ° ' 71

C 27. 71% = h  51 E 27.71% = ° ' 42

T h ese  f ig u re s  show an im p rovem en t o v e r  the f ir s t  t e s t  and are  

in the sam e tim e  sa tis fa c to r y  for  the a ccu ra cy  of F e 20g d eterm in ation .

F iv e  g a rn ets  w ere  a lso  an a lysed  for  iron . The r e s u lt s  o f th is  

a n a ly s is  are  shown in the bottom  part o f T ab le  46 and a re  g rap h ica lly  

rep resen ted  in  F ig . 14b. The range of d eviation  is  the sam e as that 

of the b io tite s .

(v) M anganese O xide

MnO w as not d eterm in ed  in  the b io tite  b eca u se  o f i t s  la ck  of 

&ccu rate  ch em ica l data. Y et, five  ga rn ets  w ith MnO range of 0. 75- 

9. 30% w ere  an a lysed . The r e s u lt s  are  shown in  T able 47 and are  

grap h ica lly  r ep re sen ted  in F ig . 16a.

The dev iation  o f the X -r a y  a n a ly s is  from  the ch em ica l data is  

w ithin the range o f +0.16 to -0 .11 . The standard dev iation  is:

S = 0.12% MnO

Sx = 0. 05% MnO

A ssu m in g  that x = 0. 75 and x = 9. 30, thep,
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C om p arison  of X -r a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is
o f MnO in G arn ets

TA B L E  47

S p ecim en  No.
C h em ica l
A n a ly s is

X -r a y  S p ectrograp h ic  A n a ly s is  
D eviation

Mn0% X -r a y -C h e m . A nal.

1 0. 75 0. 75 0. 00

2 9. 30 9 .3 0 0. 00

3 0. 91 0. 80 -0.11

4 9.14 9. 05 -0 . 09

5 6.17 6 .3 3 +0.16
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'0. 75% 

:9. 30%

16. 00 

1. 29

E

E

0. 75% 

9. 30%

7.15  

0. 57

It can  be concluded  that the m ethod is  a ccu ra te  enough for  MnO 

determ in ation .

(vi) C alc iu m  O xide

A s in the c a se  o f m an gan ese , CaO w as a n a ly sed  for  on ly  in  the  

garn ets . The r e s u lt s  are show n in  T able 48 and a re  g ra p h ica lly  

r ep resen ted  in F ig . 16b.

F o r  a range of 0 .1 7 -8 . 63% CaO, the d ev ia tion  of the X -r a y  data 

from  the ch em ica l a n a ly s is  w as +0.10  to  -0 . 45. O nly one sp ec im en  

(G arnet No. 1) show ed th is  high 0. 45% deviation . The standard  

deviation  is

S = 0. 23% CaO

Sx" = 0.10% CaO

A ssu m in g  the x = 2. 65 (the avera g e  CaO co m p o sitio n  of the five  

garn ets a n a lysed ), then,

C 2. 65% 8. 68 E 2. 65% 3. 77

(vii) M agn esiu m  O xide

M agn esia  in b io tite s  and ga rn ets  w ere  an a lysed . The r e s u lt s  are  

shown in  T able 49 and are g ra p h ica lly  rep re sen ted  in F ig s . 17a and b. 

^ ° r t h  m ention ing  i s  that the ca lib ra tio n  graph is  in the form  of a 

stra igh t lin e  p a ss in g  to the o r ig in . T h is  m ea n s that d irec t co m p a riso n
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TABLE 48

C om p arison  o f X -r a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is
of CaO in G arnets

X -r a y  S p ectrograp h ic  A n a ly s is  
C h em ica l D eviation

Sp ecim en  No. A n a ly s is  CaO% X-ra-y - C hem . A nal.

1 1. 20 0. 75 -0 . 45

2 0. 67 0. 68 +0 .01

3 8. 63 8. 69 +0. 06

4 2. 60 2. 70 +0.10

5 0. 17 0. 23 + 0 .0 6



F ig . 16
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b etw een  two X -r a y  in ten sity  r a tio s  i. e. one point ca lib ra tio n  

technique i s  va lid .

F o r  a range of 1. 02 - 12. 81% MgO, the range o f d ev ia tion  is  

+0. 44 to -0 . 52. Only one sp ec im en  out of 18 show ed a d ev iation  of 

-0 . 93% (G arnet No. 1).

The standard d ev iation  in  MgO d eterm in ation  is:

S = 0. 25% MgO

Sx" = 0. 06% MgO

A ssu m in g  that x = 1. 02 and x  = 12. 81, the r e la t iv e  d ev iation  in  

te r m s  o f p er  cent o f the am ount p r e se n t is:

Cl. 02%

C12. 81%

24. 50 E l. 02% 6.12

1. 95 E 12.81% 0. 49

The figu re  = 24. 50 i s  not r e a lis t ic  in  the se n se  that a ll the

garnet sp e c im en ts  w ith low  MgO con cen tra tion  (1. 02 - 1. 59) n ev er  

show ed the high d ev ia tion  of 0. 25% u sed  in  the ca lcu la tio n  o f the above  

r e la t iv e  d ev ia tion s.

R egard ing the low  flu orescent, y ie ld  o f Mg Ka and the soft 

ch a ra c ter  of th is  rad iation , the f ig u r e s  of a ccu ra cy  are  v e ry  

sa tis fa c to r y .

(v iii) P o ta ss iu m  oxide

The r e s u lt s  o f K~0 a n a ly s is  are  shown in  T able 50 and are  

gra p h ica lly  r ep re sen ted  in  F ig . 18. The standard  d ev ia tion  o f the 

X -r a y  a n a ly s is  from  the ch e m ic a l data is:
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C om p arison  of X -r a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is  
_________o f M agnesium  Oxide in B io tite s  and G arnets______________

TA B L E  49

X -R a y  S p ectrograp h ic  A n a ly s is  
C h em ica l D eviation

S p ecim en  No. A n a ly s is  MgO% X -r a y  - C h em ica l

B io tite s

1 12.81 12. 91 +0. 10
2 9. 68 10. 12 +0. 44
3 5 .4 4 5. 79 + 0 .3 5
4 5 .5 5 5 .3 6 -0 . 19
5 8. 40 8. 65 +0. 25
6 8 .91 9. 10 +0. 19
7 8 .9 3 8 .6 0 -0 . 33
8 10. 60 10. 40 -0 . 20
9 10.02 9. 72 -0 . 30

10 8. 84 8 .3 2 -0 . 52
11 8 .3 3 8. 14 -0 . 19
12 8. 09 8.10 +0. 01
14 9. 78 9 .8 8 +0. 10

G arnets

1 3 .2 6 2 .3 3 -0 .9 3
2 1. 21 1. 31 +0. 10
3 1. 02 1. 01 -0 . 01
4 1. 59 1. 75 +0.16
5 1. 34 1. 20 -0 .1 4
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S = 0. 22% K 20

S x ' = 0. 06% K 0¿t

A ssu m in g  that x = 7. 51 and x = 9. 60, the r e la t iv e  d ev iation  

in te r m s  of p er  cent o f the am ount p r e se n t is:

C7. 51% 2. 92 E 7. 51% 0. 80

C 9.

IIoC
D 2. 29 E 9. 60% 0. 63

T h ese  f ig u re s  in d icate  that the a ccu ra cy  of K 0 d eterm in ation
¿t

is  sa tis fa c to ry .

W orth m ention ing  i s  that the ca lib ra tio n  graph o f K 0 i s  a
Cd

stra igh t lin e  p a ss in g  to  the or ig in . H ence, the u se  o f one point 

ca lib ra tion  technique i s  v a lid  and can be app lied  for K 0 d eterm in ation .¿t

VI, CONCLUSIONS

The m ethod d escr ib ed  for  the a n a ly s is  of garn et and b io tite  

is  p r e c is e  and a ccu ra te . 5 m illig r a m s  of b io tite  or  8 m illig r a m s  of 

garnet are  req u ired  fo r  the a n a ly s is  of S i0 2> T i0 2 , A l90g, F e ^ ^

(tota l), MnO, CaO, MgO, KgO. Sam ple p rep ara tion  by d irect  

P e lle tiza tio n  i s  s im p le , rapid  and d oes not in vo lve  the d estru c tio n  of 

the m in e r a ls . The good r e s u lt s  obtained a re  due in  so m e  m e a su re  to  

the lim ite d  co m p o sitio n  range of the sa m p le s , and a lso  to  the 

reg u la r  and sy s te m a tic  v a r ia tio n  w ithin a sp e c if ic  m in er a l su ite .

T h ere  are  no r ea so n s  why the m ethod should  not be app lied  to oth er  

su ite s  of garnet and b io tite  and a lso  to o th er  m in e r a ls .
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TABLE 50

C om p arison  of X -r a y  S p ectrograp h ic  D ata and C h em ica l A n a ly s is
o f K2 O in B io tite s

X -r a y  S p ectrograp h ic  A n a ly s is

Sp ecim en  No.
C h em ica l
A n a ly s is % Oxide

D eviation
X -r a y  - C hem . An.

1 8. 74 8 .7 4 0 .0 0

2 7. 51 7. 61 +0.10

3 8. 79 9. 23 +0. 44

4 8. 74 8 .6 9 -0 . 05

5 9 .3 7 9. 27 -0 .1 0

6 9.10 8. 88 -0 .2 2

7 8. 20 8 .3 7 +0.17

8 8. 38 8. 68 + 0 .3 0

9 8. 84 8 .8 9 + 0 .0 5

10 8. 63 8 .7 9 +0.16

11 9. 44 9. 21 -0 . 23

12 9 .6 0 9 .6 0 0. 00

13 8. 32 8 .3 3 +0. 01

14 8. 73 8 .3 3 -0 . 40



K̂ O in  b io t i t e s



PA R T TWO

A REVIEW OF THE ALUMINIUM SILICATE

POLYM ORPHS
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A n d alu site , s illim a n ite  and kyanite are  tr im o rp h ic  m in e r a ls  

of the com pound Al^SiOg. It i s  b e liev ed  that th e ir  s ta b ility  f ie ld s  

c o n s is t  of 3 d ivariant a r ea s  bound by univariant eq u ilib riu m  lin e s  

and th e ir  ph ase d iagram  can a ssu m e e ith er  o f 2 p a ttern s v iz , one 

c o n s ist in g  of two un ivariant eq u ilib riu m  lin e s  w ith no point in  com m on  

or  e ls e  c o n s is t in g  of th ree  un ivariant eq u ilib riu m  lin e s  having one 

com m on in varian t point, i. e, a tr ip le  point.

The w ide o c cu rren ce  o f th ese  m in e r a ls  e ith er  in d iv id u a lly  or  

in p a ir s  o r  so m e tim e s  a ll the th ree  p o lym orp h s to g eth er  in  

m etam orp h ic ro ck s (H ietanen, 1956), m ak es the study of the sy s te m  

Al^Og - SiOg v e r y  a ttra ctiv e  to  m etam orp h ic  p e tr o lo g is ts  and 

e x p e r im en ta lis ts  a s  it ap p ears to afford  a c lu e to the re la tio n sh ip s  

betw een  tem p era tu re  and p r e ssu r e  of m etarnorphism .

The d eterm in ation  of the eq u ilib r iu m  r e la t io n s  betw een  the 

tr im o rp h s is  u su a lly  approached by th ree  d ifferen t ways; hyp oth etica l, 

ex p er im en ta l or on the b a s is  o f g e o lo g ic a l o c c u r r e n c e s  and 

p e tro lo g ica l data. A co m p reh en siv e  d is c u s s io n  of the alum inium  

s il ic a te  po lym orp hs i s  g iven  by P itch er , 1965. A b r ie f  outline of 

"the p rev io u s  w ork done on th ese  po lym orp hs w ith a particular- 

em p h a sis  on w ork done a fter  P itc h e r 's  1965 rev iew  i s  g iven  below .

B eca u se  o f the u n re lia b ility  of the e x is t in g  th erm o ch em ica l 

data a s  w e ll a s  the sm a ll d if fe re n c e s  in the th erm o ch em ica l con stan ts  

° f  the alum inium  s i l ic a te s ,  the co n stru ctio n  of a ph ase d iagram  b ased  

°n  th e se  data does not provide a m od el w hich i s  c o n s isten t with  

P etro lo g ica l data. T hus, the p h ase  d iagram s of F y fe  et a l. , (1958) 

and K um agai and Ito (1959) c o n s is t  of two u n ivariant eq u ilib riu m  

l in e s  w ith no com m on tr ip le  point. Both d iagram s in d icate  that 

kyanite is  the high p r e ss u r e  polym orph, an d alu site  i s  the lo w -p r e s su r e
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h ig h -tem p era tu re  polym orph and s illim a n ite  i s  the low  p r e ssu r e  

and lo w -tem p era tu re  polym orph. H ow ever, a fter  the accu m u lation  

of m o re  th erm od yn am ic and ex p er im en ta l r e s u lt s  (e . g. Skinner  

et a l. , 1961; P an kratz and K elly , 1964; E van s, 1965; N ew ton, 1966a  

and B; W eill, 1966; H olm  and K leppa, 1966;) F y fe  (1967) a n a lysed  

the ava ilab le  data and con stru cted  a ph ase d iagram  w hich a ssu m ed  an 

in verted  Y -sh a p e , i. e . w ith a com m on invarian t tr ip le  point. On 

the o th er hand, K arpov (1967) c o n s id e r s  that a ll the work that has  

been  done on the A^Og - SiOg sy s te m  g iv e s  a ra th er  in d eterm in ate  

and in c o n s is te n t p ic tu re . He c o n sid ered  that c a lcu la tio n s  of the 

s ta b ility  of a lum inium  s il ic a te  m o d ifica tio n s la ck  the n e c e s s a r y  

v a lu e s  for  the standard en th a lp ies o f form ation  o f the th ree  p o lym orp h s  

and "only v e r y  rec e n tly , thanks to the s u c c e s s fu l m ea su rem en t o f the 

en th a lp ies o f form ation  of kyan ite , an d a lu site , s illim a n ite  and 

n iu llite  from  o x id es  at 695°C  m ade by H olm  and K leppa (1966) u sin g  

the m ethod o f d isso lu tio n  in  fu sed  o x id e s , have such  ca lcu la tio n s  

been  p o ss ib le"  (p. 143). C onseq uently , on the b a s is  o f th erm od yn am ic  

data and independently  of ex p er im en ta l r e se a r c h , K arpov (1967) 

P resen ts  h is  ph ase d iagram  w hich a s su m e s  the in v er ted -Y  shape. 

H ow ever, the P -T  v a lu e s , s lo p e  of the p h ase  bou n d aries and the  

P osition  o f the tr ip le  point a re  co m p le te ly  d ifferen t from  th o se  in  

H yfe's (1967) p h ase  d iagram .

On g e o lo g ic a l grounds, M iyash iro  (1949) su g g ested  h is  in v er ted -  

^  p h ase  d iagram  w hich sh ow s kyanite to be stab le  at h igh  p r e s s u r e s  - 

low  tem p era tu re , s il l im a n ite  at m o d era te  p r e s s u r e -h ig h  tem p era tu re  

aiid an d alu site  at low  p r e ss u r e  and tem p era tu re . T h is  g en era l form  

p h ase  d iagram  is  now a ccep ted  and co n firm ed  to som e extent by 

e;x p er im en ta lis ts  through th e ir  a ttem p ts to define the s lo p e  and 

P osition  of the f ie ld  bou n d aries.
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The ex p er im en ta l w ork on the A l ^  - S i0 2 sy s te m  is

b ased  on studying the P  and T con d ition s o f e ith e r  the independent

sy n th e s is  o f each  polym orp h or  the in v e r s io n  of one polym orph to

another, but r e a l p r o g r e s s  w as not m ade until a fter  the

id en tifica tio n  of m u llite  by B ow en et a l . , (1924) and the developm ent

of s im p le  hyd roth erm al tech n iq u es in  the la te  1940's . The

ex p erim en ta l r e s u lt s  w ere , not u n exp ected ly , su b ject to doubts,

changes and c r it ic is m s . Thus Roy and O sborn  (1954) cou ld  not

d istin g u ish  s ill im a n ite  fro m  m u llite  in  a ttem p ts to sy n th e s ise  the

fo r m e r . T h ey  w ere  a lso  unable to  rep rod u ce the e a r lie r  sy n th es is

ex p er im en ts  o f M ich e l-L ev y  (1950) and B a lco n i (1941). Roy (1954)

and R oy and Roy (1955) sy n th e s ise d  an d alu site  w ith the u se  o f seed
2+ 2 +

c r y s ta ls  o r  im p u r itie s  (e. g. Ca , Mg ) but la te r  A ram ak i and

Roy (1959 and 1963) d isc o v er e d  that it w as a new  polym orph and

su g g ested  a w hole fa m ily  o f o rd ered  d iso r d e re d  p h a ses  o f the

alum inium  s i l ic a te s  w hich would a ffec t the P -T  c u r v e s  of the sy s te m .

E a r lie r , A ram ak i and Roy (1958) w ere  unable to sy n th e s ise  kyanite

below  600°C  at up to 5 K b a rs  e ith e r  in  the A l 0 - SiO - H_0
o Z Z

sy ste m  or  w ith the addition  o f v a r io u s  m in e r a liz e r s . On the o th er  

hand, C o es (1955) sy n th e s ise d  the th ree  po lym orp h s fro m  kaolin  at 

*0 - 20 K bar and a tem p era tu re  of 7 0 0 -900°C  in  the p r e se n c e  o f N a  

s alt producing an d a lu site , and flu o r id es  producing s illim a n ite ;  

hyanite form ed  e a s i ly  a s a b y-p rod u ct app earing s im u lta n eo u sly  w ith  

s illim a n ite  and an d alu site . C arr and F yfe  (1960) show ed that in  

e x p er im en ts  u sin g  d ifferen t sta r tin g  m a te r ia ls , the p r e s s u r e /  

tem p eratu re  f ie ld  in  w hich  a p h ase  o r  a sse m b la g e  o f p h a se s  m ay  

he sy n th es iz ed  n eed  not be id en tica l w ith that in  w hich it i s  stab le  

(P itch er , 1965). R oy and Roy (1955) s t r e s s  the im p ortan ce  o f the  

P resen ce  of im p u r itie s  w hen attem p tin g  to c o r r e la te  ex p er im en ta l
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eq u ilib r iu m  data w ith natural o c c u r r e n c e s  " sin ce  in  nature a h ost of 

im p u r itie s  are  availab le"  (p. 174).

C lark  et a l . , (1957) and C lark (1961) in  d eterm in in g  the  

k y a n ite -s ill im a n ite  boundary found that r e v e r s ib le  tra n sfo rm a tio n  

w as obtained on ly  above 1300°C. In 1957, ex trap o la tion  to  lo w er  

tem p era tu re  and p r e s s u r e s  ra n g es w as done by com putation  and in  

1961, C lark  u sed  add itional sy n th es is  ex p er im en ts  to c a r r y  the  

boundary to 1000°C. T h is  w ork w as c r it ic iz e d  b y:-

(1) F y fe  (1967) who c o n s id e r s  that ex tra p o la tio n  at lo w er  T i s  a 

d ifficu lt m a tter . M o reo v er , "in a sy n th e s is  ex p er im en t  

in vo lv in g  tw o p o lym orp h s it i s  n orm al fo r  one to n u cleate  

and grow  m o re  rea d ily  than the o th er . If such  sy n th e s is

i s  c a r r ie d  out in  a reg io n  w here rea c tio n  b etw een  polym orp hs  

i s  s lu g g ish , the polym orph form ed  m o re  rea d ily  m ay p e r s is t .  

T h is i s  im p o ss ib le  at tem p er a tu r e s  w h ere r e v e r s a l  i s  rapid. 

H ence, a sy n th e s is  ex p er im en t need  c o r r e c t ly  r e f le c t  

eq u ilib r iu m  on ly  under con d ition s w here r ea c tio n  r a te s  are  

known to be fa s t. " (p. 70).

(2) K itarov  et a l . , (1963) argue that ex tra p o la tio n  o f the p h ase  lin e  

o f C lark  (1961) w as done without tak ing into account o th er  

r e a c tio n s  w hich co m p lica te  the p ic tu re  o f the sta b le  ph ase  

d iagram . C onseq uently , the part o f the d iagram  illu stra tin g  

the k y a n ite -s ill im a n ite  p h ase  boundary in  the se c t io n  abotfE 

900°C  is  r e la t iv e ly  fu lly  c h a r a c te r is e d  w h erea s  the p o sitio n

of o th er  b ou n d aries around f ie ld s  o f s ta b ility  o f sep a ra te  

p h a ses  rem a in  u n certa in , a s  do the p o sitio n  o f the tr ip le  

point.
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K hitarov et a l . , (1963) d eterm in ed  the lin e  k y a n ite -

s ill im a n ite  in  the lo w e r  tem p era tu re  range (4 0 0 -8 7 5 °C  and 9-15. 7

K bar). T hey a lso  su cceed ed  in  d eterm in in g  the lin e  an d alu site  -

s illim a n ite  and gave a tr ip le  point va lu e  of 3 9 0 ° C /9 K bar.

Independently, B e ll  (1963) u s in g  the sa m e type o f apparatus a s  that

of K hitarov et al. , (1963) a rr iv ed  to a tr ip le  point at 300 - 5 0 °C /
H-

8 - 0. 5 K bar, a va lu e w hich i s  n ear  to that o f K hitarov e t a l.

The r e s u lt s  o f both w ork s have b een  c r it ic iz e d  by W inkler  

(1965, 1967) who c o n s id e r s  that the P -T  e s t im a te s  a re  low  and 

con trad ict p etrograp h ic  o b serv a tio n s . He b a se s  h is  c r it ic is m  on  

the fo llow in g  grounds: -

(1) The c o e x is te n c e  o f an d a lu site , kyanite and s ill im a n ite  in  the 

sta u ro lite  zone - the lo w e r  p art of am p hibolite  fa c ie s ,

"it i s  known w ith cer ta in ty  that a tem p era tu re  around 550°C  

m u st have been  r e a liz e d  for  th e se  r o ck s  to  form " (W inkler, 

1965, p. 165).

(2) If the data w ere  c o r r e c t , "the upper s ta b ility  l im it  o f  

p y rop h y llite  ought to tr a n s g r e s s  the f ie ld  of s ta b ility  of 

s ill im a n ite  in  a r e la t iv e ly  la r g e  range o f p r e s s u r e  betw een  

4-11 K bars" (ib id. p. 165).

T he w ork o f K hitarov et a l . , (1963) h as b een  a lso  c r i t ic iz e d  

by H olm  and K leppa (1966) on the b a s is  that K h ita ro v 's  k yan ite -  

s illim a n ite  cu rve  has a too low  a s lo p e  to be c o n s is te n t  w ith  C la rk 's  

(1861) data and w ith the C la u s iu s-C la p ey r o n  r e la t io n  and h is  

s ill im a n ite -  a n d a lu s ite -m u llite -  quartz n o n -varian t point i s  co m p le te ly  

0ut of lin e  in  v iew  of H olm  and K lep p a's  (1966) data.

It i s  w orth n o tic in g  that in the ex p er im en ta l d eterm in ation  of
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the alum inium  s il ic a te  ph ase d iagram , the a n d a lu site -k y a n ite  boundary  

i s  in  m o st c a s e s  a ten ta tive  attem pt. T hus, B e ll  (1963) did not g ive  

any P -T  data on the an d a lu site -k y a n ite  eq u ilib riu m  and K hitarov  

et a l . , (1963) w ere  unable to d eterm in e  the boundary b etw een  the  

two polym orp h s. H ow ever, W eill (1963) show ed that a c a re fu lly  

w eighed  an d alu site  c r y s ta l se a le d  w ith 30 m g. kyanite and 50 m g. 

d is tille d  w ater  and subj ec ted  to 3 K bar at 700°C  gained  3. 2% w eight. 

On th is  ev id en ce , W eill (ibid. p. 946) " b e lie v e s  th is  i s  to be the  

f ir s t  unam biguous d em on stra tion  of the la b o ra to ry  sy n th e s is  of 

an d alu site . "

F o r  the p o sitio n  of the in varian t tr ip le  point b etw een  kyan ite, 

and alusite  and s ill im a n ite , the fo llow in g  v a lu e s  a re  quoted (se e  

a lso  F ig . 19): -

B ased  on p e tr o lo g ic a l (+ ex p erim en ta l) data*-

H ietanen (1956) about 400°C

Sch u ilin g  (1957) 540°C 3. 4 K bar

Sob olev  (1960) 550°C 13 K bar (ten tative)

Schu iling  (1962) 550°C 7. 5 K bar

W inkler (1965) 570°C 7. 5 K bar

W inkler (1967) 595^ 10°C 6. 5 t  0. 5 K bar

on ex p er im en ta l w ork :-

C lark  et al. (1957) 275°C 8. 2 K bar (tentative)

B e ll  (1963) 300 + 50°C 8 - 0. 5 K bar

K hitarov et a l. (1963) 390°C 9 K bar
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B a se d  on th erm o d y n a m ics  and th erm o ch em ica l data:-

W aldbaum  (1965) 340°C 8. 7 K bar

W eill (1966) 410°C 2. 4 K bar

H olm  and K leppa (1966) 477°C 5. 9 K bar

F y fe  (1967) 4 3 0 -4 7 0 °C 2 .1 -2 . 8 K bar

K arpov (1967) 528°C 7. 25 K bar

A part fro m  th ese  c r i t ic i s m s  and d is c r e p a n c ie s  in  the  

d eterm in ation  of the ph ase  r e la tio n  b etw een  a lum inium  s il ic a te  

polym orp h s, the ap p lica tion  of the ex p er im en ta l ph ase d iagram  to  

natural o c c u r r e n c e s  i s  open to o th er  c r it ic is m s :  -

(1) N atural sy s te m  has not yet b een  c lo s e ly  s im u la ted  in  the 

la b o ra to ry  (P itc h e r , 1965). A cco rd in g  to G reen  (1963), the  

m ain  a sp e c ts  o f th is  d is s im ila r ity  a re  that the ex p er im en ta l 

sy s te m  is  sa tu ra ted  with w ater  and is  not sa tu ra ted  with  

oth er  m in e r a ls  o f natural a s se m b la g e s . Indeed, the h ost of 

im p u r itie s  found in  natural ro ck s  r e la t iv e  to the a lum inium  

s i l ic a te s  are  bound to a ffec t th e ir  sta b ility .

(2) A ccord in g  to C hinner (1966), the ap p lica tion  of the alum inium  

s i l ic a te  ph ase d iagram  to g eo th erm o m etry  depends fo r  it s  

v a lid ity  on the two a ssu m p tio n s  that the natural o c c u r r e n c e s  

r e f le c t  eq u ilib r iu m  under P -T  con d ition s of c r y s ta ll isa t io n  

and that p r e s s u r e  and tem p era tu re  w ere  the so le  ex tern a l 

c o n tro ls .

(3) R ates o f n u clea tion  and grow th are  a s im portant fa c to r s  a s  

tem p era tu re  and p r e ss u r e  (c. f. R ast, 1965; Rutland, 1965).

(4) T h ere  i s  the p o s s ib il ity  that the a lum inium  s i l ic a te  p o lym orp h s



Fig» 19

Kyanite-andnlusite-sillimanite triple point.
Petrological : (l) Schuiling 1957; (2 ) Sobolev 1960; (3) 
Schuiling 1962; (4) Winkler 1965; (5) Winkler 1967; 
Experimental : (6) Clark et al 1957; (7) Bell 1963; (8) 
Khitnrov et al 1963; Thermodynamic data: (9) Waldbaum 
1965; (10) Weill 1966; (il) Holm and Kleppa 1966; (12) 
Fyfe 1967; (13) Karpov 1967. Position of facies 
boundaries after Winkler 1967.
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a re  not the pure A120 3 + S i0 2 (c. f. Jacob , 1937, 1940, 1941; 

H en riq u es, 1957; P e a r so n  and Shaw, 1960). R ich ard son  

et al. , (1965) s ta te s  that (p. 248) "The p o s s ib il ity  of 

form ation  of hydrous kyanite m u st be ca re fu lly  check ed  

b efo re  d efin itive  s ta tem en ts  on p r e s s u r e s  in k y a n ite -  

b earin g  a sse m b la g e s  can  be m ade. "

The above m entioned  fa c to r s  m ay account for  the fact that 

the r e s u lt s  o f the ex p er im en ts  extend  beyond the l im it s  rea so n a b ly  

accep ted  in  reg io n a l m e ta m o rp h ism , e. g. the unnatural high p r e ssu r e  

req u ired  for  the sy n th es is  o f kyan ite , 10 K bar at 500°C , would  

co rresp o n d  to a depth in the cru st o f 35 Km.



PART THREE

THE ALUMINIUM SILICATES-BEARING  ROCKS IN THE 

CONTACT AUREOLES OF COUNTY DONEGAL GRANITES
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INTRODUCTION

The w ide v a r ia tio n  in  the m ode o f em p lacem en t of the 

G ran ites in  Co. D onegal, E ir e , and the con tact m eta m o rp h ism  

a sso c ia te d  w ith  th em  p rovid e an e x c e lle n t  s itu a tion  to study the  

fa c to rs  in vo lved  in  the develop m en t o f the d ifferen t fo r m s of 

alum inium  s i l ic a te s  in  the G ran ites' a u r e o le s  n am ely , an d a lu site , 

kyanite, s illim a n ite  and fib ro lite  (F ig s . 20, 21). The G ra n ites  are  

a ll o f the h ig h -le v e l type and th e ir  in tru sio n  can be a scr ib e d  to a 

la te  ep iso d e  in  the C aledonian  dram a (R ead, 1961). T hey are  

intruded in  an ep izon a l a sse m b la g e  of fo ld ed  sed im en ta ry  ro ck s  

and b a s ic  s i l l s  o f D alrad ian  age (P itc h e r  and R ead, 1963).

P a r t T h ree  o f the p r e se n t th e s is  d ea ls  w ith the a lum inium  

s i l ic a te s  b ear in g  ro ck s  o ccu rr in g  in  the a u r e o le s  o f 5 D onegal 

G ran ites, n am ely , the w e ste r n  Fanad grariod iorite  a u reo le , the  

au reo le  and e n c la v e s  o f T h orr gra n o d io r ite , the B a rn esm o re  

gran ite  a u reo le , the north ern  au reo le  o f the A rd ara  pluton and the 

au reo le  o f the M ain D onegal gran ite . T h is  part i s  d ivided in  two  

ch ap ters. T he f ir s t  ch ap ter  d ea ls  w ith the p e tro lo g y  of th ese  r o ck s , 

th e ir  sp a tia l arran gem en t in  r e la t io n  to the g ra n ite s  a s  w e ll a s  the  

tex tu ra l c h a r a c te r is t ic s  o f the a lum in iu m  s i l ic a te  m in e r a ls . In the  

£ ccond ch a p ter , the r e s u lt s  o f the ch e m ic a l and m odal a n a ly se s  

are p resen ted , fo llow ed  by the d is c u s s io n  and in terp re ta tio n s  o f  

th ese  r e s u lt s .



F ig . 20

Geological sketch map of Donegal showing the distribution of 
7 granite bodies (After Pitcher and Read 1963).

(l) Thorr Granodiorite (2) Fanad granodiorite
(3) Ardara Granodiorite (4) Main Donegal Granite
(5) BarneBmore Granite (6) Rosses Granite
(7) Trawenagh Bay Granite.
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(After Pitcher and Head 1963).
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CH APTER ONE 

PETROLOGY

I. THE W ESTERN FANAD GRANODIORITE AUREOLE

The geo lo g y  of the Fanad G ran od iorite  co m p lex  i s  g iven  by 

H ull et al. , (1891), that of the R o sg u ill a rea  b y K n ill and K n ill, (1961) 

and a d eta iled  study o f the contact in  the w estern  Fanad by P itc h e r  

and R ead (1963).

The e ffec t of con tact m eta m o rp h isp iis  stud ied  in  a p e lit ic  

h orizon  str ik in g  northw ards into the G ranite con tact. In the reg io n a l 

p a rts , the rock  i s  a fine gra in ed  q u a r tz -c h lo r ite -m u sc o v ite -g a r n e t  

sc h is t . W ith in c r ea s in g  m eta m o rp h ism , it d ev e lop s into a c o a r se  

b io t ite -r ic h  h o rn fe ls  w ith  p o rp h yrob lasts  o f an d alu site  and m ic a -  

c o rd ier ite  knots.

The reg io n a l r o ck s  are ev en ly  dipping and the s c h is to s ity  

i s  p u ck ered  in  the s tr ik e  d irectio n . With advancing m eta m o rp h ism , 

th is  un iform  stru ctu re  i s  o b litera ted  in  the h o r n fe ls e s  by the  

developm ent of a w inding h etero g en eo u s s tru c tu re . A ccord in g  to  

P itc h e r  and R ead (1963), the a u reo le  r e p r e se n ts  a m etam orp h ic  and 

rtietasom atic s ta tic  r e c r y s ta ll isa t io n  w hich is  a s so c ia te d  w ith the 

R eactive em p lacem en t of the Fanad G ran od iorite .

To fo llow  is  an outline of the m in era l d escr ip tio n  and 

reco n stitu tio n  in  the au reo le  a s  se e n  in the ro ck s  o f the p re se n t study. 

P or the m odal am ounts of th e se  m in e r a ls , r e fe r  to T able 51.

Q uartz i s  fine gra in ed  in  the reg io n a l r o ck s. W ith in c r ea se d  

ttietam orp h ism , it c o a r se n s  and s e g r e g a te s  a long the old  s c h is to s ity
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and along the new  s tra in  s lip  c lea v a g e .

F e ld sp a r : P la g io c la s e  grad u ally  e n te r s  the gran u lo se  

ro ck s. It i s  m a in ly  of an d esin e  com p osition .

Iron ore: In the reg io n a l r o c k s , it  fo r m s elon gated  g ra in s  

ly in g  w ith in  the s c h is to s ity . In h igh ly  m etam orp h osed  r o ck s , such  

align m ent i s  s t i l l  p r e se r v e d  in  the spongy an d alu site .

C h lo r ite -B io tite : In the reg io n a l and le a s t  m etam orp h osed

s c h is t s ,  c h lo r ite  o c c u r s  as g reen  knots that so m e tim e s  contain  

g a rn ets , as r im s  around g a rn ets , a s  w e ll a s  p a le  g reen  fla k es  

form ed  a fter  b io tite  in  the grou n d m ass. At about 1500 y a rd s  from  

the con tact w ith the G ran ite, the f ir s t  s ig n s  o f b io tite  rep la c in g  

c h lo r ite  appear. W ith in c r e a se d  m eta m o rp h ism , the ch lo r ite  knots 

and r im s  and that in  the grou n d m ass are  r ep la ced  by b io tite . The 

b io tite  f la k es  u su a lly  l ie  w ith in  the s c h is to s ity  but so m e tim e s  cut 

a c r o s s  it. In the c o a r se  h o rn fe ls , the knots c o n s is t  of deep brown  

b iotite  and m u sco v ite  f la k es . Spongy c r y s ta ls  o f an d alu site  m ay  

accom pany the knots and in h igh ly  a ltered  r o ck s, th ey  contain  

c o r d ie r ite . The o v e r a ll change in  b io tite  w ith in c r e a s in g  

m etam orp h ism  is  the d eepen ing of it s  brow n co lo u r  a s  w e ll a s  an 

in c r e a se  in  s iz e  ra th er  than in am ount. In the 22 sp e c im en s  an a lysed , 

the m od al am ount of b io tite  flu ctu a tes  b etw een  14. 8 - 40. 9 w ith  no 

gen era l tren d  a s  the gran ite  con tact i s  approached.

C h lor ite  rea p p ea rs  a s  a re tro g ra d e  m in er a l in the h o r n fe ls e s ,  

© sp ecia lly  when fib ro lite  and sh im m ered  an d alu site  are  p resen t.

M u scov ite  i s  dom inant in  the reg io n a l r o c k s  but sh ow s a 

g en era l d im inution  w ith in c r e a se d  m eta m o rp h ism . The m odal am ount 

° f  m u sco v ite  show s a gradual d e c r e a se  from  3 6 . 1 - 2 .  8% as the
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con tact i s  approached (from  sp ec im en  4 to 22 in  F ig . 22).

G arnet o c c u r s  in  the reg io n a l r o c k s  a s  k e r n e ls  in  the  

ch lo r ite  knots a s  w e ll a s  b ig  p o rp h yrob lasts  (so m e tim e s  up to  

5m m . a c r o s s )  w hich are ch lo r ite  r im m ed . T h ese  g a rn ets  contain  

tr a i ls  of in c lu s io n s  se t at vary in g  a n g les  to  the sc h is to s ity .  

S o m etim es, th ey  are  s ie v e d  with quartz in c lu s io n s . W ith advancing  

m eta m o rp h ism , th e se  g a rn ets  s ta r t to d isap p ear and sm a ll  

p e r fe c tly  id iom orp h ic  fr e sh  look ing  pink ga rn ets  reap p ear in  the 

now b io tite  knots (PI. la ). T h ese  are c o n sid ered  a s  reg en era ted  new  

ga rn ets  and are so m e tim e s  a s so c ia te d  w ith rem n an ts o f the 

reg io n a l ga rn ets  (c. f. A therton and E dm unds, 1966). F req u en tly , 

garnet o c c u r s  a s  in c lu s io n s  in an d alu site .

A n d alu site  ap p ears f ir s t  a s  th in  s len d e r  c r y s ta ls  w hich  

grad u ally  in c r e a se  in  s iz e . Sm all su b id iom orp h ic c r y s ta ls  o ccu r  

in  the grou n d m ass at about 1100 y a rd s from  the G ranite contact.

M ost o f th ese  a n d a lu site s  have square o u tlin es . O blong c r y s ta ls  

s e t  at d ifferen t a n g le s  o r  a c r o s s  the fo lia tio n  a lso  o ccu r . The  

an d alu site  c le a r ly  o v erp rin ts  the grou n d m ass p r e se r v in g  its  

s c h is to se  stru ctu re  as in d icated  by the p a r a lle l a lign m ent o f m ica  

and elon gated  g ra in s  of iro n  o re .

At about 1050 y a rd s  fro m  the G ranite con tact, the and alusite  

d ev elop s a s la r g e  spongy c r y s ta ls  ly in g  w ith in  the s c h is to s ity  along  

the b io t ite -m u sc o v ite  bands. The an d alu site  h ere  c le a r ly  r e p la c e s  

p a rts  of the m ica  bands (PI. lb ). The ed g es  o f the an d alu site  are  

in  m any c a s e s  il l-d e f in e d  and the grou n d m ass m ic a  a re  see n  to p a ss  

im p ercep tib ly  into an d a lu site . Id iom orphic b a sa l s e c t io n s  o f  

and alusite  are  p resen t but infrequent. So far , no and alusite  is  

n oticed  in the b io tite  knots.
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At about 1000 y a rd s  from  the G ranite con tact, and alusite  

ap p ears in  the b io tite  knots, so m e tim e s  contain ing garnet as  

in c lu s io n s  (PI. lc ) . W ith in c r e a se d  m eta m o rp h ism  and the 

d evelopm ent o f the h o r n fe ls ic  tex tu re , an d a lu site  i s  p resen t  

throughout the rock . P ink  p leo ch ro ic  id iom orp h ic  to sub id iom orp h ic  

c r y s ta ls  are s e e n  to g e th er  w ith the spongy type.

A n d alu site  is  so m e tim e s  a ltered  to sh im m er  a g g reg a tes . 

N ea rer  to the con tact, it  i s  p a rtly  rep la ced  w ith  c o a r se  s ill im a n ite .

F ib r o lite  i s  w e ll d evelop ed  at about 450 y a rd s  from  the 

gran ite  contact although it s ta r ts  a few  y a rd s  fu rth er  aw ay a s  

o c ca s io n a l v e r y  m inute w isp s  a s so c ia te d  w ith b io tite . F ib r o lite  

o c cu rs  com m on ly  a s  m ean d erin g  bundles rep la c in g  the brow n b io tite . 

In c a s e s  w here rep la cem en t i s  in co m p lete , the b io tite  b eco m es  

y e llo w  and p a ler  in co lou r . S o m etim e s , f ib ro lite  a g g reg a tes  form  

oblong m a s s e s  w ith in c lu s io n s  of iro n  ox id e e lon gated  in one 

d irectio n  p a r a lle l to  the f ib ro lite  e lon gation  (PI. Id). The fib ro lite  

in th ese  m a s s e s  is  m in g led  w ith or  c o a rsen ed  to s len d er  

s illim a n ite  p r is m s .

F ib r o lite  so m e tim e s  fo llo w s the grain  b ou n d aries of the 

P r e -e x is t in g  m in e r a ls  in clu d in g  a n d a lu site . In the la tte r  c a se ,  

th ere  i s  no d irec t r e la t io n  b etw een  the f ib ro lite  and the an d alu site  

e xcep t a p u re ly  m ech a n ica l one. H ow ever, in v e r y  few  c a s e s ,  

sm a ll p a tch es  a s  w e ll a s  n e e d le s  o f f ib ro lite  are se e n  as  in c lu s io n s  

in an d alu site  (PI. le , f, 2a)

S illim an ite: W ithin the f ir s t  250 y a rd s  of f ib ro lite  o c cu rr e n c e , 

c o a rse  s illim a n ite  c r y s  ta ls  are  not seen . The f ir s t  d evelopm ent 

° f  s illim a n ite  i s  see n  at about 230 y a rd s fro m  the gran ite  contact 

w here it o c c u r s  a s  s len d e r  p r is m s  m in g led  with f ib ro lite  (PI. 2b).
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F ew  y a rd s  n e a r er  to the con tact, stout p r is m s  o f s illim a n ite  

p artly  rep la ce  an d alu site  (PI. 2c). A lso , it so m e tim e s  d ev e lop s  

in the grou n d m ass independently  from  an d a lu site . In a g reem en t w ith  

P itc h e r  and R ead (1963), the c o a r se  s illim a n ite  i s  the la te r  and 

the m ore  stab le  form .

P o ta sh  fe ld sp a r  f ir s t  ap p ears in  ro ck s at about 600 yard s  

from  the gran ite  contact. Its d istr ib u tion  is  sp orad ic  and o c cu rs  

as w e ll d evelop ed  c r y s ta ls  or  e ls e  m ix ed  with p la g io c la se  in a 

p e tth itic  tex tu re .



Geological sketch map of Fanad Aureole showing the 
localities of the specimens used in  analysis. 

(Geology after Pitcher and Head 1963)
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IL THE AUREOLE AND ENCLAVES OF THORR
GRANODIORITE

The T h orr G ranodiorite  has been  stud ied  by H ull et al. ,

(1891); W hitten (1955); P itch er  (1953); Gindy (1953); R ickard

(1957); M ercy  (1960); and P itc h e r  and R ead (1963). It i s  s itu ated  

in the n orth w est o f County D onegal and c o n s is t s  o f c o a r se -g r a in e d  

gran od iorite  w hich sh ow s co n sid era b le  lo c a l and reg io n a l v a r ia tio n . 

Y et, the w hole g ra n itic  m a ss  fo r m s one great flu x ion al unit 

(P itch er  and R ead, 1963).

The gran ite  i s  em p laced  in  a group of p e lit e s  and s e m i-  

p e lite s  ly in g  beneath  the th ick  m a s s iv e  A rd s Q u artzite  (ib id). The 

p e lite s  ou tsid e  the gran ite  a u reo le  c o n s is t  of f in e -g r a in e d  c h lo r ite -  

m u sco v ite  s c h is t s  w ith ch lo r ite  knots. The em p lacem en t of the 

gran ite  w as through stro n g  r ea c tio n s  w ith it s  en velop e . It con ta in s  

innum erable r e l ic t  m a s s e s  of the country  ro ck s  and ra fts  w hich  

p r e se r v e  a r e l ic t  ghost stra tig ra p h y  and are  abundant in the m a rg in a l 

zone.

In the p r e se n t study, m etam orp h ic  p e lit e s  have been  exam in ed  

m  th ree  a r e a s , n a m ely :-

^ The an d alu site  s c h is t  south o f G ortahork.

2* The s ill im a n ite  h o rn fe ls  o f A rdveen .

3* The s illim a n ite  h o rn fe ls  o f Lough A gher.

The an d alu site  s c h is t  south of G ortahork c o n s is t s  of quartz, 

P la g io c la se , brow n b io tite , m u sc o v ite , iro n  ox id e , ch lo r ite  and 

an d alu site . K nots of b io tite  are  frequent and the h ost s c h is to s ity  

sw eep s around th ese  knots. The an d alu site  o c c u r s  a s  la rg e
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p o rp h y ro b la sts  o v erp rin tin g  the grou n d m ass and in corp ora tin g  

m uch o f i t s  m a te r ia ls  a s  in c lu s io n s . It m a in ly  r e p la c e s  p a rts  of 

the m ic a  bands (PI. 2d). T r a ils  o f e lon gated  g ra in s  of iro n  oxide  

are se e n  to p a ss  un disturbed  from  the grou n d m ass into the  

an d a lu site . The an d alu site  i s  c le a r ly  of s ta tic  grow th and is  s im ila r  

to that o f the Fanad G ranite a u reo le  d e scr ib ed  e a r lie r .

In the p e lit ic  e n c la v e s  o f A rd veen  and Lough A gh er , 

s illim a n ite  and fib ro lite  are abundant. The rock  has a h o r n fe ls ic  

tex tu re  and c o n s is t s  of qu artz, p la g io c la se , deep brow n b io tite , 

m u sc o v ite , f ib ro lite , s il l im a n ite , iro n  ox id e and w ith o r  w ithout 

garnet a s  w e ll a s  p otash  fe ld sp a r . L ate c h lo r ite  is  s e e n  in  som e  

thin s e c t io n s .

F ib r o lite  r e p la c e s  the b io tite  and fo r m s  the u su a l v e in - lik e  

winding through the rock . It a lso  o c c u r s  a s  sm a ll iso la te d  p a tch es  

as w e ll as ind iv idu al w isp s . T h ese  p a tch es  are  so m e tim e s  inclu ded  

in s ill im a n ite  (PI. 2e). F ib r o lite  a lso  fr in g e s  the p r e -e x is t in g  

n iin e ra ls  inclu ding s ill im a n ite .

S illim a n ite  o c c u r s  a s s len d e r  p r is m s  c o a rsen ed  from  

fib ro lite  a s  w e ll as e lon gated  d en se ly -p a ck ed  robust p r is m s  (PI. 2f). 

iso la te d  ind ividual p r is m s  are so m e tim e s  se e n  rep la c in g  the

b io tite .

In co n c lu sio n , the s c h is t s  and h o r n fe ls e s  o f the T horr  

G ranodiorite  d is tr ic t  a re  c h a r a c te r ise d  by an d a lu site , s illim a n ite  

and fib r o lite . C r y s ta llisa t io n  of an d alu site  w as s ta tic  and took  

Place la te r  than the s tr u c tu r e s  induced by the em p lacem en t of the  

gran itic  r o ck s . S illim a n ite  and fib ro lite  a re  abundant in the 

h o r n fe lse s  of the p e lit ic  e n c la v e s . F ib r o lite  s e e m s  to have sta rted  

to grow  e a r l ie r  than s ill im a n ite  and continued to grow  a fter  the



d evelop m en t of s ill im a n ite . The e a r ly  f ib ro lite  i s  r ep re sen ted  

by in c lu s io n s  in s illim a n ite  a s  w e ll a s  the m a ts  fro m  w hich s len d er  

s illim a n ite  p r is m s  develop . The la te  f ib ro lite  i s  r ep re sen ted  by 

the fr in g e s  fo llow in g  the bou n d aries of s illim a n ite  robust c r y s ta ls .
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III. THE BARNESMORE GRANITE AUREOLE

The B a rn esm o re  gran ite  and its  au reo le  have been stud ied  by- 

W alker and L eed a l ( .954), Sm art (1962), P itch er  and R ead (1963).

The gran ite  is  an oval shaped iso la te d  piuton, about 20 square m ile s  
in ex ten t. It is  em p laced  into s te e p ly  dipping m eta g rey w a ck es  c o n s ist in g  

of q u a rtzo -fd sp a th ic  gran u lite  with in terca la tio n s  o f c o a r se  
o lig o c la s e -m u s c o v ite -b io t ite  p e lit ic  s c h is t s .  The con tacts  are  sharp  

and have an outward dipping.

The em p la cem en t of the piuton h as no s tr u c tu ra l e ffe c t  on its  
e n v e lo p e , hen ce W alker and L eed a l (1954) en v isa g ed  a m ech a n ism  of 
s im p le  cauldron su b sid en ce  to be in vo lved  in the gran ite  em p la cem en t. 
The m etam orp h ic  au reo le  is  r e la t iv e ly  narrow  and the th erm a l e ffe c ts  
are  lim ited  (100-200 y a r d s). The contact m eta m o rp h ism  is  w e ll shown  
by the in terca la ted  m ic a - s c h is t s  w hich produce tru e p e iit ic  h o r n fe lse s  
in a narrow  m a rg in a l zo n e , few  y a rd s in w idth , at the gran ite  con tact. 
The gran u lite  bands a s so c ia te d  with the p e lit ic  h o r n fe ls e s  are

co a rsen ed  and th e ir  fe ld sp a r  b eco m es  con sp icu o u s.

In the p r e se n t stu d y , only the bands o f m ic a  s c h is t s  and the 
P elitic  h o r n fe ls e s  are  co n sid ered .

The r'egional m ic a - s c h is t s  c o n s is t  of q u a rtz , fe ld sp a r , b io t ite , 
M u sco v ite , c h lo r ite , apatite and iron  o re . F e ld sp a r  is  m ain ly  
° l ig o c la s e . It i s  so m e tim e s  in tergrow n  with b io tite . B io tite  i s  of a 
g reen ish  co lou r  and is  u su a lly  a lign ed  along the fo lia tio n . It is  not 
as abundant as m u sco v ite  and is  so m e tim e s  p artly  a ltered  to c h lo r ite , 

^ P atite  i s  a com m on a c c e s s o r y  m in er a l.

P e lit ic  s c h is t s  in the ou ter part of the a u reo le  do not show  great  
^ in e r a lo g ic a l  ch an ges from  th ose  of the r eg io n a l ro ck s. The only  
ev idence o f th erm a l e ffec t is  the d evelop m en t o f ir r e g u la r  sm a ll  

and aiu site  c r y s ta ls .  O lig o c la se  is  s t i l l  p r e se r v e d  and is  only
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r e c r y s ta l l is e d , B io tite  r e ta in s  it s  o r ig in a l g r ee n ish  co lou r .

T rue p e lit ic  h o r n fe ls e sa r e  r e s tr ic te d  to the narrow  in n erm o st  
zone of the a u reo le . H e r e , the ro ck s are c h a r a c te r ise d  by 
con sp icu ou s la rg e  an d alu site  w hich o ccu rs  as spongy p orp h yrob lasts  
as w e ll as s m a ll id io b la stic  c r y s ta ls .  P le o c h r o ism  is  so m e tim e s  in  
p atch es from  c o lo u r le s s  to pink. V ariou s d e g r e e s  of a ltera tio n  o f  
an d alu site  to sh im m er  a g g reg a tes  are  s e e n . S o m etim es  the 
a ltera tio n  p ro d u cts  c o a rse n  to m u sc o v ite . A ccord in g  to  Sm art (1962, 
p. 5 9 ), the two fo rm s of an d alu site  p o ss ib ly  " reco rd itw o  p h a ses  of 
contact m etam orp h ism  such as m ay have r e su lted  from  the two p h a ses  
of in tru sion  : the x en o b ia stic  form  m ay have grow n under the 
in flu en ce o f a secon d  w ave o f h eat from  the sh e e t co m p lex . "

B io tite  i s  g reen ish  to g reen ish -b ro w n  in co lo u r . A ltera tio n  to  
ch lo r ite  i s  v e ry  com m on. T ogeth er with m u s c o v ite , it  fo rm s a 
h o r n fe ls ic  tex tu re . O lig o c la se  o c cu rs  as r e c r y s ta l l is e d  granular  
ag g r e g a te s , c o r d ie r ite  as ir r e g u la r  h exagon al and e lon gated  gra in s  
co m p lete ly  a ltered  to m ica . F ib r o lite  i s  sp o ra d ic  and not com m on , 
it  r e p la c e s  the m ic a  both in the ground m ass a s  w e ll as in the and alusite  
c r y s ta ls . S o m e tim e s , fib ro lite  fr in g e s  the an d a lu site . M icro c lin e  
an<3 o r th o c la se  so m e tim e s  form  the m ain  fe ld sp a r  o f the rock .

In c o n c lu s io n , the B a rn esm o re  a u reo le  i s  s ta t ic . Its?narrow  
extent is  a r e su lt  o f the quick ly  co o led  lo w -tem p era tu re  B a rn esm o re

granite.
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IV. THE NORTHERN AUREOLE OF ARDARA PLUTO N

A. Introduction  and S yn op sis o f P r e v io u s  W ork

The A rd ara  pluton, i t s  a u reo le  and the surrounding country- 

ro ck s have b een  stu d ied  in d eta il by the G eo lo g ica l Survey of Irelan d  

(1891), M iithal (1952), Akaad (1954, 1956a, 1956b), P itc h e r  and Sinha

(1958), P itc h e r  and R ead (1963) and Jon es and G alw ey (1964).

The gran ite  pluton of A rd ara  (about 5 m ile s  in  d iam eter) i s  a 

co m p o site  c ir c u la r  body c o n s is t in g  of a gran od iorite  co re  surrounded  

by a r e la t iv e ly  narrow , h igh ly  fo lia ted  b io tite  hornblende to n a lite .

The fo lia tio n  i s  p a r a lle l to the m a rg in  of the pluton.

The pluton w as em p laced  by two u p w ellin gs of m agm a and grew  

d ia p ir ica lly  by e x er tio n  o f p r e ss u r e  outw ard on the country ro ck s.

The intruded n orth ern  country ro ck s are  the R osb eg  s e m i-p e l i t e s  and 

the C loon ey  p e lit e s . A ccord in g  to Akaad (1956b), the contact e ffe c ts  

extend to a d ista n ce  o f o v e r  one m ile  and the n orth ern  part o f the 

au reo le  carl be d ivided  in the fo llow in g  z o n e s :-

The o u term o st part of the au reo le  w h ere b io tite  ap p ears in  the 

reg io n a l m u sc o v ite -c h lo r ite  p h y llo n ites  to rep la ce  the ch lo r ite  

p seu d om orp h s a fter  garn et. Q uartz a lso  c o a r se n s .

2- The in n er a u reo le  w hich i s  fu rth er  d ivided  into: -

(a) O uter an d alu site  zone, 220 -2 5 0  y a rd s  w ide, w ith sta u ro lite .

(b) Inner s illim a n ite  zon e, 120-140 y a rd s  w ide, w ith garn et,

A c o r d ie r ite  su b -zo n e  of the s illim a n ite  zone at the  

im m ed ia te  con tact w ith  the gran ite  i s  r eco g n ized .
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A ccord in g  to Akaad (ib id ), an d alu site  r e su lted  from  two 

p h a ses  o f c r y s ta llisa t io n  re la ted  to the two p h a ses  of in tru sion  o f the 

d iap ir . T h is is  show n by the fact that so m e a n d a lu sites  have  

p leo ch ro ic  c o r e s  surrounded by m a n tles  of p o ik ilit ic  c h ia s to lite  with  
tra in s  o f in c lu s io n s  p a r a lle l to the s c h is to s ity  of the grou n d m ass.

He fu rther thought that the co re  has rotated  p r io r  to the d ep osition  of 
the m an tle .

In the an d alu site  h o r n fe ls e s , Akaad g iv e s  the seq u en ce  o f m in era l  

develop m en t a s  s ta u ro lite  and g a rn e t, fo llow ed  by two sep a ra te  p h a ses  

of an d alu site  develop m en t which in turn is  fo llow ed  by f ib ro lite  and 
fin a lly  m u sc o v ite . "The s ill im a n ite  h o rn fe ls  is  e n tir e ly  devoid  of 
and alusite  but along the outer boundary o f the s ill im a n ite  z o n e , they  
g en era lly  contain  psaudom orphs of fib ro lite  a fter  ch ia s to lite  and 
andalusite"  (ib id , p. 387).

On the other hand, P itch er  and R ead (1963), d istin g u ish ed  two 
n iod es o f o ccu rr e n c e  of an d a lu site . The f ir s t  i s  in the outer part o f  
^he an d alu site  zon e . It o ccu rs  as au gen-knots w ithin the a x ia l plane  

s c h is to s ity  which in d e ta il can be see n  to be a s tr a in -s l ip .  T h ere  are  
naany c a s e s  w here th is  pattern  in s id e  the an d alu site  unit i s  d iscord an t  
to that ou tsid e  the unit. The secon d  type of an d alu site  is  in the inn er  
Part o f the an d alu site  zon e. A n d alu site  i s  id io m o rp h ic , lack in g the 
stra in  s lip  arran gem en t and ly in g  in a fin er  g rou n d m ass. It is  
P leoch ro ic  w ith t r a i l - f r e e  c o r e s .  The authors (ibid) a g ree  with Akaad 
°n the two s ta g e s  of an d alu site  grow th but do not con firm  A kaad's  
in c l u s i o n  that the co re  has rotated  b efore  the d ep osition  of the m antle  

a round it .

P itch er  and R ead (1963) m ade the fo llow in g  com m ents: -

A n d alu site  can be a ssu m ed  to be of s lig h tly  la ter  growth than 

s ta u r o lite , but "both are a u reo le  m in e r a ls  grow ing togeth er  under  

v e ry  s im ila r  con d ition s. They do not r eco rd  two sep a ra te
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m etam orp h ic  ep iso d e s  or g rea t d ifferen ce  in  p h y sica l  
c o n tr o ls . ” (p. 282).

2. The bulk of s ill im a n ite  and f ib ro lite  d oes not form  d ir e c tly  from  
a n d a lu site , and the two m in e r a ls  are o f independent grow th.

In th e ir  c o n c lu s io n , the authors (ibid) point out that in the 
in n erm o st part o f the a u r e o le , c r y s ta ll isa t io n  o u tla sted  the d eform ation  
cau sed  by the g ra n ite . T hey are  s c e p t ic a l about A kaad’s two d istin ct  
s ta g e s  in the th erm a l p r o c e s s  and s ta te  that "the e s s e n t ia l  unity of 
the s tru c tu ra l p attern  in the a u reo le  show s that only one even t is  
in v o lv ed , the h igh er  tem p era tu res  o f the in n erm o st a u reo le  p erm ittin g  
the dom inance of c r y s ta ll isa t io n  o v er  th ose  of deform ation"  (p. 283).

The p e tr o c h e m is try  o f the C leen g o rt p e lit ic  s c h is t  h orizon  both  

within and o u tsid e  the con tact a u reo le  o f A rd ara  h as been  sy m m e tr ic a lly  
stud ied  in d e ta il by P itch er  and Sinha (1958). In th e ir  m ethod of

sa m p lin g , the two authors (ibid) ch o se  e ight lin e s  of tr a v e r s e  n orm al 
to the s tr ik e  and spanning the outcrop of the C leen g o rt s c h is t .  F iv e  
rectan gu lar  sa m p lin g  a r ea s  w ere  m arked  out a c r o s s  each  tr a v e r s e .

In the r eg io n a l ro ck s  ou tsid e  the in flu en ce  of the a u r e o le , the 
°n ly  s ig n ifica n t v a r ia tio n  is  exh ib ited  by m a g n esiu m  "in w hich a 
s lig h t d e c r e a se  is  fo llow ed  by a rapid  and p r o g r e s s iv e  in c r e a s e  in  
the d irectio n  o f the lim esto n e"  (ib id . p ,401).

In sid e  the a u r e o le , C leen g o rt p e lite s  show ed lit t le  or no change  
acr o s s  the outcrop  for  the e le m e n ts  s i l ic o n , a lu m in iu m , to ta l iro n , 
Phosphorus and m a n g a n ese . On the o th er hand, "m agnesium  
Continued to  vary  sy s te m a t ic a lly  and a lm o st in the sa m e m anner in 
the s e v e r a l  tr a v e r se s"  (ib id , p .4 0 2 ) . The ra te  o f change is  so  n ea r ly  
id en tica l to that ou tsid e  the a u reo le  that th ere  cannot have been  
s ign ifican t m ig ra tio n  o f m a g n esiu m  in the a u reo le  r o ck s . The sa m e  
aPpiies to titan iu m  for w hich p r o g r e s s iv e  ch an ges w ere  n oticed  in 
h°th reg io n a l and a u reo le  s c h is t s .  C a lc iu m  show ed no s ig n ifica n t
differences.
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P o ta ss iu m  v a lu es  are  som ew h at h igh er  than th o se  in the 
reg io n a l s c h is t s  but th ere is  a g en era l lack  of co n tra st betw een  
p o ta ssiu m  v a lu es  of the two en v iro n m en ts. Sodium  sh ow s a 
co n sid era b le  u n iform ity  although r e la t iv e ly  high v a lu es  do so m e tim e s  
o ccu r . T h ese  rep re sen t s m a ll add itions of sod iu m  at the im m ed ia te  
con tacts  of the A rd ara  pluton. V alu es of H2 O + 110° a r e ,  not

u n ex p ected ly , low er in the h o r n fe lse .

P itch er  and Sinha (1958) show ed that the high m a g n es ia  ro ck s  

run in a zone adjacent to the Portn oo lim e s to n e . In both the reg io n a l  
&nd the au reo le  r o c k s , the poin ts show ing an abrupt in c r e a s e  in 
m agn esiu m  are  not a lw ays in the sa m e  p o sitio n  r e la t iv e  to the 
lim esto n e  boundary. Y e t , th is  d ifferen ce  in r e la t iv e  p o s itio n s  of som e  
points d isa p p ea rs  if  the top of the low er s e m i-p e l i t ic  h or izo n  ly in g  
im m ed ia te ly  above the Portnoo L im esto n e  is  u sed  as the r e fe r e n c e  
line in stea d  o f the lim esto n e  boundary.

F rom  the fo reg o in g  o b se r v a tio n s , P itch er  and Sinha concluded  
that the contact m eta m o rp h ism  in vo lved  a dehydration  but w as 
o th erw ise  la r g e ly  is o c h e m ic a l in nature. A ls o , m etam orp h ic  zonation  
° f  the a u r e o le , as h as been  d e scr ib e d  by Akaad (1956b) is  not a r e su lt  
° f  o r ig in a l co m p o sitio n a l d if fe r e n c e s .

D e scr ip tio n  of the A u reo le

The ob ject of the fo llow in g  d escr ip tio n  is  to r eco rd  the tex tu ra l 
fea tu res and then deduce the m utual r e la t io n s  o f the c o ex is tin g  m in er a ls  
ln the alum inium  s i l ic a te -b e a r in g  r o ck s . F or  th is  p u rp o se , 63 
s P ecim en s w ere  c o lle c te d  from  the north ern  in n er a u reo le  o f A rdara

*'0r m ic r o sc o p ic  study. A ccord in g  to the p resen t stu d y , th is  part o f 
hie au reo le  can be d istin g u ish ed  into the fo llow in g  zo n es as the gran ite  

ls  aPproached: -

The k y a n ite -b ea r in g  an d alu site  s c h is t .

• The k y a n ite -fr e e  an d alu site  s c h is t .
2
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3. The c o a r se  s illim a n ite  h o rn fe ls .

1. The k y a n ite -b ea r in g  an d a lu site  sch ist: -

A d a rk -g rey  s c h is t  form in g  the ou ter  part o f the in n er a u reo le .

In the fie ld , an d a lu site  fo rm s stum py th ick p r is m s , d is tin c tiv e ly  

g rey  in co lou r  and ap p ears to be augened.

In thin s e c t io n s , the rock  c o n s is t s  o f quartz, fe ld sp a r , b io tite , 

m u sco v ite , c h lo r ite , s ta u r o lite , garn et, kyan ite , an d a lu site  and 

o c ca s io n a lly  f ib ro lite . The rock  i s  h igh ly  s c h is to s e  w ith  

p orp h yrob lasts  o f an d a lu site , fe ld sp a r  and o c c a s io n a lly  s ta u ro lite .

The e lon gated  quartz g ra in s  and the brow n m ic a  fla k es  m ark  

the s c h is to s ity , w hich is  d is tin c tly  cren u la ted . It i s  w orth m ention ing  

that the garnet, -c h lo r ite  s c h is t s  o u tsid e  the au reo le  show  s im ila r  

fo lia tio n  and p u ck erin g . The only d ifferen ce  i s  that in  the a u reo le  r o ck s, 

the b io tite  ta k es  the p la ce  o f the c h lo r ite  in  the reg io n a l s c h is t s .  The 

h iotite  fla k es  are brow n and contain  p le o c h r o ic  h a lo e s . T h ese  fla k es  

are not a lw ays se g r e g a ted  into bands. O cca s io n a lly , quartz and 

°nenulated  b io tite  form  sp e c ta cu la r  a u g en -lik e  u n its  ly in g  betw een  the 

S ch isto se  b io tite . The s c h is to s ity  o f  the grou n d m ass sw eep s  around  

th ese  un its.

P a r tia l or  co m p lete  r e tr o g r e s s io n  of b io tite  to c h lo r ite  i s  ev ident. 

The rep la c in g  c h lo r ite  o c c u r s  a s  g reen  fla k es  e ith e r  grow ing a c r o s s  

the b io tite  o r  e ls e  rep la c in g  it in  s itu . In term ed ia te  s ta g e s  o f b io tite  

ch lo r it iza tio n  a re  com m on. T h is  r e tr o g r e s s io n  i s  accom p an ied  by 

Partial o r  co m p lete  sh im m er isa tio n  o f the c o e x is t in g  an d alu site .

A n d alu site  p o rp h y ro b la sts  fo rm  au gen -k n ots w hich o verp rin t and 

m  the w e ll d evelop ed  s c h is to s ity  and include p a r a lle l tr a i ls  o f the  

§roun dm ass m a te r ia ls , e . g. qu artz, s ta u r o lite , garn et, kyan ite,
i j  i

Dro lite  and iro n  o re . C om m only, an d alu site  o v erg ro w s the augen-
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lik e  un its of q u a rtz -b io tite  m entioned  above. The o r ig in a l stru ctu re  of

th e se  u n its  i s  p r e se r v e d  in  the an d alu site  knots and b etrayed  by the 

s ig n o id a lly  arran ged  quartz in c lu s io n s  a s  w e ll a s  the m ic r o fo ld s  

exh ib ited  by them . The c lea v a g e  of the an d alu site  is  not in terru p ted  

nore dev iated  by th e se  m ic r o fo ld s  (pi. 3a, b, c) nor d oes it show  

undulose extin ction . A nd alusite  i s  a lso  see n  to grow  and m erg e  

im p ercep tib ly  into the fo ld ed  b io tite .

P la g io c la s e  (a lb ite -o lig o c la se )  show  s im ila r  tex tu ra l 

c h a r a c te r is t ic s  to th o se  of an d alu site . M any in s ta n ce s  have b een  see n  

w here the tw in  la m in ae  are stra igh t and o v erp r in ts  the s ig m o id a l quartz  

in c lu s io n s  (pi. 3d, e).

F ro m  the an d alu site  and p la g io c la se  te x tu r e s , it  i s  apparent 

that th ese  two m in e r a ls  overp rin t the grou n d m ass s tr u c tu r es . The 

textu re exh ib ited  by knots o f th e se  two m in e r a ls  could  e a s i ly  be 

M istaken  as  te x tu re s  ev o lv in g  from  rotated  p o rp h y ro b la sts . T h ere fo re , 

it m u st be em p h a sized  that the grow th o f th ese  two m in er a ls  w as m ain ly  

sta tic  and no rotation  or m ovem en t w h a tso ev er  took p la ce  during  

th eir  grow th.

S tau ro lite  o c cu rs  com m on ly  a s  ir r e g u la r  g ra in s  although  

subid iom orphic c r y s ta ls  grow ing in the b io tite  a re  not uncom m on. 

S o m etim es, s ta u ro lite  cu ts a c r o s s  the b io tite . It a lso  grow s o v e r  the 

Puckers o f the grou n d m ass and con ta in s cu rved  t r a i ls  o f in c lu s io n s  

Which are so m e tim e s  continuous w ith the grou n d m ass s tru c tu re , i. e. 

®im ilar to an d alu site , s ta u ro lite  o v erp r in ts  the grou n d m ass stru ctu re .

In som e s l id e s ,  s ta u ro lite  o c cu rs  a s c lu s te r s  of sm a ll g ra in s  a s  w e ll 

as ind ividual sm a ll c r y s  ta ls  d iss im in a ted  a ll o v e r  the rock  (pi, 4a, b). 

^  is  a lso  s e e n  a s  in c lu s io n s  in  the an d alu site  and fe ld sp a r  c r y s ta ls  

(pl. 3f).

G arnet is  not com m on. It o c c u r s  a s  fra ctu red  c r y s ta ls  w hich
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an d alu site .

K yanite (not reco rd ed  by Akaad, 1956b and noted on ly  in  one 

s l ic e  by P itc h e r  and R ead, 1963) .o c c u r s  a s sm a ll p r is m s  w hich  l ie  

in the b io tite  but in  the m a jo r ity  o f c a s e s  th ey  are  at sm a ll angle or  

set a c r o s s  the b io tite  fo lia  (pi. 4 c , d). When kyanite cu ts  a c r o s s  the 

b io tite , the la tter  i s  not d istu rb ed  nor attenuated  along the kyanite  

bou ndaries. In som e c a s e s ,  kyan ite i s  see n  to p a ss  im p ercep tib ly  

into b io tite  (pi. 4e). A s w ith the s ta u r o lite , kyanite is  a lso  s e e n  to  

o ccu r  as  n u m erou s sm a ll g ra in s  (pi. 4b), a s  w e ll a s  in c lu s io n s  in the 

fe ld sp a r  and the an d alu site  p orp h yrob lasts  (pi. 4f, 5a). An 

in ter e st in g  c a se  w as n oticed  w here a lon g  kyan ite p r ism  lie s a c r o s s ,  

and undisturbed  by, the cu rved  in c lu s io n s  in a p la g io c la se  porp h yrob last 

(pl. 5b). When o ccu rr in g  a s  in c lu s io n s  in an d a lu site , kyanite p r is m s  

l ie  at d ifferen t a n g les  to the an d alu site  c lea v a g e  w ith  no c r y s ta llo 

graphic r e la t io n  betw een  the two m in er a ls .

A s to the r e la tio n  betw een  the kyanite and sta u r o lite , both 

M in era ls g e n e ra lly  have the sa m e tex tu ra l c h a r a c te r is t ic s  and the two 

are so m e tim e s  se e n  in  p a r a lle l grow th (pl. 5c).

F ib r o lite  o c c u r s  a s  sp orad ic  tw ir ls  d e c o lo u r is in g  and rep la c in g  

ihe b io tite . In so m e in s ta n c e s , it  ap p ears that s ta u r o lite , kyanite  

and an d alu site  e n c lo se  the f ib ro lite  or  p a r ts  of the f ib r o lit is e d  b iotite  

(pl. 5d, e , f). T h ere fo re , th ese  m in e r a ls  are  thought to be la te r  than  

th is e n c lo se d  fib ro lite .

F ro m  the fo reg o in g  d escr ip tio n , one can draw the fo llow in g  

Picture a s  to the p o s s ib le  seq u en ce  of rnetam orphic c r y s ta ll isa t io n  in  

k y a n ite -b ea r in g  an d alu site  zone o f the au reo le: An e a r ly  f ib ro lite  

f°rm ation  fo llow ed  by k y a n ite -s ta u r o lite . F in a lly  an d alu site  and

166
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p la g io c la se  o v erp rin ted  the grou n d m ass and e n c lo se d  kyan ite, 

s ta u ro lite  and fib ro lite . The c r y s ta ll isa t io n  of th e se  m in e r a ls  w as  

s ta tic . H ow ever, the seq u en ce of m in e r a ls  g iven  above d oes not 

m ark d istin ct and d ifferen t e p iso d e s  o f m eta m o rp h ism . A m in era l 

included in  the o th er  d oes not show  any reso rp tio n  or d estru ction . In 

fact, the s ta u ro lite  inclu ded  in an d alu site  show s in m o st c a s e s  

b etter  d evelop ed  fa c e s  than that found in the grou n d m ass.

2. T he k y a n ite -fr e e  an d alu site  s c h is t : -

T h is  part o f the a u reo le  i s  c h a r a c te r ise d  by the a b sen ce  of 

kyanite and the frequent developm ent of p e r fe c t ly  id io b la stic  an d alu site  

se t in a fin er  gra in ed  grou n d m ass.

In th in s e c t io n s  the id io b la stic  a n d a lu site s  a re  r im m ed  with  

graphite and contain  tr a i ls  o f the grou n d m ass m a ter ia l. The t r a i ls  

are in  m o st c a s e s  concordant w ith the grou n d m ass. T he grou n d m ass  

s c h is to s ity  i s  s e e n  so m e tim e s  to sw eep  around the an d alu site  c r y s ta ls .

A n d alu site  c o n s is t s  o f a lm o st in c lu s io n  - fr e e  p le o c h r o ic  c o r e s  

which are  o p tica lly  d ifferen t fro m  the an d alu site  m an tle  around it.

The c o r e s  are  a lw ays surrounded  by a th in  zone of fin e in c lu s io n s  

(Akaad, 1956b, fig . 2. , P itc h e r  and R ead, 1963, fig . 15). T h ese  c o r e s  

are  good ev id en ce  o f two s ta g e s  o f grow th and th ere  i s  c er ta in ly  a 

d ifferen ce  in type betw een  the co re  and the m argin .

A ltera tio n  of an d alu site  to sh im m er  a g g reg a tes  as w e ll a s  to  

stout f la k es  o f b io tite  and m u sco v ite  g e n e ra lly  in c r e a s e s  as the contact 

ls  approached. T h is  i s  a lso  accom p an ied  by an in c r e a se  in the am ount 

° t  f ib ro lite . T he rep la c in g  b io tite  and m u sco v ite  grow  inw ards and the 

^ s u it in g  fla k es  are arran ged  with th e ir  len gth  p erp en d icu lar  to  the 

° r ig in a l an d a lu site  ed g es .
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F ib r o lite  d ev e lo p s from  the b io tite  o f the grou n d m ass and 

the m ic a  r e su lt in g  from  the a ltera tio n  o f an d a lu site . F ib r o lite  a lso  

o c cu rs  a s  v e in s  fr in g in g , sw eep in g  around and tr a n se c tin g  the 

an d alu site .

G arn ets o ccu r  in so m e ro ck s  o f th is  part o f the au reo le .

T h e se  g a rn e ts  are  sm a ll, eu h ed ral and are se e n  a s  in c lu s io n s  in  

an d alu site  and fe ld sp a r  p orp h y ro b la sts  a s  w e ll a s  co n cen tra tio n s  a long  

c er ta in  bands in the grou n d m ass.

S ta u ro lite  i s  see n  in  so m e  th in  s e c t io n s  a s  euhedral to  

subhedral g ra in s  n o rm a lly  included  in the an d alu site . In one thin  

sec tio n  it has been  se e n  as  in c lu sio n  in  the an d a lu site  c o re .

T he seq u en ce  o f ev en ts  in  th is  part o f the a u reo le  a s  s e e n  from  

thin s e c t io n s  can  be ou tlin ed  as fo llow s: T he c r y s ta ll isa t io n  o f garn et-  

sta u r o lite , the d evelop m en t of an d alu site  in  two s ta g e s  fo llow ed  by 

r e c r y s ta ll isa t io n  and grow th o f la r g e  m ic a s  in  the an d alu site  and 

A nally the d evelop m en t o f f ib ro lite .

T he c o a r s e -s i l l im a n ite  h o r n fe ls :-

A brow n ish  g rey  h o rn fe ls  w hich i s  fr e e  o f kyan ite , d is tin ctly

*e s s  s c h is to s e  and con ta in s l e s s  an d alu site  than the an d alu site  zone.

In thin s e c t io n s , the rock  i s  fin e grained  c o n s is t in g  o f s ill im a n ite ,  

fib ro lite , b io tite , m u sco v ite , quartz, and e s it ic  p la g io c la se , garnet 

and o c ca s io n a l an d a lu site , N e a re r  to  the con tact, c o r d ie r ite  i s  a lso  

f°und.

S illim a n ite  fo r m s stout p r is m s  and in c r e a s e s  in  s iz e  tow ard s  

gran ite  con tact. T h ere are  few  in s ta n c e s  in the in n erm o st part 

°f fhe s ill im a n ite  zone w h ere co m p o site  c r y s  ta ls  o f s illim a n ite  

e* *hibit sh a p es  r e m in isc e n t of an d a lu site . The w r ite r  a g r e e s  w ith
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P itc h e r  and R ead (1963) that an d alu site  in  th is  c a se  m ay have been  

produced at an e a r ly  stage  and fin a lly  rep la ced  by s ill im a n ite , but 

the grow th of the grea t bulk of the f ib ro lite  and even  m uch o f what i s  

th ere  of the s to u ter  s illim a n ite  i s  quite independent o f th is  ea r ly  

an d alu site , i. e. th ere  is  no tex tu ra l in d ication  of polym orp h ic  

tran sform  ation.

F ib r o lite  r e p la c e s  the m ica . It i s  a lso  found as  in c lu s io n s  in  

garnet as w e ll a s  p a tch es  in  som e s illim a n ite  c r y s ta ls . Q uite often , 

fib ro lite  o c c u r s  a s  v e in - l ik e  bundles w inding through the rock  and 

b ord erin g  the e x is t in g  m in era l g ra in s , inclu d ing  s illim a n ite .

C oarsen in g  of f ib ro lite  into s ill im a n ite  i s  a lso  frequent.

A n d esitic  p la g io c la se  is  a m ain  con stitu en t of the grou n d m ass.

It a lso  o c c u r s  a s  p o k ilit ic  p orp h y ro b la sts. M u scov ite  fo rm s fla k es  e ith er  

rep lacin g  the alum inium  s i l ic a te s  or in te r se c tin g  the b io tite . It a lso  

° c c u r s  a s  p orp h y ro b la sts  s e t  a c r o s s , but not a ffec ted  by, la te r  sh ear  

P lanes. Both p la g io c la se  and m u sco v ite  are  o f la te r  form ation .

G arnet i s  com m on. It fo r m s ir r e g u la r  o r  corrod ed  la r g e  

gra in s. C o rd ier ite  o c c u r s  a s  su b id io b la stic  g ra in s  w hich are  

so m e tim e s  a ltered .

C om m en ts and C o n clu sion s

T he m ain  co m m en ts  and c o n c lu s io n s  a r is in g  from  the p resim t  

study and co n cern in g  the a lum inium  s i l ic a te  m in e r a ls  in the A rdara  

A ureole can  be su m m a r ised  as  fo llo w s :-

1. The in n er a u reo le  can  be divided into 3 zo n es b a sed  on the  

type of a lum inium  s i l ic a te s  p resen t. T h ese  zo n es are: (F ig . 23).

(i) An ou ter  k y a n ite -b ea r in g  an d alu site  sch is t .
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(ii) A m id d le  k y a n ite -fr e e  an d alu site  s c h is t .

(iii) An in n er k y a n ite -fr e e  c o a r s e -s i l l im a n ite  h o rn fe ls .

2. A n d alu site , kyan ite , f ib ro lite , s il l im a n ite , s ta u ro lite , 

fe ld sp a r  and garnet are  a ll au reo le  m in e r a ls  of s ta tic  c r y s  ta llisa t io n . 

E ach m in era l o v erp rin ts  the grou n d m ass stru c tu re  and e n c lo s e s  the 

a lread y  e x is t in g  m in er a ls .

3. K yanite fo rm s a zone about 80-120 y a rd s  w ide on the  

northern part of the au reo le . T h is  m in era l i s  a lw ays a s so c ia te d  with  

an d alu site , s ta u ro lite  and so m e tim e s  w ith f ib ro lite . S ign ifican tly , it 

cu ts a c r o s s  the b io tite  fo lia  and is  so m e tim e s  e n c lo se d  in the  

andalusite; in d icatin g  that the kyanite is  la te r  than the b io tite  and 

e a r lie r  than the and alusite .

4. In the k y a n ite -b ea r in g  an d alu site  zone, the seq u en ce  of 

c r y s ta llisa t io n  as  s e e n  from  the tex tu ra l e v id en ces  is  a s  fo llo w s :-

(i) F ib r o lite  rep la c in g  b io tite .

(ii) K y a n ite -sta u r o lite  and so m e tim e s  garnet.

(iii) A n d a lu s ite -p la g io c la se .

The o ccu rr e n c e  of f ib ro lite  at an e a r ly  stage of m etam orp h ism  

^ a y  in d icate  a sharp r is e  in  tem p era tu re  at the e a r ly  s ta g e s  o f the  

S^anite em p lacm en t. It s e e m s  that fib ro lite  can e a s i ly  rep la ce  b io tite  

°n ce the tem p era tu re  r i s e s .  W hether or  not an aqueous ph ase is  

E v o lv ed  in  th is  r ea c tio n  i s  d ifficu lt to d ec id e . T h is  sudden r is e  in  

tem p eratu re  i s  a lso  su g g ested  by the sp ecta cu la r  developm ent of 

Numerous sm a ll c r y s ta ls  as w e ll a s  c lu s te r s  o f s ta u ro lite  and kyanite  

Peppering the rock . It is  v e r y  lik e ly  that rapid heatin g  cau sed  

sU persaturation  w hich led  to a fa s t rate  o f n u cleation  of th ese  two

M inerals.
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The b ig  a u g en -lik e  p orp h y ro b la sts  o f s ta u r o lite , and alusite  

and fe ld sp a r  o verp rin t the stru ctu re  of the grou n d m ass. T h ese  

m in er a ls  are  s ta tic  and th ere  is  no m ovem en t in vo lved  during th e ir  

c r y s ta llisa t io n . It i s  thought that the sy g m o id a lly  arran ged  

in c lu s io n s  th ey  contain  and the augen shape th ey  a ssu m e  i s  in h er ited  

from  the a lrea d y  augened q u a rtz -b io tite  knots w hich th ey  overp rin t. 

H ow ever, the p o s s ib ility  that the p o rp h yrob lasts  have been  augened  

la te r  is  not co m p le te ly  excluded .

ill 111

fjfcl':

5. The m id dle part of the a u reo le  i s  a k y a n ite -fr e e  

and alusite  sc h is t . H ere, th erm a l e ffe c ts  are su p er im p o sed  on the  

reg ion al stru ctu re  and con seq u en tly , the la tte r  i s  o b litera ted .

6. S tau ro lite  in th is  part o f the a u reo le  i s  l e s s  com m on  

com pared  with it s  frequent developm ent in the ou ter  k y a n ite -b ea r in g  

and alusite  sc h is t . F ro m  the m odal a n a ly s is , a ll the 7 k y a n ite -b ea r in g  

and alusite  s c h is t s  contained  sta u ro lite  w h erea s  it w as reco rd ed  in

5 f’ocks out of the 9 k y a n ite -fr e e  an d alu site  s c h is t s .

7. The an d alu site  in  the k y a n ite -fr e e  an d alu site  s c h is t  is  

M ainly the c h ia s to lit ic  v a r ie ty . It d iffe r s  fro m  that of the ou ter  part 

° f  the au reo le  m a in ly  in  two a sp e c ts , v iz . the m arked  id iom orp h ic  

habit a s  w e ll as the two s ta g e s  of its  form ation . The la tte r  i s  in d icated  

hy the p r e se n c e  o f a p leo ch ro ic  pink c o re  surrounded  by a m antle.

The co re  is  a lm o st in c lu s io n -fr e e , w hich  in d ica tes  a s lo w  rate  of 

Cry s ta ll is a t io n  w h erea s  the m an tle  i s  fu ll of in c lu s io n s  and in d ica tes  

a fa ste r  ra te  of grow th. H ow ever, both s ta g e s  of an d alu site  grow th  

are s ta tic . In th is  r e sp e c t , the author does not a g ree  with Akaad  

(1956b) that the co re  h as ro ta ted  p r io r  to  the d ep osition  of the m an tle .

8. F ib r o lite  d ev e lo p s fro m  b io tite . It d e c o lo u r ise s  and 

reP la ces  the b io tite . T h ere  s e e m s  to be two p h a se s  of fib ro lite



develop m en t. The f ir s t  i s  the v ery  e a r ly  f ib ro lite  m entioned  b efore  

and the rem n an ts o f w hich are  s t i l l  s e e n  in the k y a n ite -b ea r in g  

and alusite  sc h is t . The secon d  p h ase  is  c le a r ly  s e e n  in the m iddle as  

w ell as the in n er p a rts  o f the a u reo le . H ere, f ib ro lite  fr in g e s  the 

e x ist in g  m in e r a ls  including s illim a n ite . It a lso  r e p la c e s  the b io tite  

form ed  a fter  c h ia s to lite . F ib r o lite  so m e tim e s  c o a r se n s  to g ive  

s illim a n ite .

T he author d oes not ag ree  w ith A kaad's sta tem en t (1956b, p. 387), 

"The developm ent of fib ro lite  pseu d om orp h s a fter  c h ia s to lite  at the 

boundary of the and alusite  zone ap p ears to be the r e su lt  of la te  

changes in  the p h y sica l con d ition s of th erm a l m eta m o rp h ism  ca u sin g  

the s ill im a n ite  zone to advance into the an d alu site  zone. " It i s  evident 

from  the p re se n t study that f ib ro lite  d ev e lop s m ain ly  from  m ica .

D irect and stra igh tforw ard  p seu d om orp h ism  of f ib ro lite  a fter  

ch ia sto lite  has not been  seen . What ap p ears a s a f ib ro lite  p seu d o-  

Ecorph is  e ith er  a d evelopm ent o f f ib ro lite  a g g r eg a te s  o r  e ls e  f ib ro lite  

form ed from  the m ic a  w hich had rep la ced  an d a lu site , i. e. the 

developm ent of f ib ro lite  from  an d alu site  is  not a d ir e c t r ea c tio n  but 

*t is  a cco m p lish ed  through an in term ed ia te  ph ase of an d alu site  

a ltera tion  to m ica .

9. The m a te r ia ls  for  f ib ro lite  and s ill im a n ite  growth are  

^ d ep en d en t o f the e a r ly  an d alu site .

10. T h ere  i s  no tex tu ra l ev id en ce  of polym orp hic  

tra n sform ation  of one a lum inium  s i l ic a te  into the oth er.

11. The m ic r o sc o p ic  exam in ation  o f the a u reo le  ro ck s show s  

that the p rop osed  l im it s  of the k y a n ite -b ea r in g  an d alu site  zone (F ig . 23 ) 

c° in c id es  in g en era l w ith a lin e  con n ectin g  the po in ts of the abrupt
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m ag n esiu m  change shown by P itc h e r  and Sinha (1958). The 

s ig n ifica n ce  of th is  re la tio n sh ip  w ill be d is c u s se d  at len gth  when  

the ch e m ic a l a n a ly s is  of the ro ck s is  co n s id ered  in a la te r  chapter.
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V. THE AUREOLE OF THE MAIN DONEGAL  
GRANITE PR O PE R

A. Introduction  and P r e v io u s  Work

T he M ain D onegal gran ite  p rop er  and its  a u reo le  have been  

studied  by Hull e t al. , (1891), A ndrew  (1928), M cC all (1954), T o zer  

(1955), R ead (1958), P itc h e r  and R ead (1959, 1960, 1963) and B e r g e r  

(1967). It fo r m s an elon gated  m a ss  w hich i s  about 4 -5  m ile s  in width  

and 36 m ile s  lon g  and c o n s is t s  m a in ly  of a m ed iu m -g ra in ed  b io tite  

gran od iorite  vary in g  to a c o a r se -g r a in e d  g ran od ior ite . The gran ite  

w as intruded into D alrad ian  country  ro ck s (m ain ly  the C reeslo u g h  

S u c c e ss io n  and a sm a ll p ortion  of K ilm acren an  S u ccess io n ) w ith it s  

length p a r a lle l to the s tr ik e  of the intruded r o ck s , i. e. NE-SW ,

T he gran ite  i s  banded and con ta in s lon g  tr a in s  o f country  rock  

ra fts . Both the banding and the raft tr a in s  are  p a r a lle l to the country  

rock w a lls . The m a rg in a l p a r ts  of the gran ite  are  sh eeted  and show  ■' . 

strong  fo lia tio n  w ith m arked  m u llion in g  and boudinage.

Surrounding the gran ite  is  an "aureole" va ry in g  in width betw een  

■I'll m ile s  and contain ing high grade m in e r a ls  such  as  s ta u ro lite , 

kyanite, s illim a n ite  and an d alu site . R ocks o u tsid e  th is  "aureole"  

are co m p le te ly  devoid  of th e se  m in e r a ls . T he "aureole" i s  deform ed  

and the in ten sity  of d eform ation  in c r e a s e s  to w ard s the granite contact.

T he la s t  ph ase of the d eform ation  h is to r y  in vo lved  fla tten in g  

r e s tr ic te d  to a r ea s  near the gran ite  and is  su p er im p o sed  on the  

hiarginal p a rts  o f the pluton.

T he ab o v e-m en tio n ed  f ie ld  se tt in g s  a re  a lread y  e sta b lish ed  and 

agreed  to by p rev io u s  w o rk ers  on the M ain D onegal gran ite . Y et,th e
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in terp re ta tio n  and the s ig n ifica n ce  o f th ese  fa c ts  are  c o n tr o v e r s ia l.

The la te s t  two co m p reh en siv e  w ork s on the gran ite  and its  a u reo le  

are th o se  o f P itc h e r  and R ead (1959, 1960) and B e r g e r  (1967). A 

b r ie f  outline of th ese  two w ork s i s  th ere fo re  g iven .

P itc h e r  and R ead (1959) v isu a liz e  the M ain D onegal gra n ite  a s  

a m agm atic  in tr u s io n  under con d ition s o f high tem p era tu re  and 

pow erful d irec ted  p r e s s u r e , and flow in g  in a southw ardly  d irectio n .

T hey exp la in  the banding of the gran ite  and raft tr a in s  to be due to th is  

p rim a ry  m agm atic  flow  and the m a rg in a l c a ta c la s is  is  due to the drag  

of the con so lid a tin g  gran ite  aga in st i t s  w a lls .

T he authors (1960) poin ted  out that the m ain  s tru c tu ra l e ffe c ts  

of the gran it e m p la c e m e n t can be se e n  in  the a u reo le  s c h is t s  a s  the  

tigh ten ing o f the open fo ld s found in the country ro ck s  a s  w e ll a s  the  

developm ent o f p lan ar, l in e a r  and m u llion in g  s tr u c tu r es . T h ese  

str u c tu r es  a re  id en tica l to  th o se  in  the m arg in a l p a rts  o f the gran ite .

T he gran ite  h as a pronounced w ide au reo le  of contact s c h is t s .

The a u reo le  ro ck s are  p r im a r ily  o f low  m etam orp h ic  grade but 

tow ards the gran ite  contact in ten se  new s tr u c tu r es  and h ig h -g ra d e  

M ineral a s se m b la g e s  have r ep la ced  the reg io n a l ch a ra cter . The 

high grade m in e r a ls  grew  during the m ovem en t produ cin g the s tr u c tu r es  

ln the a u reo le .

B e r g e r  (1967) in  h is  study o f the M ain D onegal gran ite  con clu d es  

that w hile  it  i s  im p o ss ib le  to d isp ro v e  the notion that the gran ite  w as  

fo rcefu lly  em p laced , yet, m o st o f it s  s tru c tu ra l fe a tu re s  are  the  

1'esult of a pow erfu l d eform ation  w hich  w as su p er im p o sed  on the pluton  

P^ior to i t s  co m p lete  co n so lid a tio n  at i t s  p r e se n t c ru sta l le v e l.

In the a rea  around th e g ran ite , B e r g e r  r e c o g n is e s  5 p h a se s  o f 

f o r m a t i o n  (F 1-F 5). The r e la tio n  b etw een  th e se  5 p h a se s  and the



176

gra n ite  can be outlined  as  fo llo w s:-  T h ree e p iso d e s  (F 1-F 3) p red ate  

the em p lacem en t o f the gran ite  (F3 in c r e a s e s  in  in ten sity  tow ards  

the a rea  now occu p ied  by the gran ite ), F4 w as su p er im p o sed  w hile  

the gran ite  w as s t i l l  hot and able to resp on d  to s t r e s s e s  by 

r e c r y s ta lliz a t io n , F5 ca u sed  fu rth er d eform ation  in  the en velop e  

though by th is  tim e  the gran ite  m u st have b een  co o l enough to rea c t  

by "cold" c a ta c la s is .

T h ere fo re , the M ain D onegal gran ite  p rop er  w as em p la ced  into 

a p r e -e x is t in g  la r g e - s c a le  sh ea r  zone. The s tr u c tu r es  in  the gran ite  

en velop e, though apparently  in d icatin g  u n iform ity  of d eform ation  

betw een  the gran ite  and its  ca ra p a ce , are  c o n sid ered  to be co m p o site  

in o r ig in . The e a r ly  reg io n a l s tr u c tu r e s  w ere  invaded by the gran ite  

and tigh ten ed  co a x ia lly  by subsequent m o vem en ts.

R egard ing the r e la tio n  betw een  the p h a ses  o f d eform ation  and 

the m in era l developm ent in  the p e lit e s  around the gra n ite , the fo llow in g  

su m m ary  is  com p iled  from  B e r g e r 's  co n c lu s io n s  (p. 5 9 3 -5 9 4 ):-  

During a s ta tic  in terv a l b etw een  F 2  and F3 g a rn ets  and p la g io c la se  

P orp h yrob lasts form ed  w h ile  kyan ite, s ta u ro lite  and p o ss ib ly  

s illim a n ite  form ed  in  a r e a s  of m o st in ten se  deform ation . A fter  F3  

and the em p la cem en t o f the G ranite, an d a lu site , fib ro lite  and 

reg en era ted  g a rn ets  form  the tru e a u reo le  m in e r a ls  r e la ted  to the  

G ranite.

A ccord in g  to B e r g e r  (ib id), the gran ite  w as em p laced  into a 

P r e -e x is t in g  "root-zone"  o f in ten se ly  d eform ed  and high m etam orp h osed  

rock s and m uch o f the apparent a u reo le  a c tu a lly  p r e -d a te s  the 

eiriplacem.ent o f the G ranite.
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B . D escr ip tio n  o f the A lum inium  S ilica te  B earin g  R ocks in 
the A u reo le_______________________________________ ________

P r e se n ted  w ith the co n tr o v e rsy  w hether the gran ite  h as a 

s ta u ro lite  k yan ite , a n d a lu site -b ea r in g  a u reo le  or n ot, it i s  natural 

to exam in e the sta tu s  of th e se  m in e r a ls  and th e ir  re la tio n sh ip  to the

gra n ite . T h e re fo r e , in the p r e se n t stu d y , sp e c im en s  from  s ix  

lo c a lit ie s  w here alum inium  s i l ic a te s  o c cu r , w ere  c o lle c te d  for  

p etrograp h ic and ch em ica l s tu d ie s . The lo c a lit ie s  are  shown in F ig . 

24. and include: -

Southern s id e  of the gran ite

(1) Fintow n a rea  (F)

(2) G lenaboghil (Bo)

(3) Lough R eelan  a rea  (LR)

N orthern  s id e  of the gran ite

(4) G lenkeo (G) (n orth eastern  end o ft  the gran ite)

(5) L ackagh B rid ge (LB)

(6) O w ennagreeve R iv er  a rea  (R)

R egard in g  the stra tig ra p h y  of the D alread ian  ro ck s adjacent 

to the M ain D onegal g r a n ite , the a u reo le  on the so u th ea st of the 

gran ite  c o n s is t s  of rock s o f the F intow n s u c c e s s io n  w hich is  d iv is ib le  

into the fo llow in g  m em b ers:

Y oun gest Lough Finn D ark P e lit e s  and L im esto n es
Fintow n S ilic e o u s  F la g s  
G lendowan P e lit e s  and L im e sto n e s  
S taghall S e m i-p e lit ic  Group  
G laggan Lough L im e sto n e s  
L o sse t  P e l i t e s  and S e m i-p e lite s



Fig. 24

Diagramatic map of the Main Donegal Granite (After 
Pitcher and Head 1963) showing the localities 

described in the present study.
(l) Fintown area 
(3) Lough Reelan 
(5 ) Lackagh Bridge

(2) Glenaboghil
(4) Glenkeo
(6) Owennagreeve River.



O ld e s t G le n ie r a r a g h  q u a r tz i te

The au reo le  to the n orth w est and north o f the gran ite  is  

m ade of the fo llow in g  m em b ers  o f the N orth -W est D onegal S u ccession :--

Y oun gest A rds Q u artz ite
A rd s P e iit e s  
C resslo u g h  Group  
Lackagh Q uartzite

O ld est Lackagh P e iit e s

(S tratigraphy a fter  P itch er  and R ead , 1959, I960),

(1) F in town a r e a: -

A n d a lu site - b earin g  s c h is t s  occu r south of Fintown in the outer  

parts of the s ta u r o lite -g a r n e t m ain  a u reo le  rock type. In thin  

s e c t io n s , the an d alu site  is  se t in a  fo lia ted  a s so c ia tio n  of in ten se ly  

cren u la ted  ground m ass m in era ls: q u artz , b io t ite , m u sco v ite  and 

fe ld sp a r . It fo rm s w e ll-d ev e lo p ed  p orp h yrob lasts as w e ll as s tr ip e s .  

S o m etim e s , the p orp h yrob lasts show  rectan gu lar  or sq u are c r y s ta ls  

having w e ll defined stra ig h t e d g es . It is  p leo ch ro ic  and contains  

in c lu sio n s  of b io t ite , g rap h ite , iron  o r e , garnet a n d  very  in freq u en tly  

p erfec t s ta u ro lite  c r y s ta ls .  C om m on ly , graphite  fo rm s a r im  
b ord erin g  the an d alu site . In few  c a s e s ,  graphite in c lu sio n s  tend to 

form  the c r o s s  c h a r a c te r is t ic  o f c h ia s to lite  (p i. 6 a ) ,  Although the

in c lu sio n s  in an d aiu site  show  such  v a r ia b le  m in era lo g y , yet th eir  
am ount is  s m a ll. In fa c t, m any c r y s ta ls  are  in c lu s io n s - fr e e  excep t

for m inute gra in s  of dark graphite a n d /o r  iron  o re .

The an d alu site  grow s m ainly in the m ic a -r ic h  bands and show  

the fo llow in g  re la tio n sh ip s.

(1) C urved an d alu site  s tr ip e s  in tim a te ly  fo llow  the in ten se  

p u ck ers and cren u la tio n s o f the grou n d m ass, y e t, the an d alu site  does



now show undulose ex tin ction  (pi. 6b).

(2) The ground m ass m a te r ia ls  p a ss  u n d eflected  into the  

and alusite  c r y s ta ls  (pi. 6c, 6d). R em nants o f th ese  m a te r ia ls  with  

th e ir  c h a r a c te r is t ic  p u ck ers are e n c lo se d  and p r e se r v e d  in som e  

and alusite  c r y s ta ls  (pi. 6e).

(3) U su a lly , the s c h is to s ity  of the grou n d m ass is  not 

d eflected  aga in st the and alusite  p o rp h yrob lasts. O nly one c a se  w as  

se e n  w here the s c h is to s ity  seem ed  to sw eep  around and alusite  (pi. 6f).

In th is  c a se , the and alusite  apparently  overprinted an a lread y  augened  

s ite  and, in fact, the deform ation  is  e a lie r  than the and alusite  growth.

F ro m  th ese  tex tu ra l r e la t io n sh ip s , it i s  c le a r  that the 

an d alu site  d evelopm ent i s  s ta tic  and o v erp r in ts  the grou n d m ass m in era ls . 

It i s  d efin ite ly  la te r  than the fo lia tio n  and the in ten se  pu ck ering of the 

ground m ass.

T h is  m ode o f an d alu site  developm ent is  s im ila r  in ev er y  r e sp e c t  

to the an d alu site  in the k y a n ite -b ea r in g  s c h is ts  of the A rdara a u reo le  

d escr ib ed  ea h lier .

A nother fea tu re  d isp layed  by the F intow n an d alu site  is  that som e  

rectan gu lar  c r o s s  se c tio n s  c o n s is t  of a co re  w hich is  o p tica lly  d ifferen t 

from  the r e s t  of the c r y s ta l. In m any c a s e s ,  the o cca s io n a l tr a ils  of 

in c lu sio n s  in the m antle stop suddenly aga in st the c o re . At the edge  

° f  the c o re , the grow ing an d alu site  often  ev a d es a quartz gra in  o r  a 

m ica  flake and the con seq u en tly  d ep osited  an d alu site  m antle in c lu d es  

such gra in s  (pi. 7a).

In thin se c t io n s  w here an d alu site  is  co m p le te ly  a ltered  to 

sh im m er  a g g reg a tes , it w as n oticed  that under p o la r ise d  ligh t, 

c^rtain p a rts  of th is  sh im m er  are c le a r e r  and contain  l e s s  dark
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m a te r ia ls  than the r e s t  o f the sh im m er  (p i. 7b). Y e t, under c r o s s e d  

n ic o ls ,  both p a rts  have the sa m e c h a r a c te r is t ic s .  It is  v ery  lik e ly  

that the c le a r  p arts  o f the sh im m er  a g g reg a tes  r ep r e se n t the';' 

o r ig in a l an d aiu site  c o r e s . T his F intow n co red  an d alu site  r e c a lls  

that of the in n er part o f the an d alu site  zone o f A rd ara  d escr ib ed  

e a r lie r  (p, ).

S tau ro lite  i s  uncom m on in the a n d a lu s ite -b ea r in g  s c h is t s .  It 

is  reco rd ed  as sm a ll  eu h ed ral s ix - s id e d  c r y s ta ls  inclu ded  in and alusite  

(pi. 7c).

The s i t e s  o f reg io n a l ga rn ets  are r ep re sen ted  by la rg e  b io tite  

knots w hich so m e tim e s  contain new reg en era ted  g a r n e ts . In variab ly , 

the h o st s c h is to s ity  sw eep s  around th ese  knots (p i. 7d). Y e t , th ere

a lso  o ccu r  nu m erou s s m a ll c r y s ta ls  o f garn et grow ing o ver  the 

s c h is to s ity  of the g m u n d m a ss . The c r y s ta ls  are  eu h ed ral to subh ed ral

and are  of buff co lou r (p i. 7e). T h ese  c r y s ta ls  r ep r e se n t new  

th erm al ga rn ets  form ed  la ter  than the s tr u c tu r e s  see n  in the 

grou n d m ass.

M u scov ite  is  abundant, form in g  up to 36% of the rock . It is  

fu ll of dark in c lu s io n s . B io tite  i s  l e s s  com m on than m u sco v ite  (up 

to 20%). It fo rm s red  brown fla k es  which contain  p leo ch ro ic  h a lo es

aud dark in c lu s io n s .

E ffe c ts  of r e tr o g r e s s iv e  m eta m o rp h ism  in sh e e r  zo n es are  

seen  in m o st o f the thin s e c t io n s . H e r e , c h lo r ite  knots r ep la ce  the 

g a r n e ts , the an d alu site  is  a ltered  to sh im m er  a g g reg a tes  and the 

b iotite  of the ground m ass is  c h lo r it is e d .

It can th e r e fo r e , be concluded  that garnet and s ta u ro lite  

developed e a r lie r  than an d a lu site . The an d alu site  grow th is  s ta tic  as
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it  o v erp r in ts  the m in e r a ls  and s tr u c tu r es  o f the grou n d m ass. Two 

s ta g e s  o f an d alu site  grow th are r ec o g n ise d  and are  show n by an 

an d alu site  co re  surrounded with a m an tle . Judging by the amount 

of in c lu s io n s , the co re  has a s lo w er  rate  o f grow th than the m an tle . 

H ow ever, th ere  i s  no in d ication  of a tim e  gap betw een  the two 

s ta g e s  of an d alu site  grow th.

(2) G lenaboghil sch is ts :  -

K yanite o c c u r s  in the contact s c h is t s  o f G lenab oghil, 1. 5 m ile s  

north east of F intow n, at about h a lf a m ile  from  the G ranite contact. 

S am p les from  two p a r a lle l tr a v e r s e s ,  1. 8 m ile s  apart and n orm al 

to the gran ite  con tact, w ere  c o lle c te d . E xam in ation  o f th in se c t io n s  

of th ese  sa m p le s  show ed that in the w e ste r n  tr a v e r s e , kyanite is  

abundant and i s  a s so c ia te d  w ith fib ro lite , w h erea s  in  the e a ste r n  

tr a v e r s e , on ly  f ib ro lite  is  p resen t.

T he G lenaboghil s c h is t s  p r e se n t a c lu e  to the r e la tio n  betw een  

the alum inium  s i l ic a te  m in e r a ls  and the gran ite  m eta m o rp h ism . A 

b r ie f p etrograp h ic  account is  g iven  accom p an ied  by as m any  

^ icro p h o to g ra p h s a s  p o s s ib le  to show the te x tu r e s  d isp layed  by the  

con stitu en t m in er a ls .

T he G lenaboghil s c h is t s  c o n s is t  o f quartz, p la g io c la se , brown  

biotite , m u sc o v ite , garnet, s ta u r o lite , f ib ro lite , to u rm a lin e ,iro n  

° r e , ch lo r ite  and w ith or w ithout kyanite.

B io tite  and m u sco v ite  are the m ain  s c h is to s ity  m a r k e r s . T hey  

are o c c a s io n a lly  se g r e g a te d  into bands. The b io tite  is  p a rtly  rep la ced  

^ ith  f ib ro lite . M odal a n a ly s is  show ed that the am ount of fib ro lite  

lriCre a s e s  tow ard s the gran ite .

O verp rin tin g  th is  m ica  are  n u m erou s sm a ll euhedral to sub-
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h ed ra l g ra in s  of garnet of buff dusky co lou r  (pi. 7f, 8a). C lu s te r s  

of th ese  ga rn ets  are so m e tim e s  se e n  (pi. 8b). The g arn ets  a lso  

overp rin t the p a rtly  f ib r o lit is e d  m ica  (pi. 8c , 8d) a s w e ll as w e ll-  

d ev e lo p ed  fib ro lite  a g g reg a tes  (pi. 8e). In both c a s e s ,  f ib ro lite  is  

p artly  e n c lo se d  in the g a rn ets . F ro m  th is  o b serv a tio n , to g eth er  

with the nature o f the ind ividual and c lu s te r s  of garnet c r y s ta ls ,  

the garnet i s  b e liev ed  to be of th erm a l orig in .

K yanite o c cu rs  as p r is m s  as  w e ll as stout ir r e g u la r  g ra in s .

It m ain ly  o v erp r in ts  b io tite . The m ica  i s  not d istu rb ed  nor attenuated  

by the sm a ll kyanite c r y s ta ls  (pi. 8f, 9a, 9b) but w ith la r g e  

k yan ites, the h ost s c h is to s ity  sw eep s  around the kyanite porph yro- 

b la s ts . It i s  in ter e st in g  to n otice  that freq u en tly , the kyanite  

en c lo ses  c r y s ta ls  of the garn et d e scr ib ed  b efore  (pi. 9c).

S tau ro lite  sh ow s the sam e tex tu ra l c h a r a c te r is t ic s  d isp layed  

by the kyan ite. A gain it e n c lo se s  the garnet (pi. 9d). P la g io c la s e  

o ccu rs  a s  p o rp h yrob lasts  a s  w e ll a s  g ra in s  in  the grou n d m ass. The 

p orp h yrob lasts  often  inclu de the garnet a s  w e ll a s  sm a ll p r is m s  of 

kyanite (pi. 9e, f, 10a).

F ro m  th ese  re la t io n sh ip s , one can conclude that the seq u en ce  

of au reo le  m etam orp h ic  m in e r a ls  developm ent is  a s  fo llow s:

An e a r ly  developm ent of f ib ro lite  fo llow ed  by garn et, then  s ta u r o lite -  

kyanite and fin a lly  p la g io c la se  fe ld sp a r .

T he s ig n ifica n ce  o f th ese  co n c lu s io n s  a re :-

(i) K yanite, s ta u r o lite  and p la g io c la se  p o rp h y ro b la sts , a ll contain ing  

in c lu s io n s  o f garnet are au reo le  m in e r a ls .

(if) The d evelopm ent of e a r ly  f ib ro lite  supp orts the co n c lu s io n s  

m entioned  e a r lie r  in the A rd ara  a u reo le . F ib r o lite  s e e m s  to  

form  e a s i ly  at the e a r ly  s ta g e s  of m eta m o rp h ism , probably due 

to a su rg e  o f heat, and con tin u es to grow  throughout the a u reo le
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m etam orp h ic  h is to r y  a s  lon g  as th erm al con d ition s are  su itab le .

(3) Lough R eelan  area: -

A n d a lu site -k y a n ite  s c h is t s  o ccu r  in a w e ll ex p o sed  narrow  

belt of the L o s s e t  P e l i t e s ,  about 50 y a rd s a c r o s s , with s c h is t s  r ich  

in s ta u ro lite  on the n orth w est, and p laty  s c h is t s  to the sou th east.

The s c h is t s  are  c o a r se  and contain  w e ll developed  and alusite  

c r y s  ta ls  a s  w e ll a s  q u a rtz-a n d a lu site  sw ea ts  out.

In thin s e c t io n s , the s c h is t s  are  w e ll fo lia ted  and c o n s is t  of 

quartz, p la g io c la se , brown b io tite , m u sco v ite , garn et, s ta u ro lite , 

kyanite and w ith or  w ithout and alusite  and fib ro lite . T ou rm alin e  and 

iron  o re  are com m on a c c e s s o r ie s .

K yanite fo rm s elon gated  p r is m s  ly in g  w ith in  or cutting a c r o s s  

the b io tite  (pi. 10c, d, e, 11c). It i s  a lso  se e n  in p a r a lle l grow th  

with s ta u ro lite  (pi. lOf). K yanite o c c u r s  in m o st o f the sp e c im en s  

co llec ted  and is  m ore  abundant than what w as o r ig in a lly  in d icated  by 

P itc h e r  and R ead (1960).

S tau ro lite  o c c u r s  as euhedral to subhedral g ra in s . It con ta in s  

in c lu sio n s  of quartz, garnet and iro n  o re . Spongy c r y s ta ls  w ith  

id io b la stic  o u tlin es  are  frequent. N o rm a lly , the h ost s c h is to s ity  

sw eep s around big s ta u ro lite  p orp h y ro b la sts. A nd alusite  o c c u r s  as  

big spongy c r y s ta ls  a s  w e ll as ir r e g u la r  e lon gated  g ra in s  w hich tend  

i°  l ie  along the fo lia tion . It con ta in s in c lu s io n s  of quartz, b io tite , 

garnet a s  w e ll a s  euhedral c r y s ta ls  of s ta u ro lite  (pi. 11a, b) and 

e longated  sm a ll p r is m s  o f kyanite (pi. lib ). The s iz e  of the 

sta u ro lite  and kyanite in c lu s io n s  is  m uch s m a lle r  than that of the  

M in era ls  d evelop ed  ou tsid e  the an d alu site .

It is  ev id en t, th er e fo re , that s ta u ro lite  and kyanite are  e a r lie r
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than an d alu site . F ro m  the d ifferen ce  in  the s iz e  of s ta u ro lite  and 

kyanite w ith in  and ou tsid e  the an d a lu site , it  i s  probable that th ese  

two m in e r a ls  continued th e ir  grow th a fter  the an d alu site  sta r ted  

to develop .

(4) G lenkeo kyanite sc h is ts :  -

K yanite i s  w e ll d evelop ed  in the dark s c h is t s  belonging to the  

black A rd s P e l i t e s  in  the v ic in ity  o f G lenkeo, 1. 5 m ile s  due south of 

C a rrick a rt.

In th in s e c t io n s , the s c h is t s  c o n s is t  o f quartz, fe ld sp a r , b iotite , 

m u sco v ite , garn et, grap h ite, iro n  o re , tr a c e s  of fib ro lite , kyanite  

with or w ithout sta u ro lite . In the s ta u r o lite - fr e e  s c h is t s ,  the m odal 

kyanite ra n g es  up to 16% w h erea s in the s ta u r o lite -b e a r in g  s c h is t s ,  

kyanite i s  only in the range o f 1-2%, w h erea s s ta u ro lite  ra n g es up to 

11%.

Q uartz, m u sco v ite  and b io tite  form  a fo lia ted  b ase  for  the big  

c r y s ta ls  of kyan ite , s ta u ro lite  and the s m a lle r  garnet. In the 

kyanite s c h is t s ,  augens o f d ecu ssa te  tex tu re  o ccu r  w ith in  the fo lia ted  

sc h is to se  rock  and the host s c h is to s ity  is  s e e n  to sw eep  around th ese  

augens. The augens c o n s is t  of quartz, b io tite  and nu m erou s kyanite  

P r ism s show ing c le a r  h o r n fe ls ic  tex tu re  (pi. lid ). The kyanite is  

and eform ed  (pi. 12e) and the o r ig in a l s c h is to s ity  is  m arked  by 

P a ra lle l graphite t r a i ls  contained  on ly  w ith in  the augens.

O utside th e se  augens, the rock  is  p e r fe c t ly  fo lia ted  and is  

affected  by a s tra in  s lip  c lea v a g e  produ cin g a p u ck erin g  w ell show n  

ky the arran gem en t o f the fo lia . E longated  kyanite p r is m s ,  

g en era lly  a lign ed  along the fo lia tio n , a re  abundant. T hey are  

rem arkab ly  a ffec ted  by th is  s tr a in  s lip  c lea v a g e . The e ffe c t i s  seen  

° n the kyanite a s  z ig -z a g g in g  (pi. l ie ,  f) (F4 accord in g  to B e r g e r , 1967)



com bin ed  so m e tim e s  w ith fo ld ing (pi. 12a, b) as w e ll a s  stron g  

fo ld ing accom p an ied  by the snapping of the kyanite p r is m s  (pi. 12c).

B e s id e s  th isd eform ed  kyan ite , th ere  a lso  occu r  undeform ed  

c r y s ta ls  s e t  at d ifferen t a n g les  to the fo lia tion . S c h is to s ity  adjacent 

to th ese  k ya n ites  i s  not d istu rb ed  and in  few  c a s e s ,  tr a ils  o f dark  

m a te r ia ls  fo lded  in the sam e way as  the grou n d m ass, p a ss  through  

th ese  k ay n ites  (pi. 12d).

G arnet o c c u r s  a s  sm a ll euhedral to ir r e g u la r  gra in s. 

S tau ro lite  o c cu rs  as id io b la stic  c r y s ta ls  fu ll of quartz in c lu sio n s  

w hich are d iscord an t with the grou n d m ass. The grou n d m ass  

s c h is to s ity  sw eep s around the s ta u ro lite  p orp h y ro b la sts. Staubolite  

so m e tim e s  in c lu d es garnet (pi. 12f, 13a).

(5) L ackagh B ridge s c h is t s : -

At about V  3 m ile  north of L ackagh B rid g e , kyanite -b ea r in g  

s c h is t s  o ccu r  at the bottom  of the C resslo u g h  group and are exp osed  

on the sh o re  500 yard s from  the m ain  gran ite  contact. The s c h is t s  

bear a lign ed  kyanite and a re  interbedded  with L ackagh B ridge  

ty p e-q u a rtz ite .

T hin se c t io n s  from  th is  a rea  do not add any new in form ation  

oth er than that m entioned  b efore . The rock  c o n s is t s  of quartz, 

p la g io c la se , ligh t-b row n  b io tite , m u sco v ite , iron  o r e , graphite, 

to u rm a lin e , kyanite and o c ca s io n a l f ib ro lite . S tau ro lite  is  absent.

K yanite o c cu rs  a s  la r g e  c r y s ta ls  e ith e r  a lign ed  in or s e t  

a c r o s s  the fo lia tion . It con ta in s dark grap h itic  in c lu sio n s  w hich are  

se t  at high a n g les  (so m e tim e s  norm al) to the rock  s c h is to s ity  

(pi. 13b). N o rm a lly , the h ost s c h is to s ity  sw eep s  around the kyanite  

c r y s ta ls  (pi. 13c). The kyanite i s  so m e tim e s  p a r tly  to co m p le te ly  

a ltered  to sh im m er  a g g reg a tes .
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(6) O w ennagreeve R iver  a rea :-

K y a n ite -b ea r in g  s c h is t s  o ccu r  in  the O w ennagreeve s trea m  

to the n orth east of C alabber B rid ge and at about 1, 000 yard s from  

the gran ite  contact. The s c h is t s  c o n s is t  o f quartz, p la g io c la se ,  

lig h t-b ro w n  b io tite , m u sco v ite , iro n  o re , grap h ite, to u rm a lin e , 

kyanite w ith or w ithout s ta u r o lite . The rock  is  h igh ly  fo lia ted  and 

the s c h is to s ity  i s  pu ck ered  by a s tr a in -s lip  c lea v a g e . The fo lia ted  

m ica  and quartz form  the b ase  in w hich sm a ll kyanite and s ta u ro lite  

are se t w ith the host s c h is to s ity  sw eep in g  around th em . A gain, 

th ese  s c h is t s  do not add any new in form ation  o th er  than that 

m entioned  b efore .

C.. C o n c lu sion s

The m ain  co n c lu s io n s  regard in g  the alum inium  s i l ic a te s  in  

the ro ck s  surrounding the M ain D onegal gran ite  can be outlined  as  

fo llow s: -

In a g reem en t with P itc h e r  and R ead (1963) and d isa g reem en t  

with B er g e r  (1967), the carap ace  around the M ain D onegal gran ite  is  

a true a u reo le  o f the gran ite  and the m in er a ls  it con ta in s, nam ely , 

f ib r o lite , kyan ite , s ta u ro lite  and and alusite  are a u reo le  m in e r a ls ,  

in the se n se  that th ey  r e su lt  from  the gran ite  e ffec t . T h is  

con c lu sio n  i s  supported b y :-

(1) T he tex tu ra l c h a r a c te r is t ic s  o f the a lum inium  s i l ic a te s  d escr ib ed  

e a r lie r , p a r ticu la r ly  the app earance of e a r ly  fib ro lite  a s  w e ll

as the in c lu sio n  o f garnet in kyanite, s ta u ro lite  and 

an d alu site .

(2) The neat arran gem en t of th ese  high grade m in e r a ls  in  a zone  

of n ea r ly  un iform  th ick n ess  a ll the way around the gran ite .

The com p lete  a b sen ce  o f th e se  high grade m in e r a ls  in ro ck s(3)
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o u tsid e  the au reo le .

T he o rd er  o f c r y s ta ll isa t io n  can be sy n th es ised  as  fo llow s: -

(1) An e a r ly  fib ro lite  d eco lo u r is in g  and rep la c in g  the b io tite .

(2) S m all ga rn ets  o v erp rin tin g  b io tite  and fib ro lite .

(3) S tau ro lite  and kyanite inclu d ing g a rn ets .

(4) F e ld sp a r  and an d alu site  inclu ding garn et, kyanite and 

sta u r o lite .

It s e e m s  lik e ly  that the c r y s ta ll isa t io n  o f the kyanite ou tla sted  

the deform ation  of the a u reo le . T h is  a ssu m p tion  a r i s e s  from  the  

fact that in  so m e  th in  s e c t io n s , kyanite o c c u r s  in  two d ifferen t w ays  

in r e la t io n  to the s c h is to s ity  of the rock . Both o c c u r r e n c e s  are  

o ften  see n  in  the sam e th in se c t io n  and can be d e scr ib ed  b r ie fly  as  

fo llow s: -

(1) K yanite c r y s ta ls  w ith  the h ost s c h is to s ity  sw eep in g  around  

them .

(2) K yanite overp rin tin g  the grou n d m ass and ly in g  at d ifferen t  

a n g le s  to the s c h is to s ity  w ithout d istu rb in g  it. It a lso  

in c lu d es  fo ld ed  tr a i ls  o f dark m a te r ia ls  p a ss in g  from  the  

grou n d m ass.

The a u reo le  o f the M ain D onegal gran ite  r e c a l ls  that of 

A rdara pluton d e scr ib ed  e a r lie r . The com m on  fe a tu re s  b etw een  the  

two a u r e o le s  a r e :-

(1) The seq u en ce o f c r y s  ta ll isa t io n  of the alum inium  s i l ic a te s  is  

the sa m e.

(2) C r y s ta llisa t io n  o f the a lum inium  s i l ic a te s  i s  s ta tic .

(2) F ib r o lite  s e e m s  to r ep la ce  b io tite  at an e a r ly  sta g e  of the

m eta m o rp h ism  and con tin u es to d evelop  as  lo n g  as the th erm al



188

con d ition s are ap p rop riate.

(4) A nd alusite  c r y s t a l l i s e s  in what ap p ears to be two p h a se s  

resu lt in g  in the develop m en t of a co re  w hich is  o p tica lly  

and tex tu ra lly  d ifferen t from  the an d alu site  m an tle . It m u st 

be em p h a sized  that the d istin ctio n  b etw een  the two p h a se s

is  not one of tim e  but m ain ly  of d ifferen t r a te s  of grow th  

of the c o re  and the m an tle .

(5) S tau ro lite  and kyanite included  in an d alu site  and fe ld sp a r  

do not show  any reso rp tio n , i. e. no tim e  gap apparent.

(6) T h ere  i s  no s ig n  of polym orp hic tra n sfo rm a tio n  of one 

alum inium  s il ic a te  to another.



P la te  I

Small idionorphic aureole garnet growing in the now 
blot ite toot. ( Fenati, xT5)

Aadalusite overprinting tinti replacing parte of o 
.ndca band, (Panaci, x07)

Andalusite growing- in the now biotite toot and 
including garnet. (Fanad, x40)

Fibrolite aggregates forming an oblong mass and 
containing elongated grains of iron oxide parallel 
to the fibrolite elongation. (Panaci, x37)

Fibrolite needles enclosed in andalusite.
(Fonati, x37 )

Sosa® as (e) between crossed nicol©*

Abbrevi atione :
A : andalusite
B s biotite
F « fibrolite
G : garnet
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P la te  2

Fibrolite patches included in andalusite.
(Fenati» x75)

Slender «illinanité prisms mingled with fibrolite. 
(Fonati» s75)

Sillicianite prisms partly replacing andalusite 
and growing parallel to the ondaiusite cleavage. 
Both minerals share the same c—axial direction. 
Crossed niçois, (Fonad, x40)

Andalusite replacing parts of a mica band. Notice 
the elongated ore inclusions lying parallel to the 
rock schistosity. (South Gortahork, x35)

Fibrolite patches included in a large siilimoniti 
crystal. (Lough Aghcr, x37)

Densely packed sillimanite prisms, (Ardvecn, x35)

Abbreviations :
A : ondalasite
13 ; biotitc
F : fibrolite
S : sillimanite
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(e) ( f )
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Andalusite overprinting the groaxidnass packers and 
incorporating its materials as inclusions* (Ardara, 
x87)

Andalusite overprinting the groundiaass puckers. 
Crossed niçois* (Ardara, s!4)

Andalusite augen overprinting groundraass puckers 
and containing sygraoidally arranged quartz grains, 
(Ardara, xlS)

Plagioclase porphyrob1est with straight twin laminae 
and curved quartz inclusions. Crossed niçois. 
(Ardar&y x7G)

Plagioclase porphyroblast shoving straight twin 
laminae not affected by the curved quartz inclusions* 
Crossed niçois. (Ardara, x07)

Stonrolitc crystal with well defined faces o c c u r r i n g  

as fin inclusion in andalusite* (Ardara* x07)

Abbreviations s

A i andalusite 
P ! plagioclase 
St i staurolitc
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A

( b )

P

(d )

A

( f )
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(a) Small grains of staurelite dissirainated throughout 
the rock. (Ardara, x75)

(b) Small grains of stanrolite and tcyanite dissininated 
throughout the rock. (Ardara, xS7)

(c) Kyanite crystals growing in rand set at different 
angles to biotite« (Ardara, x7f>)

(d) Kyanite crystals lying across the biotite.
(Ardara, x75)

(o) Kyanite crystals with its terminals merging in the 
biotite. (Ardara, x75)

(e) Kyanite crystals included in andalusite.
(Ardara, x7&)

Abbreviaiions ?
A : onda Insite
B s biotite
K : Icy on ite
St ! staurolite
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(e ) ( f )



(a) Kyaaite and etaurolite included in andalusite* 
(Ardara, x75)

(b) Kyanite and staurolite included in a plagioclase 
augen. The long kyanite prism is lying across 
and undisturbed by the curved inclusions in the 
plagioclase. (Ardara, x37)

(c) Kyanite and staurolite in parallel growth* 
(Ardara, x75)

(d) Fibrolite included in andalusite. (Ardara, x75)

(e) Fibrolite included in andalusite* (Ardara, x75)

(f) Fibrolite included in andalusite. (Ardara, x75)

P la te  5 .

Abbreviations s
A : andalusite
F j fibrolite
K s Icyanite
P : plagioclase
St s staurolite
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(e ) ( f )



(a) Andalusite crystal (cfaiastolitic) rimmed with 
graphite and overprinting the foliated groundmoss 
mica, (Fintown, x35)

(b) Andalusite stripes overprinting and intimately 
following the mica puckers. Although the andalusite 
is curved, yet it does not show undnlose extinction 
and the cleavage is not curved. (Pintown, x37)

(c) Andalusite crystal containing undeflected inclusions 
of groundmaas material. (Pintown, x37)

(d) Andalusite overprinted on the grotmdmass with its 
characteristic puckers. Notice that the groundraass 
materials pass undeflected through the andalusite. 
(Pintown, x37)

(e) ïîemnants of the puckered groundmass materials 
preserved in the andalusite. (Fintown, xl2)

{f) Qrounclmasc schistosity sweeping around andalusite.
(Fintown, x37)

Abbreviations :
A î andalusitc
B t biotite
M s mica
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(e ) ( f )
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a g fe - i

A sketch of a cored ondalusite crystal. Notice 
that the core is relatively inclusion-free compared 
to the mantle. The irregular outline of the core 
is due to the fact that the slow-growing core evaded 
a quarts or a mica grain. (Fintown, x£9)

Shimmer aggregates replacing ondalusite. Notice 
the light shimmer patch in the middle of the photo 
and which m y  represent the core of the original 
andalusite. (Fintown, x37)

Euhodral staurolito included in ondalusite.
(Fintown, x75)

Sites of the regional garnets now represented by 
biotite toots which sometimes contain ? new 
regenerated garnets. Notice that the schistosity 
sweeps around the toots. (Fintown, x37)

Small euhedral to subhedral new aureole garnets 
growing over the groundnass schistosity. The host 
schistosity is not deflected around these garnets 
(cf. photo d). (Fintown, x37)

Snail aureole garnets overprinted on the ground- 
mass, (Glenaboghil, x37)

A : andalusite
B s biotite
c t core

(5 t garnet 
ra t mantle 
St : staurolite
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(e ) ( f )
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(a) Small aureole garnets peppering the rock. 
(Glenaboghil, x38)

(b) Clusters of aureole garnets. (Glenaboghil, x75)

(c) Aureole garnets overprinted on partly fibrolitized 
biotite. (Glenaboghil, x75)

(d) Aureole garnets overprinted on partly fibrolitized 
biotite, the latter sometimes passes unhindered 
through the garnet. (Glenaboghil, x75)

(e) Aureole garnets overprinted on fibrolite. 
(Glenaboghil, x75)

(f) Kyanite overgrowing biotite. (Glenaboghil, x75)

Abbreviations t
B : biotite
F : fibrolite
G i garnet
K. : kyanite
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(a) Kyanite overprinting biotite. (Glenaboghil, x75)

(b) Kyanite overprinting biotitc. Notice that the host 
schistosity is not deflected around the kyanite. 
(Glenaboghil, x75)

(c) Aureole garnets included in kyanite.
(Glenaboghil, x75)

(d) Aureole garnets included in staurolite. 
(Glenaboghil, x75)

(e) Kyanite prisms included in feldspar.
(Glenaboghil, x75)

(f) Aureole garnets included in feldspar.
(Glenaboghil, x75)

Abbreviations :
B i biotite
Fe sfeldspar
G s garnet
K ! kyanite
St s staurolite
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(e) ( f )
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P la te  10

(a) Aureole garnets and prisms of kyanite included in 
plagioclase. (Glenaboghil, x75)

(b) Same as photo (a). Crossed nicols*

(c) Kyanite lying in schistose biotite. Kyanite is 
not affected by the puckering shown by the biotite. 
(Lough Hoe Ion, x37)

(d) Kyanite overprinted over biotite and lying at 
different angles to the schistosity. Notice that 
the schistosity is not deflected around the kyanite. 
(Lough Reelan, x75)

(e) Kyanite and staurolite with the groundmass schistosity 
sweeping around theta, (Lough lieelon, x37)

(f) Kyanite and staurolite in parallel growth. Crossed 
nicols. (Lough Reelan, x75)

Abbreviations :
D j biotite
G : garnet
K t kyanite
P : plagioclase
St t staurolite
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(a) Euhedral stanrolite included in andalusite*
(Lough Heel cm, x75)

(b) Kyanite and stanrolite included in andalusite* 
(Lough Reelan, x40)

(c) Kyonito lying at an angle to the biotite. Notice 
that the host schistosity does not sweep around 
the kyanite. (Lough Eeelaa, x37)

(d) Kyonite-feldspar-biotite-quartz ougen showing a 
hornfelsic texture and lying in a schistose rock. 
(Glenkco, xlO)

(e) Kyunite lying in the schistosity and responding to 
the strain slip cleavage by zig-zagging. Crossed 
nicols. (Glenkco, x37)

(f) Part of the zig-zagged Icyanite shown in photo (e) 
enlarged and seen under polarized light.
(Glenkeo, x&ft)

Abbreviations s
A : andalusite
B : biotite
K t Icyanite
St s staurolite
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Fiate 12

Zigzagged and folded kyanite lying in the 
schistosity of the rock. (Glenkeo, x37)

Same as (a). Crossed nicols.

Strongly folded and partly snapped kyanite« Notice 
that from the arrangement of the quartz inclusions, 
the kyanite before being folded, originally over
printed a synclinal structure« (Glenkeo, x37)

Undefonaed kyanite containing folded dark inclusions 
passing from the groundnuts«. (Glenkeo, x75)

Undefomed Ityanite occurring in the hornfelsic 
aagens. (Glenkeo, x37)

Garnet included in staurolite. Notice the host 
schistosity sweeping around staurolite. Also 
Ityanite is seen overprinting biotite. (Glenkeo, 
x37)

Abbreviations s
G : garnet 
K : kyanite 
St * staurolite
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(a) Enlargement of photo (e) in plate 12 showing 
garnet included in staurolite. (Glenkco, x82)

(b) Kyanite with graphite inclusions arranged normal 
to the host schistosity. (Lackagh Bridge, x75)

(c) Host schistosity sweeping around kyanite. 
(Lackagh Bridge, x39)

Abbrevi at i ons î

B s hiotite
G : garnet
K î kyanite
St î staurolite

P la te  13 .
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CH APTER TWO

FLUORESCENT X -R A Y  AND MODAL ANALYSES

E igh ty  rock  sp e c im en s  w ere  u sed  fo r  the f lu o re sce n t X -r a y  

and m odal a n a ly se s . It m u st be c le a r ly  em p h a sised  that for th e se  

a n a ly se s , the sp ec im en s  w ere  ch o sen  at random  and on ly  on the  

b a s is  that th ey  are  su itab ly  fr e sh  for  the a n a ly s is  and in  hand 

sp ec im en  th ey  contain  at le a s t  one form  of the a lum inium  s i l ic a te s .  

Appendix IV is  an index for the an a lysed  sp e c im en s  show ing the  

s e r ia l  num bering of the sp e c im en s  a s u sed  in the tex t o f th is  th e s is  

and the co rresp on d in g  lo ca tio n  and f ie ld  la b e llin g .

I. METHOD OF ROCK ANALYSIS

A rectan gu lar  hand sp ec im en  w as u sed  fo r  each  rock . Two 

p a r a lle l s l i c e s  (norm al to the sch is to s ity )  w ere  cut from  both ends  

of the sp e c im en  and w ere  u sed  for  the m odal a n a ly s is . The part 

of the sp ec im en  betw een  the 2 s l i c e s  (n ear ly  2"x2" x4") w ere  

cru sh ed  and a n a lysed  by X -r a y  f lu o r e sc e n c e  a s d e scr ib e d  e a r lie r  

in P a r t One. The d eterm in ation  of FeO w as c a rr ie d  out c h e m ic a lly  

by M r. M. S. B roth erton  of G eology D epartm ent, L iv erp o o l U n iv ersity , 

by titra tio n  aga in st p o ta ss iu m  d ichrom ate so lu tion . B y th is technique  

of sp e c im en  a n a ly s is , it i s  hoped that the c o r r e la t io n  betw een  the  

c h e m is tr y  of the rock  and its  m odal co m p o sitio n  w ill be a 

M eaningful one.

F o r  the m odal a n a ly s is , the Ic num ber for an average  rock  

Was found to be 55 (40 m m . long tr a v e r s e ) , h en ce  two s lid e s  for  each
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rock  w ere  a n a lysed  u sin g  a point counter (c. f. C h ayes, 1956). F o r  

each  s lid e , the a rea  m ea su red  ranged betw een  250 -5 0 0  m m 2 and 

the num ber o f counts c o lle c te d  ranged b etw een  800-1600. The 

an a ly tica l r e s u lt s  of the two s lid e s  w ere  then averaged .

II. METHOD OF BIOTITE ANALYSIS

The b io tite  w as sep a ra ted  from  the 100-150 m e sh  fra c tio n  of 

"the rock  pow der. The a sy m m e tr ic  v ib ra to r  w as u sed  to sep a ra te  

"the p laty  m in e r a ls  fra ctio n  (including the b io tite) from  the u n d esired  

rounded m in e r a ls  fraction . The F ran tz  m agn etic  sep a ra to r  w as  

■then u sed  to sep a ra te  the b io tite  from  the m u sco v ite  and ch lo r ite . 

F in a lly , 5 m illig r a m m e s  o f pure b io tite  w ere  then handpicked.

P a r t ia l a n a ly s is  of 21 b io tite s  w as c a r r ie d  out by X -r a y  

flu o rescen t a n a ly s is  a s  d escr ib ed  e a r lie r  in  P a r t One.

Ill, CONSTRUCTION OF THE PHASE DIAGRAMS

In the ca lcu la tio n  o f the ph ase d iag ra m s com p on en ts, the o x id es  

are defined  in  m o lecu la r  p rop ortion  (i. e. x 1000) and the

c o rn er s  o f the tr ia n g le s  are  defined as  fo llo w s:-

■A-KF D ia g ra m s : A = A^Og + FCgOg - (NagO + K^O + CaO)

K = K 2°

F = FeO + MgO + MnO

A 'KF D ia g ra m s : A' = AlgOg - (Na.^0 + K^O + CaO)

K = K 2°
F = FeO + MgO + MnO + 2 F e 20 3
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AFM  D ia g ra m s : A = A l ^  + F e ^  - (N a20 + K^O + CaO)

F  -  FeO + MnO 

M = MgO

A 'FM  D ia g ra m s : A'= A120 3 - (N a20 + KgO + CaO)

F  = FeO + MnO + 2 F e 20 3 

M = MgO

AKFM D ia g ra m s : A = A l ^  + F e ^  - (N a20 + K o0 + CaO)

K = K 2°
F = FeO + MnO

M = MgO

A'KFM  D ia g ra m s : A'= AlgOg - (N a20 + KgO + CaO)

K = K 2°
F = FeO + MnO + 2 F e 20 3 

M = MgO

C o rrectio n  for  the p r e se n c e  of ph osp horus w as done as  

fo llo w s:- CaO% (u sed  in  the above ca lcu la tio n s  ) = CaO% (in the rock)

~ 1. 33 P 20 5%.

F o r  the p u rp ose o f graphic rep resen ta tio n , a ll the above v a lu es  

^ e r e  r ec a lc u la te d  so that th ey  are  e x p r e sse d  a s  m o lecu la r  

Pe rcen ta g es .

T he AKFM and A'KFM  d iagram s are p lotted  u sin g  P h ilip sb o r n 's  

(1928) m ethod.

T hom p son  P h a se  D iagram  for  the R ocks: - 

T hom p son  ph ase d iagram  (1957) can be app lied  to rock  

ana ly s e s  p rovid ed  that a ll m in era l p h a ses  not app earing  in  the
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p ro jec tio n  has f ir s t  been  su b tracted  from  the to ta l bulk co m p osition . 

C onseq uently , the amount o f o x id es  contribu ting  to the m u sco v ite  

p resen t h as been  ca lcu la ted  and su b tracted  from  the rock  a n a ly se s .

In doing th is , 2 app roxim ations w ere  entailed: -

(1) A s in g le  m u sco v ite  com p o sitio n  w as u sed  for  a ll the 80 

ro ck s  analysed . T h is  w as taken as the a v era g e  of 6 

m u sco v ite  a n a ly se s  (2 from  s illim a n ite  zone, one from  

an d alu site  zone and one from  kyanite zone) g iven  by 

L am b ert (1959) and A lbee (1965):- AlgOg 35. 26%,

FeO 0. 34%, MgO 0. 63% and K^O 8. 83%.

(2) M u scov ite  content w as taken d irec tly  a s  the m od al volum e  

p e r  cen t. T h is  i s  ju stifia b le  on the b a s is  that the sp e c if ic  

g ra v ity  of m u sco v ite  and that o f the avera g e  p e lite  are  

n ea r ly  the sam e.

T he v a lu e s  of the T hom pson ph ase p ro jec tio n  a re  ca lcu la ted  

as fo llo w s :-

A = A120 3 - 3K20/(A 120 3 - 3K20) + MgO + FeO (m oles;

M (or M /F M ) = MgO/MgO + FeO (m oles)

IV. RESULTS

The r e s u lt s  o f the f lu o re sce n t and m odal a n a ly se s  of the ro ck s  

are shown in T able 51, the v a lu es  of th e ir  ph ase  d iagram s in  

T able 52. The r e su lts  o f b io tite  a n a ly s is  i s  shown in T able 53.
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C h em ica l and M odal A n a ly se s  of the A u reo le  R ocks

(1) Fanad A ureole:

T A B L E  51

Hock T ext No. 1 2 3 4 5

S i° 2 64. 08 60. 00 59. 26 54. 82 58 .64
T i0 2 0. 81 1. 05 1.19 1.11 1. 00

AI2°3 18.19 20. 41 20. 95 24. 00 20. 40

1. 21 0. 99 1. 00 0. 86 1. 42

FeO 5. 80 6. 27 6. 69 7. 87 7. 73

MnO 0. 07 0. 07 0. 06 0. 08 0.11

MgO 1. 80 1. 55 1. 63 1. 72 1. 77

CaO 0. 32 0. 91 0. 27 0. 48 0. 52

N a20 1. 38 2. 11 1.11 1. 98 1. 33

k 2o 4. 53 4. 35 5. 4. 96 4. 23

P  02 5 0. 07 0. 08 0. 07 0. 09 0.11

Q. H. 16. 5 12. 1 11. 4 9. 3 15. 6

2 F e 2°3
** O xidation ratio m ol. 2 F e 20 3+Fe0
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T A B L E  51 (CONTINUED)

Hock T ext No. 1 2 3 4 5

Quartz + F e ld s . 38. 0 48. 5* 49. 9* 21. 4 32. 5

B io t- ( G reen 2.1 - - 5. 3 2. 2
ite  ( Brow n 19. 7 28. 5 29. 0 21. 0 27. 7

M uscovite 34. 7 8. 3 3. 8 36.1 20. 8

C hlorite 0. 9 - - 1. 6 1. 7

G arnet - - - 3. 0 -

Ore 2. 5 1.1 1. 0 4. 4 2. 3

G raphite - - - - -

C o rd ierite - - - - -

Sh im m er 0. 3 - 3.1 - -

A ndalusite 1. 9 13. 2 6. 8 7. 2 12. 7

B ib ro lite - 0. 2 6. 0 - -

S illim an ite “ - 0. 4 - -

* In d ica tes the p r e se n c e  o f potash  fe ld sp ar .
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T A B L E  51 (CONTINUED)

H ock  
Text No. 6 . 7 8 9 10 <11

Si02 58. 76 66. 03 58. 59 61. 09 59.11 63. 50

T i02 0. 88 0 .88 0. 92 1. 06 1.12 0. 89

A12°3
19. 13 18. 62 20. 80 19.10 20. 66 18. 82

P e 2°3 0. 96 1. 34 0. 88 0. 68 1.14 1.19

PeO 8. 21 5. 31 7. 53 6. 00 6. 76 6. 36

MnO 0. 10 0. 06 0. 06 0. 07 0. 07 0. 06

MgO 2. 14 1. 50 1. 97 1. 43 1. 67 1. 61

CaO 0. 86 0. 36 0. 75 0. 60 0. 41 0. 35

Na2° 1. 74 1. 75 1. 82 1. 71 1. 80 1. 32

K2° 4. 24 3. 72 4. 61 5. 36 4. 67 3. 64

1 
V

to o CJ1 0 .14 0. 07 0.14 0. 06 0. 06 0. 08

O .R . 9. 5 18. 5 10. 0 8. 7 13. 6 15. 2
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T A B L E  51 (CONTINUED)

Hock
T ext No. 6 7 8 9 10 11

Q uartz F e ld s . 39. 9 40. 6 38. 2 51. 0* 39. 5 48 .1

H iot- (G reen - - 1. 9 - - -

He (Brow n 40. 9 26. 7 22. 2 35. 4 36. 7 22. 7

M uscovite 13.1 21. 3 22. 6 1. 3 8. 0 19. 3

C hlorite 1. 3 - - - 0.1 0. 5

Carnet 0. 2 0. 7 6. 7 - - -

Ore 0. 9 2. 3 1. 7 0. 8 2.1 1. 9

C raphite - - - - - -

C ord ierite - - - - - -

Shim m er 0. 2 - 1. 3 0. 3 10. 8 1 .4

A ndalusite 3. 5 8.1 5. 4 4. 3 2. 5 6. 1

f ib r o l i t e - - - 6. 8 0. 3 -

S illim an ite _ - - - - -
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T A B L E  51 (CONTINUED)

Rock 
T ex t  No 12 13 14 15 16 17

S i° 2 58. 76 59.18 59. 96 61. 25 55. 61 58. 50

T i° 2 1. 14 1.19 1. 04 1. 03 1.17 1.10

A12°3 20. 98 20. 37 20. 99 19. 28 22. 65 20. 06

P e 2°3 1. 36 0. 80 1. 60 1.16 1. 57 1. 27

PeO 7. 33 7. 30 5. 32 6. 31 6. 94 7. 77

MnO 0. 10 0. 08 0. 06 0. 06 0. 06 0. 07

MgO 1. 93 1. 64 1. 73 1. 83 1. 72 1. 68

CaO 0. 23 0. 59 0.16 0. 74 0 .4 6 0. 64

Na2° 0. 79 1. 53 1. 63 1. 77 1. 66 1. 71

K2° 4. 58 4. 59 4. 60 4.17 4. 99 4. 04

P 0 2 5 0. 09 0. 08 0. 07 0 .1 0 0. 08 0.11

0 .  R. 14. 4 8. 9 21. 2 14. 7 16. 8 12. 9
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T A B L E  51 (CONTINUED)

Rock  
T ext No. 12 13 14 15 16 17

Quartz + F e ld s . 38. 3 42. 9* 36. 2 38. 4 30. 4 43 .1

B io t-  (G reen  
ite  (Brown 32. 7 37.1 14. 8 32. 0 32. 9 26. 8

M uscovite 5 ,4 4. 6 10.1 17. 6 5. 0 9. 9

C hlorite - - 0. 5 - - 0. 7

Garnet - - - - 0.1 0. 2

Ore 1. 7 1. 3 1. 8 0. 8 4.1 1. 7

Graphite - - - - - -

C ord ierite 0. 3 - A - 0. 5 -

Sh im m er 8. 8 0.1 32. 8 - 20. 8 8. 9

A ndalusite 6. 0 5. 3 2. 9 11. 3 6. 0 6. 6

P ib ro lite 5, 8 8. 5 0. 7 - 0. 3 2.1

S illim anite 1 .0 0. 2 0.1 ■* “

A : a ltered
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T A B L E  51 (CONTINUED)

Rock  
Text No'. 18- 19 20 21 22

S i° 59. 78 57. 42 54. 79 59. 02 59. 81

™ 2 1. 09 1. 20 1. 16 1.10 1. 08

A12°3 20. 68 21. 73 22. 03 19. 80 19. 39

F e 2°3 1. 25 1. 03 1. 25 1. 39 1. 25

FeO 6. 88 7. 61 7. 95 7. 49 7. 59

MnO 0. 07 0. 07 0. 07 0. 09 0. 07

MgO 1. 76 1. 78 2. 17 2. 00 2.18

CaO 0 .3 7 0. 53 0. 35 0. 72 0. 35

Na ° 1. 27 1. 41 1. 21 1. 23 1. 08

V 4. 17 4. 47 4. 93 4. 07 4. 34

P 2°5 0. 09 0.11 0. 09 0.10 0. 09

0 .  R. 14. 3 10. 6 12. 6 14. 6 13.1
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T A B L E  51 (CONTINUED)

Rock
T ext No. 18 19 20 21 22

Quartz + F e ld s . 35. 8 42. 9 32. 9 37. 4 44. 0*

B io t-  (G reen  
ite  (Brown

0. 3 
26. 2

0. 7
25. 2 29. 5 31. 3 39. 2

M uscovite 4. 5 8. 2 16. 9 5. 2 2. 8

C hlorite 0. 8 0. 5 0. 5 0. 8 -

Garnet 0.1 0. 6 - 0. 3 -

Ore 3.1 1. 9 1. 9 1. 5 1.1

Graphite - - - - -

C ord ier ite - - - A -

S h im m er 19.4 12.1 8. 2 12. 5 0. 8

Andalusite 6. 6 7. 3 8. 0 9. 7 10. 5

F ib ro lite 3. 2 0. 4 1. 7 1 .4 1. 3

S il l im an ite - o * C
O 0 .4 - 0. 3
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(2) A rdara Aureole:

TA B L E  51 (CONTINUED)

Rock Text No. 23 24 25 26 27

S i0 2 61. 13 59. 53 59. 20 58.12 59. 92

T i0 2 1. 03 1. 26 0. 88 0. 84 0. 87

A12°3 19. 03 26. 10 20. 40 20.14 20. 05

F e 2°3 1. 39 1. 58 1. 82 1. 46 1. 31

PeO 6. 06 3. 47 4. 69 5. 79 6. 06

MnO 0. 07 0, 05 0. 07 0.12 0.11

MgO 2. 27 1. 68 5. 25 4. 20 2. 69

CaO 0. 48 0. 15 0.19 0. 48 0. 74

N a2° 1. 84 1. 31 0. 93 1. 28 1. 92

K 2° 3. 53 3. 85 3. 07 3. 78 3. 53

P n 
2 5

0. 08 0. 06 0. 07 0. 08 0. 08

0 .  R. 17. 4 28. 8 25. 7 18. 2 16.1
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T A B L E  51 (CONTINUED)

Rock T ext No. 23 24 25 26 27

Quartz + F e ld s . 38. 4 32. 1 34.1 40. 3 41. 8

B io t- ( G reen - - - _

ite  ( Brow n 39. 4 20. 3 22. 8 19. 6 23. 6

M uscovite 5. 0 28. 4 3.1 5. 6 8. 7

C hlorite - - 7. 8 15. 7 5. 4

Garnet - - - 0. 6 1. 3

Ore 0. 7 3. 5 0. 3 0. 5
1. 0

G raphite

C ord ierite ;
Shim m er - - 8. 2 16. 4 14. 7

Staurolite - 0. 8 1. 3 0. 2 0. 5

A ndalusite 12. 7 11. 0 14. 4 1. 2 3.1

R ib rolite 3. 9 3. 7 - - -

S illim an ite - - - - -

Kyanite - - 1. 9 - -
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TA B L E  51 (CONTINUED)

Hock
Text No. 28 29 30 31 32 33

Sl° 55. 22 50. 78 57. 81 69. 08 60. 76 60. 81
Ti„ 2 1. 06 1. 20 1.17 1. 03 0. 81 0. 84

Al 0 2 3
23.91 31. 01 23. 43 16. 64 17. 57 18. 01

F e n0 2 3 2. 01 1. 43 1. 44 1. 77 1. 81 2. 06

FeO 5 .4 2 3. 55 4. 88 5. 36 4. 85 4. 48

MnO 0. 10 0. 05 0. 06 0. 07 0. 08 0. 08

Mgo 2 .3 9 1. 37 2. 31 2. 55 5. 72 5. 82

CaO 0. 66 0. 32 0. 88 0. 57 0. 67 0. 58
Na ° 1. 83 1. 56 1. 92 1. 03 1. 55 1. 52V 3 .9 7 5. 98 2. 77 1. 57 2. 75 2. 99

P 2°5 0. 07 0. 07 0. 10 0. 06 0. 08 0. 09

° - R . 25. 6 26. 7 21. 0 22. 8 24. 7 29. 3
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T A B L E  51 (CONTINUED)

Rock  
T ext No, 28 29 30 31 32 33

Quartz + F e ld s . 42. 8 17. 4 43. 6 57. 6 48. 5 44. 8

B io t-  (Green - - - - - -

ite  (Brown 37. 2 2. 3 19. 3 18. 7 32. 6 44. 0

M uscovite 5. 0 39.1 6. 7 2. 5 5. 6 0. 7

C hlorite 1. 0 6. 8 1.1 4. 3 5. 7 1. 5

Garnet 0. 2 - - 3. 2 - -

Ore 1. 3 5. 3 0. 7 0. 3

Graphite -
2. 2 6. 8 - - -

C ord ierite - - - 0. 4 - -

S h im m er 8.1 24. 5 5.1 - - 0. 2

Staurolite 1.0 tr - - 2. 3 0. 5

A ndalusite 3 .4 7. 6 16. 7 1. 7 4.1 6. 9

F ib ro lite - - 0. 7 5. 5 0. 2 0. 2

S il l im an ite - - - 0. 7 - -

Kyanite - - — — 0. 4 0. 8
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Rock

T A B L E  51 (CONTINUED)

Text N o . 34 35 36 37 38 39

Si02 58. 03 55. 13 58. 94 61. 82 60. 62 60. 99

T i02 0. 97 1. 00 0. 92 0. 83 0. 94 0. 85

" V s 18. 85 25. 27 19. 84 18. 63 20. 64 18. 02

P e 2°3 1. 86 1. 64 1. 57 1. 70 1. 49 1. 48

EeO 6 .3 8 4. 60 4. 40 4. 29 4. 38 4. 77

MnO 0. 12 0. 09 0.11 0. 08 0. 06 0. 08

Mgo 4. 33 3.16 5. 30 5. 00 4. 66 6.10

CaO 0. 75 0. 37 1.12 0. 68 0. 65 0. 30

Na 0 1. 36 1. 69 1. 88 1. 27 1. 21 0. 87

to
 O

 1

3 .4 2 4. 36 2. 68 2. 81 2. 97 3. 74

P 2°5 0. 08 0. 07 0. 09 0. 08 0. 08 0. 08

^ _

O.R. 20. 7 24. 5 24.1 26. 9 22. 8 21. 3
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T A B L E  51 (CONTINUED)

Rock  
T ext No. 34 35 36 37 38 39

Quartz + F e ld s . 34. 8 27. 6 42.1 39. 8 36. 0 39. 9

B io t-  (G reen - 1. 7 - - - -

ite  (Brown 43. 5 - 40. 3 45. 2 44. 5 41.1

M uscovite 1. 8 6. 6 1. 3 1. 7 2. 7 1. 3

C hlorite 0. 8 26.1 3. 5 1 .4 - 1 .8

Garnet 2. 4 0 .4 - - - -

Ore 1.4 0. 3 0. 7 0. 9 2. 0

Graphite 1. 2
- - - - -

C ord ier ite - - - - - -

S h im m er - 35. 4 1 .4 0.1 - 0. 2

Staurolite 0. 5 - 1 .4 1. 2 1. 7 0. 4

A ndalusite 14. 6 0. 8 7. 7 8. 5 13. 4 12. 5

F ib ro lite 0. 5 - 1. 0 - 0. 3 0. 2

S il l im an ite - - - - - -

Kyanite - - 0. 9 1 .4 0. 6 0. 7
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T A B L E  51 (CONTINUED)

(3) B a rn esm o r e  A ureoles:

Rock Text No. 40 41 42

Si0 57.17 52. 39 56. 49

™ >2 0. 90 0. 82 0. 81

A12°3
20. 45 22. 44 22. 60

F e  0 . 2. 94 2. 23 2. 80
2 3

FeO 4. 34 4. 74 4.12

MnO 0. 09 0. 07 0. 09

MgO 2. 89 3. 03 2. 74

CaO 0. 46 0. 32 0. 26

Na 0 1. 61 1. 56 1. 75

K 0 6. 66 8. 52 5. 95
2

P 0 0. 11 0. 08 0. 08
2 5

O. R. 37. 9 29. 9 38. 6
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T A B L E  51 (CONTINUED)

Rock T ext No. 40 41 42

Quartz + F e ld s . 36. 4* 35. 3* 35. 0*

B iotite  ® 30. 2 31. 3 12. 2

M uscovite 24. 0 24. 7 47. 4

C hlorite 0. 9 - 0. 8

Ore 1. 0 0. 7 2.1

S h im m er 5. 6 - 0.1

Andalusite 1.6 7. 3 2. 4

F ib ro lite 0. 3 0. 7

@  : G reen  to brow nish  green
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TABLE 51 (CONTINUED) 

(4) T horr G ranodiorite  A ureole  and E nclaves:

Rock T ext No. 43 44 45 46 47

SiO 62. 95 60. 21 65. 32 48. 55 63. 46

T i°2 0. 83 0. 92 0. 94 1, 40 0. 97

A l2°3 20. 04 20. 50 18. 99 32.16 20. 61

F e 0 1.14 1. 70 1. 05 1. 22 1. 53
2 3

FeO 5.10 5. 68 5. 04 6. 09 4. 60

MnO 0. 06 0. 07 0. 06 0. 06 0. 09

MgO 2. 22 2. 50 2.10 2. 59 2. 28

CaO 0. 33 0. 23 0. 31 0. 54 0.15

Na 0 1. 63 1. 65 1. 08 1. 21 0. 84

K2°
4. 24 4. 41 3. 66 4. 04 4. 25

P n 0. 07 0. 04 0. 07 0. 06 0. 06
2 5

0 .  R. 17. 2 21. 8 15. 6 15. 8 22. 5
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T A B L E  51 (CONTINUED)

Rock T ext No. 43 44 45 46 47

Quartz + F e ld s . 32. 8 36. 4 51.1* 25. 9* 46. 3

B io t- (G reen - - - - -

Re (Brow n 25. 9 30. 0 10. 8 43. 7 33. 8

M uscovite 35.1 25. 2 17. 8 1. 2 12. 7

C hlorite 0. 7 2. 6 10.1 0.1 -

G arnet - - - -

Ore 1. 4 1. 4 1. 8 1.1 1. 7

Shim m er 0. 2 0. 3 6. 8 2. 0 3. 0

And alu s ite 4. 0 4 .1 - - -

F ib ro lite - - 0. 9 - 1.1

S illim an ite _ - 0. 7 26. 0 1. 5
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T A B L E  51 (CONTINUED)

Rock
Text No 48 49 50

S i02 51. 34 59. 00 58. 21

T i°2 1. 53 1.10 1. 22

A12°3
30. 41 21. 67 22. 58

F 6 2°3 1. 29 1. 32 1. 25

FeO 5 .3 0 6. 49 6. 82

MnO 0. 06 0. 07 0. 09

MgO 2 .6 3 2. 85 3. 29

CaO 0. 30 0.18 0. 28

N a 2°
1. 10 0. 91 0. 72

K 2°
4. 57 4. 41 3. 67

P 0 0. 06 0. 07 0. 062 5

O.. R. 17. 8 15. 4 14. 4
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TABLE 51 (CONTINUED)

Hock
T ext No. 48 49 50

Quartz + F e ld s . 14. 9 61. 0* 42.1

B io t-  (G reen  
ite  (Brown 34. 9 26. 9

0. 2 
40.1

M uscovite 16. 5 0. 8 0. 8

C hlorite - - 0. 4

Garnet - 3. 2 -

Ore 3. 2 2.1 1. 0

S h im m er - - -

A ndalusite - - -

F ib ro lite 3. 9 2. 7 2. 3

S il l im an ite 26. 7 3 .4 13. 0
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TABLE 51 (CONTINUED) 

(5) The A u reo le  of the Main D onegal Granite:

Rock Text No. 51 52 53 54 55

S i02 63. 98 59. 51 66. 06 60. 14 57. 07

™ 2
0. 88 0. 84 0. 82 0. 80 1.11

A12°3 20. 72 22. 99 19. 94 19. 62 25. 47

P e 2°3 1. 63 1. 98 1. 93 2. 04 1. 90

FeO 4. 40 4. 46 2. 89 2. 92 3. 39

MnO 0. 08 0. 09 0. 08 0. 08 0. 07

MgO 2. 08 1. 97 5. 79 6. 09 2. 51

CaO 0. 31 0.15 0.15 0.12 0.12

N a2° 1. 43 1.15 2. 37 2. 26 1. 74

K2° 4. 08 4. 58 3. 09 3.10 5. 23

P 2 ° 5 0. 06 0. 08 0. 05 0. 05 0. 08

O .R , 25. 2 29. 2 38.1 39. 2 33. 0
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TABLE 51 (CONTINUED)

Rock Text No. 51 52 53 54 55

Quartz + F e ld s . 46. 3 33. 2 42. 2 36. 3 26. 4

Biotite 19. 7 3. 9 38. 4 36. 7 16. 6

M uscovite 20. 3 36. 0 0. 9 0. 8 45. 9

Chlorite 0. 9 14. 6 - - -

Garnet 0. 8 1 .  0 - - 0. 2

Ore
2. 5

1. 6
5. 9 9. 0

1. 3

Graphite ”

Shim m er 1. 9 9. 8 0. 7 1.1 -

Staurolite 0.1 - - - 9.1

Andalusite 7. 5 A - - -

F ib ro lite - - - - -

Kyanite - - 11. 8 16.1 1.1

A : Andalusite w holly  a ltered  to sh im m er
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T A B L E  51 (CONTINUED)

Rock  
T ext N o . 56 57 58 59 60 61

Si° 57. 01 55. 81 58. 79 55. 98 62. 43 59. 39

T1o2 1. 10 0. 62 0. 84 0. 69 0. 76 0. 83

A12°3 24. 42 14. 39 18. 41 15. 52 18. 75 18. 24

F e 2°3 2 .0 2 2. 48 2. 68 1. 33 2. 89 2. 86

PeO 4. 00 2. 48 3. 72 3. 31 3.12 4. 00

MnO 0.15 0. 05 0. 06 0. 05 0. 05 0. 07

Mgo 2 .7 9 11. 93 5. 01 9. 62 3. 80 5. 07

CaO 0. 35 1. 99 0. 18 2. 84 0. 09 0.14

N a n 1. 65 1. 90 1. 94 2. 33 1. 52 1. 72

to
 O

 
1

4. 88 4. 00 3. 43 3. 75 3. 56 3. 47

P 2°5 0. 15 0. 09 0. 06 0.10 0. 05 0. 05

o .  R. 31. 7 47. 7 39. 2 26. 4 45. 5 39.1
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T A B L E  51 (CONTINUED)

Rock  
T ext No. 56 57 58 59 60 61

Quartz + F e ld s . 21. 9 44. 0 31.4 47. 7 38. 3 35. 7

B iotite 20. 2 50. 8 38.1 43. 2 35. 0 41. 5

M uscovite 35. 0 - 1.1 - 12. 0 •
CO

C h lorite 0. 5 0.1 0. 2 - 0.1 -

Garnet 2. 0 - - - - -

Ore 1.1

Graphite -
5. 2 6. 3 9.1 4. 4 4. 2

S h im m er 0. 2 - 19. 0 - 4. 2 4 .1

Staurolie 11. 2 - - - - -

A ndalusite - - - - - -

F ib ro lite - - - - tr tr

Kyanite 1. 9 - 3. 9 - 5. 8 10. 7

T ourm aline - - - - 0. 2 0 .1
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T A B L E  51 (CONTINUED)

Hock 
Text No. 62 63 64 65 66 67

Si° 59. 61 60. 61 64. 24 64. 27 66.19 64. 01

T io 2 0. 70 0. 80 0. 86 0. 83 0. 75 0. 85

A l2°3 18. 01 21. 30 16. 32 15. 48 14. 43 17. 03

F e 2°3 1. 89 2. 28 2. 62 2. 88 1. 82 2. 00

PeO 4. 15 2. 95 5. 04 5. 45 5. 22 4. 76

MnO 0. 07 0. 06 0. 10 0.11 0.13 0.10

MgO 6. 12 3. 37 4.18 4. 78 4. 91 4. 44

CaO 0. 77 0.14 0. 52 0. 53 0. 62 0. 72

Na2° 1. 48 1. 32 1.12 1.12 1. 04 1.16

V 3 .6 4 4. 89 3.18 2. 97 2. 91 3. 26

V S 0. 08 0. 06 0. 09 0. 09 0.10 0. 09

o .  R. 29. 3 40. 6 31. 5 32.1 23. 6 28. 2
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T A B L E  51 (CONTINUED)

Rock  
T ext No. 62 63 64 65 66 67

Quartz + F e ld s . 38. 7 33. 7 40. 7 41. 5 50. 3 40. 6

B iotite 36. 0 29. 9 28. 2 36. 9 37. 0 35. 7

M uscovite 22. 9 23. 4 8. 9 2 .4 2. 7 4. 7

Chlorite 0. 4 - 3. 5 1. 3 3. 3 0. 5

Garnet - - 1.4 0. 3 0. 4 0 .9

Ore 1. 5 1. 8 1.1 1. 3

Graphite
8. 2 9. 9

- - - -

Sh im m er - - 1.8 - 0. 4 -

Staurolite - 2. 2 12. 7 13. 7 3. 2 6. 8

A ndalusite - - - - 0. 3 8. 4

F ib ro lite - - - - tr -

Kyanite 3. 7 0. 9 1. 0 2.1 1. 0 0. 9

T ourm aline - 0. 2 0 .1 - 0. 2 0 .1



218

T A B L E  51 (CONTINUED)

Rock
T ext No. 68 69 70 71 72 73

Si° 63. 82 63. 94 55. 75 60. 52 60. 34 55. 97

™ 2 0. 77 0. 81 0. 88 0. 84 0. 84 0. 85

A l2°3 16,26 15. 91 19. 69 18. 20 19. 79 19. 06

F e 2°3 1.12 1. 42 0. 99 1. 32 1. 38 1. 20

PeO 5 .3 4 5. 93 4. 44 4. 94 4. 47 4. 40

MnO 0. 13 0.14 0. 10 0. 08 0.10 0.10

MgO 5 .2 7 4. 86 4. 90 5. 05 5. 25 5. 46

CaO 0. 98 1. 04 3. 59 1. 60 0. 85 3.16

Na ° 1. 23 1. 23 3.14 1. 99 1. 41 2. 70

V 3.11 2. 88 3. 02 2. 99 3.17 3. 27

P 2°5 0. 10 0.10 0.13 0. 09 0. 08 0.10

o .  R. 16. 2 17. 9 16. 3 19. 2 22. 0 20.. 8



219

T A B L E  51 (CONTINUED)

Hock
T ext No. 68 69 70 71 72 73

Quartz + F e ld s . 45. 6 36. 8 51. 0 48. 0 40. 0 51. 4

B iotite 42 .1 36. 8 37. 5 41. 3 40. 9 43. 8

M uscovite 0. 8 5. 0 - - o • CO 0. 2

C hlorite 0 .4 4. 5 0. 8 0. 6 3. 9 0. 3

Garnet 1.7 1. 5 1 .0 - - 0. 3

Ore 1 .4 1. 5 0. 6 1. 0 1. 7 1. 3

Graphite - - - - - -

Sh im m er - - 0. 9 0. 7 2. 4 <M•
o

S taurolite 1. 7 2. 0 - 0. 4 - 0 .1

Andalusite 4 .4 11. 2 - 2. 2 - -

F ib ro lite 0. 2 - 0. 7 3.1 4. 6 -

Kyanite 1. 5 0. 6 7. 2 2. 6 5. 4 to • CO

T ourm aline 0.1 - 0. 3 - 0. 2 0. 3
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T A B L E  51 (CONTINUED)

Rock
T ext No. 74 75 76 77 78 79 80

Si° 62. 06 61. 79 58. 91 59. 65 62. 92 60. 65 63. 59

™ 2 0. 80 0. 80 1. 00 0. 91 0. 88 0. 92 0. 87

A12°3 16. 34 17. 33 19. 73 18. 47 17. 62 18. 52 19. 60

F e 2°3 1. 27 1. 23 1. 61 1. 73 1. 94 2 .4 0 1. 20

FeO 4. 99 4. 87 4. 77 6. 35 6. 20 6. 31 4. 01

MnO 0.10 0.14 0. 06 0.14 0.12 0.12 0. 05

MgO 5. 53 5. 63 3. 79 4. 48 2. 48 2. 48 1. 72

CaO 1. 44 1. 20 1. 75 0. 38 0. 54 0. 55 0. 95

Na 0 1. 68 1.48 2.18 0. 82 1. 48 1. 34 2. 70

K2° 2. 97 2. 62 3. 05 3. 68 3. 24 3. 48 3. 62

P  02 5 0.10 0. 08 0.10 0. 08 0. 09 0.11 0. 07

O .R . 18. 6 19.1 23. 3 19. 9 22. 4 25. 4 22. 2
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T A B L E  51 (CONTINUED)

R ock
T ext No. 74 75 76 77 78 79 80

Quartz + 
F e ld s . 50.0 . 51. 3 5 0 .4 42. 3 40. 3 40 .1 45. 5

B iotite 41. 2. 34. 0 39. 0 21. 6 26. 8 34.1 28. 9

M uscovite - 0. 2 0. 9 8 .4 21. 2 13. 2 19. 2

C hlorite 1. 3 2. 0 2 .4 14. 5 - 0. 3 -

Garnet - 0 .4 - 0. 8 1 .4 1. 9 0 .4

Ore 3. 0 2 .4 2. 0 0. 8 2. 0 1. 7 2. 3

Graphite - - - - - - -

Sh im m er 0 .4 0. 3 - - - - -

Staurolite - 1.4 1. 7 - 5. 8 6.1 -

Andalusite - - - - - - -

F ib ro lite 1. 2 2 .4 2.1 11. 0 2. 4 2. 4 3. 8

Kyanite 2. 7 5. 6 1 .4 0. 5 - - -

T ourm alin e  0. 3 0.1 0.1 0. 2 0.1 0. 2 -
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TA B L E  52

V alues of P h ase  D iagram s

(I) Fanad A ureole

Rock
Text No. 1 2 3

A 39. 0 39. 3 42. 1
K 16. 8 16. 2 16, 5
F 44. 2 44. 5 41. 3

A' 35. 4 36. 3 39. 4
K 16. 4 15.9 16. 2
F 48. 2 47. 8 44. 3

A 46. 9 4 6 .9 50, 5
F 3 4 .3 37. 0 34. 6
M 18. 8 16. 1 14. 9

A' 42. 3 43. 1 47 .1
F 39. 5 41.1 38. 4
M 18. 2 15. 7 14. 6

A 39. 0 39. 3 42. 1
K 16. 8 16. 2 16. 5
F 28. 6 31. 0 28. 9
M 15. 6 13.5 12. 4

A' 35. 4 36. 3 39. 4
K 16. 4 15. 9 16.2
F 3 3 .0 34. 6 32. 1
M 15. 2 13.2 12. 2

Thom p-
son
V alues

4 5 6

4 3 .8 40. 7 3 3 .7
15. 4 13.5 14. 0
40. 8 45. 8 52. 4

41. 6 3 7 .0 31.2
15. 2 13.1 13.7
4 3 .3 49. 8 55. 1

51. 8 4 7 .0 39.1
33. 5 37. 8 4L. 7
14. 8 15.2 19. 1

49. 0 4 2 .6 36. 2
36. 5 4 2 .6 45. 1
14. 5 14. 7 18. 7

4 3 .8 40. 7 3 3 .7
15.4 13.5 14. 0
2 8 .3 3 2 .7 35. 9
12. 5 13.2 16.5

41. 6 3 7 .0 31. 2
15.2 13.1 13. 7
31.0 37. 0 38. 9
12. 3 12.8 16. 2

0 .0 8 9  0.312 0 .2 3 2  0 .2 7 3  0 .261 0.211
0 331 0 .3 0 0  0 .2 9 8  0 .2 5 6  0 .2 7 6  0.310
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T A B L E  52 (CONTINUED)

Rock
T ext No. 7 8 9 10 11 12

A 43. 9 37. 3 35. 6 40. 2 43. 2 43. 0
K 14. 6 15.1 20. 7 15. 9 13.1 13. 9
F 4L 5 47. 6 43. 6 43. 8 43. 7 43 .1

A' 39. 6 35. 0 33. 6 37.1 39. 7 39. 6
K 14. 2 14. 8 20. 4 15. 6 12. 8 13. 5
F 46. 3 50. 2 46. 0 47. 3 47. 6 46. 8

A 51. 4 43. 9 44. 9 47. 9 49. 7 49. 9
F 32. 4 38. 3 38. 8 36. 3 34. 8 34. 2
M 16.1 17. 7 16. 3 15. 8 15. 5 15. 8

A' 46.1 41.1 42. 2 43. 9 45. 5 45. 8
F 38. 3 41. 5 41. 9 40. 7 39. 4 38. 8
M 15. 6 17. 4 16. 0 15. 4 15.1 15. 4

A 43. 9 37. 3 35. 6 40. 2 43. 2 43. 0
K 14. 6 15.1 20. 7 15. 9 13.1 13. 9
F 27. 7 32. 6 30. 7 30. 5 30. 2 29. 5
M 13. 8 15.1 12. 9 13. 3 13. 5 13. 6

A' 39. 6 35. 0 33. 6 37.1 39. 7 39. 6
K 14. 2 14. 8 20. 4 15. 6 12. 8 13. 5
F 32. 9 35. 4 33. 3 34. 3 34. 4 33. 5
M 13. 4 14. 8 12. 7 13. 0 13. 2 13. 3

T hom pson V alues

A 0. 321 0. 220 0.116 0. 241 0. 308 0. 257
M 0. 317 0. 302 0. 297 0. 292 0. 295 0. 311
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T A B L E  52 (CONTINUED)

Rock
T ext No. 13 14 15 16 17 18

A 39. 0 45. 6 38. 7 43. 0 39. 3 43. 4
K 15. 5 16. 0 15. 2 15. 6 13. 4 13. 6
F 45. 6 38. 5 46 .1 41. 3 47. 3 43 .1

A' 36. 8 41.0 35. 3 39. 0 35. 9 40. 0
K 15. 2 15. 4 14. 8 15. 2 13.1 13. 3
F 48. 0 43. 6 49. 8 45. 8 51. 0 46. 7

A 46.1 54. 2 45. 7 51. 0 45. 4 50. 2
F 38. 6 29.1 35. 9 34.1 39. 5 34. 3
M 15. 3 16. 7 18. 4 14. 9 15.1 15. 5

A' 43. 4 48. 4 41. 5 46. 0 41. 3 46 .1
F 41. 6 35. 5 40. 6 39. 6 44. 0 38. 8
M 15. 0 16.1 17. 9 14. 4 14. 7 15.1

A 39. 0 45. 6 38. 7 43. 0 39. 3 43. 4
K 15. 5 16. 0 15. 2 15. 6 13. 4 13. 6
F 32. 6 24. 5 30. 5 28. 8 34.2 29. 7
M 12. 9 14.0 15. 6 12. 6 13.1 13. 4

A' 36. 8 41. 0 35. 3 39. 0 35. 9 40. 0
K 15. 2 15. 4 14. 8 15. 2 13.1 13. 3
F 35. 3 30. 0 34. 6 33. 6 28. 2 33. 7
M 12. 7 13. 6 15. 2 12. 2 12. 7 13.1

T hom pson V alues

A 0. 225 0. 227 0. 258 0. 268 0. 277 0. 289
M 0. 283 0. 335 0. 329 0. 288 0. 265 0. 297
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T A B L E  g2 (CONTINUED)

Rock
T ext No. 19 20 21 22

A 41. 8 4 0 .4 39. 5 38. 7
K 13. 9 14. 3 13. 2 13. 7
F 44. 3 45. 2 47. 3 47. 7

A' 39. 2 37. 5 35. 9 35. 5
K 13. 7 14. 0 12. 8 13. 4
F 47. 2 48. 5 51. 3 51.1

A 48. 6 47. 2 45. 5 44. 8
F 36. 4 35. 6 37.1 36. 6
M 15. 0 17. 2 17. 4 18. 6

A' 45. 4 43. 6 41.1 41. 0
F 39. 9 39. 6 41. 9 40. 9
M 14. 7 16. 8 16. 9 18.1

A 41. 8 40. 4 39. 5 38. 7
K 13. 9 14. 3 13. 2 13. 7
F 31. 3 30. 5 32. 2 31. 6
M 12. 9 14. 7 15.1 16. 0

A' 39. 2 37. 5 35. 9 35. 5
K 13.7 14 .0 12. 8 13 .4

F 34. 5 34.1 36. 5 3 5 .4
M 12. 7 14. 4 14. 7 15. 7

T hom pson V alues

A 0. 284 0. 212 0. 262 0. 238
M 0. 281 0. 313 0. 312 0. 337
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(2) A rdara A u reo le

T A B L E  52 (CONTINUED)

R ock  
T ext No. 23 24 25 26 27 28

A 40. 4 60. 6 41. 4 38. 0 39. 7 48 .1
K 12. 5 12. 2 8. 3 11. 0 11. 9 12. 3
F 47.1 27.1 50. 2 51. 0 4 8 .4 39. 6

A' 36. 4 56. 0 37. 4 34. 7 36 .1 42. 9
K 12.1 11. 9 8 .1 10. 7 11. 6 11. 8
F 51.4 32.1 54. 5 54. 6 52. 3 45. 3

A 46. 2 69.1 45. 2 42. 7 45. 0 54. 8
F 32. 4 16. 7 18. 5 25. 3 30. 9 25. 5
M 21. 4 14. 2 36. 3 32. 0 24. 0 19. 7

A' 41. 5 63. 6 40. 7 28. 8 40. 9 48. 6
F 37. 8 22. 7 24.1 30. 0 35. 8 32. 5
M 20. 7 13. 7 35. 2 31.1 23. 3 18. 9

A 40. 4 60. 6 41. 4 38. 0 39. 7 48 .1
K 12. 5 12. 2 8. 3 11. 0 11. 9 12. 3
F 28. 4 14. 7 16. 9 22. 5 27. 3 22. 4
M 18. 7 12. 5 33. 3 28. 5 21. 2 17. 3

A' 36. 4 56. 0 37. 4 34. 7 36.1 42. 9
K 12.1 11. 9 8.1 10. 7 11. 6 11. 8
F 33. 2 20. 0 22.1 26. 8 31. 6 28. 6
M 18. 2 12.1 32. 3 27. 8 26 6 16. 6

T hom pson V alu es

A 0. 337 0. 578 0. 330 0. 259 0. 321 0. 430
M 0. 398 0 .4 4 2 0. 665 0. 559 0. 431 0 .4 3 3
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T A B L E  52 (CONTINUED)

R ock
T ext No. 29 30 31 32 33 34

A 59. 9 51. 5 46. 0 33. 2 34. 2 35 .1
K 17. 3 9. 2 5. 8 8 .1 8. 7 10.1
F 22. 9 39. 3 48. 2 58. 6 57.1 54. 8

A' 56.1 4 7 .4 40. 5 29. 2 29. 7 30. 9
K 16. 8 8. 9 5. 6 7. 9 8. 4 9. 7
F 27.1 43. 7 53. 9 63. 0 62. 0 59. 4

A 72. 4 56. 7 48. 8 36. 2 37. 5 39. 0
F 16. 5 23. 6 27. 9 20. 8 19. 0 27. 9
M 11. 2 19. 7 23. 3 43. 0 43. 5 33 .1

A' 67. 5 52. 0 42. 9 31. 6 32. 4 34. 2
F 21. 7 28. 9 34. 6 26. 8 25. 8 33. 8
M 10. 8 19.1 22. 4 41. 6 41. 9 31. 9

A 59. 9 51. 5 46. 0 33. 2 34. 2 35 .1
K 17. 3 9. 2 5. 8 8 .1 8. 7 10.1
F 13. 6 21. 5 26. 3 19.1 17 .4 25.1
M 9. 2 17. 6 22. 0 39. 5 39. 7 29. 8

A' 56.1 47. 4 40. 5 29. 2 29. 7 30. 9
K 16. 8 8. 9 5. 6 7. 9 8 .4 9. 7
F 18. 0 26. 3 32. 7 24. 7 23. 6 30. 5
M 9. 0 17. 4 21. 2 38. 3 38. 4 28. 8

T hom pson V alu es

A 0. 508 0. 522 0. 448 0. 280 0. 287 0. 277
M 0. 341 0. 452 0. 458 0. 677 0. 689 0. 547
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T A B L E  52 (CONTINUED)

R ock
T ext No. 35 36 37 38 39

A 48. 6 36. 5 38. 2 41. 9 33. 2
K 12. 5 8 .1 8. 6 8. 8 10. 3
F 38 .9 55. 4 53. 2 49. 3 56. 5

A' 44. 6 32. 7 34.1 38. 4 30 .1
K 12. 2 7. 9 8. 3 8. 5 10. 0
F 43. 2 5 9 .4 57. 6 53.1 59. 9

A 55. 6 39. 7 41. 8 46. 0 37. 0
F 20. 2 19. 5 19. 2 18. 8 19. 4
M 24. 2 40. 8 39 .1 35. 2 43. 5

A' 50. 8 35. 5 37. 2 41. 9 33. 5
F 25. 7 24. 8 25. 0 23. 8 24.1
M 23. 5 39. 6 37. 8 34. 2 42. 4

A 48. 6 36. 5 38. 2 41. 9 33. 2
K 12. 5 8 .1 8. 6 8. 8 10. 3
F 17. 7 17. 9 17. 5 17. 2 17. 4
M 21. 2 37. 5 35. 7 32.1 39.1

A' 44. 6 32. 7 34.1 38. 4 30 .1
K 12. 2 7. 9 8. 3 8. 5 10. 0
F 22. 6 22. 9 22. 9 21. 8 21. 7
M 20. 6 36. 5 34. 6 31. 3 38. 2

T hom pson V alu es

A 0. 380 0 .3 5 9 0. 334 0. 376 0. 207
M 0. 337 0. 682 0. 675 0. 654 0. 695
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TA B L E  52 (CONTINUED)

(3) B a r n e s m o re  A u re o le

R ock
T ext No. 40

A 36. 4
K 22. 0
F 41. 6

A 1 29. 0
K 20. 9
F 50. 2

A 46. 6
F 24. 7
M 28. 7

A' 36. 6
F 36. 7
M 26. 7

A 36. 4
K 22. 0
F 19. 2
M 22. 4

A' 29. 0
K 20. 9
F 29. 0
M 21.1

T hom pson V alu es

41 42

33. 8 43. 3
25. 2 18. 9
40. 9 37. 8

28. 6 36. 2
24. 3 17. 9
47 .1 45. 9

45. 2 53. 4
25. 8 21. 6
29. 0 25. 0

37. 8 44 .1
34. 7 32. 4
27. 5 23. 5

33. 8 43. 3
25. 2 18. 9
19. 3 17. 5
21. 7 20. 3

28. 6 36. 2
24. 3 17. 9
26. 3 26. 6
20. 8 19. 3

-0 .9 7 4 0. 014
0. 524 0. 523

A
M

-0 .3 2 0  
0. 532
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T A B L E  52 (CONTINUED)

(4) T h o r r  G ra n o d io r ite  A u re o le  and  E n c la v e s

Rock  
T ext No. 43 44 45 46 47 48

A 42. 7 41. 7 45. 0 56. 7 47. 6 55. 6
K 15. 0 14. 5 13. 2 9. 6 14. 2 11.4
F 42. 3 43. 9 41. 8 33. 7 38. 7 32. 9

A' 39. 4 37. 2 4L 9 54.1 43. 3 52. 7
K 14. 7 14. 0 12. 9 9. 5 13. 7 11. 2
F 46. 0 48. 8 45. 2 36. 5 42. 9 36 .1

A 50. 2 48. 7 51. 9 62. 8 55. 5 62. 8
F 28. 2 28. 9 27. 8 21. 3 23. 9 19. 8
M 21. 6 22. 4 20. 4 16. 0 20. 7 17. 3

A' 46 .1 43. 2 48 .1 59. 7 50. 2 59. 4
F 32. 8 35. 2 32 .1 24. 6 29. 8 23. 6
M 21. 0 21. 5 19. 9 15. 7 20. 0 17. 0

A 42. 7 41. 7 45. 0 56. 7 47. 6 55. 6
K 15. 0 14. 5 13. 2 9. 6 14. 2 11.4
F 23. 9 24. 7 24 .1 19. 2 20. 5 17. 6
M 18. 4 19.1 17. 7 14. 4 17. 7 15. 4

A' 39. 4 37. 2 41. 9 54.1 43. 3 52. 7
K 14. 7 14 .0 12. 9 9. 5 13. 7 11. 2
F 28. 0 30. 3 27. 9 22. 3 25. 7 21. 0
M 17. 9 18. 5 17. 3 14. 2 17. 2 15.1

T hom pson V alu es

A 0. 246 0. 246 0. 315 0. 555 0. 308 0. 512
M 0.417 0. 427 0. 412 0. 430 0. 461 0. 462
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*TABLE 52 (CONTINUED)

R ock  
T ext No. 49 50

A 43. 0 44. 7
K 12. 8 9. 9
F 44. 2 45. 4

A' 39. 9 41. 9
K 12. 5 9. 7
F 47. 6 48. 4

A 49. 3 49. 6
F 28. 6 27. 3
M 22.1 23 .1

A' 45. 6 46. 4
F 32. 9 31. 0
M 21. 6 22. 6

A 43. 0 44. 7
K 12. 8 9. 9
F 24. 9 24. 5
M 19. 3 20. 8

A' 39. 9 41. 9
K 12. 5 9. 7
F 28. 8 28. 0
M 18. 9 20. 4

T hom pson V alues

A 0. 308 0. 371
M 0. 439 0. 462
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T A B L E  52 (CONTINUED)

(5) T he A u re o le  o f th e  M ain  D o negal G ra n ite

R ock  
T ext No. 51 52 53 54 55 56

A 47. 6 51. 4 38. 4 37. 4 51. 7 48. 9
K 14. 4 14. 7 9. 3 9 .1 16. 2 14. 8
F 38. 0 33. 9 52. 3 53. 5 32 .1 36. 3

A' 42. 8 45. 9 33. 8 32. 7 46. 6 43. 7
K 14. 0 14. 2 9. 0 8. 8 15. 6 14. 3
F 43. 3 39. 9 57. 2 58. 5 37. 7 42. 0

A 55. 6 60. 2 42. 3 41.1 61. 7 57. 4
F 24. 3 22. 5 12. 9 12. 8 16. 7 19. 4
M 20.1 17. 3 44. 8 46 .1 21. 6 23. 2

A' 49. 7 53. 5 37.1 35. 8 55. 3 51. 0
F 31. 0 29. 9 19. 7 19. 8 24. 0 26. 7
M 19. 3 16. 6 43. 2 44. 4 20. 7 22. 3

A 47. 6 51.4 38. 4 37. 4 51. 7 48. 9
K 14. 4 14. 7 9. 3 9 .1 16. 2 14. 8
F 20. 8 19. 2 11. 7 11. 6 14. 0 16. 5
M 17. 2 14. 8 40. 6 41. 9 18.1 19. 8

A' 42. 8 45. 9 33. 8 32. 7 46. 6 43. 7
K 14. 0 14. 2 9. 0 8. 8 15. 6 14. 3
F 26. 7 25. 7 17. 9 18. 0 20. 2 22. 9
M 16. 6 14. 2 39. 3 40. 5 17. 5 19.1

T hom pson V alu es

A 0. 352 0. 353 0. 344 0. 326 0. 349 0. 343
M 0. 444 0. 417 0. 781 0. 788 0. 550 0. 541
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T A B L E  52 (CONTINUED)

Rock
T ext No. 57 58 59 60 61 62

A 11. 8 37. 5 9. 7 44 .1 37. 4 31.4
K 10. 0 10.7 11.1 12. 0 10. 5 10 .6
F 78 .1 51. 8 79. 3 43. 9 52 .1 58. 0

A' 7. 9 31. 0 7. 2 36. 3 30. 7 27. 2
K 9. 7 10. 2 10. 8 11. 3 10. 0 10. 3
F 82. 4 58. 8 82. 0 52. 4 59. 3 62. 5

A 13. 2 42. 0 10. 9 50.1 41. 8 35 .1
F 9. 2 17. 3 14. 6 15. 9 18.1 18.1
M 77. 6 40. 8 74. 5 34. 0 40 .1 46. 8

A' 8. 7 34. 5 8 .1 40. 9 34.1 3 0 .4
F 16. 7 26. 8 19. 3 27. 2 27. 9 24. 5
M 74. 6 38. 6 72. 6 31. 9 38. 0 45 .1

A 11. 8 37. 5 9. 7 44 .1 37. 4 31. 4
K 10. 0 10.7 11.1 12. 0 10. 5 10. 6
F 8. 3 15. 4 13. 0 14. 0 16. 2 16. 2
M 69. 8 36. 4 66. 3 29. 9 35. 9 41. 8

A ' 7. 9 31. 0 7. 2 36. 3 30. 7 27. 2
K 9. 7 10. 2 10. 8 11. 3 10. 0 10. 3
F 15.1 24.1 17. 2 24.1 25.1 22. 0
M 67. 4 34. 7 64. 8 28. 3 34. 2 40. 5

T hom pson V alues

A 0. 040 0. 254 0.103 0. 309 0. 261 0.183
M 0. 896 0. 704 0. 838 0. 683 0. 692 0. 723



T A B L E  52 (CONTINUED)

Rock
T ext No. 63 64 65 66 67 68

A 45. 6 36. 0 33. 2 29. 8 35. 2 29 .1
K 15. 9 10. 3 9. 3 9. 5 10. 6 9. 8
F 38. 5 53. 7 57. 6 60. 6 54. 2 61.1

A' 39. 5 29. 5 26. 5 25. 4 30. 3 26. 5
K 15. 2 9. 8 8. 8 9. 2 10. 2 9. 6
F 45. 2 60. 7 64. 7 65. 4 59. 6 64. 0

A 54. 3 40 .1 36. 6 33. 0 39. 4 32. 3
F 15. 3 24. 4 25.1 25. 4 23 .1 24. 9
M 30. 5 3 5 .4 38. 4 41. 6 37. 5 42. 8

A' 46. 6 32. 7 29. 0 28. 0 33. 7 29. 3
F 24. 4 33. 8 34. 7 32. 0 30. 7 28. 9
M 29. 0 33. 5 36. 3 40. 0 36. 0 41. 8

A 45. 6 36. 0 33. 2 29. 8 35. 2 29.1
K 15. 9 10. 3 9. 3 9. 5 10. 6 9. 8
F 12. 8 21. 9 22. 7 23. 0 20. 6 22. 5
M 25. 6 31. 8 34. 8 37. 6 33. 6 38. 6

A' 39. 5 29. 5 26. 5 25. 4 30. 3 26. 5
K 15. 2 9. 8 8. 8 9. 2 10. 2 9. 6
F 20. 7 3 0 .4 31. 7 29. 0 27. 2 26 .1
M 24. 5 20. 2 33 .1 26. 3 32. 3 37. 8

T hom pson V alu es

A 0. 241 0. 232 0. 223 0.195 0. 256 0. 226
M 0. 667 0. 594 0. 609 0. 626 0. 624 0. 637
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T A B L E  52 (CONTINUED)

R ock
T ext No. 69 70 71 72 73 74

A 29. 4 20. 4 29. 8 36. 9 21.1 26. 7
K 9. 2 11. 8 9. 8 9. 3 11. 8 9. 7
F 61.4 67. 8 60. 3 53. 8 67. 2 63. 7

A' 26.1 17. 8 26. 6 33. 7 18.1 23. 7
K 8. 9 11. 5 9. 6 9.1 11. 5 9 .4
F 65. 0 70. 7 63. 8 57. 2 70. 5 66. 9

A 32. 4 23. 2 33 .1 40. 7 23. 9 29. 5
F 27. 9 26. 2 24. 0 19. 5 24 .1 24. 0
M 39. 7 50. 7 42. 9 39. 8 52. 0 46. 5

A' 28. 6 20.1 29. 4 37.1 2 0 .4 26.1
F 32. 8 30. 5 28. 8 24.1 29. 0 28. 6
M 38. 6 49. 4 41. 8 38. 8 50. 6 45. 3

A 29. 4 2 0 .4 29. 8 36. 9 21.1 26. 7
K 9. 2 11. 8 9. 8 9. 3 11. 8 9. 7
F 25. 3 23.1 21. 6 17. 7 21. 2 21. 7
M 36.1 44. 7 38. 7 36 .1 45. 9 42. 0

A' 26.1 17. 8 26. 6 33. 7 18.1 23. 7
K 8. 9 11. 5 9. 6 9.1 11. 5 9 .4
F 29. 8 27. 0 26.1 21. 9 25. 7 25. 9
M 35. 2 43. 7 37. 8 35. 3 44. 8 41 .0

T hom pson V alu es

A 0. 232 0. 345 0. 299 0. 322 0. 295 0. 243
M 0. 593 0. 664 0. 646 0. 676 0. 688 0. 664
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T A B L E  52 (CONTINUED)

R ock
T ext No, 75 76 77 78 79 80

A 31. 0 35. 6 35. 9 39. 3 41. 0 42. 7
K 8.1 10. 8 10. 4 11. 3 11. 6 16. 0
F 60. 9 53. 6 53. 7 49. 3 47. 4 41. 3

A' 28.1 31. 2 32.1 34. 0 34. 7 38. 3
K 7. 9 10. 4 10.1 10. 9 11.1 15. 5
F 64. 0 58. 4 57. 8 55 .1 54. 2 46 .1

A 33. 7 39. 9 40 .1 44. 4 46. 4 50. 8
F 22.1 25.1 26. 9 32. 7 31. 8 28. 0
M 44. 2 35. 0 33.1 22. 9 21. 8 21. 2

A' 30. 5 34. 9 35. 7 38 .1 39. 0 45. 4
F 26. 3 31.4 32. 3 40. 0 40. 3 34. 2
M 43. 2 33. 8 32. 0 21. 9 20. 7 20. 4

A 31. 0 35. 6 35. 9 39. 3 41. 0 42. 7
K 8.1 10. 8 10. 4 11. 3 11. 6 16. 0
F 20. 3 22. 4 24.1 29. 0 28 .1 23. 5
M 40. 6 31. 3 29. 6 20. 3 19. 3 17. 8

A' 28.1 31. 2 32.1 34. 0 34. 7 38. 3
K 7. 9 10. 4 10.1 10. 9 11.1 15. 5
F 24. 2 28.1 29. 0 35. 6 35. 8 28. 9
M 39. 8 30. 2 28. 8 19. 5 18. 4 17. 2

T hom pson V alu es

A 0. 294 0. 374 0. 229 0. 281 0. 298 0. 406
M 0. 673 0. 586 0. 555 0. 406 0. 405 0. 419
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X -r a y  F lu o r esce n t A n a ly s is  of B io tite s

T A B L E  53

Rock  
T ext No. 2 7 9 13 15 20

SiO_ 36. 54 34. 94 34. 75 34. 38 36. 30 35. 88

Ti(L 2. 57 1. 67 2. 98 2. 70 2. 73 2. 39

ARO 20. 02 18. 42 22. 01 21. 43 20. 50 20.18
¿i O

P e 2°3
28. 09 28. 97 25. 88 27. 25 26. 47 24. 62

(total)

MgO 5. 36 6. 34 5.18 5. 07 5. 84 5. 73

K2°
9. 30 8. 64 9. 04 9.13 8. 98 8. 96

T hom pson V alu es

A -0 . 263 -0 .2 2 6 -0 .1 8 7 -0 . 204 -0 .2 2 0 -0 . 242

M 0. 273 0. 302 0. 282 0. 269 0. 304 0. 314
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T A B L E  53 (CONTINUED)

R ock  
T ext No. 21 22 34 41 43 47

SiO 34. 33 33. 08 35. 76 36. 03 35. 70 36.16

™ a 2. 70 2. 55 1. 65 2.12 1. 78 2. 80

A12°3 20. 89 21.08 18. 82 18. 74 21. 68 18. 99

P e 2°3 27. 93 28. 25 21. 91 19. 89 25. 80 23.11

(total)

MgO 4. 70 4. 61 9. 81 8. 69 7. 23 6. 49

K2° 8. 82 8. 57 8. 51 9. 59 8.16 9. 34

T hom pson V alu es

A -0 .1 9 2 -0 .1 6 8 -0.-200 -0 . 369 -0 .1 0 7 -0 . 336

M 0. 251 0. 244 0. 470 0 .4 6 3 0. 357 0. 357
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TABLE 53 (CONTINUED)

R ock
T ext No. 50 56 61 65 66 73

SiO 35. 69 36. 60 35. 75 34. 70 36.11 38. 09

TiO 2. 64 1. 66 1. 61 1. 45 1. 39 1 .42

A12°3 20.17 19. 05 18. 74 19. 31 18. 68 20. 34

P e 2°3 23. 30 19. 01 12. 73 16. 83 14. 49 16. 78

(total)

MgO 7. 90 10. 92 12. 96 11. 37 10. 72 12. 75

K2°
9. 23 8. 79 8. 42 8. 72 8. 86 9.14

T hom pson V alu es

A -0 . 252 -0 . 229 -0 . 214 -0 . 218 -0 .2 8 8 -0 . 217



240

T A B L E  53 (CONTINUED)

R ock
T ext No. 74 75 79

Si0_ 36.16 36.15 35. 96
Ú

T i°2 1. 31 1. 37 1. 82

A12°3
18. 66 20.10 18. 53

F e  0 (total) 12 .49 16. 70 21. 90

MgO 12. 60 13. 52 7. 98

K_0 8. 48 8. 32 8. 24
2

T hom pson  V alu es

A -0 . 235 -0 .1 4 3 -0 . 211

M 0. 666 0. 616 0. 418
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V. COMMENTS ON THE ANALYTICAL DATA  
OF TABLES 5 1 -  53

A. Individual A u reo les:

(1) R ocks from  the F an  ad au reo le  (sp e c im e n s  1-22) show  

a rem ark ab ly  narrow  range of v a r ia tio n  in th e ir  MgO content. Of 

the 22 ro ck s an alysed , 18 have v a lu es  betw een  1. 43 and 1. 97% w h ile  

four r o ck s  have v a lu es  betw een  2. 00 and 2.18% MgO. The M /F m  

ra tio s  o f the 22 ro ck s v a r ie s  betw een  0. 255 - 0. 336. The sa m e  

o b serv a tio n  a p p lies  to the r e s u lt s  of the a n a ly s is  o f the c o e x is t in g  

b io tite s . In the 8 b io tite s  an a lysed , 5 b io t ite s  have a range of

5. 07 - 5. 84% MgO, 2 b io tite s  w ith 4. 61 and 4. 70% and on ly  one 

b io tite  sh ow s Mg0% = 6. 34. The iro n  content o f the b io tite s  i s  high, 

being 24. 62 - 28, 97% (total F e  a s F e ^ ) .  Y et, the M /F M  r a tio s  

of the 8 b io tite s  range on ly  betw een  0. 244 and 0. 314. T h ese  la tte r  

v a lu es  show  a s im ila r  range to th o se  of the ro ck s.

(2) The ro ck s from  A rdara au reo le  (sp e c im e n s  23-29)

show a w ide range of v a r ia tio n  in  the MgO content com p ared  w ith  th o se  

of Fanad. F o r  the 17 ro ck s an a lysed , the MgO v a r ied  betw een  

1. 37 - 6.10%. The M /F M  ra tio  of the ro ck s a lso  v a r ied  betw een  

0. 3 3 7 -0 . 695. T h is  v a r ia tio n  can be re la ted  to the th ree  zo n es of 

the a u reo le  a s  fo llo w s :-

(a) The ou term o st k y a n ite -b ea r in g  an d alu site  s c h is t  i s  h ig h er  in  

M /F M  ratio  than the o th er two zo n es.

(b) T h ere  i s  no ch em ica l d istin ctio n  betw een  the m id d le  k yan ite -  

fr e e  an d alu site  zone and the in n erm o st k y a n ite -fr e e  

s ill im a n ite  zone.

(3) The th ree  ro ck s  a n a lysed  from  the B a rn esm o re  a u reo le



(sp e c im e n s  40-42) show a narrow  range o f MgO content, vary in g  

betw een  2. 74 and 3. 03%, co rresp on d in g  to M /F M  valu e of 0. 523- 

0. 532. The s in g le  b iotite  a n a lysed  h as an M /F M  value of 0. 463.

(4) In the T horr G ranodiorite  d is tr ic t , ro ck s  from  both  

the a u reo le  and the e n c la v es  (sp e c im e n s  43 -50 ) a lso  show  a narrow  

range of va r ia tio n  in  th e ir  MgO content. O f the 8 ro ck s  an a lysed . 7 

have v a lu e s  betw een  2 .10 and 2. 85: w hile  on ly  one l i e s  ou tsid e  th is  

ran ge, b ein g  3. 29% MgO. The M /F M  v a lu es  o f the 8 ro ck s a re  v e ry  

c lo s e , v a ry in g  betw een  0. 412 and 0. 462. F o r  the 3 a n a lysed  

b io t ite s , MgO v a r ie s  betw een  6. 49 and 7. 90% and th e ir  M /F M  ra tio  

v a r ie s  betw een  0. 357 and 0. 402. A s in  Fanad, the iro n  content of

the b io tite s  i s  high, being 23.11 - 25. 80% (total F e  a s  F e  0 ).2 3

(5) A lum inium  s i l ic a te s  b earin g  ro ck s from  the a u reo le  of 

the M ain D onegal gran ite  (sp ec im en s  51-80) show a w ide MgO 

v aria tion  w hich is  com p arab le  to that o f  A rdara. F o r  the 30 ro ck s  

an alysed , the MgO content ran ges betw een  1. 72 and 6.12. S im ila r ly , 

the M /F M  ratio  of th ese  ro ck s v a r ie s  betw een  0. 405 and 0. 788. The  

MgO content of the 8 an a lysed  c o ex is tin g  b io tite s  a lso  sh ow s a w ide  

range o f va r ia tio n  b etw een  7. 98 and 13. 52%. The M /F M  r a tio s  of 

th ese  b io t ite s  range betw een  0. 418 and 0. 668 (the b io tite  o f the rock  

w ith the h ig h est M /F M  value of 0. 788 - sam p le  N o. 54- w as not 

an a lysed . The host rock  w ith the h ig h est M /F M  b io tite  va lu e , 0. 668, 

i s  sam p le  No. 61 and its  M /F M  valu e i s  0. 692. N o tice  the c lo s e  

ag reem en t betw een  the two v a lu es). The group o f ro ck s  w ith the  

high M /F M  r a tio s  are  the kyanite - an d alu site  s c h is t s  w h erea s the 

group of th o se  w ith the low  M /F M  r a tio s  a re  the k y a n ite -fr e e  

an d alu site  a n d /o r  f ib ro lite  s c h is t s .
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B . The R elationsh ip  betw een  the B io tite  C om p osition  and
Its H ost R ock:-_______________ _____________ ______________

T h ere i s  a co n s isten t c o rr e la tio n  betw een  the MgO and FeO 

d istr ib u tion  b etw een  the rock  and its  c o e x is t in g  b io tite . T h is  

re la tio n sh ip  i s  d em on strated  in  F ig . 25 w hich sh ow s the p lo ts  of 

the M /F M  ratio  of the rock  and that of it s  b io tite  (th is type of 

diagram  w as su g g ested  by B u tler  1965). A lthough the c o rr e la tio n  

i s  s tr ik in g , yet it  m ust be pointed out that the r ea so n  why n ea r ly  

a ll the po in ts l ie  ju st below  the 1:1 lin e  is  due to the app roxim ation  

m ade in  the ca lcu la tio n  o f the M /F M  ratio  of the b io tite . T he to ta l 

iron  as  F e  0 in  the b io tite  w as divided by 1.11 and the resu lta n t w as
u O

u sed  a s  the Fe^O^ in the ca lcu la tio n  M /F M  = MgO + FeO (m o les).

Had the F e  0„ content of the b io tite  been  su b tracted  from  the total
¿i O

F e 0 at f ir s t , then the M /F M  of the b io tite s  would have been  
2 3

fra c tio n a lly  h igh er (due to a d e c r e a se  in the denom inator o f the 

equation) and the po in ts would l ie  n ea rer  to or  s lig h tly  above the 1:1 

lin e  m ore than th ey  do in  F ig . 25. G arnet content of th e se  ro ck s  is  

l e s s  than 2. 5%, hence the e ffec t o f its  p r e se n c e  can be ignored .

C. The R elation sh ip  betw een  the Tj^pe of A lum inium  S ilica te  
and the C om p osition  of its  H ost R ock in  a ll A u reo les: -

(1) F ro m  the 80 a n a ly se s  p resen ted , it  can be see n  that 

kyanite o c cu rs  only in ro ck s o f high M /F M  v a lu es  w h erea s an d alu site  

and s illim a n ite  develop  in  ro ck s of both high and low  M /F M .

(2) The M /F M  v a lu es  of the rock s in  the k y a n ite -fr e e  groups  

from  both A rdara and the M ain D onegal gran ite  a u r e o le s  l ie  w ith in  

the M /F M  v a lu es  o f the ro ck s  of the o th er th ree  k y a n ite -fr e e  

a u r e o le s , i. e . Fanad, B a rn esm o re  and T horr.



F ig . 25

Plot of the M/iM ratios in rocks and their 
coexisting biotites.
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(3) T h ere  i s  no ch em ica l d istin ctio n  betw een  a n d a lu site -  

b earin g  and s ill im a n ite -b e a r in g  r o ck s. The d istin ctio n  betw een  the 

two i s  a sp a tia l one: s illim a n ite  o c c u r s  in ro ck s  n e a r er  to the 

gran ite  contact i. e . h igh er  in  grade than th o se  b ear in g  an d alu site  

alone. T h is  i s  c le a r ly  d em on strated  in  the a u r e o le s  o f Fanad,

A rdara and T horr.

T h ere fo re , it  b eco m es evident that on ch em ica l b a s is , the

alum inium  s i l ic a te s  b earin g  ro ck s stud ied  can be d iv ided  into 2 groups

of d ifferen t Mg/'Fe ra tio s , nam ely ,
-f- 4* -f*

K y a n ite -b ea r in g  ro ck s  - an d alu site  - s ta u ro lite  - f ib ro lite .

K y a n ite -free  ro ck s - and alusite  a n d /o r  s illim a n ite  a n d /o r  f ib ro lite ,

i  s ta u ro lite .

D. The P h a se  D iagram s: -

T he 80 ro ck s an a lysed  w ere  p lotted  on d ifferen t ph ase  d ia g ra m s  

u sin g  the v a lu es  shown in T able 52. B efo re  com m en tin g  on th e se ,  

one m u st bear in  m ind the r e s tr ic t io n s  and lim ita tio n s  of the u se  of 

the tr ia n g u la r  ph ase d iagram s in  g en era l. It has b een  sta ted  by 

F yfe  et a l. (1958) regard in g  the g reen  sc h is t  fa c ie s  (p. 219) "Even  

the s im p le s t  ro ck s m u st be tr ea ted  as  sy s te m s  of m any com p on en ts.

The manner in w hich m in era l com p o sitio n  v a r ie s  reg u la r ly  w ith  

ch em ica l co m p o sitio n  of ro ck s - the v e r y  e s s e n c e  o f m etam orp h ic  

fa c ie s  - cannot adequately  be d em on strated  by d iv id ing th ree  

com ponent d iagram s (ACF, AKF, and so on) into tr ia n g u la r  f ie ld s . "

In the AKF and A 'K F d iagram s (F ig s . 26a, 27a, 28a , 29a and 30a) 

of each  a u reo le , the ro ck s in  th e ir  o r ig in a l reg io n a l grade l ie  in  the  

c h lo r ite -m u sc o v ite  tr ia n g le  (- b io tite  in  som e ro ck s) in d icatin g  the 

probab le a b sen ce  o f pyrophyllite.. Out o f the 80 ro ck s  an a lysed , the



on ly  ex cep tio n s to the la s t  rem ark  are N o s. 24, 29, 30, 31 fro m  

A rdara and 46, 48 from  T horr. T h ese  6 ro ck s l ie  above the 

m u sc o v ite -c h lo r ite  jo in  and m ight have contained p yrop h yllite .

B e ca u se  FeO and MgO are trea ted  as  one com ponent at the  

F co rn er  of th ese  d iagram s, th ere  is  no d istin ctio n  betw een  the  

k y a n ite -b ea r in g  and the k y a n ite -fr e e  ro ck s. On the o th er  hand, the 

d istin ctio n  betw een  the two groups b eco m es  c le a r  if  FeO and MgO 

a re  rep re sen ted  sep a ra te ly  as in  the c a se  of the AFM  and A'FM  d iagram s  

(F ig s . 26b, 27b, 28b, 29b and 30b). The two in ter e st in g  a u r e o les  

are the A rdara and the M ain D onegal b ecau se  both o f th em  contain  

k y a n ite -fr e e  and k y a n ite -b ea r in g  and alusite  a n d /o r  f ib ro lite  s c h is t s .

The ph ase d iagram s o f th ese  two a u r e o le s  (F ig . 27b, 30b) c le a r ly  

d em on strate  the grouping o f the k y a n ite -b ea r in g  s c h is t s  near the  

M co rn er  and the k y a n ite -fr e e  ro ck s near the F corn er; a r e f le c t io n  

of the d ifferen ce  in  the MgO/FeO ra tio  betw een  the two groups of 

r o c k s .

The d istin ctio n  i s  b e tter  s t i l l  i llu s tr a te d  on the AKFM and 

A'KFM  d ia g ra m s (F ig s . 31 to 40). F o r  each  a u reo le , when the 

ro ck s  are k y a n ite -fr e e  (e. g. Fanad, T horr a u reo le  and e n c la v es ,  

B a rn esm o re) th ey  l ie  c lo se  to each  o th er  in one bundle n e a r er  to the  

F co rn er . On the o th er hand, the ro ck s  from  each  of A rdara and 

the M ain D onegal gran ite  a u r e o le s  show  a d istin ct grouping in two 

bundles; the one n ear the F  co rn er  c o m p r ise s  the k y a n ite -fr e e  ro ck s  

w h erea s the one near the M co rn er  i s  the k y a n ite -b ea r in g  r o ck s.

D isreg a rd in g  the probable d ifferen ce  in  th e grade of 

m eta m o rp h ism , the 80 ro ck s from  a ll a u r e o le s  w ere  p lotted  on one 

ph ase d iagram  (F ig s . 41 to 45). A gain  the d istin ctio n  betw een  the two 

groups o f ro ck s w as w ell show n on the AFM  and the A'FM  d iagram s
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and m a gn ificen tly  d isp layed  on the AKFM d ia g ra m s. The T hom pson  

p h ase  p ro jectio n  (T hom pson, 1957) w as then attem pted  and in  sp ite  

of a ll the r e s tr ic t io n s  and r e se r v a tio n s  im p o sed  on the ap p lication  

of th is  p h ase  d iagram  to rock  a n a ly s is , y e t, the sam e p attern  of 

group d istin ctio n  w as evident (F ig . 45). M o reo v er , th ere  is  a 

sy s te m a t ic  re la tio n  betw een  the type of alum inium  s i l ic a te  and 

a sso c ia te d  m in er a ls  and the M /F M  v a lu es  of the 80 r o ck s, a 

re la tio n  w hich can be outlined  as fo llo w s:-

M in era logy  M x  1 0 0 /FM

A nd alusite  a n d /o r  s illim a n ite  25. 5 - 53. 6

- s ta u ro lite  (°n the b a s is  o f 45 r o ck s  from

a ll a u reo les)

K yanite + s ta u ro lite
+ +
- an d alu site  - f ib ro lite

K yanite alone

No alum inium  s i l ic a te s

54.1  - 69. 5

(on the b a s is  o f 29 ro ck s  from  

ard ara  and the M ain D onegal, 

only  6 ro ck s are  devoid  of 

sta u ro lite  but they con ta in  

fih ro lite )

7 0 .4  - 7 8 .8

(on the b a s is  o f four ro ck s  

from  the M ain D onegal au reo le)

83. 8 - 89. 6

(on the b a s is  o f tw o r o ck s  fro m  

the M ain D onegal w hich a lso  

have v e ry  low  A v a lu es)

T he M /F M  of the c o e x is t in g  b io tite s  show  a s im ila r  v a r ia tio n  

w ith m in era lo g y . F o r  the 21 b io tite s  an a lysed  from  a ll a u r e o le s , the
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v a r ia tio n s  in the d ifferent a s se m b la g e s  can be outlined  a s  fo llo w s:-

F ro m  the fo rego in g  com m en ts, the m ain  co n c lu s io n s  can be 

outlined  a s  fo llow s: -

(1) T h e/M /F M  ratio  in  the k y a n ite -b ea r in g  ro ck s  i s  h igh er  than  

that of the k y a n ite -fr e e  r o ck s, r e g a r d le s s  o f the sp a tia l d istr ib u tion  

of the two typ es of ro ck s r e la t iv e  to the gran ite  con tact.

(2) A nd alusite  and s illim a n ite  develop  in  the m a jo r ity  of ro ck s  

r e g a r d le s s  o f th e ir  M /F M  ra tio . The d istin ctio n  b etw een  the host  

ro ck s  ca rry in g  the two fo rm s of alum inium  s il ic a te  i s  not ch em ica l 

but is  a sp a tia l one, i. e. c lo s e n e s s  of the rock  to the gran ite .

(3) T h ere  is  a c lo se  c o rr e la tio n  betw een  the M /F M  ra tio  o f the 

ro ck s  and th e ir  c o ex is tin g  b io tite s .

(4) In the AKF d iagram s, the fie ld  in  w hich the ro ck s plot 

in d ica tes  that the o r ig in a l r eg io n a l ro ck s w ere  m ain ly  c h lo r ite -  

m u sco v ite  a s se m b la g e s  - b io tite  - garnet.

M in era logy

K y a n ite -fr ee  - s ta u ro lite  

K yanite + s ta u ro lite  

K yanite alone

M x 1 0 0 /FM

24. 4 - 47. 0 (14 b io tite s)  

53. 2 - 61. 6 ( 5  b io tite s)

66. 6 - 66. 8 (2 b io tite s)

E . M ain C o n clu sio n s:-



Fan  a d  Aureole

• Kyanttw~fr+0 rocks



F ig . 27
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A A'
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Eeutad aureo le F ig . 31

kynnite-free rock*
A



Femad a u re o le F ig . 32

_  Kyanite-free rocks

A1



I



A F ig . 34

Ardara aureole

_ kyonite-free rocks 
-- kyanite-bearing rocks



Darne sino re aureole Fise. 35

- kyanite-free rocks
A



Etaroesmore aureole FI«:. 36



A Fig' 37



F ig . 38



Ma i n Do n e g a l  A u r e o l e

kyani te -  f r ee
--------kyani te - bear i ng
---------A l 2S i 0 5 - f r e e

A

I
f
I
I
i
l
I
I
I



Fig, 39



A1
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All Aureoles

• Kyanlte - free 
o k yante - bearing 

x Al^StOg - f re e



Fig. 42



Alt Aureoles

•  kyanite-free 
o kyanite-bearing  
x M2SiO5 -frce



All A u r e o l e s

• k y a n lt e - f  ree 
o kyanite - bearing  

x AlgSI O5 - free



A l l  A u r e o l e s

------- k y an i t e  - free
-------kyan i t e -  b e a r i n g
--------A L 2 S i Og - free



Fig. 45



Fig. 46
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VI. DISCUSSION

The way in which the d ifferen t fo rm s of alum inium  s i l ic a te s  

o ccu r  in  the d ifferen t a u reo le s  of Co. D onegal g ra n ite s  i. e. in  

d ifferen t zon es or in terca la ted  bands, p ro v id es  an id ea l s itu ation  

to study the fa c to r s  affectin g  the form ation  of one form  rath er  than  

another. The fact that and alusite  is  w id ely  p resen t w h ereas  

kyanite i s  r e s tr ic te d  to c er ta in  a rea s  or  even  cer ta in  bands im p o se s  

a reco n s id era tio n  for  putting the burden of the d evelopm ent o f a 

p a rticu la r  alum inium  s ilic a te  polym orph so le ly  on the tem p eratu re  

and p r e ssu r e  of m etam orph ism .

The doubt lead in g to th is  r eco n sid era tio n  w as f ir s t  outlined  

by P itch er  aid Read (1960) during the study of the au reo le  o f the M ain  

D onegal gran ite . C om m enting on the o ccu rren ce  o f kyanite and 

an d alu site , the authors (ibid, p. 31) state: "The p o s s ib ility  o f  a 

co m p o sitio n a l con tro l for  d eterm in in g  w hich sh a ll be the predom inant 

m in era l h as a lread y  been  su ggested ; but th ere  i s  a lso  the fie ld  

o b serv a tio n  that the m ain  developm ent of and alusite  i s  in  the ou ter  

a u reo le , of kyanite in  the inn er aureole; we m ight deduce th ere fro m  

that low  tem p eratu re  and low  s t r e s s  favoured and alusite  and h igh er  

tem p eratu re  and r e la t iv e ly  high s t r e s s  favoured  kyanite. " The 

authors (ibid, p. 32) a lso  su g g est that "andalusite m ight develop  only  

in p e lit ic  ro ck s of sp e c ia l com p osition , so that the d istr ib u tion  o f the 

two alum inium  s i l ic a te s  m ay not be an exam p le of s im p le  iso c h e m ic a l  

zoning. A com p lete  su rvey  of the sta tu s of alum inium  s i l ic a te s  in  

a u r e o les  i s  ob v iou sly  req u ired .

F ro m  the e s s e n c e  o f th is  la s t  com m ent, the p resen t study w as  

pu rsued  not only on the a u reo le  of the M ain D onegal gran ite , but a lso
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on four o f the o th er  m ain  a u r e o le s  in Co. D onegal. The outcom e  

of th is  study in  the form  of p e tro lo g ica l, ch em ica l and m odal data 

m ak es p o s s ib le , with a fa ir  d egree  of cer ta in ty , the a s se s s m e n t  of 

the ch em ica l fa c to r s , if  th ere  are any, a ffectin g  the developm ent 

of a p a r ticu la r  alum inium  s il ic a te  polym orph in  the a u reo le  ro ck s  

of Co. D onegal G ran ites.

F ro m  the m ic r o sc o p ic  s tu d ies , it  has a lread y  been  concluded  

that the seq u en ce  o f m in era l developm ent is  garnet, s ta u r o lite -  

kyanite, fo llow ed  by an d alu site . F ib ro lite  d eve lop s throughout the 

m etam orp h ism  of the ro ck s when the p h y sica l con d ition s are su itab le , 

w h erea s c o a r se  s illim a n ite  i s  developed  only n ear the granite  

con tacts . T h ere  i s  no tex tu ra l ind ication  of a polym orp hic tra n sitio n  

betw een  the alum inium  s i l ic a te s  nor th ere  is  any reso rp tio n  of any 

e a r lie r  m in era l by a la te r  one. S tau rolite  o ccu rs  only in sp ec im en s  

of the A rdara and M ain D onegal gran ite  a u r e o le s . G arnet o c c u r s  in  

m o st o f the ro ck s  o f the 5 a u r e o le s  and does not show  any p a rticu la r  

p attern  re la t iv e  to the type of alum inium  s i l ic a te  p resen t. It is  

w orth m ention ing that the o ccu rren ce  o f kyanite a s  an au reo le  m in era l 

has been  r eco g n ised  e a r lie r  in  D onegal by M cC all (1954), P itch er  

and R ead (1960, 1963); in  n o r th -w est Spain by S erg ia d es  (1962); in  

n o r th -e a ste r n  V erm ont by W oodland (1963) and so u th -w estern  Ghana 

by L objoit (1964).

The p e tro lo g ica l study of the rock s ou tsid e  the gran ite  th erm al 

e ffec t a s  w e ll a s  the study of the AKF d iagram s of the au reo le  ro ck s  

an alysed , le d  to the co n c lu sio n  that the a u reo le  ro ck s stud ied  in  th e ir  

o r ig in a l reg io n a l grade are  p r in c ip a lly  c h lo r ite -m u sc o v ite  - b io tite  

a sse m b la g e s , i. e. the lo w er  part of the green  sc h is t  fa c ie s . H ow ever, 

rock s from  Fanad au reo le  probably belong to a h igh er grade b ecau se  

rem nants of reg io n a l ga rn ets  as w e ll as a grea t num ber of la r g e  (tip to
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5 m m . a c r o s s )  ch lo r ite  k n o ts -a fte r -g a r n e t  are  se e n  in  thin s e c t io n s .

T he next step  i s  to r e la te  the c h e m is tr y  of the ro ck s w ith  

th e ir  m in era lo g y  through a c lo s e r  and d eta iled  study of the AFM  

d ia g ra m s. The m ain  fa c ts  to b ear  in  m ind are  that (a) the 

d evelopm ent of and alusite  i s  a lw ays la te r  than garnet, kyanite and 

s ta u r o lite , and (b) kyanite d ev e lop s only in ro ck s o f high M /F  ra tio  

w h erea s an d alu site  o c cu rs  in  ro ck s r e g a r d le s s  o f th e ir  M /F  r a tio s .  

H ence, in the fo llow in g  d isc u ss io n , an e a r lie r  rea c tio n  in  w hich  

kyanite i s  produced  in  cer ta in  ro ck s and a la te r  rea c tio n  in  w hich  

an d alu site  is  produced in  m o st o f the r o ck s, are d escr ib ed .

A. The E a r l ie r  or F ir s t  R eaction

(1) K yanite (+ s ta u ro lite ) - b earin g  a u reo les: -

T h ese  are  ex em p lified  by A rdara  and the M ain D onegal gran ite  

a u r e o le s . In the AFM diagram  of A rdara a u reo le  (F ig . 27b ), two 

fie ld s  are  d istin gu ished: the k y a n ite -s ta u r o lite -b io tite  tr ia n g le  n ear  

the M c o rn er  and the b io tite  - s ta u ro lite  -  garnet tr ia n g le  n ear the 

F co rn er . Both the 3 -p h a se  tr ia n g le s  have a com m on point on the  

lin e  r ep re sen tin g  the b io tite , i. e. invarian t point. It i s  n o ticed  that 

the k y a n ite -s ta u r o lite  ro ck s  a n a lysed  (o ccu rr in g  w ith in  a span of 

about 100 y a rd s  m ea su red  n orm al to the gran ite  contact) show  a 

narrow  range o f va r ia tio n  in  M /F M  v a lu es  (0. 654 - 0. 695) w hich  is  

c le a r ly  show n in the le ft  hand s id e  tr ia n g le  o f the AFM  diagram .

In sp e c im en  No. 26, no kyanite has been  se e n  in thin s e c t io n s , but 

s in ce  the rock i s  h igh ly  sh im m ered  and in the f ie ld  it l i e s  ju st on the  

border betw een  the k y a n ite -b ea r in g  and the k y a n ite -fr e e  r o ck s , it  is  

d ifficu lt to sta te  w ith cer ta in ty  w hether or not it contained  kyan ite at 

any tim e . T h ere fo re , th is  rock  can be ignored .
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T he k y a n ite -b ea r in g  ro ck s o f A rdara  form  a zone the in n er  

lim it  o f w hich co in c id es  in g en era l with a lin e  con n ectin g  the po in ts  

of the abrupt m agn esiu m  d e c r e a se  shown by P itc h e r  and Sinha (1958). 

The high m agn esiu m  of th is  zone has been  shown by the authors  

(ibid) to be due to o r ig in a l d ifferen ces  in  sed im en ta ry  ch a ra cter  

rath er  than a m agn esiu m  m ig ra tio n  in  the au reo le .

In the a u reo le  of the M ain D onegal g ra n ite , th ree  f ie ld s  are  

r ec o g n ise d  on the AFM diagram  (F ig . 30b)> In d e c re a s in g  M /F  

ra tio , th e se  fie ld s  are: k y a n ite -b io tite , k y a n ite -s ta u r o lite -b io tite  

and s ta u r o lite -g a r n e t-b io tite . T h ree c h a r a c te r is t ic  fea tu res  a re  se e n  

in  th is  diagram : -

(a) The two f ie ld s  w ith k y a n ite -b ea r in g  ro ck s  are n e a r er  to 

the M co rn er  than the f ie ld  contain ing the k y a n ite -fr e e  rock s.

(b) The ch em ica l d istin ctio n  betw een  the k y a n ite -b io tite  and 

the k y a n ite -s ta u r o lite -b io tite  f ie ld s  is  rem ark ab le  if  the sa m p le s  from  

G lenkeo a rea  (53-56) and from  O w ennagreeve R iv er  a rea  (62 and 63)
-f*

are co n sid ered . In each  of th ese  two a r e a s , kyanite - s ta u ro lite  

sa m p le s  w ere  c o lle c te d  from  adjacent bands and hence the sam e  

grade of m etam orp h ism . S ta u r o lite -fr e e  kyanite s c h is t s  (53, 54 and 

62) plot n e a r er  to the M co rn er  than the s ta u r o lite -b ea r in g  kyanite  

s c h is t s  (55, 56 and 63). T h ere fo re , the a b sen ce  o f s ta u ro lite  in  

som e o f the an a lysed  ro ck s of the M ain D o n eg a l gran ite  a u reo le  i s  

due to a ch em ica l fa c to r  ra th er  than a grade e ffec t.

(c) W hereas in  A rdara a u reo le  th ere  w as a com m on point 

betw een  the k y a n ite -s ta u r o lite -b io tite  and the s ta u r o lite -b io tite  

garnet f ie ld s  r ep resen tin g  a s in g le  b io tite  co m p o sitio n  for  the 

in varian t 3 -p h a se  a s se m b la g e s , a s im ila r  point could  not be drawn  

on the AFM diagram  of the a u reo le  of the M ain D onegal gran ite .
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In stead , th ere  i s  a range o f M /F  v a lu es  for b io tite  bounded by the 

b io tite -k y a n ite  t ie  lin e  n ear the M co rn er  and the s ta u r o lite -  

b iotite  t ie  lin e  n ea rer  to the F  co rn er . In fact, the ch em ica l 

a n a ly s is  o f 5 b io t ite s  belonging to th is  group of ro ck s show s a 

v a r ia tio n  range of 0. 532 -0 . 616 in the M /FM  ratio . The rea so n  

fo r  the a b sen ce  of a unique b io tite  com p o sitio n  could, th er e fo re , be 

due to the m ovem ent of the 3 -p h ase  tr ia n g le  w ith grade of 

m etam orp h ism  (cf. C hinner, 1965). H ow ever, a sy ste m a tic  change  

in the M /F M  ratio  in the b io tite  with grade, i .  e. d istan ce  from  the 

granite contact could not be d etected  in the p resen t work; hence  

the id ea  of m oving the 3 -p h a se  tr ia n g le  with change in tem p eratu re  

and p r e ssu r e  is  not evident from  the data av a ila b le . A nother  

a ltern a tiv e  explanation  i s  that the ro ck s m ay have m ore v a r ian ce  

than is  su g g ested  by the phase ru le . A dditional v a r ia n ces  can be 

e ffec ted  if  the p artia l p r e ssu r e  o f oxygen is  co n sid ered  as  an 

in ten siv e  p ara m eter  (c. f. E u g e ster , 1959, C hinner, 1960, M u eller , 

1961, E u g e ster  and W ones, 1962, Ganguly, 1968), or  if  the flu id  

phase deviated  m ark ed ly  from  the sy ste m  H -0 (W yllie, 1962) or  if  

th ere  is  any additional com pon en ts to the sy ste m . It has a lso  been  

d em on strated  e a r lie r  than th ere  is  a c lea r  c o rre la tio n  betw een  the 

M /F M  r a tio s  o f the b io tite  and th e ir  host ro ck s  ra th er  than a change  

in  b io tite  com p osition  with grade (how ever, c . f. B arth , 1936, 

M iy a sh ire , 1953, E ngel and E n gel, 1958, 1960, G reen , 1963, C hinner, 

1965). T h is  is  su g g estiv e  o f the p r e se n c e  of an additional v a r ian ce  

in w hich c a se  the com p o sitio n  o f b io tite  wri l l  be se n s it iv e  to the host 

rock (A therton, 1965, B u tler , 1965).

A p rob lem  of s im ila r  nature has been  encountered  by C hinner,

(1965) who found that in G len  C lova, the M /F M  of the b io tite s  rem a in s
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constant o v er  an in terv a l o f 600 m e te r s  o f the k y a n ite -s ta u r o lite  

a sse m b la g e s  w here C hinner c o n s id e rs  that it should d e c r e a se  as  

the m etam orp h ic  grade in c r e a s e s . C hinner (ibid) exp la in s th is  

d iscrep a n cy  to be due to un d etectab le  change in  b io tite  or  the 600 

m e te r s  rep re sen t d iseq u ilib r iu m  or  th ere  i s  g rea ter  v a r ia n ce  than  

i s  su g g ested . H ow ever, in h is  footnote (p. 140), C hinner s ta te s  

that "M /FM  r a tio s  of p e lite s  w ith su ffic ien t A l/K  to develop  

s ta u ro lite  and kyanite are su r p r is in g ly  constant. " T h is  constant 

M /F M  v a lu es  of the ro ck s m ay the p r im e r ea so n  for  the d evelopm ent 

of b io t ite s  w ith constant M /F M , thus accounting for  the d iscrep a n cy  

m en tion ed  by C hinner.

F in a lly , a s  the d evelopm ent o f kyanite in the a u r e o le s  stud ied  

sh ow s a d efin ite  re la tio n  to the M /F M  ratio  o f the rock  rath er  than  

to the grade o f m eta m o rp h ism  i. e . c lo s e n e s s  to the gran ite , is  

evident fro m  the fo llow in g  o b serva tion s: -

(a) The sp a tia l arran gem en t o f the k y a n ite -b ea r in g  ro ck s  

and the k yan ite - fr e e  ro ck s  in  A rdara i s  the r e v e r s e  o f that 

of the M ain D onegal gran ite . In A rdara, the k yan ite- 

b earin g  s c h is t s  o ccu r  in the o u te r -m o st  part of the in n er  

au reo le  w h erea s the k y a n ite -fr e e  ro ck s  o ccu r  in the m iddle  

and in n erm o st p a rts  of the in n er a u reo le . In the M ain  

D onegal gran ite , an d alu site  alone o c c u r s  in the ou ter p a rts  

of the a u reo le  (F intow n area) w h erea s k y a n ite -b ea r in g  ro ck s  

o ccu r  in the inner p a rts  o f the au reo le .

(b) In the two equigrade p a r a lle l t r a v e r s e s  taken in  the  

G lenaboghil s c h is t s  (p. 181 ), sp e c im en s  of one tr a v e r se

(No. 73-77) show ed high M /F M  r a tio s  and are  k y a n ite -b ea r in g  

f ib ro lite  s c h is t s  w h erea s  sp e c im en s  o f the o th er  tr a v e r s e
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(No. 78-80) have a lo w er  M /F M  r a tio s  and are  k yan ite-

fr e e  f ib ro lite  s c h is ts .

(2) K y a n ite -free  au reo les: -

T h ese  are ex em p lified  by Fanad, B a rn esm o re  and T h orr  

au reo le  and e n c la v es . The a u reo le  ro ck s are  a ll devoid  of kyanite  

and s ta u ro lite  and have low  M /F M  v a lu es . T h is  low  M /F M  ratio  

accou nts for  the ab sen ce  of kyanite but the u n exp ected  a b sen ce  of 

s ta u ro lite  w ill be exp la in ed  la te r . If the A c o rn er  of the AFM  d iagram  

is  taken a s  m u sco v ite , then the m u sc o v ite -g a r n e t-b io tite  f ie ld  in  

w hich the au reo le  ro ck s a fter  the f ir s t  r ea c tio n  would lie  i s  shown  

in F ig s . 2 6 a , 28a , 29a fo r  each  au reo le .

(3) C om m ents on the e a r lie r  or f ir s t  rea ctio n s: -

H aving d isc u sse d  the AFM d iagram s o f a ll the a u r e o le s , the  

fo llow in g  com m en ts are re lev a n t to a ll the r o ck s  stud ied . The 

co m m en ts w ill be con cern ed  w ith, f ir s t ,  the sta tu s o f s ta u ro lite  and 

secon d ly , the p r e se n c e  o r  a b sen ce  o f garnet.

(i) The sta tu s  o f stau ro lite : -

H a rk er 's  (1952) id e a s  about the r a r ity  of the a sso c ia tio n  

a n d a lu s ite -s ta u r o lite  and the s t r e s s - a n t is t r e s s  concep t of s ta u r o lite -  

c o r d ie r ite  in m etam orp h ic  r o ck s, are  b ecom in g  l e s s  s ig n ifica n t in  

v ie w  of the m ore  recen t w ork w hether on the b a s is  o f g eo lo g ica l 

o c c u r r e n c e s  or  th erm od yn am ic a n a ly s is . The v a lid ity  o f th ese  id ea s  

has been  d is c u s se d  in s e v e r a l w orks and need  not be rep ea ted  h ere  

(c. f. T u rn er and V erhoogen , T hom pson , 1955, B rin d ley , 1957, 

Com pton, 1960, P itc h e r  and R ead, 1960, 1963). The m ain  co n c lu s io n s  

of th e se  w ork s are  that s ta u ro lite  can d e v e lo p  in au reo le  r o c k s , the 

a sso c ia tio n  s ta u r o lite -a n d a lu s ite  i s  not uncom m on, and the m ain



d iffe r e n c e s  betw een  reg io n a l and th erm al en v iron m en ts are rate  

of r e le a s e  o f dehydration w ater  from  a r e c r y s ta l l is in g  rock  body 

as w e ll a s  the rate  of heating.

Ganguly and N ewton (1966) sy n th es ised  s ta u ro lite  and 

concluded that high p r e ss u r e , probably at le a s t  15 K bar is  n e c e s s a r y  

for  the su c c e s s fu l sy n th es is  of s ta u ro lite . H ow ever, Ganguly (1968) 

c o n s id e rs  that the p a rtia l p r e ssu r e  of oxygen  is  an in ten siv e  

p a ra m eter  "having v e ry  im portant e ffe c ts  on the phase r e la t io n s  in  

p e lit ic  a s se m b la g e s  contain ing iro n -b ea r in g  p h ases"  (p. 277). The 

e ffec t i s  so  im portant that the author (ibid) c o n s id er  that the iso g ra d s  

defined by the m in e r a ls  a lm andine, s ta u ro lite  and kyanite " lose  

s ig n ifica n ce , in the se n se  that iso g ra d s  are com m on ly  understood , 

in  the r e la t iv e ly  o x id ised  p a ra g en esis"  (p. 294). M oreo v er , the  

r e s tr ic te d  g e o lo g ic a l d istr ib u tion  o f s ta u ro lite  can be, accord in g  to  

Ganguly (ib id), due to (i) s ta u ro lite  i s  r e s tr ic te d  to a lim ite d  range  

of fo 0 and has a narrow  range o f th erm al sta b ility , (ii) the m in era l 

d isa p p ea rs  w ith high p r e ssu r e  (h ow ever, th is  i s  con trary  to the  

sy n th es is  ex p er im en ts  of Ganguly and N ew ton, 1966), (iii) additional 

com ponents adm it the p o s s ib ility  o f fu rth er r e s tr ic t io n  on the 

d istr ib u tion  of s ta u ro lite  due to  the bulk co m p o sitio n  of the h ost rock , 

(iv) the p r e se n c e  o f m ica  quite s ig n ifica n tly  r e s tr ic t  the P o 0--T lim its  

of s ta u ro lite  sta b ility . A s to the o ccu rren ce  of kyanite and 

s ta u ro lite , the author (ibid) po in ts out that alum inium  s i l ic a te s  

(ex em p lified  by kyanite) "are found to be r e s tr ic te d  ch ie fly  to  the  

h igh ly  o x id ised  ro ck s w h erea s the s ta u r o lite s  are m ain ly  confined to  

the r e la t iv e ly  l e s s  o x id ised  ones" (p. 294).

A s  to the re la tio n  betw een  the h o si rock  and sta u r o lite , som e  

authors advocate that c er ta in  ch em ica l a b n o rm a litie s  r e s tr ic t  the 

form ation  o f s ta u ro lite , e. g. the FegOg : A^O^ ra tio , unusual amount

255
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o f Mn com p ared  w ith F e  and Mg or  v e ry  high MgO content 

(c. f. T u rn er and V erhoogen , 1951, W illiam son , 1953, E llitsg a a r d -  

R am u ssen , 1954, D eer , Howie and Z u ssm an , 1962, G reen , 1963). 

H ow ever, Juurinen (1956) show ed that although s ta u ro lite  is  high in  

A ^O g, y e t the ch em ica l l im its  of the h ost rock  are  not so  r e s tr ic t iv e  

a s  in d icated  from  the a n a ly s is  of 34 s ta u r o lite -b ea r in g  ro ck s having  

S i0 2 range of 28.12 - 90. 44% and AlgOg range of 4.11 - 42. 51%.

In the 80 ro ck s an a lysed  from  the 5 a u r e o le s  studied , 

s ta u ro lite  w as reco rd ed  in 29 ro ck s and is  not p re se n t or  se e n  in  the 

rem ain in g  51 ro ck s. T here is  no r e la tio n  w h a tso ev er  betw een  the 

m in e r a l's  p r e se n c e  or  a b sen ce , and the oxidation  ra tio  of the rock  

(c. f. G anguly, 1968). It i s  reco rd ed  in ro ck s o f both low  and 

r e la t iv e ly  high oxidation  r a tio s  (16. 2 - 40. 6) and is  eq u ally  absent 

in ro ck s having oxidation  r a tio s  8. 7 - 45. 5. H ow ever, it s  a b sen ce  

from  so m e of the ro ck s stud ied  is  thought to be due to any of the 

fo llow in g  r e a s o n s :-

(a) C on stra in s im p o sed  by the high M g /F e  ra tio  of the host 

rock , (e. g . ) the exp ected  a b sen ce  o f s ta u ro lite  in the 9 

ro ck s  from  the M ain D onegal gran ite  au reo le  ly in g  to the 

le f t  hand s id e  of the k y a n ite -b io tite  t ie  lin e  in the AFM  

diagram  (F ig ,3 Ob, sp e c im en s  53, 54, 57, 58, 59, 60, 61, 62, 

72).

(b) High grade e ffe c t a s  se e n  in 12 ro ck s from  d ifferen t 

a u r e o le s , (sp ec im en s  No. 23, 30, 31, from  A rdara, 4 0 -4 2  

from  B a rn esm o re , 4 6 -5 0  from  the e n c la v es  in the T horr  

gran od ior ite).

(c) S im ply be c a u se  the rock  is  co m p le te ly  sh im m ered  as  

in one sp ec im en  (No. 35 from  A rdara).

2 +



257

(d) M ost im portant i s  to exp la in  the a b sen ce  of s ta u ro lite

in  ro ck s w here it cou ld  be exp ected  to form , i. e. w here

none o f the above m entioned  3 r e s tr ic t io n s  apply (e. g. a ll

the ro ck s  from  Fanad excep t th o se  of the h ig h est grade,

sp e c im en s  No. 43, 44 from  T horr a u reo le , 52, 70, 74, 77

from  the M ain D onegal gran ite  au reo le). The com m on

fea tu re  se e n  in  th e se  s ta u r o lite - fr e e  ro ck s is  the p r e se n c e
“f"

of d efin ite  la r g e  b io tite  (- ch lo r ite ) knots, few  m il l im e tr e s  

a c r o s s , fo rm ed  a fter  reg io n a l garn et. S im ila r  knots have n ev er  

b een  n o ticed  in  the 29 s ta u r o lite -b e a r in g  ro ck s  from  A rdara  

and the M ain D onegal. In the Fanad a u reo le , th ese  knots 

a re  com m on (con stitu te  up to 15% of the rock  - v isu a l  

e st im a te ) and so m e tim e s  the reg io n a l garnet i s  s t i l l  

p r e se r v e d  in th em  (c. f. A therton and E dm unds, 1966).

It s e e m s  rea so n a b le  to conclude that although the w hole rock  

com p o sitio n  m ay be su itab le  for  the production  o f s ta u ro lite , y e t, 

roost o f the iro n  content at the e a r ly  s ta g e s  o f th erm a l rnetam orphism  

was h e ld  in  the b io tite  - ch lo r ite  - garn et k n ots, thus lea v in g  a 

ground m ass o f c er ta in  co m p o sitio n  not su itab le  fo r  the form ation  of 

sta u ro lite . S im ila r ly , the knots would be en r ich ed  in  Mn and Ca,

* hus fu rth erin g  ch em ica l c o n str a in s  for the develop m en t of 

s ta u ro lite  (c. f. G anguly, 1968). It m u st be poin ted  out that th is  

con jectu re  i s  b a sed  on the u n fa ilin g  o b serv a tio n  of the re la tio n  

betw een  the p r e se n c e  or  a b sen ce  of e ith er  the knots or the s ta u ro lite  

rather than sep a ra te  ch e m ic a l a n a ly s is  of both the knots and the 

ground m ass.

If th is  w as so , the fo llow in g  q u estion  a r is e s : -  If iro n  w as held  

ln the knots, why then kyan ite did not develop  in  the M g -r ich  (or  

iro n -im p o v er ish ed ) grou n d m ass?  An attem pt to an sw er  th is  qu estion
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w as done by su b tractin g  the am ount o f e lem en ts  form in g  the reg io n a l 

garnet fro m  the w hole rock  a n a ly s is . The co m p o sitio n  of a 

reg ion a l garn et from  Fanad w as g iven  by M. W. Edm unds (p erson a l 

com m unication) and the am ount of garnet w as taken  as  an average  

of 10% (v isu a l e st im a te  o f the am ount of the now b io tite  knots). The 

r esu lt  o f th is  ca lcu la tio n  would g ive a rough id ea  of the groundm ass  

com p osition . V alu es o f A, K, F and M in the te tra h ed ra l ph ase  

diagram  w as then ca lcu la ted  and the r e s u lt s  w ere  r ep resen ted  on a 

te tra h ed ra l m od el. The p lot of th ese  ro ck s i s  shown d ia g ra m m a tica lly  

in F ig . 47. It is  c le a r  from  th is  figu re  that the su b traction  of the
i

garnet co m p o sitio n  m ov es the ro ck s not only away from  the F co rn er  

but a lso  to  s i t e s  below  the b io t ite -m u sc o v ite  p lan e, a situation  in  

"which alum inium  s i l ic a te s  or  s ta u ro lite  for  that m a tter , would not be 

exp ected  to develop .

(ii) The p r e se n c e  or a b sen ce  o f garnet: -

It has been  n oticed  that in  som e r o c k s , although the FeO/MgO  

r atio i s  appropriate for  the developm ent o f garn et, y e t th is  m in era l 

does not form . The ab sen ce  o f garnet in ro ck s w here it should be 

P resen t has been  accounted for  by G reen  (1963) to be due to the  

P o ss ib ility  that "the garnet of th is  F /M g  ratio  a c tu a lly  r eq u ir es  for  

rts form ation  som e m in im um  am ount of Ca a n d /o r  Mn that i s  not 

ava ilab le  in  th e se  p a r ticu la r  rocks"  (p. 1005). On the o th er  hand,

A lbee (1965) c o n s id e rs  that the M n -r ich  garnet in h is  kyanite ro ck s to  

be an additional ph ase in trod uced  by a high Mn content o f the rock . 

Indeed both exp lan ation s m ay account for the p r e se n c e  or  a b sen ce  of 

garn ets in  so m e  ro ck s of the D onegal au reo le  stud ied  judging from  

the ava ilab le  five  garnet a n a ly se s  c a rr ie d  out by M. W. Edm unds 

(p erson al com m unication) w here the range of MnO is  0. 7 5 -9 . 30 and that 

of CaO is  0 .1 7 -8 . 63%.



A Fig. 47

O  rocks lying above the muscovite—biotite plane. 
("i rocks lying below the muscovite-biotite plane.

Movement of Icyanite-rocks to the stability 
field of andalusite.
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B . The L a ter  or  Second R eaction

In th is  rea ctio n , an d alu site  i s  produced in  rock s r e g a r d le s s  

of th e ir  M /F M  ra tio s . In ro ck s n ear to the gran ite  contact, c o a r se  

s illim a n ite  a lso  d eve lop s.

C. F ib r o lite  v s . C o a rse  S illim a n ite

Throughout the fo reg o in g  work, d is tin ctio n  w as m ade betw een  

fib ro lite  and c o a r se  s illim a n ite  b eca u se  the p e tr o lo g ic a l s tu d ies  of 

the a u reo le  ro ck s  have shown that the two v a r ie t ie s  d iffer  in th e ir  

gen etic  s ig n ifica n ce . F ib r o lite  h as been  shown in a ll the a u r e o le s  to  

rep la ce  the m ic a  e sp e c ia lly  the b io tite  and o c c u r s  as ir r e g u la r  m a s s e s  

or fe lts  m ean d erin g  throughout the rock . In the M ain D onegal gran ite  

au reo le , the e a r ly  euhedral a u reo le  garnet o c c u r s  w ith in  the fib ro lite  

fe lts , in part apparently  rep la c in g  fib ro lite  and in  part inclu ding it. 

F ib ro lite  i s  a lso  p artly  included  in  s ta u ro lite  and kyanite in  the A rdara  

and in  the an d alu site  o f both A rdara and the Fanad a u reo le . In the  

T horr e n c la v e s , iso la te d  p a tch es  o f fib ro lite  are  included  in  c o a r se  

s illim a n ite . N um erous c a s e s  o f in c lu s io n s  o f fib ro lite  n eed le s  in  

quartz have b een  n oticed  in  a ll a u r e o le s . A s to the sp a tia l r e la t io n 

ship of f ib ro lite  r e la t iv e  to the gran ite  con tact, the m in era l w as found 

ln ro ck s a s  fa r  away from  the gran ite  a s  the ou ter  p a r ts  of the in n er  

nureole of A rdara. A s exp ected , the m odal am ount of f ib ro lite  a lw ays  

U icrea ses  a s  the gran ite  i s  approached.

On the o th er  hand, c o a r se  s illim a n ite  o c c u r s  on ly  v e ry  n ear  

the gran ite  con tact in  the form  ol w e ll defined  and reg u la r  stout 

Pris m s . It grow s as  co a rsen ed  fib ro lite  or  independently  in the 

Sroundm ass o r  sh arin g  the c - a x is  of p r e -e x is t in g  an d alu site  c r y s ta ls .

It is  ev ident that from  th e se  tex tu ra l and sp a tia l d if fe r e n c e s ,
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f ib ro lite  d evelopm ent n eed s l e s s  heat than c o a r se  s illim a n ite . G iven  

this heat, f ib ro lite  i s  form ed  e a r lie r  than, con tem p oran eou s w ith  

and la te r  than the c r y s ta ll isa t io n  or r e c r y s ta ll isa t io n  of m in er a ls  

such as  quartz, garnet, s ta u r o lite , kyanite and an d alu site  d epending  

on w hether th ese  m in er a ls  include the fib ro lite  or  e ls e  are fr in ged  

w ith it. A lthough the p rob lem  of " p iercin g  m in era ls"  i s  r eco g n ised  

h ere to c a st  som e doubt on th e se  a ssu m p tio n s e sp e c ia lly  when  

fib ro lite  i s  included  in another m in era l, yet the author finds it 

difficu lt to account for the p r e se n c e  of iso la te d  in c lu s io n s  of f ib ro lite  

in an d alu site , garnet and s ill im a n ite . It i s  eq u a lly  d ifficu lt to 

en v isage  the rem o te  p o s s ib ility  o f a lum ina m e ta so m a tism  producing  

fib ro lite  n e e d le s  co m p letly  e n c lo se d  in  som e quartz c r y s ta ls .

The id ea  of fib ro lite  d evelopm ent at e a r ly  s ta g e s  of 

m etam orp h ism  poin ts to the p o s s ib ility  of a sudden r is e  in  tem p era tu re  

or a su rg e  o f heat connected  w ith the e a r lie r  p h a se s  o f gran ite  

in tru sion . Indeed, th is  contention  is  v e r y  lik e ly  and is  to som e extent 

supported by the fo llow in g  two o b se r v a tio n s :-

(i) In the ou ter  k y a n ite -b ea r in g  s c h is t s  of A rdara, s ta u ro lite  

and kyanite o ccu r  in m any s lid e s  a s  v e r y  m inute ind ividual 

c r y s ta l or  c lu s te r s  o f c r y s ta ls  d iss im in a ted  a ll o v er  the 

rock  (pi. 4a, b).

(ii) In the M ain D onegal gran ite  a u reo le , g a rn ets  a lso  o ccu r  a s  

m inute ind ividual c r y s  ta ls  or  groups o f c r y s ta ls  p ep p erin g  

the rock  (pi. 8a, b).

The rep la cem en t o f b io tite  by fib ro lite  h as been  n oticed  

ea r lie r  by W atson (1948), T o ze r  (1955) and P itc h e r  and R ead (196.3).

Qn the o th er  hand, b eca u se  o f the d ifficu lty  in d eterm in in g  the fate of 

d isp laced  e lem en ts  in vo lved  in  th is  rep la cem en t (K, F e , M g),
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C hinner (1961) c o n s id e rs  that the ro le  of b io tite  in the developm ent 

of fib ro lite  in G len C lova ap p ears to have been  that of nu cleatin g  

agent. F ib r o lite  grew  e p ita x ia lly  on m ica  and the m a ter ia l for  it s  

growth w as d er iv ed  from  the u n stab le  kyanite.

Although C h in n er's (ibid) ep ita x ia l th eory  is  p o ss ib le  and 

ap p lies  to G len C lova, it is  by no m ean s u n iv er sa l (H ast, 1965). T h is  

th eory  d oes not account for the undeniable tex tu ra l e v id en ces  of 

rep la cem en t, fo r  the frequent o ccu rren ce  o f knots or  sp h eru litic  

r o se tte s  o f fib ro lite , nor fo r  the fact that so m e tim e s  fib ro lite  d eve lop s  

in  ro ck s in  w hich th ere  is  no o th er  alum inium  s i l ic a t e s  p resen t.

The p o s s ib il ity  of the p r e se n c e  of flu id  m ed ia  to a s s is t  in  f ib ro lite  

d evelopm ent has been  d is c u s se d  by P itch er  and R ead (1963). F u rth er 

m ore , the id ea  o f a la te  s ta g e , p artly  independent grow th of the 

m in era l has been  favoured in r ecen t lite r a tu r e  (W atson, 1948, S an d ers, 

1954, T o zer , 1955, Autran and G uitard, 1957, B rin d ley , 1957, Z w art, 

1958, S ch erm erh orn , 1959).

A s to the fate of d isp la ced  e le m e n ts , it i s  p o ss ib le  that, 

accord in g  to F r a n c is  (1956), the iron  m olecu le o f the b io tite  b reak s  

down f ir s t ,  lea v in g  a b io tite  en r ich ed  in m agn esiu m  and p rec ip ita tin g  

iron  a s  m agn etite . A s to the fate of p o ta ss iu m , it " is not h ere  

reta in ed  in  p otash  fe ld sp a r  but m ore probably in w hite m ica"

(P itch er  and Read, 1963, p. 273).
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VII._______CONCLUSIONS

F rom  the fo reg o in g  d isc u ss io n  and co m m en ts , one can  

p ro ceed  to sy n th e s ise  a g en era l p ic tu re  o f the h is to ry  of the 

alum inium  s i l ic a te s  in  the a u r e o le s  of Co. D onegal g ra n ites .

The in itia l th erm al e ffec t on the reg io n a l m u sco v ite -  
"f* +

ch lo r ite  - b io tite  - reg io n a l garnet is  the produ ction  of b io tite  on 

the ex p en se  of ch lo r ite  and m u sco v ite . W h ereas b io tite  w as produced  

in e v er y  rock , o th er m in e r a ls  e . g. kyan ite, s ta u ro lite  and garnet 

w ere  r e s tr ic te d  to c er ta in  ro ck s of p a r ticu la r  co m p o sitio n . Thus 

the reg io n a l ro ck s  evo lved  to th e ir  p resen t m in era lo g y  through  

two s e r ie s  of r ea c tio n s , n a m ely :-

(1) A r e la t iv e ly  e a r lie r  rea c tio n  producing any of the 

fo llow ing a s se m b la g e s  depending on the M /F M  ra tio  of the rock:

High M/ FM  : K y a n ite -b io tite -m u sc o v ite  i  garnet (high
MnO garnet)

In term ed iate  M /F M  : K y a n ite -b io t ite -m u sc o v ite -s ta u r o lite
t  garnet

Low M /F M  : B io tite -m u sc o v ite  -  s ta u ro lite  - garnet

(2) A r e la t iv e ly  la te r  rea c tio n  ir r e s p e c t iv e  of the M /F M  

of the rock  and producing an d alu site  a n d /o r  s illim a n ite  depending on 

the n e a r n e ss  of the rock  to the gran ite  contact.

H ow ever, it m u st be em p h a sized  that although an "earlier"  

kyan ite-p rod u cin g  and a "later" a n d a lu site -p rod u cin g  rea c tio n  

are d escr ib ed , th ere  is  no ev id en ce  of the p r e se n c e  of a tim e  gap 

betw een  them  nor that the "later" rea c tio n  has s ta r ted  on ly  a fter  the 

c e s sa t io n  of the " earlier"  one. In fact, tex tu ra l ev id en ce  (i. e . the 

sm a lle r  and m ore  euhedral ch a ra c ter  o f the kyanite and s ta u ro lite
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cou n terp arts in  the groundm ass) su g g e sts  that the e a r lie r  rea ctio n  

s e e m s  to have continued a fter  the la te r  one has started .

In the e a r lie r  or  f ir s t  rea ctio n , the production  of the 

differen t m in era l a s se m b la g e s  can be v isu a lis e d  by the fo llow in g  

reaction s: -

C h lorite  + m u sco v ite  = b io tite  + kyanite + quartz + w ater  
(e. g. M ain D onegal au reo le)

C h lorite  + m u sco v ite  + quartz = b io tite  + s ta u ro lite  + kyanite
+ w ater

(e. g. M ain D onegal and A rdara a u reo les)

In ro ck s w ith low  M /F  ratio: -

F e -r ic h  ch lo r ite  + m u sco v ite  = b io tite  + s ta u ro lite  + alm andine
+ w ater

(e. g. M ain D onegal and A rdara a u reo les)

C h lorite  + m u sco v ite  + m agn etite  + s i l ic a  = b io tite  + alm andine
+ w ater

(e. g. Fanad, B a rn esm o re , T h orr and M ain D onegal 
a u reo les)

M u scovite  and quartz are  add itional p h a ses  to the resu lta n ts .

In the la te r  or secon d  rea ctio n , an d alu site  i s  produced in  

rock s w hich now contain  b io tite  Í  kyanite, i. e. rock s w hich rep re sen t  

m in era l a s se m b la g e s  o f h igh er  grade than the o r ig in a l reg io n a l on es.

It d evelop s a s  la r g e  p orp h yrob lasts  overp rin tin g  the ground m ass and 

d e lu d in g  the e a r ly  form ed  garnet, s ta u ro lite  and kyanite. In rock s  

ttear to the gran ite  con tact, c o a r se  s illim a n ite  i s  produced w ith or  

in stead  of an d alu site . The r ea c tio n s  in volved  in  the production  of 

and alusite  can be deduced from  the fo llow in g  c o n s id e ra tio n s:-  •

In Fanad a u reo le  w here the e ffec t of th erm a l m etam orp h ism  

can be sy s te m a tic a lly  fo llow ed , it w as n oticed  that the m odal am ount

263
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o f m u sco v ite  d e c r e a s e s  a s  the gran ite  contact i s  approached and 

that potash  fe ld sp a r  i s  absent in the m a jo r ity  o f r o ck s. F ro m  th ese  

o b serv a tio n s  coupled  w ith the co n cu rren ce  o f both the e a r lie r  and 

the la te r  r ea c tio n s , it s e e m s  that the rea c tio n  in vo lved  in  the  

produ ction  of and alusite  in  ro ck s  devoid  of K -fe ld sp a r  w as m ain ly  

of the fo llow in g  type:

C h lorite  + m u sco v ite  = an d alu site  + b io tite  + quartz + w ater

H ow ever, in the B a rn esm o re  a u reo le  w here the reg io n a l ro ck s  

are m ic a -sc h is ts  and the a u reo le  an d alu site  h o r n fe lse s  contain  potash  

fe ld sp a r , and in  Fanad au reo le  w here potash  fe ld sp a r  is  p re se n t in  

som e s illim a n ite  h o r n fe lse s  n ear to the gran ite  con tact, the 

production  of an d alu site , and fo r  th is  m a tter  the s illim a n ite  in  the 

T horr e n c la v e s , could have b een  a cco m p lish ed  through the breakdow n  

of e ith er  m u sco v ite  or  b io tite .

M u scov ite  + quartz = K -fe ld sp a r  + an d alu site  (or s illim a n ite )
+ w ater

F o r  the production  of an d alu site  from  b io tite , if  a s im ila r  rea c tio n  

is  invoked, one i s  faced  w ith the p rob lem  6f d isp o sin g  of the iro n  and 

M agnesium  of the rea c tin g  b io tite . H ow ever, it  h as b een  shown  

e a r lie r  that the b io tite  has a s im ila r  M /F M  ra tio  to that of the rock  

and it is  ev id en t th e r e fo r e , that the b io tite  rem ain in g  in  the rock  

adjusts it s  co m p o sitio n  acco rd in g ly . The rea c tio n  in vo lved  can, 

th ere fo re , be w ritten  as  fo llow s: -

B io tite
( 1 )

+ quartz = K -fe ld sp a r  + an d alu site  + b iotite  
+ w ater ( 2 )

A nother w ay of d isp o sin g  of th ed isp laced  iron , m agn esiu m  

and p o ta ss iu m  of the break ing  b io tite  has b een  m entioned  by T o ze r

(1955) who su g g e s ts  that a ll  the e lem en ts  have b een  ex p e lled  w ith the
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ex cep tio n  of iro n  w hich is  p rec ip ita ted  as m agn etite . F r a n c is

(1956), h ow ever, poin ts out that the iron  m o lecu le  o f the b io tite  

b rea k s down f ir s t  lea v in g  a b io tite  en r ich ed  in  m agn esiu m  and 

p rec ip ita tin g  iron  as m agn etite . In ro ck s w hich do not contain  

K -fe ld sp a r , P itc h e r  and R ead (1963) in d icate  that the p o ta ssiu m  

resu ltin g  from  the breakdow n of b io tite  i s  probab ly  reta in ed  in  w hite  

m ica . G rouping a ll th ese  v iew s to g eth er , a rea c tio n  of the 

fo llow in g  type can be deduced:

B io tite
( 1 )

+ m u sco v ite
( 1 )

Biotite^

+ A loSi0 
2 o

+ w ater

+ m u sco v ite , 0. + m agn etite  

(an d alu site  or  s illim a n ite )

B io tite  (2) has a h igh er  M /F M  ratio  than b io tite  (1) and m u sco v ite (2 )  

has a h igh er  p o ta ss iu m  than m u sco v ite  (1). H ow ever, it has been  

m aintained  in the p resen t w ork that the M /F M  ra tio  of the b io tite  is  

s im ila r  to that of it s  host rock . T h ere fo re , the fo llow in g  v a r ia tio n  

of th is  la s t  r ea c tio n  can be postu lated:

B io t i t e ^  + m u s c o v ite ^ B io t ite ,- .  + m u sc o v ite ,- . + A loSi0_ (2) (2) 2 5
(an d alu site  o r  s illim a n ite )  + w ater

E ach  of b io tite (l) and (2) has an M /FM  ratio  depending on the rock  

c o m p osition  and the e x is te n c e  o f o th er  ferro m a g n es ia n  p h a ses  at the  

‘time of the b io tite  form ation; m u sco v ite  (2) i s  h igh er  in p o ta ss iu m  

than m u sco v ite  (1).

The fa c to r s  govern in g  the production  of an d alu site  can be 

deduced from  a study of i t s  d istr ib u tion  in A rdara and the M ain  

D onegal gran ite  a u r e o le s . A nd alusite  i s  in variab ly  p resen t in  a ll the  

h y a n ite -b ea r in g  and the k y a n ite -fr e e  ro ck s of A rdara  but i s  not a lw ays  

P resen t in  the ro ck s o f the M ain D onegal au reo le . In the la tte r
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a u reo le , its  p r e se n c e  is  r e s tr ic te d  to the k y a n ite -fr e e  ro ck s of 

Pintow n area  and the k y a n ite -b ea r in g  ro ck s of Lough R eelan  a rea , 

both o ccu rr in g  in the ou ter p a r ts  o f the a u reo le . A ndalusite  is  

absent in the kyanite s c h is t s  o f the in n er p a r ts  of the M ain D onegal 

au reo le  a s  w e ll a s  the k y a n ite -fr e e  fib ro lite  s c h is t s  o f G lenaboghil 

(r e fe r  to b, p .553  ). C ontrary to kyanite, an d alu site  o c cu rs  in  ro ck s  

r e g a r d le s s  of th e ir  M /F  r a tio s  and th ere  is  no obviou s ch em ica l 

con tro l govern ing  it s  o c cu rr e n c e . T h ere fo re , it s e e m s  lik e ly  that 

the d evelopm ent o f and alusite  w as p h y sic a lly  co n tro lled  i. e. changes  

in p r e ssu r e  a n d /o r  tem p era tu re  accord in g  to the in v er ted -Y  phase  

diagram  of alum inium  s il ic a te . The m anner in w hich the m in era l 

is  d istr ib u ted  g iv e s  a c lu e to the p h y sica l ch an ges in the a u r e o le s .

T hus, on the ph ase d iagram , the ro ck s  during the e a r lie r  rea c tio n  

would l ie  in  the kyanite s ta b ility  fie ld  at point x  fo r  exam p le  (F ig . 48). 

The production  o f and alusite  in  the la te r  r ea c tio n  would be ach ieved  

e ith er  by an in c r e a se  in  tem p era tu re  or  by d e c r e a se  in  p r e ssu r e  in  

the d irectio n  o f arro w s in d icated  on the d iagram . In the M ain D onegal 

au reo le , the production  of an d alu site  due to an in c r e a se  in  

tem p eratu re  i s  e lim in ated  judging from  the d istr ib u tion  of and alusite  

in the a u reo le  i. e. it s  a b sen ce  from  the in n er p a r ts  and its  

r e s tr ic t io n  to the ou ter p a r ts  of the a u reo le . The oth er a ltern ative  

h e. a d e c r e a se  in  p r e ssu r e  s e e m s  lik e ly  to be the fa c to r  in vo lved  in  

the production  of an d alu site  in  the M ain D onegal a u reo le . T h is  

d ecrea se  or ra th er  re la x a tio n  in  p r e ssu r e  w as apparently  fe lt  on ly  in  

the ou ter p a r ts  o f the a u reo le , hence the developm ent of and alusite  

and the continuous grow th o f kyanite in  the in n er p a r ts . On the o th er  

hand in  the ro ck s of the A rdara a u reo le , a ll .of w hich con ta in s  

andalusite  i  kyan ite, e ith er  a r is e  in tem p eratu re  or  a drop in p r e ssu r e  

° r both m ay have e ffec ted  the production  o f an d alu site .
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In co n clu sion , it i s  evident that in  the 5 a u r e o le s  studied , 

the production  o f kyanite w as co n tro lled  by the ch em ica l co m p o sitio n  

of the rock , an d alu site  by ch an ges in  p h y sica l con d ition s (e ith er  

an in c r e a se  in tem p eratu re  or  a d e c r e a se  in  p r e ssu r e  o r  both) and 

c o a r se  s illim a n ite  by high tem p eratu re .
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An Index to the R ock S p ec im en s u sed  in the X -r a y  Sp ectrographic
D eterm in ation  *

A P P E N D IX  I

T ext No. S p ecim en  Marking?' T ext No. S p ec im en  M arking

1 J .M . 28892 18 EDM. A G -3
2 J. M. 30698 19 EDM. GL-16
3 EDM. V -552 20 EDM. LM -18
4 EDM. V - 551+3 21 EDM. GL-11
5, 5a EDM,AG-.6 22 E D M .A -1
6 EDM. G L -40 23 M .A . 22779
7 EDM. G L -20 24 M .A . 22777
8 EDM. G L -7 25 M .A . 22771
9 EDM. G L -47 26 M .B . A - 25

10 J .M . 29133 27 M. B. A -27
11,11a EDM . B -5 28 M. B. G L -45

12 M. B. GL-10 (std) 29 M. B. A-14
13 Std. T on alite  T - l 30 M. B. A -2 9
14 EDM. LM-17 31 J. M. 28893
15 EDM. V -54 32 EDM. B -8 a
16 J .M . 30694 33 M. B. GL-31
17 EDM . GL-10

*M arking as p re se n t in G eology D ept, o f L iv erp o o l U n iv ersity . 
The sa m p les  w ere  ch e m ic a lly  an alysed  by:
J .M . : D r . J . M ath er, EDM : M r. M . E dm unds,
M .A . : D r. M. P . A th er to n , M .B . : M r. M. B roth erlon .
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An Index to the M in era ls  S p ec im en s u sed  in the X -r a y  S p ectro -  
________________________ graphic A n a ly s is_____ _____________________  *

A P P E N D IX  II

T ext No. S p ec im en  M arking* T ext No. S p ec im en  Marking^

1
B io tite s  

EDM. LM -18 8 M. A. S c - 27
2 EDM. G L -2 9 EDM. A G -6
3 EDM. G L -47 10 EDM. A G -3
4 EDM. GL-16 11 EDM. V - 561+3
5 EDM. V -562 12 B io tite  Standard
6 EDM. A -l 13 M. A. S c -3 9
7 EDM. G L -7 14 M. A. P -5

1

G arnets

EDM. A -l 4 EDM. LM-18
2 EDM. LM-17 5 EDM. B -8 a
3 EDM. G L -2

* M arking as  p resen t in  G eology  D epartm ent o f L iv erp o o l U n iv ersity . 
The sp e c im en s  w ere  ch e m ic a lly  a n a lysed  by:
EDM: M r. M. E dm unds, M. A. : D r. M. P . A therton.
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An A lg o l KDF9 P ro g ra m m e for  C alcu la tin g  the C alib ration  
Equation (y = ax + b) and the C om p osition  of the Unknowns

A P P E N D IX  III

(A) P rep a ra tio n  o f the D ata Tape

The data tape i s  p rep ared  with the data w ritten  in the fo llow in g

order: -

C a rr ia g e  retu rn

n;

xl; yi
x2; y;2;

xn yn

l;

m;

xl; x2;

w here n i s  the num ber of o b serv a tio n s  or  

the num ber of r o ck s  u sed  in  con stru ctin g  

the ca lib ra tio n  graph.

w h ere x 's  are  the X -r a y  in ten sity  r a tio s  of 

the ro ck s u sed  in  co n stru ctin g  the ca lib ra tio n  

graph and y 's  a re  the co rresp on d in g  ch em ica l 

a n a ly se s  of the e lem en t under co n sid era tio n , 

w here 1 i s  the num ber of the unknown ro ck s  

to be an a lysed .

w h ere m  is  the num ber of p e lle t s  fo r  each  

rock . T h is m  should  be kept constant for  

one p rogram .

etc; w here x  i s  the X -r a y  in ten sity  ra tio  o f the 

unknown ro ck s to be an a lysed .
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(B) The C om puter P ro g ra m m e

b eg in  in teg er  f, i ,  j, n, m , 1; r e a l x l, y l, s , s i , s2 , s3 , a, b; 

open (20); open (30); 

f:= form at ( £ s s s -d d d . ddddddl);

w r ite tex t (30, L [ c 3 s J  x -r a y * flu o r e sc e n c e * a n a ly s is* o f  C c ] ]  ); 

n: = read  (20);

begin  a rra y  x, y  |j .:n ] ;

for  i: = 1 step  1 un til n do 

begin

x Cl] : = read  (20); 

y  [ i ]  : = read  (20)

end;

s: = sl: = s2: = sS:=0;

fo r  i:= 1 step  1 u n til n do 

begin

s:= s + x Ci3 ;

si: = s i  + y  [ I ] ;

s2: = S2 + x  [ i ]  X y  C i ]  ;

s3: = s3 + x  [ i j f  2

end;

b: = ( s X s l  nX  s 2 ) / ( s p 2  - n X s3); 
a: = ( s i  - b X s)/n ;

w r ite tex t (30, L [ c 3 s J  y  Lsl=D);  w r ite  (30, f, b);

w r ite tex t (30,1.i s j  x | . s j  +J ); w r ite  (30, f, a);

w r ite tex t (30, )J,_2c8s J x £ l 7 s l  y  L cJ ] ); 1:= read  (20);
m: = read  (20);



2 8 9

fo r  j: = 1 step  1 until 1 do

begin

w r ite tex t (30 ,1  l2 c j j);

fo r  i: = 1 step  1 until 1 do

begin

xl:= read  (20); 

yl:= b X  x l + a;

w rite(30, f, xl); w rite  (30, f, yl); 

w rite tex t (30, [ LcJ J )

end

end

end;

c lo s e  (20); c lo se  (30) 

end —



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
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APPENDIX IV

Index for  the A n alysed  S p ec im en s

S p ecim en  No. T ext S p ecim en  No.
and L o cation  No. and L ocation

FANAD AUREOLE BARNESMORE
AUREOLE

GL 7 
11 
12 
18
19
20 
21 
25
29
30
31
35
36 
38
40
41
43
44
45
46 
51 
56

ARDARA AUREOLE

A 7 
9 

14 
17 
22

40
41
42

B 1 
2 
3

THORR
GRANODIORITE

(a) S. G ortahork
43 Th 1
44 2

(b) Lough A gher
45 Ag 2
46 3
47 5

(c) A rdveen  Raft
48 Ad 1
49 2
50 3

MAIN DONEGAL
GRANITE

(a) F in tow n
51 F 2
52 3

(b) G lenkeo
53 Z 2
54 3
55 4
56 5

(c) L a ck agh  B ridge
57 LB 2
58 3
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T ext S p ecim en  No. T ext S p ecim en  No.
No. and L ocation No. and L ocation

ARDARA AUREOLE MAIN DONEGAL 
GRANITE

28 26 59 4
29 27 60 5
30 29 61 6
31 32 (d) O w ennagreeve R
32 34 62 R 9
33 35 6 3 .... 10
34 37 (e) Lough R eelan
3 5 38 64 LR 14
36 50 65 15
37 51 66 19
38 5 2 67 20
39 55 6S 26

(f) G lenaboghil 
Bo 1

69 31

70 75 7
71 2 76 8

72 4 77 9
73 5 78 11
74 6 79 12

80 14


