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i i .

ABSTRACT

The aims of t h i s  work were to  make a  s t a t i s t i c a l  s tudy  of v a r ia t io n s  

in  chem ical com position w ith in  and between two m ajor p o l i t i c  u n i ts  in  the 

Moine S e r ie s  of M orar, w estern  In v e rn e s s - s h ire ,  and to  a s s e s s  th e  metamorphic 

grade a c ro s s  th e  a re a  by means of th e  c a l c - s i l i c a t e  bands found.

Two of th e  m ajor p o l i t i c  u n i t s ,  th e  L o c h a ilo r t P o l i t i c  Group and 

th e  G a m e tife ro u s  P e l i t e ,  were sampled to  a  r ig id  sam pling p lan  which 

allow ed a n a ly s is  of v a ria n ce  tech n iq u es  to  be a p p lie d  to  the  r e s u l t s ,  in  

a study of chem ical v a r ia t io n  w ith in  each of th e  u n i t s .  Stepw ise l i n e a r  

d isc r im in a n t fu n c tio n  a n a ly s is  of th e  d a ta  was a ls o  u n d ertaken , to  provide 

fu n c tio n s  which could  be used to  se p a ra te  th e  two u n i t s  on th e  b a s is  of 

th e i r  chem ical com positions. These d e riv ed  fu n c tio n s  could  a ls o  be 

used to  c la s s i fy  unknown samples and a s s ig n  them to  t h e i r  c o r re c t  

s t r a t ig r a p h ie  p o s it io n .

C a lc - s i l i c a te  bands found a s  a minor rock  type w ith in  th e  a re a  may 

be used a s  p re c ise  in d ic a to r s  of metamorphic g rad e , s in c e  t h e i r  chem istry  

d e term ines t h e i r  m in e ra lo g ic a l response to  metamorphism in  a p re d ic ta b le  

fa sh io n . Evidence from the l e s s  resp o n siv e  p e l i t e s  in d ic a te s  th a t  

metamorphic grade r i s e s  g e n e ra lly  eastw ards a c ro s s  M orar, and a study 

of the  c a l c - s i l i c a t e s ,  w hile confirm ing t h i s ,  a ls o  p rov ided  evidence of 

a l a t e r ,  r e t ro g re s s iv e  even t in  the  e a s t  o f th e  a re a .

In o rd e r to  o b ta in  la rg e  numbers o f chem ical a n a ly s e s ,  ra p id  X-ray 

f lu o re sce n ce  a n a ly t ic a l  te ch n iq u es  were employed. For m ajor elem ent 

a n a ly s is  a fu s io n  method of sample p re p a ra t io n  was ad o p ted , and a new 

method of c a l ib r a t io n  was dev ised  which a llo w s  a la rg e  range of rock 

com positions to  be an a ly sed  u sin g  a  s in g le  s e t  o f l i n e a r  c a l ib r a t io n  

re g re s s io n  eq u a tio n s .
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1.

C hapter 1 INTRODUCTION

L ocation  of a re a

The rocks considered  in  t h i s  study  a re  from th e  Morar a re a  of 

w estem  In v e rn e s s - s h ire ,  which l i e s  on th e  west c o a s t of S co tlan d , 

some 40km w est o f F o rt W illiam  along  th e  A83O (th e  "Road to  th e  I s le s " ) .  

A part from th e  lo w -ly in g , f a i r l y  f l a t  c o a s ta l  s t r i p  between A risa ig  and 

M alla ig , th e  a re a  i s  g e n e ra lly  mountainous w ith  s te e p -s id e d  g la c ia te d  

v a l le y s  p ro v id in g  a  v e r t i c a l  r e l i e f  o f up to  800m. (F igure 1 .1 ) .

G eo log ica l S e tt in g

A part from sm all ou tc ro p s  o f Lew isian ro ck s  w ith in  th e  Morar 

a n tifo rm , th e  a re a  com prises metamorphic sedim ents o f th e  Moine S e rie s .

In S co tland  rocks o f th e  Moine S e r ie s  ou tcrop  over a  wide a r e a ,  from 

the  Grampian H ighlands (where they  a re  thought to  be re p re se n te d  by 

th e  C en tra l Highlajid G ra n u lite s )  northw ards a c ro s s  th e  G reat Glen F a u lt 

to  the  Moine T h rust zone, which marks th e  n o rth  w est boundary of the  

C aledonian o rogen ic b e l t  in  S co tland  (F igure  1 . 2 ) .  The whole Moine 

S e r ie s  th u s  l i e s  w ith in  t h i s  orogen ic b e l t ,  form ing p a r t  of th e  

"metamorphic C aledonides".

Although su b je c t to  study  f o r  a lm ost n in e ty  y e a rs  th e  p o s it io n  of 

th e  Moine S e r ie s  in  th e  s t r a t ig r a p h ie  column i s  n o t known w ith  c e r t a in ty ,  

no r has a  s t r a t ig r a p h ie  su ccessio n  been e s ta b l is h e d  which can be a p p lie d  

over th e  whole Moine ou tcrop . C o rre la tio n  o f a t  l e a s t  p a r t  o f th e  

Moine w ith th e  T o rridon ian  i s  g e n e ra lly  a cc ep ted , though n o t proven 

(Kennedy, 1951; S u tton  and Watson, 1964), and iso to p e  s tu d ie s  in d ic a te  

th a t  o ld e r  ro ck s o f th e  Moine west o f th e  G reat Glen were d ep o s ited  a t  

l e a s t  ?80my and p o ss ib ly  a s  much a s  lOOOmy ago (Long and Lam bert, 1963).
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Figure 1.2 Distribution of the Moine rocks o f Scotland
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Moine S c rie s  L itho logy

The Moine S e r ie s  com prises a  th ic k  sequence o f metamorphosed 

arenaceous and a rg i l la c e o u s  sed im en ts , w ith  th re e  main ty p es  of 

mappable l i th o lo g ie  u n i t :

1) Psammite: m assive q u a r tz o - fe ld s p a th ic  g r a n u l i t e s ,  th e  metamorphic

e q u iv a le n t o f arenaceous and a rk o s ic  sedim ents.

2 ) P e l i t e :  m assive th in ly  banded o r  homogeneous g a m e tif e ro u s  mica

s c h i s t s ,  e q u iv a le n t to  metamorphosed s i l t y  sedim ents o f greywacke 

com position (B u tle r ,  1965)*

3 ) S tr ip e d  s c h i s t s :  th in ly  banded s c h is t s  c o n s is t in g  o f a l te r n a t in g  

psam m itic, p e l i t i c  and s e m ip e li t ic  l a y e r s ,  th e  bands being from a few 

c e n tim e tre s  to  more than  one m etre in  th ic k n e ss .

In a d d i t io n  th e re  a re  minor p ro p o rtio n s  o f rocks re p re se n tin g  

metamorphosed ca lca reo u s  sed im ents; th e  c a l c - s i l i c a t e  g r a n u l i te s  and 

g a rn e t a m p h ib o lite s  , which occur a s  m inor le n se s  and pods w ith in  some 

of the  larger u n i t s .

Table 1.1 summarises th e  l i th o lo g ic a l  c h a ra c te r s  o f s e v e ra l named 

groups and p ro v id es  a  d e s c r ip t io n  of th e  " s tan d ard "  Moines.

Moine S tra tip ;raphy

The la ck  o f d i s t i n c t iv e  l i th o lo g ie s  and p e r s i s t e n t  marker h o rizons 

re n d e rs  the e re c tio n  of a com prehensive s t r a t ig r a p h ic a l  su ccess io n  f o r  

th e  whole Moine outcrop  very  d i f f i c u l t .  F urtherm ore , in te n se  metamorphic 

e f f e c t s  and m igm atisa tion  in  some a re a s  have masked l i th o lo g ic a l  

d if f e r e n c e s ,  w hile the  su p e rp o s itio n  o f s e v e ra l f o ld  phases f u r th e r  

obscures the  o rd e r  of d e p o s itio n .
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TABLE 1.1 Summary of l i th o lo g i c a l  c h a ra c te r s  o f rock fo rm ations 

of w estem  In v e m e ss -s h ire  ( a f t e r  Johnstone e t  a l . , 1969)

7 . LOCH EIL PSAMMITE

6 . GLENFINNAN STRIPED 
SCHIST

V ariab ly  q u a rtz o se  psam m itic g ra n u li te  
( lo c a l ly  a  m icaceous ' s a l t  and pepper' type) 
w ith  very su b o rd in a te  bands of p e l i t i c  and 
s e m ip e li t ic  s c h is t ,  C a lc - s i l i c a te  r ib s  and 
l e n t i c l e s  p re s e n t th roughou t and lo c a l ly  abundant.

Banded s i l i c e o u s  g r a n u l i te  ( lo c a l ly  quartz ite* ) 
and p e l i t i c  g n e is s e s . Pods o r  le n se s  of m eta- 
sed im entaiy  am p h ib o lite s  and c a l c - s i l i c a t e  
g r a n u l i te s  occur.

5 . LOCHAILORT PELITE P e l i t i c  g n e is s ,  w ith  su b o rd in a te  psam m itic o r 
s e m ip e l i t ic  s t r ip e s .  M etasedim entary amphibo-
l i t e  and c a l c - s i l i c a t e  le n s e s  a re  u su a lly  
p re se n t.

4. UPPER MORAR 
PSAMMITE

Dominantly psam m itic g r a n u l i te ,  o fte n  pebb ly , 
w ith  common s e m ip e l i t ic  bands; c a l c - s i l i c a t e  
r i b s  p re se n t th roughou t.

3 . MORAR ( s t r ip e d  and 
P e l i t i c )  SCHIST

A dom inantly p e l i t i c  assem blage lo c a l ly  d iv id ed
in to :
a . R hythm ically s t r ip e d  and banded p e l i t e ,  semi

p e l i t i c  , s c h is t s  and m icaceous psam m itic rocks 
w ith  abundant c a l c - s i l i c a t e  r ib s .

b. P e l i t i c  s c h is t s  w ith  some su b o rd in a te  sem i- 
p e l i t e  s t r ip e s .

c. Lam inated g re y , s e m ip e l i t ic  and m icaceous 
g r a n u l i t e s ,  lo c a l ly  w ith  th in  s i l i c e o u s  and 
c a l c - s i l i c a t e  r ib s .

2. LOWER MORAR 
PSAMMITE

Micaceous and s i l i c e o u s  psam m itic g r a n u l i te s  
lo c a l ly  pebbly ; su b o rd in a te  s e m ip e li t ic  rocks 
developed lo c a l ly  and more th ic k ly  tow ards the  
to p ; c a l c - s i l i c a t e  r ib s  r a r e  excep t tow ards 
th e  to p ; heavy-m ineral bands p re s e n t ,  bu t most 
common n e a r  th e  base.

1 . BASAL PELITE Dominantly p e l i t i c  and s e m ip e l i t ic  s c h i s t s ,  
th in ly  banded w ith  psammite. A pparently  
ty p i f ie d  by abundant c o n to rte d  q u a r tz  v e in s. 
May be te c to n ic a l ly  mixed ' s l i d e '  s c h is t .

LEWISIAN E aste rn  ty p e . Hornblende and b io t i t e  g n e is se s  
and e c lo g i te s ,  a s s o c ia te d  w ith m etasedim ents 
such a s  m arb les, p e l i t i c  g n e is s e s ,  g r a p h i t ic  - 
s c h is t s .

W estem ty p e . T y p ica lly  m ig m atitic  hornblende 
and b io t i t e  g n e is se s . L oca lly  re tro g ra d e d  to  
b i o t i t e - r i c h  s c h is t s .
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Johnstone e t  a l . (l969) d iv id ed  th e  Moines of th e  N orthern  H ighlands 

in to  th re e  m ajor groups -  th e  M orar, G lenfinnan and Loch E i l  D iv is io n s  -  

which form th re e  b e l t s  o f s t r a t a  (F ig . 1 . 2 ) ,  th e  Morar D iv is io n  being 

th e  most w e s te rly . These d iv is io n s  a re  n o t s t r i c t l y  s t r a t ig r a p h ie  

g roups, a s  th e  boundaries between them may be m ajor s l id e  s u r fa c e s ,  and 

a lthough  c h a r a c te r i s t i c  s e t s  o f rocks a re  p r e s e n t ,  s t r a t a  from neighbouring  

d iv is io n s  may be in fo ld e d .

The Morar D iv is io n  com prises a  re c o g n isa b le  s t r a t ig r a p h ie  successio n  

( l - 4 .  Table l . l )  which was f i r s t  e s ta b l is h e d  in  w estem  Morar (Richey 

and Kennedy, 1939)» and was l a t e r  m odified  and extended by Ramsay and 

Spring (1962 ) and Powell (1964) (Table 1 .2 ) .

The Morar D iv ision  g iv e s  way to  th e  G lenfinnan  D iv is io n  in  the  

e a s t .  The f u l l  s t r a t ig r a p h ie  sequence and id e n t i t y  of beds in  th e  G lenfinnan  

D iv ision  a re  s t i l l  incom ple te ly  known, a lthough  in  so u thern  In v e rn e s s -sh ire  . 

and A rgyll Brown e t  a l . (l9?0 ) and D a lz ie l (1966) have suggested  a 

s t r a t ig ra p h y  (U nits  5 & 6 , Table 1 .1 ;  see a l s o  Table 1 . 2 ) .  The d e t a i l s  

o f the  Loch E il- D iv is io n , which l i e s  to  th e  e a s t  o f th e  G lenfinnan  

D iv is io n , a re  a ls o  u n c e r ta in ,  bu t th e  ty p ic a l  l i th o lo g y  i s  g iven  in  

U nit 7 , Table 1 .1 .

The junction between th e  G lenfinnan  and Morar D iv is io n s  i s  te c to n ic  

in  p a r t ,  marked by th e  Sgurr Beag s l id e  (Tanner, 1970; Tanner e t  a l . ,1970), 

bu t i s  h e ld  to  be s t r a t ig r a p h ie  in  p la c e s  (Pow ell, 1964,1974; D a lz ie l ,

1966 ; Brown e t  a l . ,1970). I f  e s s e n t i a l ly  a s t r a t ig r a p h ie  c o n ta c t,  

then  c u r re n t bedding evidence would in d ic a te  th a t  th e  o ld e r  rocks l i e  

to  the  w est, so th a t  Table 1.1  i s  e s s e n t i a l ly  a s t r a t ig r a p h ie  sequence. 

However, i f  movement on th e  Sgurr Beag s l id e  has caused a p p re c ia b le  

te c to n ic  sh o rte n in g , th e  Morar s c h is t s  may be the  e q u iv e le n t o f the



MORAR 
(Richey&Kennedy, 

1939)

UPPER

PSAMMITIC

GROUP

STRIPED
AND

PELITIC
GROUP

LOWER

PSAMMITIC

GROUP

OUTER AND 
CENTRAL 

PSAMMITIC 
GROUPS

MAIN AND 
SUBSIDIARY 

STRIPED 
GROUPS

Lew isian 
o f Morar

LOCH HOURN 
(Ramsay & S p ring ,

1962)

AONACH SGOILTE 

PSAMMITIC 

GROUP

's

LADHAR
BHEINN
PELITIC
GROUP

BARRISDALE
psammitic

GROUP

RUBHA RUADH 
SEMI-PELITIC 

GROUP

ARNISDALE
PSAMMITIC

GROUP

BASAL
SEMI-PELITIC

GROUP

CONGLOMERATE
Lewisian 

o f G leneig ’

LOCHAILORT 
(Pow ell, 1964)

LOCHAILORT

PELITIC

GROUP

ARDNISH
AND

ARIENISKILL
PSAMMITIC

GROUPS

LOCH MAMA 
AND 

ARIENISKILL 
PELITIC 
GROUPS

LOCH NAN UAMH 

AND 

LOCH EILT 

PSAMMITIC 

GROUPS

BEASDALE
PELITIC

GROUP

Lew isian 
o f Morar

— St r a t i gr a phi c a l  successions  in  th e  Moine S e r ie s  

( a f te r  Johnstone e t  a l , , 1969)
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ARDGOUR 
(D a lz ie l, 1966)

GLEN GARVAN 
PSAMMITIC 

GROUP

DRUIM 
NA SAILLE 

PELITIC 
GROUP

DEN AN TUIM 

STRIPED 

GROUP

WESTERN 
INVERNESS-SHIRE 

(Johnstone e t  a l . . 1969)

LOCH EIL

PSAMMITE

CENTRAL 
ROSS-SHIRE 

(S utton  & W atson,1962)

GLENFINNAN
STRIPED
SCHISTS

LOCHAILORT

PELITE

UPPER

MORAR

PSAMMITE

MORAR 
(S trip ed  & 

P e l i t i c )  
SCHISTS

LOWER

MORAR

PSAMMITE

BASAL
PELITE

Lewisian  
of.M orar

— 7

TARVIE
PSAMMITIC

GROUP

PELITIC GNEISS

FANNICH GNEISS

MEALL AN T-SITHE 
PELITIC GROUP

MEALL 
A'CHRASGAIDH 
PSAMMITIC GROUP

SCARDROY

GROUP

SGURR MOR

PELITIC

GROUP

INVERBROOM
SEMI-PELITIC

GROUP

LOCH DROMA 
PELITIC 

GROUP

ACHANALT
SEMI-PELITIC

GROUP

TABLE 1.2 (con tinued)
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G lenfinnan  S tr ip e d  S c h is ts  and th e  L o c h a ilo r t P e l i t e ,  w hile th e  Upper 

Morar Psammite and Loch E i l  Psammite cou ld  a ls o  be e q u iv a le n t.

T his sequence i s  a p p l ic a b le  in  th e  a re a  of A rg y ll and w estem  

In v e rn e s s - sh ire ,  but. i t s  e x ten s io n  n o r th  in to  R o ss-sh ire  rem ains 

te n ta t iv e  (Johnstone e t  a l . , 1969» Joh n sto n e , 1975; Table 1 . 2 ) ,  w hile 

f u r th e r  n o rth  in  S u therland  in te n se  metamorphic rew orking has a s  y e t 

p reven ted  the  e s ta b lish m e n t of any u s e fu l s t r a t ig r a p h ie  su ccessio n .

F igure  I . 3  i l l u s t r a t e s  th e  g eo g rap h ica l d i s t r i b u t io n  of th e  main 

l i th o lo g ic a l  groups in  th e  a re a  s tu d ie d . To th e  w est o f L o c h a ilo r t 

d ip s  a re  g e n e ra lly  m oderate (30- 50^) w ith  a  dominant s t r i k e  running  

s l ig h t ly  e a s t  o f n o r th ,  w hile to  th e  e a s t  o f L o c h a ilo r t d ip s  a re  much 

s te e p e r ,  o fte n  n e a r  v e r t i c a l .

S tru c tu ra l  and metamorphic h is to ry

The Moines have undergone a  long and complex tectono-m etam orphic 

h is to r y ,  and co n tro v e rsy  rem ains over th e  tim in g , e x te n t  and r e la t io n s h ip s  

of m etam orphic‘and defo rm atio n a l ev en ts .

Read (l93^) argued in  fav o u r o f a  P re -T o rrid o n ian  age f o r  a l l  

the  metamorphism and deform ation  o f th e  Moines, bu t B ailey  (l955) 

review ed th e  ev idence to  reach  th e  c o n c lu s io n , more g e n e ra lly  ac c e p te d , 

th a t  th e  Caledonian orogeny had been th e  dominant even t.

The f i r s t  is o to p ic  re s e a rc h  ( G i l e t t i  e t  a l . , 1961; Long and Lam bert,

1963) w hile la rg e ly  producing C aledonian a g e s , a l s o  found th a t  syn- 

metamorphic p eg m atites  in  th e  w estem  Moines gave Precam brian ages 

(about 730my), su g g estin g  th e  p resence in  some a re a s  a t  l e a s t  o f a 

Precam brian even t (named th e  "M orarian" by Lam bert, 1969). F u r th e r  

is o to p ic  and s t r u c tu r a l  re s e a rc h  has confirm ed th e  e x is te n c e  of 

Precam brian tectono-m etam orphic even ts  (P ow ell, 19?^; van Breemen e t  a l . , 

197^ ; W inchester, 1 9 7 ^ )  bu t debate  co n tin u es  on which ev en ts  c o n s t i tu te
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th e  C aledonian, and which th e  Precam brian. The Precam brian metamorphism 

i s  a p p a re n tly  p o s t-D l, and D] can be d a ted  a t  abou t 44^my (van Breemen 

e t  a l . , 1974) ,  bu t w hile Powell (1974) m a in ta in s  th a t  D2 accompanied 

th e  Precam brian metamoiphism, van Breemen e t  a l . (1974) have da ted  

D2 a s  p o s t A renig in  age ( le s s  than  490my). The a r e a l  e x te n t o f the  

two m ajor metamorphic ep iso d es  a ls o  rem ains to  be d e f in e d , a lth o u g h  i t  

would ap p ear t h a t  to  a  g re a t  e x te n t th e  Caledonian metamorphism has 

d es tro y ed  the  t r a c e s  o f th e  M orarian metamorphism (W inchester, 1974a).

Ob.iecti\es of th e  study

1) "Chemical s t r a t ig r a p h y ”

In an a ttem p t to  approach problem s o f c o r r e la t io n s  o f rock groups 

w ith in  th e  Moine from a new d i r e c t io n ,  a  s tudy  was undertaken  of th e  

d if f e re n c e s  in  chem ical com position between two of th e  m ajor p e l i t i c  

u n i t s  in  the  Moine su ccessio n  o f Morar, th e  L o c h a ilo r t P e l i te  and th e  

G a m e tife ro u s  P e l i t e  of th e  Morar S tr ip e d  and P e l i t i c  Group ( P ig . l .p ) .  

These two p e l i t e s  a re  considered  to  be in te g r a l  p a r t s  o f th e  Morar 

Succession  but o f d i f f e r e n t  age by Powell (1964, 1974), w h ils t  Tanner 

e t  a l . (1970) reg a rd  th e  L o c h a ilo r t P e l i t e  a s  p a r t  o f th e  G lenfinnan  

D iv is io n , which i s  la rg e ly  a llo ch th o n o u s  over much o f i t s  ou tcrop .

These a u th o rs  reco g n ise  one lo c a l i t y  where rocks e q u iv a le n t ,  a t  l e a s t  

in  p a r t ,  to  th e  L o c h a ilo r t P e l i t e  s t r a t ig r a p h ic a l ly  o v e r l ie  th e  Morar 

S uccession  (Tanner e t  a l . , p . 303) . Chemical la b e l l in g  o f th e se  two • 

p e l i t e  groups could  th e re fo re  p rov ide a  means whereby th e  s t r a t ig r a p h ic a l  

s ta tu s  o f th e  p e l i t e s  w ith in  th e  G lenfinnan  D iv ision  m ight be in d ic a te d , 

a s  w ell a s  p ro v id in g  sup p o rtin g  evidence f o r  th e  s t r a t ig r a p h ic a l  

s e p a ra tio n  o f th e  two groups.
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The s t a t i s t i c a l  techn ique  o f l i n e a r  d isc r im in a n t fu n c tio n  a n a ly s is  

has been used in  t h i s  study  because i t  p ro v id es  a  sound b a s is  f o r  

a s s e s s in g  a  "chem ical s tr a t ig ra p h y " .  The m athem atical background to  

the method i s  g iven  in  Appendix I I ,  and th e  r e s u l t s  in  C hapter 4.

I t  was n ecessary  d u ring  th e  s tudy  to  c o n s id e r  v a r ia t io n  in  chem ical 

com position w ith in  each of th e  la rg e  p e l i t i c  u n i t s  sam pled, and in  o rd e r  

to  examine v a r ia t io n  a r i s in g  from d i f f e r e n t  sou rces sam pling to  a r ig id  

p lan  was undertaken  and a n a ly s is  o f v a ria n c e  tech n iq u es  employed to  

examine th e  d a ta . This was f e l t  to  be an e s s e n t i a l  a d d i t io n  to  th e  

study  because v a r ia t io n  between u n i t s  cannot be p ro p e rly  considered  

w ithou t some knowledge o f th e  form and amount o f v a r ia t io n  w ith in  those  

u n i t s .  The r e s u l t s  o f t h i s  a n a ly s is  a re  g iven  in  C hapter 3*

2) C a lc - s i l i c a te s  a s  in d ic a to r s  of metamorphic grade

The main l i th o lo g ie s  o f th e  Moine S e r ie s  a re  n o t very  re sp o n siv e

to  changes in  grade o f metamorphism, t h e i r  chem ical com positions p r e 

c lu d in g  th e  development o f d i s t i n c t i v e  index  m in e ra ls . Because o f t h i s  

an exam ination was undertaken  o f th e  chem istry  ajid m ineralogy o f th e  

c a l c - s i l i c a t e  bands which occur th roughout th e  a r e a ,  em phasis being 

p laced  on t h e i r  value  a s  in d ic a to r s  of metamorphic g rade (Kennedy, 1949)' 

The co n c lu sio n s  drawn from t h i s  exam ination a re  d e ta i le d  in  C hapter 5»

3) Techniques o f a n a ly s is

In o rd e r  to  o b ta in  th e  la rg e  number o f chem ical a n a ly se s  needed,

a  ra p id  X-ray f lu o re sce n ce  techn ique  was developed f o r  th e  a n a ly s is  o f

m ajor elem ent c o n s t i tu e n ts  in  rocks. T h is  was made o f g en e ra l u se , 

r a th e r  than  s p e c if ic  to  t h i s  s tu d y , so th a t  people w ith  l i t t l e  o r  no
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ex p erience  in  la b o ra to ry  te ch n iq u es  could  undertake a n a ly se s . A 

sim ple fu s io n  method o f sample p re p a ra tio n  was th u s  ad o p ted , and a 

new method of c a l ib r a t io n  d ev ised  which a llo w s a n a ly s is  o f a  wide 

range o f rock ty p e s  u sing  only one s t r a i g h t  c a l ib r a t io n  l in e  f o r  each 

elem ent. Sample p re p a ra tio n  i s  d e sc rib e d  in  C hapter 2 , and th e  

c a l ib r a t io n  method i s  d e sc rib e d  in  d e t a i l  in  Appendix I .
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C hapter 2. COLLECTION AND ANALYSIS OF SAMPLES 

In tro d u c tio n

The main aim when develop ing  th e  method o f a n a ly s is  f o r  m ajor 

elem ent c o n s t i tu e n ts  by XRF was s im p l ic i ty  in  u se , so th a t  peop le w ith 

l i t t l e  o r no experience  o f la b o ra to ry  tech n iq u es  could  undertake 

a n a ly se s . To t h i s  end, a  sim ple fu s io n  techn ique  o f sample p re p a ra 

t io n  was ad o p ted , and a  method d ev ised  which a llow ed  a n a ly s is  o f a 

wide range o f rock ty p es  u sin g  only one s t r a i g h t  c a l ib r a t io n  l i n e  f o r  

each elem ent.

C o lle c tio n  and p re p a ra tio n  o f samples

In c o l le c t in g  samples in  th e  f i e l d ,  th e  f r e s h e s t  p o s s ib le  specimens 

were ta k en , and in  most ca ses  a  hammer and c h is e l s  were s u f f i c i e n t  to  

o b ta in  reasonab ly  s iz e d  f r e s h  hand specim ens. However, in  sam pling 

th e  L o c h a ilo r t P e l i t i c  Group f o r  th e  s t a t i s t i c a l  s tu d ie s ,  smooth 

g la c ia te d  ou tc rop  su rfa c e s  p rev en ted  th e  d e s ire d  random sam pling.

As a r e s u l t  a  p o r ta b le  d r i l l  was u sed , being an ad ap ted  tw o -s tro k e  

chain  saw eng in e , w ith a  w ater ja c k e t arrangem ent round th e  chuck 

s h a f t  which allow ed  w ater to  be pumped down th rough th e  s h a f t  to  th e  

t i p  of th e  diamond b i t .  The d r i l l  i t s e l f  weighed l 8 kg and w ater 

c a r r i e r ,  h o sep ip e , p e t ro l  can and to o l  k i t  added abou t a n o th e r  l 6 kg. 

Hand h e ld , th e  d r i l l i n g  r a t e  was slow , ta k in g  an hour o r  more to  obtain- 

a core 3-4 cms in  d iam ete r and 15-20  cm long.

To p rep a re  th e  samples f o r  c ru sh in g , a  sm all h igh  speed diamond 

lap p in g  wheel was used to  remove any w eathered m a te r ia l  p re se n t. 

E x tra c tio n  o f th e  c a l c - s i l i c a t e  bands was made e a s ie r  by f i r s t  sawing 

th e  samples in to  s la b s  1 -2  cms th ic k ,  and removing most o f th e  unwanted 

m a trix  w ith a  hammer and c h is e l .  •
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The samples were crushed  u sing  f i r s t  a la rg e  S tu r te v a n t jaw 

cru sh e r f o r  th e  la r g e r  sam ples, reducing  them to  fragm ents l e s s  than  

1 cm. A r o l l e r  c ru sh e r  then  reduced  th e se  fragm en ts , o r  sm a lle r  

sam ples, to  sand s iz e .  Where p o s s ib le  th e  samples were s p l i t  w hile 

a t  the  0 . 25 - 0 . 5  cm s iz e ,  to  reduce th e  load  to  be f in e ly  ground in  th e

Tema swing m ill  a t  th e  l a s t  s ta g e . For th e  c a l c - s i l i c a t e s ,  an a g a te

b a r r e l le d  swing m ill  was used , b u t f o r  th e  p e l i t i c  rocks t h i s  e n ta i le d  

an unduly long c ru sh in g  p e rio d  to  reduce th e  m icaceous m in e ra ls , and 

a  tu n g sten  ca rb id e  b a r r e l le d  m il l  was s u b s t i tu te d .

Sample p re p a ra tio n  f o r  XRF a n a ly s is

The fu s io n  method adopted  f o r  m ajor elem ent a n a ly s is  by XRF was

s im ila r  to  th a t  o f P a d f ie ld  and Gray ( l 97l )»  u sin g  a f lu x  based on

sodium te t r a b o r a te .  Fusion tech n iq u es  have th e  advantage of e lim in a tin g  

th e  m in e ra lo g ic a l, chem ical and p a r t i c l e  s iz e  e f f e c t s  in h e re n t in  th e  

use of p re ssed  powder p e l l e t s ,  and th e  low p ro p o rtio n  o f rock in  th e  

fu s io n  il2%)  reduces in te re le m e n t a b so rp tio n  e f f e c t s .  U n fo rtu n a te ly , 

th e  sodium te t r a b o r a te  f lu x  p re v e n ts  a n a ly s is  of sodium from th e  fu sed  

d is c s ,  and sodium d e te rm in a tio n s  a re  made from p ressed  powder p e l l e t s .  

These a re  u n s a t is f a c to ry ,  a s  a lre a d y  n o ted , and f lu x  based on li th iu m  

te t r a b o r a te  i s  to  be t r i e d  in  th e  f u tu r e ,  so th a t  a l l  m ajor elem ents 

can be determ ined  from one fu s io n  d is c . (When s t a r t in g  t h i s  work 

lith iu m  te t r a b o r a te  was in  s h o r t  supply  and regarded  a s  p ro h ib i t iv e ly  

e x p e n s iv e .)

Flux and weighing

A s in g le  fu s io n  d isc  i s  made up from th e  fo llo w in g  w eigh ts:

0.400g rock powder

2 .800g anhydrous sodium te t r a b o r a te )
j Flux

0 . 055g sodium carbona te  )

The sodium carbona te  i s  added to  reduce the  v is c o s i ty  o f th e  m e lt; 

o r ig in a l ly ,  sodium n i t r a t e  was a ls o  added to  a s s i s t  o x id a tio n , but
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heavy s ta in in g  of th e  Pt-Au c ru c ib le s  makes i t  u n s u ita b le ,  and in s te a d  

fu s io n  tim e was extended to  ensure  com plete o x id a tio n .

The f lu x  i s  p rep ared  in  2kg b a tc h e s , t h i s  being enough f o r  700 

in d iv id u a l d is c s . The borax and sodium carbona te  a re  f i r s t  d r ie d  a t  

about 105°G, then  w eighed, mixed and ground in  an a g a te -b a r r e l le d  Tema 

swing m il l .  .'

Both f lu x  and rock  powder to  be an a ly sed  a re  d r ie d  a t  105°G 

befo re  w eighing, to  d r iv e  o f f  i n t e r s t i t i a l  m o is tu re . Four fu s io n  

d is c s  a re  p repared  f o r  each sam ple, being weighed out a s  two p o r tio n s  

in to  s e a la b le  p l a s t i c  tu b e s , each ho ld ing  enough m ixture f o r  two d is c s .  

Each p o r tio n  a c t s  a s  a  check on th e  o th e r  a g a in s t  g ro ss  weighing e r r o r s ,  

and weighing tim e i s  a l s o  reduced. Since th e  ba lance used read s  to  

O.OOOlg, and weighing to  - 0 .0002g i s  s tr a ig h tfo rw a rd , e r r o r s  a r i s in g  

from weighing should  be n e g l ig ib le .

A fte r  w eighing, fo u r  o r f iv e  sm all g la s s  b a l l s  ( 3 .5 - 4 .5mm d iam eter) 

a re  added to  th e  ro c k -f lu x  m ix tu re , and th e  p l a s t i c  tu b es  se a le d  and 

shaken in  a Glen C reston m ill  f o r  5-10 m inu tes, to  ensure thorough 

mixing o f th e  rock powder and f lu x . Any e r r o r s  a r i s in g  from t h i s  

m ixture s t ic k in g  to  th e  g la s s  b a l l s  o r  th e  p l a s t i c  tu b e s , o r even from 

th e  f lu x  o r  rock s t ic k in g  p r e f e r e n t i a l ly ,  ap p ea r to  be no g r e a te r  than  

those  produced by w eighing rock and f lu x  d i r e c t ly  in to  c ru c ib le s ,  so 

th a t  sam ples can be weighed ou t w hile th e  c ru c ib le s  a re  in  th e  fu rn ace . ’

M elting

The g la s s  b a l l s  a re  removed, and th e  ro c k - f lu x  m ix ture t r a n s f e r r e d  

to  c ru c ib le s  of 95!^t-5%Au a l lo y .  (The m elt does n o t' wet th e  su rfa c e  

of th e se , making c lean in g  o f th e  c ru c ib le s  much e a s ie r ,  a s  th e  s o l id i f i e d  

g la s s  j u s t  sp rin g s  o f f , o r  f a l l s  o f f  i f  th e  c ru c ib le  su rfa c e  i s  g e n tly  

f le x e d .)  The mix i s  then  fu sed  in  an e l e c t r i c  fu rn ace  a t  1050-1100°C
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f o r  about 30 m inu tes, a lth o u g h  rocks w ith  high s i l i c a ,  s p in e l o r 

chrom ite c o n te n ts  may need lo n g e r to  ensure com plete fu s io n . The 

c ru c ib le  i s  then  removed from th e  fu rn ace  and p laced  on a  s i l i c a  

t r i a n g le  over th re e  meka b u rn e rs , and th e  m elt i s  sw irled  around to  

remove bubbles and ensure homogeneity b efo re  c a s tin g  in to  d is c s .

C asting

The method of c a s tin g  th e  m elt to  form d is c s  o r ig in a l ly  used was 

th a t  d e sc rib e d  by P a d f ie ld  and Gray ( l9 ? l ) i  i . e .  th e  m elt was poured 

onto a  ho t (250°C) p o lish e d  s t e e l  p l a t e ,  and p re sse d  w ith a  sm all f l a t  

aluminium p lu n g er in to  a d is c  w ith in  a  r in g  of copper w ire . T his 

re q u ire d  a  f a i r  degree o f s k i l l ,  and a  c e r ta in  amount o f lu c k , w ith  a 

high p ro p o rtio n  o f th e  d is c s  c rac k in g , in c o n s is te n c ie s  in  t h e i r  su rface  

q u a l i t i e s ,  and a  tendency f o r  th e  copper r in g s  to  spread  open too  f a r  

to  f i t  th e  sample h o ld e rs  o f th e  X-ray sp ec tro m ete r.

Improvements were made by u sing  a  l a r g e r  p lu n g e r, and r in g s  d ie -

stamped from th in  b ra s s  s h e e t ,  which improved su rfa c e  r e p r o d u c ib i l i ty ,

and reduced th ç  in c id en ce  of c rack in g  co n s id e ra b ly . Now a method very  

s im i la r  to  th a t  o f Harvey e t  a l . ( l9 ?2 ) has been ad o p ted , in  which a 

p lu n g er assem bly i s  mounted on th e  h o tp la te ,  and i s  used to  p re s s  th e  

m elt in to  aluminium fo rm ers , p roducing d is c s  needing  no su p p o rtin g  r in g ,  

and w ith very  good su rfa c e  r e p ro d u c ib i l i ty .

The s e t s  of p repared  d is c s  a re  s to re d  in  sm all s e a la b le  po ly thene 

bags, and k ep t in  a  d e s s ic a to r  u n t i l  an a ly sed  because they a re  hygro

sco p ic ; abso rbed  w ater d e s tro y s  th e  su rfa c e  f i n i s h  o f th e  d is c s  and

markedly reduces count r a t e s  o b ta in ed  from them.
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Trace elem ent p e l l e t s

These p ressed  powder p e l l e t s  a re  used f o r  t r a c e  elem ent a n a ly s i s ,  

and a ls o  d e te rm in a tio n  o f Na. 6g of rock powder a re  weighed and mixed 

w ith Ig  PF r e s in  (a form of powdered b a k e l i t e ) ,  and p re ssed  a t  12 tonnes 

to  form p e l l e t s .  Baking a t  120°C f o r  10-15 m inutes hardens th e  r e s in  

to  form d u rab le  p e l l e t s .

A n a ly tic a l co n d itio n s  and procedure

(a) Major elem ent a n a ly s is

A P h il ip s  PWÏ212 sem i-au tom atic  X-ray sp ec tro m ete r i s  used f o r  

a l l  th e  a n a ly se s . T his can be s e t  up to  run through a  number of 

a n g le s , f o r  each c h a r a c te r i s t i c  em ission l i n e ,  w ith  s e v e ra l p r e 

programmed o p tio n s  f o r  each a n g le :

( i )  X-ray tu b e . A tube w ith  Ag ta r g e t  i s  used f o r  a l l  th e  

m ajor e lem en ts, run a t  36Kv, 44mA (1584 w a tts ) .  The use o f th e  s i l v e r  

ta rg e t  i s  e s s e n t i a l ly  a  compromise, th e  convenience o f n o t u sing  two 

o r more tube ta r g e t s  (e .g . Cr and W) being o f f s e t  by th e  p o o re r e x c i ta 

t io n  o f some o“f  th e  elem ents. E x c ita t io n  o f S i and A1 i s  good, and 

a lthough  e x c i ta t io n  f o r  elem ents P to  Fe i s  p o o re r , a  s u f f i c i e n t ly  

high count r a te  i s  produced by a l l  common rock  ty p es . Poor e x c i ta t io n  

o f Ca i s  even an advantage in  one way, reducing  in te r f e re n c e  of CaKyg 

escape peak on PKoc to  n e g l ig ib le  p ro p o rtio n s .

( i i )  D if f ra c t in g  c r y s ta l s . Three c r y s ta l s  a re  mounted on a • 

c a r r i e r ,  and can be changed a u to m a tic a lly . RAP ( (OOl), 2d 26.12 X )  

i s  used f o r  elem ents Na to  P, and L iF (200) (2d 2.848 X )  f o r  a l l  th e  

o th e rs . L iF (220 ) (2d 4.027 X )  i s  used f o r  Fe, a s  a  conven ien t way 

of reducing  th e  count r a te .
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( i i i )  D e tec to r. A gas flow  p ro p o r tio n a l c o u n te r i s  used f o r  a l l  

m ajor elem ent d e te rm in a tio n s , With a 90^argon-10% methane gas. The 

window i s  2yum a lu m in ised  p o ly c a rb o n a te , g iv in g  good tra n sm iss io n  of 

the  long w ave-lengths o f Na and Mg Kû6 . (l^m m ylar windows, a lth o u g h  

g iv in g  b e t te r  tra n sm iss io n , have very much s h o r te r  l i v e s  under vacuum.)

( iv )  P u lse  h e ig h t s e le c to r .  A narrow  energy "window" i s  used 

fo r  Na,Mg,P,Al and S i to  e lim in a te  high energy s c a t te r e d  s i l v e r  r a d ia 

tio n . (P h il ip s  s e t t in g s  1 .5  low er le v e l ,  2 .5  window.)

(v) C o llim a to r. ( in  sp ec im en -an a ly se r c r y s ta l  p a th ) A co arse  

c o llim a to r  ( s iz e  480^m ) i s  used f o r  elem ents Na to  P, and a f in e  

c o llim a to r  ( S l i t  s iz e  l60/^m) f o r  th e  o th e r  m ajor e lem ents.

(v i)  Vacuum. The o p t ic a l  p a th  i s  en c lo sed  in  an evacuated  system , 

fo r  b e t t e r  tran sm iss io n  of th e  lo n g e r w avelengths.

( v i i )  C hannels. Up to  15 p re s e t  a n g le s  can be run through a u to 

m a tic a lly  in  one program. Only ten  a re  needed f o r  m ajor e lem en ts, 

s in ce  backgrounds a re  low enough to  be reg ard ed  a s  n e g l ig ib le .

For a n a ly s is ,  th re e  of th e  fo u r  p rep a red  d is c s  a re  s e le c te d  by 

counting  th e  Si r a d ia t io n  on each d is c  and ta k in g  th e  c lo s e s t  th re e  

( th i s  i s  a rough check on th e  d is c  su rfa c e  r e p r o d u c ib i l i ty ,  and i s  n o t 

u su a lly  needed w ith th e  new d is c  making p ro ced u re ). A s y n th e t ic  

enamel s tan d a rd  i s  used to  check th e  s h o r t term d r i f t  in  th e  d e te c to r .

For each elem ent th e  p r in c ip a l  K l i n e  i s  m easured, f i r s t  on th e  s ta n d a rd , 

then on th e  th re e  d is c s ,  th e  whole program being run through tw ice .

Output of channel number and coun ts i s  onto p r in te d  paper ta p e  and 

punched card s  . (Punched paper tap e  o u tp u t i s  a l s o  a v a i la b le ,  bu t 

l e s s  convenien t f o r  p ro c e s s in g .)
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The punched ca rd s  a re  p ro cessed  using  a  s p e c ia l ly  w r itte n  com puter 

program, v ia  th e  rem ote te rm in a l to  th e  U n iv e rs ity  of London com puter 

system . For each elem ent, th e  program perform s s e v e ra l checks and 

c a lc u la t io n s :

( i )  Counts on th e  s tan d a rd  a re  checked f o r  " d r i f t "  a g a in s t  a 

g iven average s tan d a rd  count f o r  th a t  elem ent, and an es tim a te  of th e  

d r i f t  f o r  each cy c le  p r in te d  ( t h i s  i s  a  check th a t  th e  machine i s  

c o r re c t ly  s e t  up and behaving p ro p e rly  -  abnorm ally  d i f f e r e n t  count 

r a te s  on th e  s tan d a rd  in d ic a te  th a t  something i s  wrong).

( i i )  Counts from th e  th re e  d is c s  a re  then  c o rre c te d  f o r  d r i f t ,  

and th e  d r i f t  c o rre c te d  counts f o r  each cy c le  a re  compared. T his i s  

done by d iv id in g  th e  d if fe re n c e  between th e  two s e ts  o f counts by th e  

square ro o t of t h e i r  average (an approxim ation  to  th e  s tan d a rd  d e v ia tio n  

of th e  co u n ts). I f  th e  r e s u l t  exceeds 5 (" s ta n d a rd  d e v ia tio n s " )  th e re  

i s  a s tro n g  p o s s i b i l i ty  th a t  th e  a n a ly s is  w i l l  f a l l  o u ts id e  th e  l im i t s  

of th e  counting  s t a t i s t i c s .

( i i i )  The th re e  s e ts  o f averaged , d r i f t - c o r r e c te d  counts a re  used 

to  f in d  an i n i t i a l  va lu e  o f th e  elem ents concerned , u s in g  c a l ib r a t io n  

term s read  in  from card s .

( iv )  The th re e  s e ts  of coun ts  a re  compared to  check th a t  none of 

them f a l l s  o u ts id e  th e  expected  s t a t i s t i c a l  l im i t s .  I f  any does, 

only th e  two c lo s e s t  a re  ta k en , and a p p ro p r ia te  in d ic a t io n s  and e r r o r  

m essages a re  p r in te d  out.

(v) The i n i t i a l  elem ent p e rce n tag es  a re  averag ed , ta k in g  a l l  

th re e  v a lu es  o r any two s e le c te d  under s e c tio n  ( iv ) ,  and th e  i n i t i a l  

a n a ly s is  p r in te d  ou t. This a n a ly s is  i s  th en  c o rre c te d  f o r  mass 

a b so rp tio n  e f f e c t s  and th e  f i n a l  a n a ly s is  p r in te d .

D e ta i ls  o f th e  a n a ly t ic a l  co n d itio n s  f o r  each elem ent a re  summarised

in  Table 2.1  and an ex p lan a tio n  o f c o r re c t io n s  and c a l ib r a t io n  tech n iq u es  

can be found in  Appendix I .
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b) Trace elem ent a n a ly s is

Trace elem ents a re  an a ly sed  in  two program s, one using  a s i l v e r

ta rg e t  X-ray tube to  determ ine N b,Zr,Y ,R b,Sr and Zn, th e  o th e r  using  a

tu n g sten  t a r g e t  tube to  determ ine Nd,Ce,Ba and La. F u ll  d e t a i l s  of

th e  two programs a re  summarised in  T ables 2 .2  and 2.3*

C a lib ra tio n s  had been e re c te d  by s tan d ard  sp ik in g  te c h n iq u e s ,

and mass ab so rp tio n  c o r re c tio n s  were a p p lie d  to  th e  r e s u l t s .  For

th e  la n th a n id e  elem ents mass ab so rp tio n  c o n s ta n ts  were deriv ed  from

th e  m ajor elem ent a n a ly s i s ,  bu t f o r  th e  o th e r  elem ents a mass

a b so rp tio n  c o e f f ic ie n t  was es tim ated  by m easuring b a c k sc a tte re d

s i l v e r  r a d ia t io n  from th e  sample f o r  use in  a c a l ib r a te d  polynom ial.
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P o s itio n Count Time 
( s e c s , )

26

Mb & Zr Background 20 20.52

Nb Ka 40 21.37

Mb Background 20 21 85

Y Background 20 23.05

Y Ka 40 23.75

Sr & Y Background 20 24.44

Sr Ka 40 25.09

Rb & Sr Background 20 25.89

Rb Ka ■ 40 26.58

Rb Background 20 27.35

Zr Background 20 19.51

Zr Kp 40 20.04

Ag b a c k s c a tte r 20 16.02

Zn Background 40 41.23

Zn Ka 40 41.74

A ll a n a ly s is  w ith  Ag t a r g e t  , 70Kv 20mA

X-ray o p t i c a l  p a th  under vacuum, sample sp in n in g . f in e  cc

P ulse  H eight s e le c to r  s e t  atS .25 low er le v e l  3 .50  window

LiF(200) a n a ly s in g  c r y s ta l  . S c in t i l l a t i o n  c o u n te r .

Y c o rre c te d  -.19/ppm  Rb. Mass ab so rp tio n  c o r re c t io n  made by- 

m easuring Ag b a c k s c a tte r

T o ta l running  tim e 1 hour

TABLE 2 .2  C onditions f o r  t r a c e  elem ent a n a ly s is  

by X -ray f lu o re sc e n c e
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P o s itio n Count Time 
( s e c s . )

° 2q

Nd background 100 94 .40

Nd Lp^ 100 9 9 .05

Ce Lp,, 100 111.62

Ce background 100 117.30

Ti KP̂ 20 123.95

Ba Lp^ 100 128.80

La + Ba background 100 134 .83

La Lol̂ 100 138.70

A ll a n a ly s is  w ith  W ta r g e t  60Kv 28mA

X -ray o p t ic a l  p a th  under vacuum, sample sp in n in g ,c o a rse  c o llim a to r  

P u lse  h e ig h t s e le c to r  3 .25 low er l e v e l ,  3«50 window.

L iF(220) a n a ly se r  c r y s ta l .  Flow c o u n te r .

C orrec tio n s  fo r  peak o v erlap s  a r e  made in  th e  fo llow ing  r a t i o s :

Ba -  .003ppm/ ppm Ti 

Ba -  , 8 l 6ppm /  ppm Ce 

Ce -  .C93ppm /  ppm Nd 

Nd + .014ppm/ ppm Ba

TABLE 2 .3  C onditions f o r  a n a ly s is  o f  th e  la n th a n id e  t r a c e  

elem ents by X -ray f lu o re s c e n c e .
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C hapter 3 . ANALYSIS OF VARIANCE EXPERIMENT 

In tro d u c tio n

In co n s id e rin g  v a r ia t io n  w ith in  a  la y e r  of ro ck , w hether in  chem ical 

com position , d e n s ity ,  p e rm e a b il i ty , o r  any o th e r  m easurable v a r ia b le ,  i t  

i s  ap p aren t th a t  v a r ia t io n  can a r i s e  from a number o f so u rces . This 

v a r ia t io n  may be on a  la rg e  s c a le ,  such a s  in  l a t e r a l  changes in  l i t h o -  

lo g y , on th e  sm a lle r  s c a le  of d if fe re n c e s  between two p a r ts  o f th e  same 

hand specim en, o r th e  v a r i a b i l i t y  may a r i s e  from so u rces  such a s  

a n a ly t ic a l  e r ro r .

A nalysis  o f v a ria n ce  i s  a  s t a t i s t i c a l  te ch n iq u e  which a llo w s 

v a r ia t io n  to  be q u a n t if ie d  and a ss ig n e d  to  th e se  d i f f e r in g  so u rc e s , 

w ith some e s tim a te  of th e  c o n tr ib u tio n  o f each to  th e  o v e r - a l l  v a r ia t io n .  

The sampling design  employed de term ines th e  a p p ro p r ia te  form of th e  

a n a ly s is  and th e  sources o f v a r ia t io n  which can be examined. The 

techn ique  i s  o f fundam ental im portance in  many a s p e c ts  o f num erical 

and s t a t i s t i c a l  geology.

Shaw (195^ , 1956) made a  study of t r a c e  and m ajor elem ent geo

chem istry  in  p e l i t i c  ro c k s , bu t was m ainly concerned w ith  d e te c tin g  

v a r ia t io n s  produced by metamorphism. B u tle r  (1965 ) was a l s o  concerned 

w ith  chem ical changes du ring  metamorphism of Moine rocks in  Ardnamurchan, 

bu t in  a d d i t io n  made a  g e n e ra l chem ical study of th e  m ajor Moine l i t h o -  

lo g ie s .  He concluded th a t  th e  m assive g a m e tif e ro u s  mica s c h is t s  (such 

a s  those  consid ered  in  t h i s  s tudy) re p re s e n t o r ig in a l  sed im ents of g re y -  

wacke o r  s i l t  com position , w ith  h igh  CaO and Na_0 c o n te n ts  and low K_0 

co n ten ts  in d ic a tin g  im m aturity . The psam m ites, w ith  h igh A1 0 , Na«0
2 3  2

and K^O c o n te n ts  re p re s e n t a rk o ses  o r  f e ld s p a th ic  q u a r tz i te s .
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Of p a r t i c u la r  re lev an ce  to  t h i s  study  i s  th e  work of Steveson (1971) 

who employed a n a ly s is  of v a ria n c e  to  t r y  and d e te c t  d if fe re n c e s  produced 

by metamorphism w ith in  th e  Glen Mama and A r ie n is k i l l  P e l i t i c  Groups of 

th e  Morar a r e a ,  th e  two groups being s t r a t ig r a p h ie  e q u iv a le n ts  a t  

d i f f e r e n t  metamorphic g rades . In c o n s id e rin g  sam pling design  f o r  th e  

d isc r im in a n t fu n c tio n  experim ent to  be d esc rib e d  l a t e r ,  i t  was r e a l i s e d  

th a t  a  design  which would a l s o  a llow  an a n a ly s is  o f v a ria n ce  study  

would be most s u i ta b le ,  inasmuch a s  i t  a llo w s w ith in -g ro u p  v a r ia t io n s  

to  be s tu d ie d , a s  w ell a s  v a r ia t io n  between groups. In f a c t ,  th e  

com parison of two d i f f e r e n t  p o p u la tio n s  can only be s e r io u s ly  a ttem p ted  

when some e s tim a te  has been made of th e  v a r i a b i l i t y  o f each of th e  

p o p u la tio n s  co n sid e re d , in  t h i s  case two m ajor p e l i t i c  u n i t s  o f th e  

Molne succession  in  Morar, th e  L o c h a ilo r t P e l i t i c  Group and th e  G a m e t i

fe ro u s  P e l i te  o f th e  Morar S tr ip e d  and P e l i t i c  Group.

In sp ec tio n  o f S te v e so n 's  r e s u l t s  le a d  to  th e  ad o p tio n  o f a  s im ila r  

sam pling p la n , i t  being th e  most p ro d u c tiv e  o f r e s u l t s  from a com

p a ra t iv e ly  sm all number of sam ples and a n a ly se s . The sam pling p lan  

was a ls o  one o f th e  most s u i ta b le  f o r  th e  d isc r im in a n t fu n c tio n  s tu d y , 

in  p rov id in g  a  la rg e  random sample o f th e  two groups under c o n s id e ra tio n .

U nits s tu d ie d

1 ) The G a m e tife ro u s  P e l i t e  of th e  Morar S tr ip e d  and P e l i t i c  Group 

(U nlt 2b of Richey and Kennedy, 1939) c o n s is ts  o f a  s e r ie s  o f g a m e tif e ro u s  

p e l i t i c  s c h is t s  w ith su b o rd in a te  s e m ip e li te s  and r a r e  psam m itic bands 

and le n se s . The group was sampled to  th e  south  o f A r is a ig ,  where th e  

s c h is t s  d ip  30-40 WNW so th a t  n o r th w e s t-so u th e a s t t r a v e r s e s  p rov ide  a 

s e c tio n  a c ro ss  th e  su ccess io n . The metamorphic g rade a t  t h i s  p o in t in  

t h i s  a re a  i s  uppermost g re e n s c h is t  f a c ie s  o r  low est a lm and ine-am phibo lite  

f a c ie s ,  and th e  p e l i t e s  ty p ic a l ly  c o n s is t  of quartz+ p lag io c lase+ m u sco v ite  

+brown b lo t i t e + g a m e t - c h lo r i t e ,  w ith acc esso ry  amounts of z irc o n , a p a t i t e ,  

sphene and opaque iro n  ox ides.
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Figure 3.1

Location of sampling traverses 
for the analysis of variance study.

See text for details of sampling design

e s

LOCHAILORT PELITIC GROUPGARNETIFEROUS PELITE

iD ru im in d a rro c h L o c h a ilo r t
Station

MileMile
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2 ) The L o c h a ilo r t P e l i t i c  Group (Pow ell, 1964) ou tc rops ju s t  e a s t  

of L o c h a ilo r t v i l l a g e ,  and l i e s  In  th e  core of th e  G lenshlan synform , 

a la rg e  I s o c l in a l  fo ld  p lung ing  g e n tly  NNE, and w ith  an alm ost v e r t i c a l  

a x ia l  p lane. The w estern  lim b of th e  synform was sampled f o r  th e  

s t a t i s t i c a l  study . The group c o n s is ts  of p e l i t e  and s e m ip e li te ,  w ith 

subo rd in a te  amounts o f psam m itic rocks and c a lc  s i l i c a t e  le n se s  and 

g a rn e t am p h ib o lite s  a s  m inor l i th o lo g ie s .  The metamorphic g rade i s  

k y an ite  zone, a lth o u g h  k y a n ite  i s  very  r a r e ly  developed in  th e  p e l i t e s ,  

th e  dominant assem blage being quartz+ plag ioclase+ brow n b io tite+ m u sco v ite  

w ith accesso ry  amounts o f z irc o n , a p a t i t e ,  sphene, tou rm aline  and iro n  

ox ides.

bamplinp; design

In each p e l i t e  th re e  t r a v e r s e s  were l a id  o u t, each p e rp e n d ic u la r  

to  th e  s t r i k e ,  and abou t 200m a p a r t  (F ig . 3 . I ) .  On each t r a v e r s e  th re e  

p o in ts  were s e le c te d  a t  random, u sin g  random numbers from 0-99  a s  p e r 

cen tages of th e  le n g th s  o f th e  tr a v e r s e s .  Each p o in t d efin ed  th e  

n o rth -w est co rn e r of a  " lo c a tio n "  about ^m sq u are , and th re e  specim ens 

were taken from random p o in ts  w ith in  each o f th e se  lo c a tio n s .

The tr a v e r s e s  in  th e  L o c h a ilo r t P e l i t e  were numbered I -3  and th o se  

in  th e  G a m e tife ro u s  P e l i t e  4 -6 , from n o rth  to  sou th . L ocations on 

each t ra v e rs e  were numbered I -3  from th e  base of th e  u n i t ,  and each 

sample w ith in  th e  lo c a tio n  numbered I - 3 , g iv in g  a  th r e e - f ig u re  sample 

number in d ic a tin g  t r a v e r s e ,  lo c a tio n  and sample number in  tu rn . In 

a d d itio n  th e  s u f f ix  K was added to  in d ic a te  th a t  th e se  were th e  samples 

fo r  s t a t i s t i c a l  a n a ly s is ,  and to  avo id  confusion  w ith  o th e r  sample 

numbers th a t  a ro se  (e .g . 331 , 532 ).
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These 54 specimens (2 p e l i t e s  x 3 t r a v e r s e s  x 3 lo c a tio n s  x 

3 samples = 54 ) were an a ly sed  once, in  random - o rd e r , and th e  r e s u l t s  

used in  both a n a ly s is  of v a ria n ce  and d isc r im in a n t fu n c tio n  a n a ly s is  

experim ents. The r e s u l t s  a re  ta b u la te d  in  Appendix I I I ,  Table 1.

The a n a ly s is  of v a rian ce  method

The e s tim a te  o f v a ria n ce  f o r  a  p o p u la tio n  i s  g iven  by:
n p

E  ( X. -  J  
- s 2 = — iz J -------------------

( n -  1 )

where x i s  th e  mean of n in d iv id u a l m easurem ents, x^. This e s tim a te  

can be considered  a s  being two p a r t s ,  th e  sum of squares of d e v ia tio n s  

o f in d iv id u a ls  from th e  mean ("sum of sq u a re s " ) , and a  number one le s s  

than  th e  number o f samples used in  th e  e s tim a te  ("number of degrees of 

freedom "). In a n a ly s is  of v a ria n ce  th e se  two v a lu es  a re  c a lc u la te d  

fo r  each of th e  sources of v a r ia t io n  to  be examined, each source being 

is o la te d  a s  shown in  th e  fo llo w in g  example:

C o n s id e r‘th e  case of f iv e  measurements of A1 0 co n ten t on each of 

two samples of rock (Table 3 . 1 , columns l a  and lb ) .  V a ria tio n  in  t h i s  

case can be a ss ig n e d  to  two p o s s ib le  so u rc e s , v a r ia t io n  between th e  

two sam ples, and v a r ia t io n  between in d iv id u a l m easures w ith in  th e  

samples.

The t o t a l  sum of squares can be found by s u b tra c t in g  th e  grand 

mean from each o f th e  m easurem ents, and squaring  th e  r e s u l t  (Table 3*1, 

columns 2a and 2b) so th a t  th e  t o t a l  sum of squares = 129 . 44+128 . 83 * 

258 . 2 7 , w ith ( lO -l)  = 9 degrees o f freedom.

In o rd e r to  i s o la te  th e  betw een-sam ples e f f e c t  th e  w ith in -sam ple 

v a r ia t io n  must be e lim in a te d , which can be done by re p la c in g  each of
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the  item s by i t s  own sample average (Table 3 . I ,  columns Ja. and 3%)»

The procedure f o r 'f in d in g  th e  between-sam ples sum of squares i s  then  

th e  same a s  f o r  th e  t o t a l  sum of sq u a re s , ta k in g  th e  square of th e  

d e v ia tio n s  of th e se  new e n t r ie s  from th e  grand mean (Table 3»2 , columns 

4a and 4 b ), so th a t  th e  between-sam ples sum of squares °  0.015 + 0 .0 1 5  " 

0 . 030 , and degrees o f freedom i s  one le s s  than  th e  number of samples on 

which th e  e s tim a te  i s  based , i . e .  (2 - 1 )=1 .

I t  now only rem ains to  f in d  th e  w ith in -sam ple sum of squares and 

degrees of freedom , which must invo lve  th e  removal of th e  between- 

samples e f f e c t .  T his i s  done by su b tra c t in g  from each of th e  o r ig in a l  

da ta  item s i t s  own sample average (Table 3. 2 , columns 5a- and 5b),

These two columns have a grand mean of ze ro , and th e  sum of squares of 

d e v ia tio n s  from th i s  mean i s  sim ply th e  square of each en try  in  columns 

5a and 5b, w ith r e s u l t s  p laced  in  columns 6a and 6b. The w ith in -  

sample sum of squares i s  then 128.81  + 129.43 = 258.24.

To f in d  th e  a s s o c ia te d  number of degrees of freedom , th e  argument 

i s  a s  fo llo w s: each sample c o n s is ts  of f iv e  item s. For each sample

th e  number of degrees of freedom w ith in  th a t  sample w i l l  be one le s s  

than th e  number of item s in  th a t  sam ple, i . e .  4. However, th e re  a re  

two such sam ples, so th e  t o t a l  deg rees of freedom w ith in -sam ples i s  

2 x 4  = 8.

The r e s u l t s  can now be ta b u la te d  in  an a n a ly s is  of v a ria n ce  ta b le  

(Table 3*2). I t  can be seen th a t  th e  t o t a l  sum of sq u ares  has been 

broken down in to  two p a r ts .  In t h i s  model th e  n u l l  h y p o th esis  i s  th a t  

the  two s e ts  o f d a ta  a re  random samples from th e  same (norm al) p o p u la tio n , 

and th i s  can be te s te d  a g a in s t  S n edeco r's  F r a t i o  f o r  th e  v a ria n ce  

e s tim a te s  (th e  "mean square" f o r  each so u rce ). The r a t i o  o f betw een- 

samples mean square to  w ith in -sam ple mean square i s  found and th e
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Source Sum o f Squares Degrees
o f

Freedom

V ariance E stim ate 
( Mean Square )

Between

Samples .030 1 .030

W ithin

Samples 258 .24 8 32 .28

T ota l 258.27

TABLE 3.2 A nalysis  o f  v a ria n ce  ta b le  f o r  th e  example 

in  Table 3.1
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r e s u l t  compared to  th e  ta b u la te d  F - s t a t i s t i c  w ith  1 and 8 deg rees of 

freedom. I f  th e  ta b u la te d  value  i s  exceeded, then  th e  h y p o th esis  i s  

r e je c te d ,  and th e  means f o r  th e  two samples vary  more than  th e  item s 

w ith in  each sample. In t h i s  case th e  r a t i o  i s  0 .0009 , compared to  

th e  ta b u la te d  value  of F a t  th e  95% s ig n if ic a n c e  le v e l  of 5»32, so 

th e  hyp o th esis  i s  accep ted .

In p r a c t ic e  th e  c a lc u la t io n s  invo lved  can be reduced to  much more 

ra p id  and convenien t com putational form s, bu t more in s ig h t  in to  th e  

meaning of th e  techn ique can be gained  from th e  c a lc u la t io n s  a s  l a id  

out here .

The m athem atical s t r u c tu re  o f th e  example g iven  can be summarised 

a s  fo llo w s:

%lj -  X + + tl(j)

where each o b serv a tio n  i s  made up from th e  p o p u la tio n  mean, a s

es tim ated  by x , a  d e v ia tio n  a t t r ib u t a b le  to  v a r ia t io n  between samples 

a j ,  and a d e v ia tio n  a t t r ib u t a b le  to  v a r ia t io n  between measures w ith in  

sam ples _

In th e  subsequent study of th e  p e l i t e s  th e  m athem atical model 

employed i s :

1̂ jk =  ̂ + ^(1) + ji)

This means th a t  any in d iv id u a l param eter f o r  specimen i j k  i s  made up 

from th e  mean va lue  f o r  th e  p o p u la tio n  ( i . e .  th e  whole p e l i t e  u n i t ,  • 

e s tim ated  from th e  mean of th e  sample ta k e n , x ) , p lu s  a v a r ia t io n  T^ 

a t t r ib u t a b le  to  th e  v a r i a b i l i t y  between t r a v e r s e s ,  a  v a r ia t io n  

a t t r ib u t a b le  to  v a r ia t io n  between lo c a tio n s  on t r a v e r s e s ,  and a  sm all 

s c a le  v a r ia t io n  th e  v a r ia t io n  between in d iv id u a l specimens

w ith in  each lo c a tio n
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Source Decrees Sum o f Squares Mean Square

Freedom
v2 "2i- h.. ' s . .Between T raverses 1-1

JK IJK

<  2  2 2  2Between L ocations . Y. . . Y.
1 J i j .  _ 1 1 . .  MS,

W ithin T raverses   L
K JK

Between Specimens _ ^  ^  ^  SL y 2
W ithin Locations I J (K - I )  2  ^  ̂ *

W ithin T raverses i  j  k \ j k

< 2 ^  2 S  2  Ï  2 
T o ta l IJK-1 t T Y ^ j k

V ariance Components

MS,

TABLE 3 .3  Form o f  a n a ly s is  o f  v a r ia n c e , and e s tim a te s  o f

components o f  v a ria n ce  used in  th i s  s tu d y . In d iv id u a l 

o b se rv a tio n s  have th e  form ^  \  ^ j ( i )  ^ k ( j i )
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The b rack e ts  around s u f f ix e s  in d ic a te  th a t  each v a r ia b le  i s  

"nested" in  th e  h ig h e r  l e v e l ,  i . e .  th a t  t r a v e r s e s  a re  made up of 

lo c a tio n s  which a re  in  tu rn  made up of specim ens.

The f a c to r s  can be consid ered  in  terras o f th e  sc a le  and form of 

the v a r ia t io n ;

Between specim ens -  2m. This measures th e  sm all s c a le  v a r ia t io n ,  

and in c lu d es  any v a r ia t io n  n o t accounted  f o r  by o th e r  sou rces in  th e  

a n a ly s is ,  such a s  a n a ly t ic a l  e r ro r .

Between lo c a tio n s  -  20m. T his m easures an e f f e c t  o p e ra tin g  a c ro s s  

th e  s t r i k e ,  o r upwards through th e  o r ig in a l  sequence of beds in  th e  

u n it .

Between tr a v e r s e s  -  200m. This measures some e f f e c t  a long th e  

s t r ik e ,  l a t e r a l  v a r ia t io n s  w ith in  th e  u n i t .

A n a ly tic a l e r r o r  was n o t s e p a ra te ly  a s s e s se d , being in c luded  in  th e  

low est le v e l  of v a r ia t io n .  An es tim a te  o f a n a ly t ic a l  v a r ia t io n  could  

have been ob ta ined  by making d u p lic a te  a n a ly se s  o f a l l  th e  samples 

which would haVe allow ed th e  b e tw een -an a ly s is  le v e l  of v a r ia t io n  to  be 

is o la te d ,  bu t la ck  of tim e p reven ted  th i s .

In Table 3 .3  a r e  given th e  measures a p p ro p r ia te  to  th e  sampling

design and m athem atical model used in  t h i s  s tudy . The r e s u l t s  ob ta in ed

can be in te r ro g a te d  a s  fo llo w s:

1 ) F r a t i o s  t e s t s  on two hypo theses:
( i )  F = MS /̂MSg

The n u l l  h y p o th esis  f o r  t h i s  r a t i o  i s  th a t  th e  lo c a tio n s  re p re se n t

random samples from th e  same normal p o p u la tio n . I f  t h i s  h y p o th esis  i s

r e je c te d ,  then th e  experim ent has d e te c te d  d if fe re n c e s  between th e  

lo c a tio n s .  I f  acc ep ted , d if fe re n c e s  a re  a b s e n t, o r  u n d e tec ta b le  

because o f v a r ia t io n s  in  th e  low er, betw een-sam ples le v e l ,  o r from 

v a r ia t io n s  in  th e  a n a ly t ic a l  techn ique .
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( i i )  F = MS^MS^

The n u l l  h y p o th esis  t e s te d  by t h i s  r a t i o  i s  th a t  v a r ia t io n  among th e  

tra v e rs e  means i s  no g r e a te r  than  v a r ia t io n  among lo c a tio n  means. I f  

r e je c te d ,  then  v a r ia t io n  between th e  t r a v e r s e s  i s  g r e a te r  than  a t  

e i th e r  th e  lo c a tio n  o r  sample le v e l ,  in d ic a tin g  a  change along  th e  

s t r ik e .  The F t e s t  o f th e  h y p o th esis  of equal means assumes homogen

e i ty  of v a ria n c e s  w ith in  th e  le v e ls  te s te d .  T his assum ption can be 

v e r i f ie d  u sing  B a r t l e t t 's  t e s t  f o r  homogeneity of th e  v a r ia n c e s  a s  a 

whole, o r C ochran 's t e s t  f o r  i s o la t in g  any v a ria n c e  value  which seems 

to  be extrem e. The form of th e  t e s t s  i s  g iven  in  Table 3 .4 .

2 ) Components of v a ria n ce  can be d eriv ed  from th e  mean square v a lu es  

fo r  each le v e l .  The mean squares a re  e s tim a te s  of v a ria n ce  a t  each 

le v e l ,  and th e  components o f v a ria n ce  a re  e s tim a te s  of th e  p o p u la tio n  

v a rian ce  a r i s in g  from each source. They can be used to  in d ic a te  where 

th e  sampling design can be a l t e r e d ,  to  in c re a se  th e  amount of inform a

tio n  a v a i la b le  a t  a  g iven l e v e l ,  o r  to  s im p lify  th e  sam pling procedure.

3 ) Confidence in te r v a ls  about th e  v a r ia b le  means can be ev a lu a ted  from

th e  e s tim a te s  of p o p u la tio n  v a ria n ce . The b e tw ee n -trav e rse s  mean

square p ro v id es  an e s tim a te  of p o p u la tio n  v a ria n c e  about th e  grand

mean, <3̂  = '̂̂ T̂ (Anderson & B an cro ft, 1952, p. 326). A ssocia ted  
27 :  + .

confidence l im i t s  a re  es tim a ted .b y  X -  t^o", where t  i s  S tu d e n t 's  t
VN

to  d e s ire d  s ig n if ic a n c e  le v e l  06 and N i s  number o f o b se rv a tio n s  (3 ). 

These a re  confidence l im i t s  f o r  sample s iz e  27, taken  a t  random.

R esu lts  of th e  a n a ly s is  of v a rian ce  f o r  th e  L o c h a ilo r t P e l i t i c  Group

This i s  known to  be an inhomogeneous s t r a t ig r a p h ie  u n i t  in  th a t  

minor psammitic bands occur w ith in  th e  dom inantly p e l i t i c  and sem i- 

p e l i t i c  u n i t  (d is reg a rd in g  m in o r .l i th o lo g ie s ,  c a lc  s i l i c a t e s  and
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TABLE 3 .4  Form o f  B a r t l e t t ' s  and C ochran 's t e s t s  fo r

homogeneity o f  v a ria n ces  (see  t e x t  f o r  ex p lan a tio n  

and ta b le s  3 «5 » 3 .9  fo r  r e s u l t s ) .

B a r t l e t t 's  T est;

2.303 ,  p
^ ( log  f  ( n , - 1 ) - ^ ( ( n , - 1 ) log  s f  ))

i =1

i _  ____________ 1
k -1 ) n^-1 k (n ^-1 )and C =

2
where s^ a re  th e  in d iv id u a l  v a r ia n c e s , i= 1 , 2 , . . k  , n^ i s  th e

2 —2
number o f term s used in  c a lc u la t in g  s^ and s i s  th e  pooled

2
es tim a te  o f  v a r ia n c e . The s t a t i s t i c  i s  d is t r ib u te d  a s  X w ith

k-1 degrees o f  freedom, and t e s t s  th e  n u l l  hypo th esis

2 2 2 2 = 3*2  = . . . ^ , w h e r e i s  th e  v a ria n ce  e s tim ated

by s i .

C ochran's T e s t;

2max s. 
g = ______1,

2
Each v a rian ce  e s tim a te  s^ i s  based upon n v a r ia b le s ,  and th e

hypo thesis  G" ^ ='^"2 "  * * * ^ k ^ ®  accep ted  i f  g^g^^. where '

gg i s  given in  ta b le s  f o r  le v e ls  o f  s ig n if ic a n c e  a ,  and th e  ta b le s  

a re  en tered  w ith  n and 'k.-.
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a m p h ib o lite s , which a re  chem ically  and m in e ra lo g ic a lly  d i s t i n c t ) .  For 

th e  d a ta  o b ta ined  s tan d ard  d e v ia tio n s  and skewness c o e f f ic ie n ts  a re  very 

high f o r  most o f th e  v a r ia b le s ,  in d ic a tin g  th a t  th e  v a r ia b le s  a re  no t 

norm ally d is t r ib u te d .  Exam ination o f th e  d a ta  shows th a t  two of th e  

item s (23IK and 232K) a re  in  f a c t  psam m ites, so th a t  a lthough  th e  da ta  

i s  random in  term s of th e  u n i t  a s  a whole, and r e f l e c t s  th e  v a r ia t io n  

o f th e  u n i t  w e ll, th e  d a ta  cannot be consid ered  a s  being from a normal 

po p u la tio n . B a r t l e t t 's  t e s t  f o r  homogeneity of v a r ia n c e s  i s  f a i l e d  by 

ten  of th e  v a r ia b le s  (Table 3 . 5 ) and th e  h ig h e s t v a ria n c e  i s  found in  

lo c a l i t y  23. K f o r  no few er than  fo u rte e n  of th e  v a r ia b le s .  T his i n 

homogeneity ren d e rs  th e  r e s u l t s  of any a n a ly s is  of v a ria n ce  perform ed 

su sp e c t, s in ce  th e  a n a ly t ic a l  techn ique  in v o lv es  sim ultaneous comparison 

of means and v a r ia n c e s , and inhom ogeneity o f th e  v a r ia n c e s  confuses th e  

comparison. To reduce th e  inhom ogeneity, and th u s  in  e f f e c t  examine 

only th e  p e l i t i c  and s e m ip e li t ic  p a r ts  o f th e  u n i t ,  231K and 232K were 

t r e a te d  a s  m issing  d a ta  item s f o r  th e  purposes o f th e  a n a ly s is .  These 

two an a ly se s  were rep laced  by th e  means o f th e  o th e r  an a ly se s  in  th a t  

l o c a l i t y  -  only one in  t h i s  c a se , 233^* This procedure m inim ises 

e rro r in tro d u c e d  in to  th e  a n a ly s is ,  th e  v a ria n ce  f o r  th a t  lo c a l i t y  

f a l l i n g  to  ze ro , and the  l o c a l i t y  mean ta k in g  on a  va lue  c lo s e r  to  th e  

o v e r - a l l  mean a s  th e  skewness f o r  th e  d a ta  o f th e  lo c a l i t y  i s  reduced. 

The number o f degrees o f freedom, a s s o c ia te d  w ith th e  between-sam ples 

le v e l  must a ls o  be reduced , bu t a l l  th e  o th e r  com putations and t e s t s  of 

s ig n if ic a n c e  rem ain th e  same, w ith  l i t t l e  added e r r o r  (H uitson , 1966, 

p .21). R esu lts  a re  given in  Tables 4 .IA and 4 .IB .

R esu lts  o f a n a ly s is  o f th e  o r ig in a l  d a ta  s e t  (Table 3 . 6 ) do in  f a c t  

show th a t  th e  g r e a te s t  v a r ia t io n  i s  a t  th e  b e tw e e n - lo c a l i t ie s  le v e l  f o r  

^^^2' ^^2^3* 3.S t o t a l  Fe^O^, MgO^P^O^, Z r, Y and Rb. D espite th e

unfavourable d a ta  s t r u c tu r e ,  t h i s  does seem to  be a r e f le c t io n  of th e
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TABLE 3 .5  R esu lts  o f  B a r t l e t t 's  and C ochran 's t e s t s  f o r  

homogeneity o f  v a ria n c e s  o f  th e  L o c h a ilo rt P e l i t i c  Group 

lo c a t io n s .  For form o f t e s t s  see Table 3•4 .

V ariab le  O rig in a l Data (27 specim ens) Data w ith  in te rp o la te d  v a lues

fo r  231K and 232K

SiOg

B a r t l e t t

XX

Cochran

X 6

B a r t l e t t Cochran 

-  4

TiOg X X 6 - -  4

AI2O3
X X 6 - -  8

MnO X X 6 - -  4

Z F e203 - - 6 - -  5

MgO - - 6 - -  5

CaO - - 6 - -  7

Na^O - - 6 - - 3

KgO X xx6 - - 7

- - 1.« - - 1

Zr XX xx6 - - 8

Y X xx6 K xx4

Rb X X 6 - - 8

Nb - - 6 - - 8

Sr - -  3 - -  3

Zn - -  4 - -  4

Nd - -  6 _ -  1

Ce - -  8 -  ' -  8

Ba XX • ' xx6 - -  8

La - - 6 - 8

XX in d ic a te s  f a i l u r e  a t  th e  s ig n if ic a n c e  le v e l
^ • •  5^
-  s ig n i f ic a n t  inhom ogeneity

Numbers show lo c a tio n  w ith  h ig h e s t v a rian ce  fo r  th a t  v a r ia b le :

1= 11 . : 2=1 2 . ; > 1 3 . : 4=21. ; > 2 2 . ; 6=2 3 . ; 7=31. ; 8=32 . ; 9=33 .



V a r ia b le Mean S q u a res F r a t i o s

T rav e rses
(MST)

L oca tions
(MSL)

Specimens
(MSS)

MST/MSL
(2 ,6 )

MSL/MSS
(6,18)

810% 17.4 22.3 7.17 .779 3.11**

TiO^ .019 .035 .017 .529 2 .06

A 1 ,0 , 1 .65 5 .08 .990 .324 5.14***

tF e z O , 2 .7 0 3 .80 1.27 .711 2.98**

MnO .0002 .0010 .0004 .200 2 .5 0 *

MgO .241 .170 .061 1.42 2.77**

CaO .256 .426 .244 .601 1.75

Na^O .037 .312 .400 .120 .780

K^O .134 1.14 .728 .118 1 .56

P2O5 .003 .0054 .0011 .630 4.91***

Zr 2284.7 10434.1 1192.5 .219 8.75***

Y 100.2 288.7 76.5 .347 3.77**

Rb 36.8 1063.7 381.0 .035 2.79**

Nb .259 14 .9 8 .7 0 .017 1.72

Sr 2 .48  . 2481.3 1685.9 .001 1.47

Zn 1522.4 934.6 344.7 1 .63 2.71**

Nd 555.1 93.7 123.1 5.92** .762

Ce 3264.7 1354.2 553.9 2.41 2 .4 4 *

Ba 53676.8 82694.3 36573.4 .649 2 .2 6 *

La 683.4 226.3 127.0 3.02 1 .78

TABLE 3 .6  R esu lts  o f a n a ly s is  o f v a r ia n c e , L o c h a ilo r t  P e l i t i c

Group, o r ig in a l  d a ta .

* F r a t i o s  s ig n i f i c a n t  a t  10% le v e l
** F r a t i o s  s ig n i f i c a n t  a t  5% le v e l

*** F r a t i o s  s ig n i f i c a n t  a t  1% le v e l
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V arlance Components

T raverses L o ca tio n s Specimens T rav erses L ocations Specimens

-.5 4 6 5 .0 4 7.17 0 3.67 4 .3 8

-.002 .006 .017 0 7.88 13.26

-.3 8 1 1 .36 .990 0 6 .29 5.36

-.1 2 2 .842 1.27 0 11.9 14.7

-.0001 .0002 .0004 0 11.9 16.8

,008 .036 .061 4 .08 8.66 11.3

-.0 1 9 .061 .244 0 11.9 23.7

-.0 3 1 - .0 2 9 .400 0 0 24.3

-.1 1 1 .136 .728 0 10 .9 25.4

-.0002 .0014 .0011 0 16.4 14.5

-905 .5 3080.5 1192.5 0 24.4 15.2

-2 0 .9 70.7 76.5 0 15.6 16.2

-114 .1 227.6 381.0 0 10.5 19.5

“1 .63 2 .0 9 8 .70 0 7 .59 15.4

-275 .4 265.1 1685.9 0 6.34 15.9

65.3 196.6 344.7 6.76 11.7 15.5

51.3 -9 .7 8 123.1 16.2 0 25.1

212.3 266.8 553.9 12.4 13 .9 20 .0

-3224.2 15373.6 36573.4 0 16.6 25 .6

50.8 33.1 127 .0 14.6 11.8 7 .86  .

TABLE 3 .6 ( c o n t.)  Mean Squares = Sample v a ria n ce  e s tim a te s

V ariance Components = P o p u la tio n  v a ria n ce  es tim a es

C o e f f ic ie n ts  o f v a r ia t io n  = //(V arian ce  components)
P o p u la tio n  Mean

(See te x t  fo r  d e t a i l s ) .



V aria b le Mean Squares F r a t i o s

T rav e rses
(MST)

L ocations
(MSL)

Specimens
(MSS)

MST/MSL
e , 6)

MSL/MSS
(6 ,16)

SiOz .789 3 .04 3 .58 ,259 .850

T i02 .002 .009 .010 .250 .889

.451 1.71 .524 .262 3.27**

.194 .641 ,938 .303 .683

MnO .0001 .0004 .0003 .250 1.48

MgO .045 .042 .037 1 .06 1 .1 1

CaO .161 .406 .162 .396 2.51  *

.105 .360 .314 .291 1 .14

" 2°
.377 1.37 .314 .274 4.37***

P2O5 .001 .002 .001 .522 2 .1 9  *

Zr 2366.3 10571.0 328.7 .224 32.16***

Y 35.7 207.0 81.4 .172 2 .5 4  *

Rb 87.1 1048.9 2 0 0 .0 .083 5.24***

Nb 8.04 3 .30 7.17 2 .44 .460

Sr 31.26 2534.2 1697,0 .012 1 .49

Zn 521.4 257.1 301.5 2.05 .853

Nd 788.6 236.7 104.3 3 .33 2.27

Ce 4815.4 2311.0 557.8 2 .08 4.14**

Ba 102733.6 114530.0 16677.0 .897 6.87***

La 878.9 359.2 132.7 2.45 2 .71  *

3.7  R esu lts  of a n a ly s is  o f v a r ia n c e , L o c h a ilo r t  P e l i t i c  Group, 

w ith  in te rp o la te d  v a lu es  fo r  specimens 231K and 232K.

* '  F r a t i o  s ig n i f ic a n t  a t  10% le v e l
** - F r a t i o  s ig n i f ic a n t  a t  5% le v e l

*** - F r a t i o  s ig n i f ic a n t  a t  1% le v e l
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C o e ff ic ie n ts  o f V a r ia t io n (%)

T r a v e r s e s L o ca tio n s Specimens T rav erses L ocations Specimens

- .2 5 0 - .1 7 9 3 .58 0 0 3.13

-.0007 -.0 0 0 4 .010 0 0 9.78

-.1 4 0 .397 .524 0 3.34 3 .84

-.0 5 0 - .0 9 9 .938 0 0 12.2

-.00003 .00004 .0003 0 5 .20 13.5

.0003 .0014 .037 .77 1.67 8.62

-.027 .081 .162 0 13.6 19.2

-.0 2 8 .015 .314 0 4 .78 21 .8

-.111 .353 .314 0 23.1 16.5

-.0001 .0004 .001 0 8.66 13 .9

-911 .6 3414.1 328.7 0 25.6 7.95

-1 9 .0 4 1 .8 81.4 0 11.8 16.5

-106 .9 283 .0 200 .0 0 11.4 9.62

.527 -1 .2 9 7.17 3 .70 0 13.7

-278.1 279.1 1697.0 0 6.52 16.1

30 .0 -1 4 .8 301.5 4 .46 0 14.1

61.3 4 4 .1 104.3 18.2 15.5 23 .8

278.3 584 .4 557.8 16.7 21.1 20.6

1306.2 32617.5 16677.0 0 23.6 16.9

57.7 75.5 132.7 15 .9 18.2 24.1

TABLE 3 .7 (c o n t.) See te x t and T able 3 .6 fo r  d e t a i l s



TABLE 3 . fi 99^ con fid en ce  l im i t s  f o r  L o c h a ilo r t P e l i t i c  Group 

(Sample p iz e  27 item s)

41

V ariab le

SiO,

TiO,

AI2O3

2  Fe^O]

MnO

MgO

CaO

Na^O

K,0

Zr

Y

Hb

Nb

Sr

Zn

Nd

Ce

Ba

La

O r ig in a l Data

61 .14+3.22  

.98+ .11 

18.56+ .99 

7.56+1.27 

.12+ .01 

2.19+ .38 

2.08+ .39  

2.60+ .15 

3.36+ .28 

.23+ .05

228+ 37 

54+ 8 

144+ 5

1% 4

257+ 1 

120+ 30

44+ 18 

118+ 44 

748+179 

49+ 20

Data w ith  in te rp o la te d  v a lu es  

f o r  231K and 232K

60.3?+ .69 

1.02+ .04 

18.84+ .52 

7.91+ .34 

.12+ .01 

2.25+ .16 

2.10+ .31 

2.57+ .25 

3.41+ .48 

.24+ .03

2 28 i 38 

55+ 5 

147± 7 

20+ 2 

25^  4 

123+ 18

43+ 22 

115+ 54 

766+248 

48+ 23
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known s i t u a t io n ,  where one lo c a l i t y  i s  markedly d i f f e r e n t .  Of th e  

o th e r  e lem en ts , a l l  show th a t  th e  g r e a te s t  v a r ia t io n  i s  a t  th e  betw een- 

sam ples l e v e l ,  ex cep t f o r  Nd, which shows s ig n i f i c a n t  d if fe re n c e s  a t  

th e  p r o b a b i l i ty  le v e l  between t r a v e r s e s ,  though ag a in  t h i s  may be 

due to  th e  in a d eq u ac ie s  o f th e  d a ta  d is t r ib u t io n .

T re a tin g  231K and ’232K a s  m issing  d a ta  changes th e  r e s u l t s  somewhat. 

No inho m o g en e ities  rem ain in  th e  v a r ia n c e s  d e te c ta b le  by B a r t l e t t ' s  o r 

C och ran 's  t e s t s  f o r  any v a r ia b le  except Y (Table 3 . 5 )* The r e s u l t s  

of th e  a n a ly s i s  o f v a r ia n c e  show th a t  Al^O^» CaO, K20,?20^, Z r, Rb, Ce 

and Ba have s ig n i f i c a n t  d if fe re n c e s  a t  th e  b e tw e e n - lo c a l i t ie s  l e v e l ,  

a l l  o th e r  v a r ia b le s  having t h e i r  g r e a te s t  v a r ia n c e s  a t  th e  betw een- 

sample le v e l .

The d i f f e r e n c e s  in  Zr can probably  be r e la te d  to  uneven d i s t r i b u 

t io n  o f d e t r i t a l  z irc o n  v e r t i c a l l y  through th e  o r ig in a l  sed im ents.

^2^5 exceeds th e  10% p ro b a b i l i ty  va lu e  f o r  F a t  th e  betw een-

l o c a l i t i e s  l e v e l ,  and t h i s  may be , l ik e  Z r, a  r e f le c t i o n  o f o r ig in a l  

d e t r i t a l  m in era l d i s t r i b u t io n ,  in  t h i s  case a p a t i t e .

The v a r ia t io n  in  th e  d i s t r i b u t io n  o f ^ 12^3 * ^2^* ^

would ap p ea r to  in d ic a te  t h a t  a  m ineral such a s  K -fe ld sp a r , b i o t i t e  o r 

m uscovite has an uneven d i s t r i b u t io n  through th e  u n i t  a c ro ss  th e  o r ig in a l  

bedding. Given th a t  th e  u n i t  i s  a mixed sequence o f p e l i t e s  and sem i- 

p e l i t e s  ( th e  psam m ites having been e lim in a te d  in  t h i s  a n a ly s is )  th e  

d e te c tio n  o f v e r t i c a l  d if fe re n c e s  such a s  t h i s  i s  an in d ic a tio n  o f th e  

adequacy o f th e  a n a ly t ic a l  te ch n iq u es  employed.

V a r ia t io n  in  CaO only j u s t  exceeds th e  10% le v e l ,  and may be con

s id e re d  in  te rm s o f i t s  r o le  e i t h e r  in  a p a t i t e  o r a s  a  c o n s t i tu e n t  of 

K -fe ld sp a r.
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R esu lts  o f th e  a n a ly s i s  o f v a ria n c e  f o r  th e  G a rn e tife ro u s  P e l i t e

In th e  f i e l d  t h i s  u n i t  ap p ea rs  to  be more homogeneous in  rock  type 

than th e  L o c h a ilo r t  P e l i t i c  Group, being m ainly a  h ig h ly  g a rn e t if e ro u s  

p e l i t e  w ith  su b o rd in a te  s e m ip e li te ,  and only ra re  psam m itic r ib s .

D esp ite  t h i s ,  th e  elem ent d i s t r i b u t io n s  show very  h igh  skew nesses, and 

t o t a l  i r o n ,  CaO, Na^O, Z r, Rb and Nb a l l  f a i l  B a r t l e t t 's  t e s t  f o r  homo

g e n e ity  o f v a r ia n c e s  (Table 3*9)« Two l o c a l i t i e s  can be seen to  have 

th e  h ig h e s t v a r ia n c e s  f o r  f i f t e e n  of th e  e lem en ts, l o c a l i t i e s  4 2 .K and 

63 . K. In sp e c tio n  o f th e  a n a ly se s  re v e a ls  th a t  item s 421K, 423K and 

613K a re  th e 's o u r c e s  of th e se  h igh  v a r ia n c e s ,  and tre a tm e n t o f th e se  

th re e  p o in ts  a s  m issing  d a ta  e l im in a te s  th e  v a ria n c e  inhom ogeneity of 

most v a r ia b le s ,  a lth o u g h  CaO and Na^O rem ain inhomogeneous and skewed.

A n a ly s is  of v a r ia n c e  f o r  th e  o r ig in a l  d a ta  (Table 3 '1 0 ) shows

th a t  a l l  v a r ia b le s  excep t S r have v a r ia t io n s  r e s t r i c t e d  to  th e  betw een-

sam ples le v e l .  S r has a  d if fe re n c e  d e te c te d  a t  th e  b e tw e e n -tra v e rse s  

l e v e l ,  in d ic a t in g  th a t  v a r ia t io n  along s t r ik e  i s  a dominant sou rce .

When th re e  item s (421K, 423K and 613K) a re  t r e a te d  a s  m issing  d a ta  

p o in ts  S r a g a in  shows a s ig n i f i c a n t  v a r ia t io n  due to  th e  betw een- 

t r a v e r s e s  sou rce  (Table 3 . I I )  so th e  a lo n g - s t r ik e  v a r ia t io n  would ap p ea r 

to  be r e a l ,  a lth o u g h  i t s  o r ig in  i s  u n c e r ta in . Of th e  rem aining 

v a r ia b le s  MgO, TiO_ and P^O- a l l  show s ig n i f i c a n t  v a r ia t io n  a t  th e  

b e tw e e n - lo c a l i t ie s  le v e l .  The s ig n if ic a n c e  le v e l  f o r  PgO^ only  j u s t  

reach es  th e  10% v a lu e , w hich, a s  in  th e  L o c h a ilo r t P e l i t i c  Group, may 

re p re s e n t m inor v e r t i c a l  f lu c tu a t io n s  in  th e  d i s t r i b u t io n  of d e t r i t a l  

a p a t i t e  w ith in  th e  u n i t .  .

The v a r ia t io n  in  MgO ap p ea rs  r e a l ,  s in ce  i t s  d a ta  conform w ith  a l l

th e  assum ptions o f th e  te c h n iq u e , bu t th e  cause rem ains u n c e r ta in .

I t  may be t h a t  MgO i s  a  m inor, b u t v a r ia b le ,  c o n s t i tu e n t  o f one o r  more
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TABLE 3 .9  R e su lts  o f  B a r t l e t t ’s and C ochran 's t e s t s  fo r  

hom ogeneity o f  v a r ia n c e s  o f  th e  G a rn e tife ro u s  P e l i te c  G 

lo c a t io n s .  For form o f  t e s t s  see Table 3 .4 .

O r ig in a l  D ata (27 s pecim ens) Data w ith  in te rp o la te d  v a lu es
fo r  421K. A23K and 613K.

V ariab le  B a r t l e t t Cochran B a r t l e t t Cochran

SiOp

TiO,

AI2O3

MnO

MgO

CaO

Na^O

K,0

P2O3

Zr

Y

Rb

Nb

Sr

Zn

XX

X

X

X

XX

-  2

-  7

-  2 

-  2 

,  1

-  2

X 2

-  7

-  2

-  7

XX 2

-  2 

-  2 

XX 2 

-  2 

-  5

- 6  

_ 6 

-  6

-  3

-  1

-  1

-  5

-  7

-  5

-  1

-  5

-  4

-  5

-  3

-  5

-  5

Nd

Ce

Ba

La

-  3

-  3

-  2

-  3

XX in d ic a te s  f a i l u r e  a t  th e  1% s ig n if ic a n c e  le v e l
^ . .  . .  . . . .  5^ . .  ••
-  no s ig n i f i c a n t  inhom ogeneity
Numbers in d ic a te  lo c a t io n s  w ith  h ig h e s t v a ria n ce  f o r  th a t  v a r ia b le :

1=41.; 2=42. ; 3=43. ; 4=51. : 5=52. : 6=53. : 7=61. : 8=62. ; 9=63.



V ariab le Mean Squares F r a t i o s

T rav e rses L oca tions Specimens MST/MSL MSL/MSS
(MST) (MSL) (MSS) (6 ,18)

SiO
2

3.41 9.21 5 .86 .370 1.57

TiOg .0015 .0045 .0029 .333 1.55

Al^Os .406 2.16 .879 .187 2 .46  *

^ F c 203 1.47 1 .2 0 .900 1.22 1.33

MnO .0002 ,0004 .0003 .500 1 .33

MgO .084 .098 .038 .852 2 .57  *

CaO .037 .091 .157 .412 .579

Na^O .624 .211 .250 2 .96 .844

K 0 
2

.258 .299 .293 .862 1.02

^2^5 .0011 .0037 .0014 .297 2 .64  *

Zr 3367.6 1559.1 2086.0 2 .16 .747

Y 9.59 97.2 75.3 .098 1 .29

Rb 3 0 .3 155.2 160.9 .195 .965

Nb 4 .93 12.78 6.37 .386 2.01

Sr 2214.1 253.9 1775.3 8.72** .143

Zn 144.4 197.7 144.3 .730 1.37

Nd 189.8 354.7 333.3 .535 1 .06

Ce 306.7 1033.6 944.6 .297 1 .09

Ba 2601.4 39391.8 20546.0 .066 1.92

La 108.6 429.9 292.7 .253 1.47

TABLE 3 .10  R e su lts of a n a ly s is o f v a r ia n c e , G a rn e tife ro u s P e l i t e ,

o r ig in a l  d a ta .

* - F r a t i o  s ig n i f i c a n t  a t  10% le v e l
** - F r a t i o  s ig n i f ic a n t  a t  5% le v e l

irk-k _ F r a t i o  s ig n i f i c a n t  a t  1% le v e l
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T r a v e r s e s L o ca tio n s Specimens T rav erses L oca tions Specimens

-.6 4 4 1.11 5 .86 0 1.75 4 .0 0

-.0003 .0005 .0029 0 2.34 5.63

-.195 .143 .879 0 2.05 5 .09

.029 .100 .904 2.14 3.97 11 .9

.00002 .00003 .0003 3.78 4.41 13 .9

- . 0 0 2 .020 .038 0 5.96 8.22

- .006 - . 0 2 2 .157 0 0 15.7

.046 -.0 1 3 .250 7 .65 0 17.8

-.005 .002 .293 0 1.27 15.4

-.0003 .0008 .0014 0 9.10 1 2 .0

200.9 -1 7 5 .6 2086.0 7 .40 0 23 .8

-9 .73 7 .27 75.3 0 7.32 23.6

-1 3 .9 -1 .8 9 160.9 0 0 10.4

-.8 7 0 2 .14 6.37 0 8.74 15.1

217.8 -507 .2 1775.3 . 14 .8 0 13.6

-5 .92 17 .8 144.3 0 3.68 10.5

-18 .3 7 .16 333.3 0 8.42 57 .9

-8 0 .8 29 .6 944.6 0 5.94 33.5

-4087.8 6281.9 20546 .0 0 8.64 15.6

-35.7 45 .7 292.7 0 18 .9 47 .8

TABLE 3 .10  (c o n t.)  See te x t  and T able S . 6 fo r  d e t a i l s .



V aria b le Mean Squares F r a t i o s

T rav e rses
(MST)

L oca tions
(MSL)

Specimens
(MSS)

MST/MSL
(2 , 6)

MSL/MSS
(6 ,15)

SiOg 1.13 3.16 2.56 .779 1 .24

TiOg .0001 .0041 ' .0009 .024 4 .14** ,

AI2O3 .249 .840 .609 .296 1 .38

,431 1 .2 0 .576 .360 2 .08

MnO .0002 .0003 .0003 .666 1 .0 0

MgO .254 .101 .015 2.52 6.52***

CaO .121 .039 .088 3 .13 .436

NajO .635 .217 .291 2 .93 .745

K^O .292 .181 .201 1 .61 .902

P2O5 0 .0 0 .002 .0008 0 2 .78  *

Zr 533.4 542.6 775.0 .983 .700

Y 60.1 107.9 55.2 .557 1 .96

Rb 91.8 41.3 74.6 2 .22 .554

Nb 1.81 2 .19 1.42 .830 1 .54

Sr 1714.1 276.1 1690.0 6.42** .158

Zn 15 .4 231.7 92.2 .067 2.51*

Nd 228.1 380.6 356.8 .599 1.07

Co 508 .0 1148.2 1031.0 .442 1 .11

Ba 29723.4 31167.2 14947.7 .954 2 .09

La 135.8 460.5 323.6 .295 1.42

TABLE 3.11 R e su lts o f a n a ly s is o f v a r ia n c e , G a rn e tife ro u s P e l i t e ,

w ith  in te r p o la te d - v a lues  fo r  421K,423K and 613K.

* - F r a t i o s  s ig n i f i c a n t  a t  10% le v e l
** - F r a t i o s  s ig n i f i c a n t  a t  5% le v e l

•kirk _ p r a t i o s  s ig n i f i c a n t  a t  1% le v e l



C o e f f ic ie n ts  o f V a r ia t io n

T r a v e r s e s L o ca tio n s Specimens T rav e rses L oca tions Specimens

-.225 .201 2 .56 0 .751 2 .68

-.0 0 0 4 .001 .001 0 3.22 3.15

-.065 .077 .609 0 1.48 4 .18

- ,  085 .206 .576 0 5.51 9.21

-.00001 0 .0003 0 0 13.8

.017 .028 .015 5.35 6.91 5 .09

.009 -.0 1 7 .088 3.81 0 11 .9

.047 -.0 2 5 .291 7 .70 0 19.2

.012 -.0 0 7 .201 3.05 0 12.3

0 .0005 .0008 0 6.74 8.74

-1 .02 -7 7 .5 775 .0 0 0 15.3

-5 .3 0 17 .6 55.2 0 11.9 21.1

5.61 -1 1 .1 74 .6 1.88 0 6.85

-.041 .254 1.42 0 3.12 7.37

160.8 -4 7 4 .1 1690.0 4 .09 0 13.2

-2 4 .0 4 6 .5 92.2 0 5 .8 0 8.16

-1 6 .9 7 .93 356.8 0 9.32 62.5

-71 .1 39 .1 ’ 1031.0 0 7.05 36.2

-160.4 5406.5 14947.7 0 7 .89 13.1

-36 .1 4 5 .6 323.6 0 19.5 5 2 .0

TABLE 3 .1 1 (c o n t.) See te x t and T able 3 .6 f o r  d e t a i l s
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TABLE 3.12 99% Confidence l im i t s  f o r  G a rn e tife ro u s  P e l i t e

(Sample s iz e  2? item s)

Var ia b le

SiO,

TiO,

AI2O3

MnO

MgO

CaO

Na,0

Zr

Y

Rb

Nb

Sr

Zn

Nd

Ce

Ba

La

O rig in a l Data

6 0 .51+1.42  

. 96+ .03  

18.43+ .49  

7.97+  .94 

. 12+ .01 

2 . 37+ .22  

2.53+ .22 

2 . 80+ .61

3 . 51+ .39  

. 31+ .03

192+ 45 

- 37+ 2

122+ 4 

17+ 2

310+ 36 

115+ 9

32+ 11

92+ U -  , 

918+ 40 

36+ 8

Data w ith  in te rp o la te d  v a lu es  
fo r  421K.423K and 6l3K

59.68+ .82

. 97+ .01 

18.68+ .39 

8 . 25+ .51 

. 13+ .01 

2.44+ .39  

2 . 51+ .27 

2 . 81+ .62 

3 . 64+ .42  

. 32+ .02

182+ 18 

35+ 6 

126+ 7 

16+ 1 

310+ 32 

118+ 3

30+ 12 

89+ 17

932+133

35+ 9
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of th e  m in e ra ls  p r e s e n t ,  o r  t h a t  v a r ia t io n  a t  th e  b e tw e e n - lo c a l i t ie s  

le v e l  f o r  o th e r  e lem ents has n o t been d e te c te d  through in ad eq u ac ie s  in  

th e  a n a ly t i c a l  te c h n iq u e s  employed.

The i r r e g u l a r  d i s t r i b u t io n  o f TiO, may be a consequence o f th e  

skewness o f th e  d a ta ,  a lth o u g h  s e p a ra tio n  o f cause and e f f e c t  cannot 

be made w ith  c e r t a in ty  in  t h i s  s o r t  o f s i tu a t io n .

Zn does show v a r ia t io n  a t  th e  b e tw e e n - lo c a l i t ie s  l e v e l ,  j u s t  exceed

ing th e  10% s ig n if ic a n c e  l e v e l ,  bu t th e  d i s t r ib u t io n  of Zn i s  markedly 

skewed, w ith  some v a r ia n c e  inhom ogeneity , so th e  r e s u l t  can only be 

reg ard ed  a s  su sp e c t.

C onclusions

The sam pling desig n  employed proved su c c e s s fu l w ith in  i t s  l i m i t a 

t i o n s ,  in d ic a t in g  th a t  on th e  whole th e  d i s p a r i t i e s  between in d iv id u a l 

sam ples p ro v id e  th e  la r g e s t  source of v a r ia t io n .  F u r th e r  in v e s t ig a t io n  

to  b reak  down t h i s  betw een-sam ple v a r ia t io n  could be made, s p l i t t i n g  

sam ples b e fo re  c ru sh in g  to  examine very  sm all s c a le  (w ith in -sam p le) 

d i f f e r e n c e s ,  and perform ing  m u ltip le  a n a ly se s  on th e  s p l i t  sam ples to  

a s s e s s  v a r ia t io n s  c o n tr ib u te d  by th e  a n a ly t ic a l  te ch n iq u es  employed.

Even though th e  v a r ia t io n s  were m ainly a t  th e  low est le v e l  i n t e r 

ro g a te d , th e  a n a l y t i c a l  methods d id  prove adequate in  d e te c tin g  v a r i a 

t io n s  a t  th e  b e tw e e n - lo c a l i t ie s  le v e l  f o r  a number o f v a r ia b le s  in  

the  L o c h a ilo r t  P e l i t i c  Group, in d ic a tin g  uneven d i s t r i b u t io n  o f m in era ls  

through th e  u n i t  a c ro s s  th e  o r ig in a l  b e d d in g .. For th e  v a r ia b le s  which 

show t h i s  v a r ia t io n  (A 1,0^, CaO, K ,0, P ,0 ^ , Z r, Rb, Ce and Ba) th e  

number o f sam ples a t  th e  betw een-specim en w i th in - lo c a l i ty  le v e l  would 

appear to  be s u f f i c i e n t ,  b u t f o r  th e  o th e r  v a r ia b le s  a h ig h e r number 

of sam ples from each lo c a l i t y  could  reduce th e  v a ria n c e  a t  th e  low est
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l e v e l ,  p o s s ib ly  to  re v e a l v a r ia t io n s  from th e  h ig h e r le v e ls  which a re  

masked in  t h i s  sam pling d es ig n . V a r ia t io n s  d e te c te d  a re  sm a ll, and 

would be u n l ik e ly  to  have been d e te c te d  by o th e r  means, s in ce  th e  very 

s l i g h t  d i f f e r e n c e s  in  m ineralogy would p robably  n o t be d isco v ered  by 

te ch n iq u es  such a s  p o in t coun ting  of th in  s e c t io n s ,  o r  by a n a ly s is  of 

sam ples w ith o u t such r ig o ro u s  s t a t i s t i c a l  tre a tm e n t of th e  r e s u l t s .

From t h i s  s tudy  i t  would ap p ea r t h a t  in d iv id u a l samples cannot 

be taken  a s  v e ry  u s e fu l  e s tim a to rs  o f th e  group mean in  th e  d isc r im in a n t 

a n a ly s i s  s tu d y . A mean based on a t  l e a s t  th r e e ,  and p re fe ra b ly  more, 

specim ens would be more r e p re s e n ta t iv e  o f th e  rock  groups under con

s id e r a t io n .

T his s o r t  o f s tudy  o f chem ical v a r ia t io n  w ith in  la r g e r  u n i t s  

p ro v id e s  a  v a lu a b le  background to  any fu tu re  m in e ra lo g ic a l s tu d y , in  

which an assum ption  of c o n s ta n t rock bulk  chem ical com position cannot 

be made w ith o u t some e s tim a te  o f th e  form and m agnitude o f any v a r ia t io n  

th a t  m ight be p re s e n t .  In  a d d i t io n ,  knowledge o f th e  in te r n a l  v a r i a 

t io n s  o f a  rock  u n i t  must be a v a i la b le  b e fo re  any g e n e ra l is a t io n s  can 

be made abo u t l a t e r a l  v a r ia t io n s  w ith in  th a t  u n i t  on a much l a r g e r  

s c a le ,  over d is ta n c e s  o f te n s  o r  even hundreds o f k ilo m e te rs .
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C hapter 4, DISCRIMINANT FUNCTION EXPERIMENT 

In tro d u c tio n

One of th e  commonest problem s in  geology i s  th a t  o f d is tin g u is h in g  

between two o r more p o p u la tio n s  o f o b je c ts  (e .g . rock ty p e s , m in e ra ls , 

f o s s i l s )  u sing  observed , though n o t n e c e s s a r i ly  q u a n t i f ia b le ,  c h a ra c te rs  

(e .g . c o lo u r , h a rd n ess , r e f r a c t iv e  index). Unknown samples may then  

be a ss ig n e d  to  one o f th e  d e fin ed  p o p u la tio n s  on th e  b a s is  of th e se  

c h a ra c te r s ,  u sing  them e i th e r  s in g ly  o r in  com bination. The l i n e a r  

d isc r im in a n t fu n c tio n  p ro v id es  a  num erical c r i t e r io n  which can be used 

in a s s ig n in g  unknown sam ples, th e  fu n c tio n  being d eriv ed  from measured 

c h a ra c te rs  f o r  sam ples ( " tr a in in g  groups") from th e  d e fin ed  p o p u la tio n s .

The method has a lre a d y  found use in  geology in  d isc r im in a tin g  

between d i f f e r e n t  sed im entary  environm ents, using both chem ical com

p o s itio n  o f th e  sed im ents (P o t te r  e t  a l . , 1963» M iddleton I 962) and 

te x tu r a l  param eters  (Huang e t  a l . 1974, Tillm an 1973)» stnd i s  of 

p a r t i c u la r  va lu e  in  economic geology, a p p lie d  a s  a means of d is t in g u is h 

ing b a rren  from p ro d u c tiv e  m a te r ia ls  ( G r i f f i th s  1957» Emery & G r i f f i t h s  

1954 , Wood 1961).

In t h i s  s tudy  an a ttem p t has been made to  produce a d isc r im in a n t 

fu n c tio n  based on chem ical com position between two m ajor p e l i t i c  u n i t s  

in the  Moine o f th e  Morar a r e a ,  th e  L o c h a ilo rt P e l i t i c  Group (as d e fin ed  

by Powell 1964), and th e  G arn e tife ro u s  P e l i te  of the  Morar S tr ip e d  and 

P o l i t i c  Group (U nit 2b of Richey & Kennedy, 1939)' T his fo llow s a 

suggestio n  by Johnstone e t  a l . (1969» p .178) th a t  in  co n sid e rin g  th e  

Moino su ccess io n  o f S co tland  geochem ical s im i l a r i t i e s  o r d if fe re n c e s  

between w idespread p e l i t i c  u n i ts  might be u se fu l in  he lp ing  to  so lve 

c o r re la t io n  problem s. In th e  Morar a re a  th e  s t r a t ig r a p h ie  su ccession  

i s  w ell e s ta b l is h e d ,  and fo ld in g  causes th e  p e l i t e s  s tu d ie d  to  ou tcrop  

re p e a te d ly  a c ro s s  th e  a re a ,  a t  d i f f e r in g  metamorphic g ra d e s .(F ig .  4 .1 ) .
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The sam ples taken  a s  t r a in in g  groups f o r  th e  two u n i ts  were the  54 

specimens c o l le c te d  and used in  th e  a n a ly s is  of v a ria n ce  experim ent.

Iî ach of th e se  was an a ly se d  by ra p id  XRP methods f o r  twenty elem ents 

(ten  m ajor and te n  t r a c e  c o n s t i tu e n ts ) .  D iscrim inan t a n a ly s is  was 

i n i t i a l l y  made on a l l  tw enty e lem en ts, bu t l a t e r  co n cen tra ted  on s ix te e n  

v a r ia b le s  only  ( te n  m ajor and s ix  t r a c e  elem ents) which were th e  q u ic k es t 

and s im p le s t to  determ ine .

As t e s t s  o f th e  e f f ic ie n c y  of th e  d e riv ed  d isc rim in a n t fu n c tio n s , 

a t o t a l  of 45  random sam ples were taken  from s t r a t ig r a p h ic a l ly  eq u iv a len t 

p e l i t e s  over th e  a re a  (F igu re  4 . l ) ,  and th e  fu n c tio n s  used to  t r y  and 

a s s ig n  them to  t h e i r  c o r re c t  groups. For th e  G a rn e tife ro u s  P e l i t e ,  

samples were tak en  from i t s  ex ten sio n  to  th e  n o rth  in  Morar Bay and to  

the  sou th  o f th e  Sound of A risa ig  around G lenuig and Sm earisary , th ese  

ou tc rops a l l  being  a t  upper g re e n s c h is t  f a c ie s  metamorphic g rade. To 

the e a s t ,  th e  Glen Mama P e l i t i c  Group (low er am ph ibo lite  f a c ie s )  and 

th e  A r ie n is k i l l  P e l i t i c  Group ( s i l l im a n i te  g rade) were sampled a s  the 

e q u iv a le n ts  o f th e  G a rn e tife ro u s  P e l i t e  (Pow ell, 1964). The L o ch a ilo rt 

P e l i te  was sampled along  th e  s t r ik e  n o rth  and south  of th e  t r a in in g  

group a re a  ( a l l  ly in g  a t  k y a n ite  g ra d e ) , and in  i t s  e q u iv a le n ts  to  

th e  e a s t  around Ranochan, c a l le d  f o r  convenience th e  E ast Ranochan 

P e l i te  and th e  West Ranochan P e l i t e ,  and both a t  upper s i l l im a n i te  

grade. T his w idespread random sample was used to  a s s e s s  th e  u se fu ln ess  

of th e  fu n c tio n s  a s  an elem entary  form o f "chem ical s t r a t ig ra p h y " ,  and 

th a t  th e  v a r ia t io n  in  metamorphic grade d id  n o t have any d is ru p tiv e  

e f f e c t s  upon th e  v a l id i t y  o f th e  fu n c tio n s .

In a d d i t io n ,  4 samples were taken  from th e  Basal P e l i te  of th e  

Morar Moine su ccess io n  in  i t s  ou tcrop  a long  Beasdale Bum, and 8 from 

a p e l i t e  ly in g  above th e  L o c h a ilo r t P e l i t e  in  th e  succession  and c a l le d



52

ro m

« ro

E ' z
os u  

in  .f£l
T3

CO 0



53.

here th e  Mhuidhe P e l i t e  a f t e r  i t s  a re a  of occurrence. These two 

p e l i t e s  a re  known n o t to  be e q u iv a le n t to  e i th e r  th e  L o c h a ilo rt or 

the G a rn e tife ro u s  P o l i t i c  G roups,.and  were inc luded  to  study th e  response 

of th e  d is c r im in a n t fu n c tio n s  to  d a ta  f o r  which they were no t s t r i c t l y  

v a lid .

A nalyses o f th e  t r a in in g  group d a ta  a re  given in  Appendix I I I ,

Table 1 , and o f th e  unknown samples in  Appendix I I I ,  Table 2.

There i s  a  g e n e ra l in c re a se  in  metamorphic grade eastw ards a c ro s s  

the  a r e a ,  so th a t  w hile th e  ty p ic a l  m ineral assem blage o f th e  p e l i t e s  

and s e m ip e li te s  rem ains q u a r tz - fe ld s p a r -g a m e t-b io t i te -m u s c o v ite ,  th e  

te x tu re  o f th e  rocks changes m arkedly, from f in e -g ra in e d  s c h is t s  in  the  

west ( th e  G a rn e tife ro u s  P e l i t e  and Glen Mama P e l i t e )  to  much c o a rse r  

banded g n e is s e s  in  th e  e a s t  ( th e  Ranochan and Mhuidhe P e l i t e s ) .

The l i n e a r  d is c r im in a n t fu n c tio n

This s e c tio n  o u t l in e s  in  e s s e n t ia l ly  non-m athem atical term s th e  

meaning and a p p l ic a t io n  o f th e  d isc rim in an t fu n c tio n  te ch n iq u e , and 

ex p la in s  some of th e  term s to  be found in  th e  r e s u l t s  s e c tio n . F u l le r  

d e t a i l s  o f th e  m athem atical background to  th e  techn ique can be found in  

Appendix I I .

C onsider th e  s i tu a t io n  shown (F ig , 4 .2 )  where two v a r ia b le s ,  

and a re  measured on members o f two sample groups A and B and th e i r  

d is t r ib u t io n s  p lo t te d  a s  shown. In try in g  to  d is t in g u is h  between 

these  two g ro u p s , poor se p a ra tio n  r e s u l t s  from th e  c o n s id e ra tio n  of 

e i th e r  v a r ia b le  a lo n e , s in c e  th e  d if fe re n c e s  in  means between th e

groups a re  sm all and th e  o v erlap s  o f th e  ranges la rg e . However, a

th i rd  v a r ia b le  a x is  Z can be drawn, which g iv e s  very  good se p a ra tio n  

of the  two groups by c o n s id e ra tio n  of X̂  and X  ̂to g e th e r . For a

simple tw o -v a ria b le  case such a s  t h i s ,  Z can be deriv ed  e m p ir ic a lly .
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Gr ou p  A

Î1

Group B

Figure 4 .2  Relation between tw o  variables, and X2, and 

linear discriminant, Z, for two groups, A and B.
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and th e  c o e f f i c ie n t s  f o r  th e  c o -o rd in a te s  of Z found g ra p h ic a lly . 

D iscrim inant a n a ly s i s  i s  a  p ro cess  whereby th e se  c o e f f ic ie n ts  can be 

d erived  m a th em a tica lly , w hile a t  th e  same tim e maximising se p a ra tio n  

between th e  g ro u p s , th e  m inim ising spread  w ith in  them. F u r th e r , th e  

a n a ly s is  te ch n iq u e  can be extended to  inc lu d e  any number of v a r ia b le s  

in an n -d im ensional e q u iv a le n t of th e  sim ple tw o-dim ensional problem.

(More than  two groups may a ls o  be co n sid e red , bu t t h i s  form of a n a ly s is  

i s  no t needed in  t h i s  s tu d y .)

The d is c r im in a n t fu n c tio n  ta k e s  th e  form;

Z . = + kgXg + . . . .

where x^ to  x^ a re  th e  n measured v a r ia b le s  on an in d iv id u a l ,  j , and

to  k a re  d is c r im in a n t fu n c tio n  c o e f f ic ie n ts .  This i s  a l i n e a r  d i s -  n --------------------------------------------------------  ----------

crim in an t fu n c tio n ,  s in ce  a l l  the  term s a re  added to g e th e r  to  y ie ld  a 

s in g le  number Z y  th e  d isc r im in a n t score f o r  in d iv id u a l j .  The mathema

t i c a l  a n a ly s is  f in d s  th e  v a lu e s  of th e  d isc rim in a n t fu n c tio n  c o e f f ic ie n ts  

using th e  n v a lu e s  of x f o r  each of th e  in d iv id u a ls  in  th e  two sample 

tr a in in g  groups.

The s e p a ra tio n  ach ieved  between th e  two groups may be measured by 

c a lc u la t in g  th e  d is ta n c e  d shown in  F ig . 4. [)a. However, d ta k e s  no 

account of th e  d is p e rs io n  of th e  groups about t h e i r  means, so a lthough  

d i s  th e  same f o r  th e  two examples shown, the  e f fe c tiv e n e s s  of th e  d i s 

c rim in a tio n  i s  much low er where th e  samples in  th e  group a re  more

s c a tte re d . A co n v en tio n a l d is ta n c e  measure which ta k es  account of
? 2sample d is p e rs io n  i s  M ahalanobis' D which i s  d d iv id ed  by th e  average 

d isp e rs io n  of th e  item s. The sm alle r th e  sample d isp e rs io n , th e  la rg e r  

becomes so th a t  in  F ig . 4 .3  T? in  s i tu a t io n  (a) i s  much la r g e r  than 

in s i tu a t io n  (b ).
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4.3b

Figu r e  4 .3  Inadequacy of d as a measure of
group separation (see text for details)
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Where a  la rg e  number of v a r ia b le s  a re  being considered  th e  problem 

a r i s e s  w hether a l l  th e  measured v a r ia b le s  taken  a re  f u l ly  c o n tr ib u tin g  

to  the  d is c r im in a n t fu n c tio n . For example, two of th e  v a r ia b le s  may 

be h igh ly  c o r r e la te d ,  so th a t  one of them may be regarded  a s  redundant; 

o r the  d i s t r i b u t io n  o f a v a r ia b le  may be such th a t  i t  i s  of l i t t l e  

value a s  a d is c r im in a to r ,  w ith very  s im ila r  means and d isp e rs io n s  f o r  

the  two g roups. Under th e se  c ircu m stan ces, a d isc rim in an t fu n c tio n  

based on only a  few pow erful d is c r im in a to r  v a r ia b le s  w il l  be more 

e f f i c i e n t .  The com puter program used e x te n s iv e ly  in  t h i s  study (UCLA 

Biomedical Package program BMDO7M) perform s d isc rim in an t fu n c tio n  

a n a ly s is  by a s tep w ise  p ro g re ss io n , s e le c tin g  v a r ia b le s  f o r  a d d itio n  to ,  

o r removal from th e  d isc r im in a n t fu n c tio n  by exam ination of t h e i r  

a s s o c ia te d  F - s t a t i s t i c .  For each v a r ia b le  inc luded  in  th e  d isc rim in a n t 

fu n c tio n  F i s  a  measure of th e  amount of group se p a ra tio n  a t t r ib u t a b le  

to  th a t  v a r ia b le .  For any v a r ia b le  no t inc luded  in  th e  fu n c tio n  F 

measures th e  amount o f a d d i t io n a l  sep a ra tio n  th a t  would r e s u l t  from 

adding th e  v a r ia b le  to  th e  fu n c tio n .

By add ing  o r  d e le t in g  v a r ia b le s ,  th e  most e f f i c i e n t  d is c r im in a to r  

subse t of v a r ia b le s  can be d e riv e d , in  which a l l  inc luded  v a r ia b le s  

s u b s ta n t ia l ly  in c re a s e  group s e p a ra tio n , and a l l  excluded v a r ia b le s  

cannot s u b s ta n t i a l ly  in c re a se  i t .  F u rth e r  s t a t i s t i c a l  t e s t s  can be 

ap p lied  a t  t h i s  p o in t to  a s s e s s  th e  e f f ic ie n c ie s  of d i f f e r e n t  s ized  

su b se ts .

Once th e  d is c r im in a n t fu n c tio n  has been found, using  th e  most 

e f f ic ie n t  su b se t o f v a r ia b le s ,  some assessm ent of t h e i r  adequacy in  

sep a ra tin g  th e  groups can be made. A part from form al measures of 

s t a t i s t i c a l  s ig n if ic a n c e  a  sim ple method i s  to  t r e a t  th e  item s used in  

the a n a ly s is  a s  unknowns, and then  use th e  d eriv ed  d isc rim in a n t fu n c tio n  

to  a ss ig n  each in  tu rn  to  th a t  group to  which i t  i s  c lo s e s t .  This i s
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done by c a lc u la t in g  Z f o r  each item  and co n sid erin g  D f o r  each item 

from th e  c e n tre  of each group. The group c e n tre  to  which th e  item is  

n e a re s t  i s  th e  group to  which th a t  item  i s  a ss ig n ed . The percen tage 

of item s c o r r e c t ly  a ss ig n e d  in d ic a te s  th e  power of th e  d isc rim in a n t 

fu n c tio n .

R esu lts  o f th e  d is c r im in a n t fu n c tio n  a n a ly s is

Twenty elem ents were an a ly sed  f o r  in  th e  27 samples from each of 

the  u n i t s .  Of th e se  tw enty e lem en ts, te n  a re  m ajor c o n s t i tu e n ts ,  

expressed  a s  oxide w eight p e r  c e n t s . , and th e  o th e r  te n  a re  tr a c e  con

s t i t u e n t s ,  ex p ressed  in  p a r t s  p e r  m illio n . The te n  m ajor elem ent 

oxides (S i0 2 ,T i0 2 ,Al^ 0^, t o t a l  iro n  a s  ^̂ ©2^3 * MgO, CaO, Na^O,

KgO, s ix  o f th e  t r a c e  elem ents (Nb, Z r, Rb, S r, Y, Zn) a re

a l l  an a ly se d  u sing  a  s i l v e r - t a r g e t  X-ray tube in  two p re - s e t  programs 

t o t a l l i n g  some 3i  hours running  tim e ( f u l l  d e t a i l s  of a n a ly t ic a l  con

d i t io n s  a r e  g iven  in  th e  c h a p te r  on sample p re p a ra t io n ) . The o th e r  

fo u r t r a c e  elem ents (Ba, La, Nd, Ce) a re  an a ly sed  using  a tu n g s te n - ta rg e t  

tu b e , needing  2 hours of machine tim e , and re q u ir in g  p r io r  a n a ly s is  of 

major elem ent ox ides b e fo re  f u l l  mass ab so rp tio n  c o r re c tio n s  can be 

made to  th e  r e s u l t s .  In  consequence, th e  d a ta  was considered  under 

two group ings -  a l l  tw enty elem ents taken  to g e th e r  (th e  l a r g e s t  and 

c o s t l i e s t  in  term s of tim e and e f f o r t ) ,  and th e  s ix te e n  elem ents which 

conven ien tly  f a l l  to g e th e r ,  i . e .  te n  m ajors and s ix  Nb-Zr group tra c e  

elem ents. In a d d i t io n ,  th e  te n  m ajor elem ents a lone  and th e  s ix  

Nb-Zr t r a c e s  a lo n e  were co n s id e red , a s  independent s e ts  of d a ta .

For a l l  tw enty e lem en ts, i n i t i a l  c a lc u la t io n s  o f mean, v a ria n ce , 

s tandard  d e v ia tio n  and skewness were made f o r  th e  two groups. When 

3.11 27 sam ples were in c lu d ed  f o r  each u n i t ,  skewness v a lues were very 

h igh, in d ic a t in g  th a t  assum ptions o f n o rm ality  in  th e  d is t r ib u t io n s  

of most v a r ia b le s  were u n r e a l i s t i c .  On in s p e c tio n , two of th e  data
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TABLE 4 .1  A

L oans, s ta n d a rd  d e v ia t io n s  and skew ness c o e f f i c i e n t 3 f o r  sam ples

of th e G a rn e t i f e ro u 3 P e l i t e . O r ig in a l  sam ple s iz e 27 i te m s ,  3 o f

w hich w ere rem oved to  re d u c e skew ness in  th e d a ta , g iv in g  a  sam ple

o f 24 i t e m s .

27 ite m s 24 ite m s

V a ria b le  Lean S ta n d a rd
D e v ia t io n Skewness Moan S ta n d a rd. . .  bkewncss

J J C  V i O ,  u x u u

SiOg 6 0 , 5 1 2 .5 4 1 . 1 6 * * 5 9 .7 8 1 .52 .10

TiO^ • 96 . 0 6 - .9 9 * * .97 .04 - .2 9

A l.O i 1 8 .4 3 1 .07 - .4 4 18 .70 .78 . 66

Z fe2 0 j 7 .9 7 1.01 .44 8 .1 9 .82 - .3 5

LnO .12 .02 - .4 2 .13 , .02 - .5 7

:.igO 2 .3 7 .24 - .6 9 * 2.41 .22 - .9 8 *

CaG 2 .5 3 .36 .98* 2.51 .28 - .4 3

Na^O 2 .8 0 .52 - .5 5 2 .8 2 .54 - . 6 3

K^G 3.51 .54 - .9 3 * 3.61 .44 - .4 8

' z S .31 .04 - .7 6 * .32 .03 - .7 3 *

Zr 191 " 4 5 .4 2 .77** 183 26.1 .61

V 37 8 .7 .74* 36 7 .8 .86*

h b 122 1 2 .2 - 1 . 5 6 * * 125 7 .8 - .9 4 *

Nb 17 2 .8 3.23*** 16 1 .3 - .1 9

Zr 310 38 .2 .63 311 36.1 .69

Zn 115 12 .5 - .9 7 * * 117 10 .7 -.1 .21**

Nd 32 18.1 - .0 7 30 1 8 .3 .05

Co 92 30 .3 - .1 8 90 30 .9 - . 0 7

Ba 918 15 3 .3 - .6 5 936 137.5 - . 2 5

La 36 1 7 .6 .23 36 17 .9 .35

* -  g r e a t e r  th a n  s i g n i f i c a n t
** - g r e a t e r  th a n  s i g n i f i c a n t
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L ean s, s ta n d a rd  d e v ia t io n s  and skew ness c o e f f i c i e n t s  f o r  sam ples 

o f th e  L o c h a i lo r t  P e l i t i c  G roup. O r ig in a l  sam ple s iz e  27 i te m s ,

2 o f w hich w ere rem oved to  re d u c e  skew ness i n  th e  d a t a ,  g iv in g  

a sam ple o f  25 i t e m s .

27 ite m s 25 ite m s

V a ria b le Kean S ta n d a rd
D e v ia t io n Skewness Mean S ta n d a rd

D e v ia tio n Skewneo:

SiOg 6 1 .14 3 .3 8 1.92** 60 .33 1 .79 .14

TiO^ .9 8 .15 -1 .4 3 * * 1.01 .09 -.2 1

AI2O3 18 .5 6 1 . 4 0 -1 .4 9 * * 18.87 . 9 0 - .5 5

EFe2Û3 7 .6 5 1 .4 0 -1 .4 0 * * 7 .9 7 .87 .21

knO .12 . .0 2 -1 .1 8 * * .12 .02 .89*

%IgO 2 . 1 9 .32 - 1 . 65** 2 .2 6 ,20 - .6 0

CaO 2 .0 8 .54 - .4 3 2 .1 2 ,47 .12

Ka^C 2 .6 0 .59 .33 2.61 .54 .54

K^O 3 . 3 6 .88 .44 3 .3 3 .71 I 09

P2O5 .23 .05 -1 .2 0 * * .24 .03 - .4 8

Zr 228 5 8 .4 .93* 221 4 9 .4 .33

Y 54 ' 1 1 .3 - .3 6 56 ■ 9 .8 - .2 6

Rb 144 2 2 .6 - .7 3 * 146 19 .7 - .2 5

Nb 19 3.1 - .7 3 * 20 2 .5 - .3 8

Zr 257 4 1 .7 .26 257 4 1 .9 .28

Zn 119 2 3 .9 -1 .0 6 * * 124 16 .5 .05

Nd 44 12 .2 - .5 5 45 1 1 .8 - .5 5

Ce 118 3 0 . 8 - .2 9 120 3 0 .6 - .4 7

Ba 748 2 2 0 .3 .52 736 189 .9 .0 8

Lu 49 1 3 .9 - .3 5 50 13 .7 - .5 2

* -  g r e a t e r  th a n  5/^ s i g n i f i c a n t  

** -  g r e a t e r  th a n  s i g n i f i c a n t
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p o in ts  in  th e  L o c h a ilo r t P o l i t i c  Group, and th re e  d a ta  p o in ts  in  th e  

G a m o tife ro u s  P o l i t e  caused most o f th e  skewness in  each group and 

removal o f th e se  p o in ts  gave good approx im ations to  unskewed d i s t r i b u 

t io n s  f o r  th e  two groups f o r  th e  rem ain ing  sam ples. Since approxim a

t io n  to  n o rm a lity  i s  a  n ece ssa ry  assum ption f o r  d isc r im in a n t fu n c tio n  

a n a ly s i s ,  th e  two reduced  groups were compared to  each o th e r ,  a s  w ell 

a s  a tte m p tin g  d is c r im in a t io n  on th e  o r ig in a l  f u l l  sample groups.

Skewness v a lu e s  were a l s o  c a lc u la te d  f o r  lo g a rith m  v a lu es  of th e  t r a c e  

e lem en ts, bo th  f o r  th e  o r ig in a l  and reduced groups. No improvement 

in  skewness v a lu e s  were o b ta in ed , so th e se  v a lu e s  were n o t co n sid ered  

fu r th e r .

The r e s u l t s  a re  th e re fo re  co n sid ered  under th e  fo llo w in g  g ro u p in g s:

1) Two sample g ro u p s, 27 item s in  each group. a )  l6  v a r ia b le s

b) 20 v a r ia b le s

c) 10 m ajor elem ent
ox ides

d) 6 Nb-Zr t r a c e  elem ents

2) Two groups of sample s iz e  25 (L .P .G .) and 24 (G .P .)

a )  l6  v a r ia b le s

b) 20 v a r ia b le s

c) 10 m ajor elem ent
ox ides

d ) 6 Nb-Zr t r a c e  elem ents

R esu lts

1) Two K roups, 27 sam ples in  each group

(a) l6  v a r ia b le s  (lO m ajor elem ent o x id e s , 6 Nb-Zr group t r a c e  

e lem en ts). The d a ta  used in  t h i s  case  does no t f i t  th e  m athem atical 

req u irem en ts  o f th e  method w e ll , because o f skewness produced by o u t

ly in g  d a ta  p o in ts .  However, th e  o v e r - a l l  v a r ia t io n  o f th e  groups i s  

b e t t e r  re p re s e n te d , so th e  use o f t h i s  d a ta  i s  j u s t i f i a b l e  in  g e o lo g ic a l 

r a th e r  than  m athem atical term s.
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2
F ig u re  4 .4  shows g ra p h ic a lly  th e  in c re a se  in  D f o r  th e  d isc r im in a n t 

su b se t a s  v a r ia b le s  a re  added to  i t ,  and r e s u l t s  a re  ta b u la te d  in  Table 

4 .2 . The s ig n i f i c a n t  s te p s  a r e  o u tl in e d  below:

Step 1 -  ^2^5 taken  in to  th e  d isc r im in a n t su b se t a s  th e  most

s ig n i f i c a n t  v a r ia b le .  Using a lo n e  a s  a d is c r im in a to r  45 of th e

54 item s can be a s s ig n e d  to  t h e i r  c o r r e c t  groups. M is c la s s if ic a t io n  

p r o b a b i l i ty  g iven  by D/2 i s  g r e a te r  than  10%. F s t a t i s t i c  s ig n i f i c a n t ly  

much h ig h e r  th an  99* 95%* ^

Step 2 -  Zn added to  th e  su b se t. Only 4 of th e  o r ig in a l  54 a re  

m is c la s s i f ie d  u sing  th e se  two v a r ia b le s .  D/2 in d ic a te s  p ro b a b i l i ty  o f 

m is c la s s i f ic a t io n  abo u t 5%

Step 1 -  Rb added -  only  2 now m is c la s s if ie d .

Step 4 -  K^O added -  a l l  th e  o r ig in a l  d a ta  item s can now be

ass ig n ed  to  t h e i r  c o r r e c t  g roups, and p ro b a b il i ty  o f m is c la s s i f ic a t io n  

has dropped to  l e s s  than  1%.

Step 5 -  Y added to  th e  su b se t. M is c la s s if ic a t io n  p ro b a b i l i ty  

now l e s s  th an  0 .5%*

Stop 6 -  Zn removed from th e  d is c r im in a to r  su b s e t,  a s  i t s  c o n tr ib u 

tio n  to  th e  group s e p a ra t io n  has dropped to  a very  low le v e l .  (Zn i s

only in tro d u c e d  ag a in  in to  th e  d is c r im in a n t su b se t a t  s te p  17, a s  th e

15 th  v a r ia b le  to  be ta k e n .)  At t h i s  p o in t th e  F s t a t i s t i c  f o r  s é p a ra -
2

t io n  s ig n if ic a n c e  r i s e s  sh a rp ly , b u t D i s  l i t t l e  changed, d e s p ite  ' 

th e re  being  few er v a r ia b le s  in  th e  su b se t. Of th e  unknown sam ples, 

only th re e  a r e  in c o r r e c t ly  a ss ig n e d  on th e  b a s is  o f th e  d is c r im in a n t 

fu n c tio n  a t  t h i s  p o in t  (498, 55^ & 558 -  th e se  th re e  rocks have unusual 

com positions and a re  c o n s is te n t ly  m is c la s s i f ie d  by d i f f e r e n t  d is c r im in a n t 

fu n c tio n s ) .



TADLE 4 . 2 6 3 .

R e s u lts  o f  s te p w is e  d is c r im in a n t  f u n c t io n  a n a ly s i s  on d a ta  from  

the L o c h a i lo r t  P e l i t i c  Group (27 ite m s  in  sam ple) and th e  G a rn e t i f e ro u s  

P o l i t e  (27  i te m s  in  s a m p le ) . At each  s te p  i s  g iv e n  th e  v a r i a b le  added 

to  th e  d i s c r im in a n t  f u n c t io n ,  and th e  a s s o c ia t e d  P s t a t i s t i c  and v a lu e  

o f M ahalanobis*  D (se e  t e x t  f o r  f u l l e r  e x p la n a t io n )

K'umber o f 
V a r ia b le s  
in  fu n c t io n

4

3

Ô

7

3

9

10 

11 

12

13

14

15

16

V a r ia b le  
added a t  
t h i s  s te p

Zn

Rb

Zn rem oved 

Nb 

IviiO 

CaO 

NagO 

. S r 

Zr

TiOg

SiO^

KgO

Zn.

AI2 O3

F r a t i o

44.1 

61.6

5 6 . 6

7 7 .4

7 5 .6

9 6 .5

9 0 . 4

8 0 .4

7 1 .3

6 3 .4

5 9 .3

5 5 .8

5 0 . 9  

4 6 . 8

4 2 .4

38.5

35.1

32.1

M ah a la n o b is ' D* 

3 .27

9.31

13 .08

24.35

3 0 .3 3

3 0 .3 3

36.27 

39.55 

41 . 8 0

4 3 .39

4 6 .7 5

4 9 .99

5 1 .3 8

5 2 . 7 9

5 3 .0 5

53 .27

53.41

53.41
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Step 7 -  Nb added -  5 v a r ia b le s  a re  now inc luded  in  th e  s u b s e t , 

and th e  m is c la s s i f ic a t io n  p ro b a b il i ty  i s  l e s s  than  0.1%. S t a t i s t i c a l  

t e s t s  show th a t  a  g r e a te r  number of v a r ia b le s  w il l  only be m arg ina lly  

more e f f i c i e n t  a s  a  d is c r im in a to r .  F ive of th e  unknown samples a re  

in c o r r e c t ly  a ss ig n e d  u sing  th e  d isc r im in a n t fu n c tio n  based on t h i s  

su b se t (353 and fo u r  Ranochan p e l i t e s  5^2, 550, 356, 55^)* In d iv id u a l 

d isc r im in a n t sco re s  f o r  th e  t r a in in g  group and t e s t  d a ta  using  th i s  

d is c r im in a n t fu n c tio n  a re  shown g ra p h ic a lly  in  F igu re  4.4A.

Step 8 -  MnO i s  added to  th e  s u b se t,  b r in g in g  th e  number of 

v a r ia b le s  to  s ix . P ro b a b il i ty  o f m is c la s s i f ic a t io n  approaches 0.05%, 

A ddition  of f u r th e r  v a r ia b le s  g iv e s  no s ig n i f i c a n t  in c re a se  in  d is c r im in a 

tio n . F ive of th e  unknown t e s t  d a ta  a re  m is c la s s if ie d  -  Ranochan 

p e l i t e s  5^1, 5^2, 55 0 , 556, 558 p lu s  th e  psammite 498.

F in a l s te p  -  A ll I 6 v a r ia b le s  used in  th e  d isc r im in a n t fu n c tio n , 

and p ro b a b il i ty  of m is c la s s i f ic a t io n  i s  about 0.01%. Four of th e  t e s t  

d a ta  a re  m is c la s s i f ie d  -  Ranochan p e l i t e s  542, 548, 556, 558.

Six o f th e  s ix te e n  v a r ia b le s  -  ^2^5 * ^2*̂ * Nb and Y -  a re

s t a t i s t i c a l l y  th e  most e f f e c t iv e  su b se t of elem ents f o r  d is c r im in a tio n  

between th e  L o c h a ilo r t P e l i t i c  Group and th e  G arn e tife ro u s  P e l i t e  on 

the  b a s is  o f t h i s  d a ta . O ther su b se ts  would app ea r to  be more g eo lo 

g ic a l ly  e f f e c t iv e ,  m isc la s s ify in g  few er of th e  unknown item s , bu t t h i s  

may be sam pling f a i l u r e .

P^O^ i s  c o n s is te n t ly  a  pow erful d is c r im in a to r  v a r ia b le  in  o th e r  

da ta  g roup ings and would seem to  in d ic a te  d if fe re n c e s  in  th e  o r ig in a l  

a p a t i t e  c o n te n ts  o f th e  rock u n i ts .  The a n a ly t ic a l  e r r o r  a s s o c ia te d  

w ith ^2^5 u su a lly  l e s s  than  0.01% a b so lu te  a t  th e  le v e ls  considered  

here ( i . e .  0 .10  to  0.40%) and so t h i s  d e te c te d  d if fe re n c e  would app ea r 

to  be r e a l ,  and n o t a  p roduct of a n a ly t ic a l  e r ro r .  I f  a l l  th e  P^O^ 

i s  held  in  a p a t i t e ,  then  th e  mean a p a t i t e  co n ten t of th e  G a rn e tife ro u s
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P e l i t e  i s  abou t 0.57% and of th e  L o c h a i lo r t  P e l i t i c  Group about 0.75%,- 

a d i f f e r e n c e  u n l ik e ly  to  be d e te c te d  in  th in  s e c t io n .  I t  i s  a l s o  

n o ta b le  t h a t  ^ 2*̂ 3 shows very poor c o r r e l a t i o n s  with o th e r  v a r i a b l e s ,  

a d e s i r a b l e  p ro p e r ty  in  a good d i s c r im in a to r  v a r i a b le ,  s ince  one 

v a r i a b le  in  a  h ig h ly  c o r r e l a t e d  p a i r  w i l l  be redundant.

(b) A ll 20 v a r ia b le s

In co n s id e r in g  th e  d is c r im in a n t  fu n c t io n s  der ived  from a l l  20 

v a r i a b le s  th e  main p o in t  of concern i s  th e  change in  d is c r im in a t in g  

power produced by th e  a d d i t io n  of th e  fo u r  la n th a n id e  t r a c e  elem ents to  

the  16 v a r i a b le s  j u s t  considered . F igu re  4 .5  shows th e  in c re a se  in  T? 

f o r  each s te p  in  th e  a n a ly s i s .  R esu lts  a r e  ta b u la te d  in  Table 4 . 3  and 

the  s i g n i f i c a n t  s te p s  o u t l in e d  below:

Steps 1 , 2 and 3 a r e  th e  same a s  f o r  th e  16 v a r ia b le  a n a l y s i s ,  i . e .  

P^O^, Zn and Rb a r e  added to  th e  subse t in  t h a t  o rder .

Step 4 -  Ba i s  added a t  t h i s  p o in t ,  r a th e r  than  K^O in the  16 

v a r ia b le  case. None of th e  o r ig in a l  d a ta  p o in t s  a r e  m i s c la s s i f i e d  a t  

t h i s  p o in t .

Step 5 -  Y added. P r o b a b i l i ty  of m i s c l a s s i f i c a t i o n  i s  abou t 0.5% 

and number of o r ig i n a l  da ta  item s m is c la s s i f i e d  i s  zero .

Step 6 -  Nb added.

Step 7 -  Zn removed, le a v in g  5 v a r ia b le s  in  th e  d isc r im in a n t  subset,

f o r  th e  groups i s  now 36.54 f o r  the  subse t  ^2^5 ' Ba, Y, Nb. , At 

the  same s tage  in  th e  16 v a r i a b le  case D i s  36.27  -  m arg ina lly  worse 

with K^O in s te a d  of Ba in  th e  subse t.

Step 8 -  K^O added: D now 41.09 f o r  6 v a r i a b l e s ,  and t e s t s  show

th a t  a d d i t io n  of f u r t h e r  v a r i a b le s  adds no s ig n i f ic a n c e  to  the  power of 

the d is c r im in a n t  fu n c t io n .

Step 18 -  At t h i s  p o in t  I 6 v a r ia b le s  a re  inc luded  in  th e  s u b se t ,  

and comparison can be made w ith  th e  power of th e  Major element and Nb-Zr
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TABLE 4 . 3

R e s u l t s  o f  s te p w is e  l i n e a r  d i s c r i m in a n t  f u n c t i o n  a n a l y s i s  on d a t a  from

The G a r n e t i f e r o u s  P e l i t e  (27 i te m s  i n  sam ple)  and th e  L o c h a i lo r t

P o l i t i c  Group (27 i t e m s  i n  s a m p le ) .  At each s t e p  i s  g iv e n  th e  v a r i a b l e

added to  th e  d i s c r i m i n a n t  f u n c t i o n ,  and th e  a s s o c i a t e d  P s t a t i s t i c  and
2

v a lu e  o f  M ahalanobis*  D (s e e  t e x t  f o r  e x p la n a t io n  o f  te rm s)

Number o f  

v a r i a b l e s  

in  f u n c t i o n

V a r ia b le  

added a t  

t h i s  s t e p

P r a t i o M a h a la n o b is*

1 44.1 3.27

2 Zn 61 .6 9.31

3 Rb 5 6 . 6 13 .08

4 Ba 83 .7 26 .30

5 Y 7 7 .4 31.05

6 Nb 7 4 .3 36.54

5 Zn removed; 91.1 36.54

6 ■ K^O 8 3 .6 4 1 .0 9

7 MnO 7 4 .6 43 .70

8 CaO 67.5 4 6 .25

9 Zr 6 1 .2 48 .24

10 S r 5 4 .8 49.12

11 Na^O 52 .1 5 2 .5 9

12 i :  FegO, 47 .9 5 4 .0 5

13 Nd 44.1 55.21

14 MgO 40.1 5 5 .4 8

15 SiOg 37.1 5 6 .4 7

16 TiOg 34.1 56 .91

17 Ce 3 1 .4 5 7 .10

18 La 2 8 .9 57 .34

19 AI2O3 26 .7 57 .47

20 Zn 2 4 .6 57.51
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7 0 .

Group a s  d is c r im in a n t  s e t s .  Nd and Ba have been inc luded  a t  t h i s  

p o in t  r a t h e r  than  Zn and but even in  th e  o th e r  a n a ly s i s  Zn and

Al^O^ a r e  th e  l a s t  two v a r i a b le s  to  be in c lu d ed ,  and so have l i t t l e  

value  a s  d i s c r im in a to r s .  f o r  l6  v a r ia b le s  a s  a subse t  of 20 i s

56 . 9 1 , only m arg in a lly  b e t t e r  than  the  va lue  f o r  the  s e t  of 16, 53.41. 

There would th e r e f o r e  seem to  be no advantage in  a n a ly s in g  f o r  the  fo u r  

la n th a n id e  e lem en ts ,  e i t h e r  in  term s of e f f o r t ,  o r  of va lue  a s  d i s c r im i 

n a to rs .

(c) 10 elem ents (Major oxides)

Using only th e  major element oxides a s  v a r ia b le s  in  th e  d is c r im in a n t  

fu n c t io n  a n a l y s i s ,  s e p a ra t io n  of th e  two groups i s  no t completed, w ith  

one item c o n s i s t e n t ly  m i s c la s s i f i e d  (K421 -  one of the  G a m e t i fe ro u s  

P e l i t e  d a ta  p o in t s  removed l a t e r  to  reduce skewness of th e  d a ta ) .  D/2 

in d i c a te s  a  m i s c l a s s i f i c a t io n  p r o b a b i l i t y  of about 2.5%, and of the  

unknowns, 13 a r e  m i s c la s s i f i e d  using  the  de r ived  d isc r im in a n t  fu n c t io n .

(d) 6 t r a c e  elements

S ep ara t io n  o f th e  two groups could no t be ach ieved  using  only th e  

s ix  Nb-Zr group of t r a c e  e lem ents ,  with f iv e  of th e  o r ig in a l  da ta  items 

remaining m is c la s s i f i e d .

2 ) Two groups, sample s iz e  25 (Loch. P .G .) and 24 (Garnet. P e l . )

As a l re a d y  n o te d ,  th e se  reduced groups have v a r ia b le  d i s t r i b u t i o n s

which a r e  mostly unskewed, and so conform more c lo se ly  to  th e  assum ptions 

of no rm ali ty  in  th e  theo ry  of d isc r im in a n t  fu n c tio n  a n a ly s i s .

(a) 16 v a r i a b le s  (lO major element oxides and s ix  Nb-Zr group

t r a c e  e lem en ts) .
2

R esu l ts  a r e  ta b u la te d  in  Table 4 .4  and th e  in c re a se  in  D a t  each 

s te p  i s  shown g ra p h ic a l ly  in  F igure  4 .6 .
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Step 1 -  P,^0^ taken in to  subse t a s  the  s in g le  most powerful d i s 

c r im inan t v a r ia b le .  Only 5 of the  49 da ta  items a r e  m i s c l a s s i l i c d  on 

the  b a s is  of ^2^5 co n ten t  a lone .  P ro b a b i l i ty  of m i s c la s s i f i c a t io n  

s l i g h t l y  g r e a t e r  than  10%,

Step 2 -  Y added, and a l l  th e  o r ig i n a l  40 d a ta  p o in ts  can be 

c o r r e c t ly  a s s ig n e d  on th e se  two v a r i a b le s  a lone . D/ 2  in d i c a te s  mis

c l a s s i f i c a t i o n  p r o b a b i l i t y  o f under 2 . 5%*

Step 3 -  MgO added to  subse t.

Step 4 -  Rb added to  subse t,  M is c la s s i f i c a t io n  p r o b a b i l i t y  l e s s

than  0 . 5%.

Step 5 -  K^O taken  in to  th e  subse t.  4 of th e  f i r s t  5 v a r i a b le s  

a re  the  same a s  f o r  th e  groups based on 54 da ta  p o in ts .  M is c l a s s i f i c a 

t io n  p r o b a b i l i t y  i s  l e s s  than 0 . 05%, but of th e  t e s t  d a ta  s ix  a r e  wrongly

a s s ig n e d ,  353 (A r .P .G .) and 5 Ranochan p e l i t e s ,  a l though  the  mean score  

of the  Ranochan p e l i t e s  i s  c o r r e c t ly  a ss ig n ed  and c lo se  to  th e  L o c h a i lo r t  

P e l i t e  group mean sco re .  F t e s t s  on a d d i t io n a l  v a r i a b le s  show t h a t  

s ix  v a r i a b l e s  w i l l  d is c r im in a te  m arg ina lly  b e t t e r  than  th e se  f i v e ,  and 

th a t  d is c r im in a t io n  w i l l  in c re a s e  to  n ine  v a r i a b le s  and beyond. D is

c r im in an t sco res  f o r  the  t r a i n in g  groups and th e  t e s t  d a ta  a t  t h i s  

p o in t  a r e  shown g ra p h ic a l ly  in  F igure  4. 6A.

Step 9 -  Iron  a s  t o t a l  ^©2*̂ 3 added to  th e  su b se t  (MnO, 11 0 2 *

Sr have been in c lu d ed ) .  D/2  i n d ic a te s  m i s c l a s s i f i c a t io n  p r o b a b i l i t y  

i s  much l e s s  than  0.01%. Of th e  t e s t  data,* 352 (A r.P .G .) and 8 of 

the  Ranochan a re a  p e l i t e s  a re  in c o r r e c t l y  a s s ig n e d ,  a l though  aga in  th e  

mean d is c r im in a n t  sco re  f o r  th e  Ranochan a re a  p e l i t e s  i s  c o r r e c t ly  c lo se  

to  the  L o c h a i lo r t  P e l i t e  mean s c o re ,  F t e s t s  show th a t  th e se  9 v a r i a b le s  

provide th e  b e s t  d isc r im in a n t  and t h a t  no th ing  i s  gained  by adding 

f u r th e r  v a r i a b l e s ,  a l though  few er w i l l  cause a  red u c t io n  in  th e  power 

of the  d is c r im in a n t .
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TABLE 4 . 4

R e s u l t s  o f  s t e p w i s e  l i n e a r  d i s c r i m i n a n t  f u n c t i o n  a n a l y s i s  on  d a t a  fro m

the  G a r n e t i f e r o u s  P e l i t e  (24 I tem s  i n  sam ple) and th e  L o c h a i lo r t

P e l i t i c  Group (25 i t e m s  i n  s a m p l e ) .  At e a c h  s t e p  i s  g i v e n  t h e  v a r i a b l e

a d d ed  t o  t h e  d i s c r i m i n a n t  f u n c t i o n ,  and  t h e  a s s o c i a t e d  P s t a t i s t i c  a n d
2

v a l u e  o f  M a h a la n o b i s *  D ( s e e  t e x t  f o r  e x p l a n a t i o n  o f  t e r m s )

Number o f  
v a r i a b l e s  
in  f u n c t i o n

V a r i a b l e  
a d d e d  a t  
t h i s  s t e p

P r a t i o M a h a la n o b i s  * D

1 P2O3 7 6 .9 6 .28

2 Y 92.5 1 5 .4 3

3 MgO 93.1 23.81

4 Rb 78.1 27.25

5 K20 1 0 0 . 8 44.97

6 MnO 9 0 ,3 49.52

7 TiOg 8 7 .9 57 .60

8 Sr 85 .5 6 5 .6 3

9 S lP ezO , 8 7 .8 77 .79

10 Zr 8 1 .6 82.45

11 Al^O, 76.1 86.87

12 CaO  ̂ 69 .9 8 9 .5 6

13 Na^O 6 3 .2 9 0 . 1 3

14 SiOg 5 7 .3 90 .54

15 Nb 5 2 . 0. 90 .73

16 Zn 4 7 .3 90.87
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Stop 16 -  A ll  v a r ia b le s  inc luded  in  the  fu n c tio n .  Ton of the  

t e s t  da ta  item s a r e  in c o r r e c t l y  a s s ig n e d ,  and two of th e  da ta  p o in ts  

removed from th e  o r ig i n a l  G a m e t i fe ro u s  P e l i t e  a re  a l s o  in c o r r e c t ly  

c l a s s i f i e d .

(b) A ll  20 v a r ia b le s

2
R esu lts  a re  t a b u la te d  in  Table 4 .5  and in c re a se  in  D a t  each s te p  

i s  shown g ra p h ic a l ly  in  F igure  4 . 7 .

S teps 1 to  9 in c lu s iv e  a re  i d e n t i c a l  to  those  f o r  th e  a n a ly s i s  

us ing  only I 6 v a r ia b le s .

Step 10 -  La i s  added to  th e  s u b se t ,  th e  f i r s t  of th e  fo u r  e x t ra
2

elements under c o n s id e ra t io n  to  be inc luded . D i s  83 . 1? f o r  the  two 

groups, a g a in s t  82.45 f o r  s tep  10 in  th e  16 v a r ia b le  case. T es ts  show 

th a t  a d d i t io n  of f u r t h e r  v a r ia b le s  adds no power to  th e  d is c r im in a n t ,  

and even th e  f i r s t  n ine  v a r ia b le s  a r e  adequate.

Step 16 -  i s  now 104.19 a g a in s t  the  va lue  of 90.8? f o r  a l l  16 

v a r ia b le s  in  th e  a l t e r n a t i v e  case . Ba and M  have been added in  

p re fe ren c e  to  Nb and Na^O.

Again a d d i t io n  of th e  fo u r  la n th an id e  elements adds l i t t l e  to  the  

d is c r im in a n t  fu n c t io n ,  s in ce  t h e i r  value  a s  d is c r im in a to r s  i s  marginal.

(c) Major element oxides only

S epara t ion  of the  da ta  p o in t s  in  the  t r a i n in g  groups i s  achieved  

using only f i v e  v a r i a b l e s ,  bu t th e  a s s o c ia te d  .d isc r im in an t fu n c t io n  i s  

inadequate  f o r  the  range of com positions found in  the  unknown t e s t  i tem s,  

and 13 a r e  m i s c la s s i f i e d  by t h i s  fu n c tio n .

(d) Six Nb-Zr t r a c e  elements alone

These s ix  v a r ia b le s  a lone  cannot produce an adequate d isc r im in an t  

f o r  the  t r a i n i n g  g roups, sep a ra t io n  of the  two groups remaining incomplete 

a f t e r  a d d i t io n  o f a l l  s ix  elements to  the  d isc r im in a n t  fu n c t io n .
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TABLE 4.5

R e s u l t s  o f  s t e p w i s e  l i n e a r  d i s c r i m i n a n t  f u n c t i o n  a n a l y s i s  on d a t a  fro m  

t h e  G a m e t i f e r o u s  P e l i t e  (24 i t e m s  i n  s a m p l e )  a n d  t h e  L o c h a i l o r t  

P e l i t i c  Group (25 i t e m s  i n  s a m p l e ) .  At e a c h  s t e p  i s  g i v e n  t h e  v a r i a b l e  

a d d e d  t o  t h e  d i s c r i m i n a n t  f u n c t i o n ,  a n d  t h e  a s s o c i a t e d  p - s t a t i s t i c  and  

v a l u e  o f  M a h a l a n o b i s '  ( s e e  t e x t  f o r  e x p l a n a t i o n  o f  t e r m s )

Number o f  
v a r i a b l e s  
i n  f u n c t i o n

V a r i a b l e  
a d d e d  a t  
t h i s  s t e p

P r a t i o M a h a l a n o b i s '

1
P-2°5'

7 6 .9 6 .2 8

2 Y 92 .5 15 .43

3 MgO 93.1 23.81

4 Rb 78.1 27 .25

5 K^O 1 0 0 .8 44 .97

6 MnO 9 0 .3 49 .52

7 TiO^ 8 7 .9 5 7 .6 0

8 Sr 85 .5 6 5 .6 3

9 8 7 .8 7 7 .7 8

10 La 8 2 .3 83 .17

11 Zr 7 9 .6 9 0 . 8 8

12 Ba 7 5 .8 9 6 .96

13 CaO 69 .9 99.61

14 Al^O, 64 .9 102.62

15 SiOg 5 9 .4 103.69

16 Nd 5 4 .2 1 0 4 .1 9

17 Ce 4 9 .8 104.89

18 Nb 4 5 .6 10 5 .0 5

19 Na^O ' 41 .9 105 .2 5

20 Zn 38 .4 1 0 5 .3 9
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A ssl^n ln^  unknown samples using; d is c r im in a n t  fu n c t io n s

Using th e  v a r io u s  d is c r im in a n t  f u n c t io n s  de r ived  from da ta  o f the  

L o c h a i lo r t  P e l i t i c  Group and th e  G a m e t i f e ro u s  P e l i t e ,  a very high 

success  r a t e  was ach ieved  in  c o r r e c t ly  a s s ig n in g  unknown samples from 

th e  A r i e n i s k i l l  P e l i t e ,  th e  Loch Mama P e l i t e  and the  e q u iv a le n ts  a long 

s t r i k e  o f  th e  G a m e t i f e ro u s  P e l i t e .  The e q u iv a le n ts  of th e  L o c h a i lo r t  

P e l i t i c  Group from around Ranochan were l e s s  s u c c e s s fu l ly  a s s ig n e d ,  bu t 

i t  i s  u n c e r ta in  w hether t h i s  i s  a r e f l e c t i o n  of l a t e r a l  changes in  th e  

o r i g i n a l  com position o f th e  group, o r  o f changes produced during  meta

morphism. C e r ta in ly  th e re  i s  some v e r t i c a l  v a r i a t i o n  w ith in  the  

L o c h a i lo r t  P e l i t e  a s  shown in  th e  a n a ly s i s  of v a r ia n c e  experim ent on 

th e  d a ta  from th e  group.

In a l l  groups o f unknown samples some rocks  were c o n s i s t e n t ly  

m i s c l a s s i f i e d ,  o r  p laced  w ell o u ts id e  th e  l i m i t s  o f th e  d is c r im in a n t  

sc o re s  to  be expected  f o r  t h e i r  group on s t a t i s t i c a l  grounds. In a l l  

c ases  t h i s  was due to  e i t h e r  an extreme o v e r - a l l  com position (e .g .  th e  

h igh ly  s i l i c e o u s  psammite 498) o r  an extreme va lue  f o r  one of th e  h ig h ly  

d is c r im in a n t  elem ents  (e .g .  36O and 558 both have very high ^2^5 v a lu e s  

which cause t h e i r  d is c r im in a n t  sco re s  to  f a l l  in to  and beyond th e  f i e l d  

f o r  th e  s c o re s  of th e  G a m e t i f e ro u s  group).

A ssigning  com plete ly  d i f f e r e n t  unknown rock samples met w ith two 

of th r e e  p o s s ib le  re sp o n ses :

1 ) The Mhuidhe P e l i t e s  gave a  very  wide s c a t t e r  of d is c r im in a n t  

sco re s  sp read ing  over the  ranges  o f v a lu es  f o r  th e  L o c h a i lo r t  and 

G a m e t i f e ro u s  groups. The mean d is c r im in a n t  sco re  f e l l  between th e  

two groups.

2 ) The Basal P e l i t e  c o n s i s t e n t ly  gave d is c r im in a n t  sco res  f a l l i n g  

n ea r  th e  average  va lue  f o r  th e  G a m e t i f e ro u s  P e l i t e .  An a t tem p t was
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made a t  s tepw ise  d is c r im in a n t  fu n c t io n  a n a ly s i s  between th e  fo u r  Basal 

P e l i t e  samples and 2? samples of th e  G a m e t i f e ro u s  P e l i t e ,  and s e p a ra 

t io n  was ach iev ed ,  though to  a  lower degree of s ig n i f i c a n c e  than  f o r  

th e  L o c h a i lo r t -G a m e t i f e ro u s  P e l i t e  s e p a ra t io n  (p a r t l y  a consequence of 

th e  very sm all sample s iz e  f o r  th e  Basal P e l i t e ) .  However, th e  b e s t  

d i s c r im in a to r  by f a r  f o r  s e p a ra t in g  th e  Basal and G a m e t i f e ro u s  P e l i t e s  

was shown to  be S r ,  an element of very low d is c r im in a n t  power between 

th e  L o c h a i lo r t  and G a m e t i f e ro u s  P e l i t e s .

3 ) The o th e r  p o s s i b i l i t y  in  a s s ig n in g  unknowns which belong to  

n e i t h e r  o f th e  o r ig i n a l  sample groups i s  probab ly  th e  c l e a r e s t  in d i c a to r  

of t h i s  r e l a t i o n s h ip .  That i s ,  when th e  unknown items g ive  d is c r im in a n t  

s co re s  which f a l l  in  a  c l u s t e r  beyond th e  ranges  of th e  sco re s  f o r  th e  

two t r a i n i n g  g roups , in d i c a t i n g  com positions d i f f e r e n t  from e i t h e r  of 

th e  o r ig i n a l  groups (as  a l re a d y  seen f o r  samples 498 and 3^0 ).

Although the  f i r s t  and t h i r d  a l t e r n a t i v e s  g iven  above a u to m a t ic a l ly  

a rouse  su sp ic io n  t h a t  something i s  wrong, the  example of th e  Basal 

P e l i t e  u n d e r l in e s  th e  major d i f f i c u l t y  in  t r y in g  to  use d is c r im in a n t  

f u n c t io n s  in  th e  way a t tem p ted  here . The unknowns must belong to  one 

of th e  groups f o r  which th e  d is c r im in a n t  fu n c t io n  has been c a l c u la te d ,  

o r  sp u r io u s  conc lu s ions  can be drawn. This i s  p a r t i c u l a r l y  so when 

only two groups a r e  co n s id e re d ,  s in ce  assignm ent of in d iv id u a l  unknown 

item s can only r e a l l y  be to  one group o r  th e  o th e r ,  no t to  n e i th e r .

This u n c e r t a in ty  can be p a r t l y  re so lv ed  by the  use of s tepw ise  d i s - . 

c r im in an t a n a l y s i s  between the  group of unknown item s and th e  n e a r e s t  

o r ig i n a l  group. I f  s e p a ra t io n  can be achieved  by using  a d i f f e r e n t  

su b se t  of v a r i a b l e s ,  then  th e  unknown and o r ig i n a l  groups a r e  probably  

d i f f e r e n t .  This has been shown in  se p a ra t in g  th e  Mhuidhe p e l i t e s  

from both th e  L o c h a i lo r t  and G a m e t i f e ro u s  P e l i t e s ,  confirm ing  t h e i r
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lack  of a f f i n i t y  to  e i t h e r ;  in  s e p a ra t in g  the  Basal P e l i t e  and C arn e t-  

i f e ro u s  P e l i t e ;  and in  s e p a ra t in g  th e  e q u iv a le n ts  of the  L o c h a i lo r t  

P e l i t e  of th e  Ranochan a re a  from th e  G a m e t i f e ro u s  P e l i t e .  Should 

s e p a ra t io n  of th e  o r ig i n a l  and unknown groups prove im possib le  o r 

u n c e r t a in ,  then th e  two groups can only be considered  to  be e q u iv a le n t ,  

la ck in g  f u r t h e r  evidence. For example, th e  two groups of p e l i t e s  

from around Ranochan cannot be ad eq u a te ly  se p a ra te d  from each o th e r  o r 

from t h e i r  known e q u iv a le n t ,  th e  L o c h a i lo r t  P e l i t e .

The l a s t  example i s  i n t e r e s t i n g  in  t h a t  the  known e q u iv a le n ts  of 

th e  L o c h a i lo r t  P e l i t e  from th e  Ranochan a re a  do not a s  in d iv id u a ls  

g ive  d is c r im in a n t  sco res  very c lo se  to  th e  mean f o r  the  L o c h a i lo r t  

Group, whereas the  mean score  f o r  th e  Ranochan groups i s  very c lo se  to  

the  L o c h a i lo r t  mean score .  This i s  probably  due to  th e  f a c t  t h a t  

in d iv id u a l  specimens do n o t  and cannot r e f l e c t  th e  v a r i a t i o n  of th e  

u n i t  sampled, and th e  mean of s e v e ra l  s c a t t e r e d  random samples i s  more 

t r u l y  r e p r e s e n ta t iv e  of th e  u n i t  a s  a whole, and more r e l i a n c e  can be 

placed  on th e  d is c r im in a n t  score  produced from t h i s  mean va lue .  This 

conclusion  was*also reached  from th e  a n a ly s i s  of v a r ia n ce  study on the  

t r a i n in g  group d a ta .  Where la rg e  sample s iz e s  a r e  p o s s ib le  f o r  th e  

unknown g roups , a  sampling design  which aga in  allow ed a n a ly s i s  o f  

v a r ia n ce  on the  unknov^ais would be very  d e s i r a b l e .

A p p lic a tio n  of the  d isc r im in a n t  fu n c t io n s  beyond the  Moran area.

U n fo r tu n a te ly ,  the  v a s t  m a jo r i ty  of pub lished  an a ly se s  f o r  Moine 

rocks g ive  only major element oxide d e te rm in a t io n s ,  and t h i s  study has 

shown th a t  f o r  the  two p e l i t i c  u n i t s  cons idered  major elem ents  a lone  do 

not p rov ide  a d e c i s iv e  d is c r im in a n t  fu n c t io n .
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However, W inchester ( l9?4b) quoted 26 new an a ly se s  of p e l i t e s  from 

the  Kieall an t - S i t h e  P e l i t e  of Fannich F o r e s t ,  and f o r  5 of th e se  has 

a l s o  determ ined  t r a c e  elements S r ,  Rb, Zr, Nb and Ni. This da ta  can 

thus  be used in  th e  fu n c t io n  based on a subse t of s ix  v a r i a b le s  f o r  

the  o r ig i n a l  5^ item s in  t h i s  study ( i . e .  th e  fu n c tio n  126.89MnO- 

1 0 .19K2O-220 . 76p2Û^+ .48Y+.70Rb-l. 32Nb).

Even though Y has no t been determ ined , making the  assumption t h a t  

the  va lue  o f  Y in  th e  Meall an t - S i t h e  P e l i t e  i s  equal to  the  grand 

mean va lue  of Y f o r  the  L o c h a i lo r t  and G a m e t i f e ro u s  P e l i t e s  in tro d u c e s  

no b i a s ,  and a l lo w s  the  fu n c t io n  to  be used. The d isc r im in a n t  sco re  

thus  ach ieved  by th e  mean of th e  Meall an t - S i t h e  da ta  i s  38*921 which 

l i e s  very  c lo se  to  th e  mean sco re  f o r  th e  L o c h a i lo r t  P e l i t e  da ta  of 

32 . 2 2 2 , and i s  f a r  from th e  mean score  of -7*322 f o r  th e  G a m e t i f e ro u s  

P e l i t e .  So on th e  b a s is  of t h i s  d isc r im in a n t  fu n c t io n ,  th e  Meall 

an t - S i t h e  would be s a id  to  be eq u iv a len t  to  th e  L o c h a i lo r t  P e l i t i c  

Group. This  in  f a c t  i s  the  c o r r e l a t i o n  suggested  by Johnstone e t  a l . 

(1969 , Table l ) ,  so t h a t  the  d is c r im in a n t  fu n c t io n  g iv e s  th e  c o r r e c t  

c o r r e l a t i o n  in  t h i s  case.

Making the  assum ption th a t  the  Y con ten t of the  Meall an t - S i t h e  

P e l i t e  i s  zero  s t i l l  produces a d isc r im in a n t  score  ly in g  w ith in  the  

range of th e  L o c h a i lo r t  P e l i t i c  Group, and only a very high Y c o n ten t  

(90 ppm o r  more) would p la ce  th e  score beyond th e  range of the  

L o c h a i lo r t  P e l i t e  sco res .

This  r e s u l t  i s  very encouraging , but i s .  based on a  com paratively  

small sample from a r e s t r i c t e d  a r e a ,  and th e  v a l i d i t y  of th e  d i s c r i m i 

nant fu n c t io n  w i l l  only be f u l l y  a s se s se d  by o b ta in in g  much more d a ta  

from a much wider a r e a ,  which would a l s o  a l low  any l a r g e - s c a l e  r e g io n a l  

v a r i a t i o n  in  th e  l a r g e r  p e l i t i c  u n i t s  of th e  Moine success ion  to  be 

cons idered .
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Conclusions

The aim of t h i s  study was to  a s s e s s  th e  value of th e  d is c r im in a n t  

fu n c t io n  techn ique  in  the  c l a s s i f i c a t i o n  o f p e l i t i c  u n i t s  on a  l a rg e  

s c a le ,  u s ing  chem ical da ta  ob ta in ed  by r a p id  XRF te ch n iq u es .  As few 

a s  s ix  e lem ents  o r  t h e i r  ox ides  (MnO, K^O, ^2^5 * Nb, Y) can be used 

to  p rov ide  a  good index  w ith which to  c l a s s i f y  "unknown” da ta  to  a  h igh 

degree o f  c e r t a i n t y ,  f o r  th e  two u n i t s  sampled and t h e i r  e q u iv a le n ts .

The d is c r im in a n t  fu n c t io n  based on th e se  s ix  e lem en ts ,  from a t o t a l  

sample s iz e  o f 54 i s  a s  fo l lo w s :

Z = 126 .89  MnO -  IO .19K2 O -  2Z0.?6V^0^ + .48Y + .fORb -  l . ]2 N b

For the  L o c h a i lo r t  P e l i t e  t h i s  g iv e s  a  mean Z value  o f 32*22, and f o r  

the G a m e t i f e r o u s  P e l i t e  a  va lue  of -7*32» with th e  boundary between 

the  two groups a t  a  Z value  o f 12.45*

The two u n i t s  s tu d ie d  a r e  considered  to  be i n t e g r a l  p a r t s  o f  th e  

Morar Succession  bu t of d i f f e r e n t  age by Powell (1964, 1974) while 

Tanner e t  a l . ( l970) reg a rd  th e  L o c h a i lo r t  P e l i t e  a s  p a r t  o f  the  

G lenfinnan D iv is io n ,  which i s  l a rg e ly  a l lo ch th o n o u s  over much of i t s  

ou tcrop . This  s tudy  has shown t h a t  th e se  two p e l i t e s  appea r  t o  be 

chem ica lly  d i s t i n c t ,  and i f  t h i s  im p lie s  n e c e s s a r i ly  an age d i f f e r e n c e ,  

i t  p ro v id es  a d d i t i o n a l  support to  the  co n ten t io n  t h a t  th e  L o c h a i lo r t  

P e l i t i c  Group connec ts  s t r a t i g r a p h i c a l l y  th e  Morar Succession with 

the G lenfinnan  assemblage. Much of the  G lenfinnan D iv is ion  could  

s t i l l ,  however, be in fo ld e d  Morar S uccession , and t h i s  form of d i s c r im in 

a n t  fu n c t io n  cou ld  w ell be u s e fu l  in  id e n t i f y in g  such r e l a t i o n s h ip s .

One of the  b ig g e s t  d i f f i c u l t i e s  in h e re n t  in  th e  method i s  the  

n e c e s s i ty  o f knowing t h a t  th e  unknowns do a c t u a l l y  belong to  one o r  

o th e r  o f th e  groups sampled. This can be overcome to  some e x te n t  by
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t r e a t i n g  the  unknown samples from a  u n i t  a s  a n o th e r  t r a i n i n g  group, and 

a p p ly in g  d is c r im in a n t  a n a l y s i s  to  t r y  and se p a ra te  t h i s  new group from 

the  o r ig i n a l  groups. I f  s e p a ra t io n  from one of th e  o r ig i n a l  groups 

cannot be s a t i s f a c t o r i l y  ach iev ed ,  th e re  can be no grounds f o r  b e l ie v in g  

the  unknown u n i t  to  be d i f f e r e n t  from t h a t  group, in  the  absence of 

f u r t h e r  ev idence.

That t h i s  type o f "chemical s t r a t ig r a p h y "  may be both v a l id  and 

u se fu l  beyond th e  Morar a re a  has been dem onstrated  with the  d a ta  from 

the  Meall an t - S i t h e  P e l i t e  o f the  Fannich F o re s t  a re a .  However, the  

l i m i t a t i o n  of the  method s t i l l  remains t h a t  any unknown p e l i t e  should 

be e q u iv a le n t  to  one of th e  p e l i t e s  a l re a d y  invo lved  in  the  d is c r im in a n t  

fu n c t io n .  On th e  b a s i s  o f the  few samples ta k en ,  i t  appea rs  t h a t  the  

Basal P e l i t e  of th e  Morar Succession cannot be d i s t in g u is h e d  from th e  

G a m e t i f e ro u s  P e l i t e ,  u s ing  the  d isc r im in a n t  fu n c t io n  g iven  above; 

much f u r t h e r  work would be n ecessa ry  to  chem ica lly  ty p i f y  a l l  th e  major 

p e l i t i c  u n i t s  of th e  Moine success ion  before  any "unknown" p e l i t e  could  

be t e s t e d  w ithou t any s u sp ic io n s  a s  to  i t s  c o r r e c t  s t r a t i g r a p h i e  p o s i t io n .  

This i s  r a r e l y  the  c a se ,  however, so t h a t  even the  simple d is c r im in a n t  

p rov ided  by t h i s  study may be u sa b le ,  i f  the  r e s u l t s  a r e  t r e a t e d  with 

due cau t io n .

Choice of the  b e s t  d is c r im in a n t  su b se t  f o r  two groups remains a 

problem. Although s t a t i s t i c a l  measures may in d ic a te  t h a t  one su b se t  

i s  the  b e s t  f o r  th e  o r ig i n a l  t r a i n in g  d a ta ,  a n o th e r  su b se t  may prove 

b e t t e r  in  a c t u a l l y  a s s ig n in g  unknown item s. This c la sh  between the  

demands of th e  form al s t a t i s t i c a l  model and g e o lo g ic a l  p r a c t i c a l i t y  i s
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ag a in  seen in  the  choice of the  o r ig i n a l  t r a i n in g  groups. In t h i s  

case  the  two groups of 2? item s each, while no t forming the  b e s t  sample 

in  s t a t i s t i c a l  te rm s ,  i s  c e r t a i n l y  more a p p ro p r ia te  to  the  g e o lo g ic a l  

s i t u a t i o n ,  in  t h a t  th e  h ig h e r  sample s iz e  i s  more t r u l y  r e p r e s e n t a t iv e  

of th e  v a r i a t i o n  o f th e  u n i t .  Reducing th e  sample s iz e  to  reduce the  

skewness of th e  d a ta  d i s t r i b u t i o n  causes  only a l im i t e d  p a r t  o f the  

u n i t  to  be re p re s e n te d .  Since the  more psammitic rocks a re  th e  cause 

of the  skewness in  t h i s  c a s e ,  the  reduced samples a re  only t r u l y  

r e p r e s e n t a t i v e  of th e  more p e l i t i c  members of th e  s t r a t i g r a p h i e  u n i t .

Any d is c r im in a n t  fu n c t io n  based on t h i s  l im i t e d  sample cannot be expected  

to  d ea l  c o r r e c t ly  with unknown item s of psammitic com position , and t h i s  

i s  seen in  the  f a i l u r e  of th e  d is c r im in a n t  fu n c t io n  d e r iv e d  from only 

49 item s to  cope with the  v a r i e ty  of com positions in  th e  random t e s t  

samples.

Another d e t a i l ,  p o in te d  out in  the  a n a ly s i s  of v a r ia n ce  study 

and encountered  ag a in  in  t h i s ,  i s  t h a t  th e  unknown item s do n o t  in d iv id u 

a l l y  p rov ide  good e s t im a to rs  of the  mean of the  unknown u n i t  sampled.

This  i s  shown in  t h i s  case by in d iv id u a l  d is c r im in a n t  sco res  s c a t t e r i n g  

widely about th e  mean score  f o r  the  c o r r e c t  group, in  some cases  being 

m i s c l a s s i f i e d ,  whereas the  mean score  f o r  the  unknown u n i t  i s  p ro p e r ly  

c l a s s i f i e d .  A la rg e  number of samples from any unknown u n i t  should be 

ta k en ,  and w hile t h i s  may seem ex tra v ag an t  in  terms of a n a l y t i c a l  time 

and c o s t ,  i f  th e  u n i t  i s  thought to  belong to  one of a number o f groups 

which have a l re a d y  undergone d is c r im in a n t  a n a l y s i s ,  th e  i n i t i a l  a n a ly se s  

of the  unknowns need only be f o r  those  elem ents  which have been shown 

to  have d is c r im in a n t  s ig n i f i c a n c e .
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Chapter 5* CALC SILICATES AND METAMORPHIC HISTORY 

In tro d u c t io n

The ca lc  s i l i c a t e s  occur a s  l a t e r a l l y  im p e r s is te n t  th in  bands o r  

l e n s e s ,  conformable with  bedding, and from 2 to  20cm wide, while vary ing  

in  le n g th  from under 1 to  more than  10m. They a re  c h a ra c te r i s e d  

m in e ra lo g ic a l ly  by th e  p resence  of q u a r tz  and g a rn e t  p lu s  one o r  more 

of the  m in era ls  c a l c i t e ,  b i o t i t e ,  amphibole, pyroxene, z o i s i t e ,  c l i n o -  

z o i s i t e  and u s u a l ly  a p la g io c la s e  f e ld s p a r .  T he ir  co lo u r  r e f l e c t s  

t h i s  v a r i a t i o n  in  mineralogy but they  a r e  ty p i c a l l y  w hite  o r g reen ,  with 

pink g a rn e t  p o rp h y ro b la s ts  and show a very  c h a r a c t e r i s t i c  brownish 

careous su r fa c e  where weathered. T he ir  s t r a t i g r a p h i e  d i s t r i b u t i o n  i s  

v a r i a b le  (Richey and Kennedy 1939, Powell 1964, Tanner 1971, Ramsay and 

Spring 1962 ) but they  a re  most commonly found in  th e  A r i e n i s k i l l  and 

L o c h a i lo r t  P e l i t i c  Groups and t h e i r  l i t h o s t r a t i g r a p h i c  e q u iv a le n ts ,  and 

in  th e  low est and h ig h e s t  p a r t s  of the  Ardnish Psammite (

T h e ir  sedim entary  o r ig in  can be dem onstrated in  many p la ces  along  th e  

west c o a s t  of Morar, where low grades  of metamorphism and r e l a t i v e l y  

weak deform ation  have allow ed c a lc  s i l i c a t e s  to  r e t a i n  t r a c e s  of c u r re n t  

bedding s t r u c t u r e s .  Here c a lc  s i l i c a t e s  may a l s o  be found which when 

t r a c e d  l a t e r a l l y  g ra d u a l ly  change in  com position , pass ing  in to  ca lc a re o u s  

psammites and th in n in g  out. This type of s t r u c t u r e  conforms with t h e i r  

probab le  mode of o r ig in  a s  th in  ca lca reo u s  marls in  sequences of s i l t s  

and shallow  w ater  sandstones  (B u t le r ,  1965, PP 193-194), o r a s  a r g i l l a 

ceous c a lca reo u s  sandstones  ( F l e t t ,  1923, P*55)*

The chem istry  and mineralogy of c a lc  s i l i c a t e  bands in  the  Morar 

a re a  were s tu d ie d  in  d e t a i l  because they can be used a s  q u i t e  p r e c i s e  

in d i c a to r s  of metamorphic grade ; t h e i r  chem istry  c o n t ro l l i n g  t h e i r  

m in e ra lo g ic a l  response  to  metamorphism in  a p re d ic ta b le  fash ion .
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A t o t a l  of 195 c a l c - s i l i c a t e  samples were c o l l e c t e d ,  of which 106 

were an a ly sed  f o r  te n  major e lem ents  and s ix  t r a c e  elem ents (Nb, Z r , 'Y ,  

Hb, Sr and Zn) and f o r  33 of which e s t im a te s  of Ge and Ba co n ten t  were 

a l s o  made. At each c o l l e c t io n  p o in t  (Fig. 5* l)  se v e ra l  c a l c - s i l i c a t e  

bands were sampled, to  t r y  and o b ta in  a s  l a rg e  a range in  chemical com

p o s i t io n  and m ineralogy a s  p o s s ib le .  Table 5*1 g iv e s  th e  mean composi

t i o n  of th e  c a l c - s i l i c a t e s  an a ly se d ,  and a l s o  g iv e s  maximum and minimum 

v a lu es  f o r  each e lem ent, to  g ive  some in d i c a t io n  of th e  range of composi

t i o n s  found.

P rev ious  re se a rc h

Kennedy ( l9^9)  was th e  f i r s t  to  use the  changing mineralogy

of c a l c - s i l i c a t e s  a s  an index of metamorphic grade ; t h i s  in  th e  a re a

extending  from Morvern through Morar to  Knoydart. The broad metamorphic 

p a t t e r n  could  be deduced from th e  mineralogy of th e  p e l i t i c  rocks of the  

a r e a ,  bu t th e  p e l i t e s  a r e  not p a r t i c u l a r l y  s e n s i t i v e  to  changes in  m eta

morphic grade and only in f re q u e n t ly  develop th e  index m in era ls  k y an i te  

and s i l l i m a n i t e .  Kennedy d iv id ed  th e  reg ion  in to  fo u r  zones t y p i f i e d  

by the  appearance o r  d isappearance  of c e r t a in  index m in era ls  and l i s t e d  

here in  o rd e r  of in c re a s in g  grade :

1) Z o i s i t e - ( c a l c i t e ) - b i o t i t e  zone )
) G arnet

2 ) Z o i s i t e  zone )

3 ) A n o r th i te (b y to w n ite ) -h o rn b len d e  zone. Kyanite

4 ) A north ite (b y to w n ite )-p y ro x en e  zone. S i l l im a n i te

His mapping of th e se  zones in  th e  Morar a re a  showed th e  grade 

in c re a s in g  g e n e ra l ly  eastw ards  (Fig. 5 * l ) '  He c o r r e l a te d  the  low est 

two zones with th e  Harrovian g a rn e t  zone, h i s  zone 3 w ith th e  k y a n i te  

zone, and zone 4 with th e  s i l l i m a n i t e  zone.
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Mean Minimum Maximum

SiO^ 70.37 54.45 86.57

TiOz .48 .10 1.74

Al^Og 14.18 6 .40  21.29

^.Fe^O^ 2.75 .66 6.27

MnO .26 .02 .58

MgO .65 .03 1.78

CaO 6.57 1.77 14.89

Na^O 2.11 .31 6.34

K^O .94 .10 5.14

.22 0.00 .62

Zr 223 36 807

Y 35 7 107

Rb 46 0 535

Nb 13 1 41

Sr 306 89 935

Zn 18 0 70

TABLE 5.1  Mean a n a ly s i s  o f  103 c a l c - s i l i c a t e s  

quo ted , w ith  maxima and minima.
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W inchester (1970,1972) fo llow ing  A therton  (1965) po in ted  out t h a t  

m inera l r e a c t io n s  a r e  a s  much dependent on the  bulk chem istry  of the  

h o s t  rock a s  on th e  p r e v a i l in g  P-T c o n d i t io n s ,  and concluded t h a t  in  

c a l c - s i l i c a t e s  of th e  Fannich F o re s t  a r e a ,  th e  CaO/Al^O^ r a t i o  could be 

used a s  an in d i c a t o r  of s i m i l a r i t y  between c a lc  s i l i c a t e s  with r e s p e c t  

to  a  r e a c t io n  in  which b i o t i t e  was r e p la c in g  hornblende. He concluded 

t h a t  th e  low er th e  c r i t i c a l  GaO/Al^O^ r a t i o  a t  which th e  r e a c t io n  could 

p roceed , th e  h ig h e r  th e  p r e v a i l in g  metamorphic grade. On th e  b a s is  of 

t h i s  assum ption he could draw "chemical i s o g ra d s" ,  connecting  p o in t s  

showing th e  same r e a c t io n  a t  th e  same GaO/Al^O^ r a t i o ,  thus  o u t l in in g  

a r e a s  of h ig h e r  and lower metamorphic grade.

Although th e  Fannich a r e a  only underwent metamorphism c h a r a c t e r i s t i c  

of Kennedy's low er two zones, W inchester went on ( l 973»1974a) to  extend 

h i s  th e o ry  to  cover th e  h ig h e r  zones, and to  a t tem p t a  map showing the  

p a t t e r n  of re g io n a l  metamorphism f o r  th e  whole o f  th e  Moine ou tcrop  in  

the  S c o t t i s h  Caledonides.

The e s s e n t i a l  r e l a t i o n s h ip s  between m ineralogy, grade and c r i t i c a l  

GaO/Al^Cy r a t i o '  were summarised d ia g ra m a t ic a l ly  (Fig. 5*2, a f t e r  

W inchester l9 7 ^ a ,  F i g . l ) ,  u s ing  th e  index m inera ls  b i o t i t e ,  hornblende , 

pyroxene and p la g io c la s e  f e ld s p a r s .

The diagram shows the  m in e ra lo g ic a l  r e a c t io n s  by which th r e e  meta

morphic is o g ra d s  a r e  d e f in e d :

1) Kyanite i s c r r a d  i s  de f ined  by th e  f i r s t  appearance of ho rn 

blende in  c a lc  s i l i c a t e s  w ith a  GaO/Al^O^ r a t i o  of 0 .4  o r  l e s s .

2 ) Bytownite iso g rad  de f ined  by th e  f i r s t  appearance of bytownite 

in  c a lc  s i l i c a t e s  w ith GaO/Al^O^ r a t i o  of 1 .0  o r  l e s s ,  acco rd ing  to

the  r e a c t io n :

» CaAlgSigOg + ZCMg.Fej^AlgSi^Oig.lCa^AlgSl^Oig + SiÔ  + HgO (5.1)

Hornblende Anorthite Calcic Almandlno Quartz
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Increasing
P.T

(not to  
sca le ) Pyroxene

-Anorthite

Pyroxene 

(Si Hi manite) 
Isograd

Hornblende \  

> - Bytownite

Bytownite
Isograd

Hornblende

- Andesine

Kyanite

Isograd

Biotite
-Oligoclase

0-50 1-00 1.250 075

CaO/AlgOg

Figure 5.2 Schematic PT-composition plot of stability fields of biotite,
hornblende, pyroxene and plagioclase feldspar in calc-silicate 
rocks. (Modified after Winchester, 1974a)
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3) Pyroxene iso.p^rad i s  d e f in e d  e i t h e r  by the  f i r s t  appearance 

of pyroxene in  c a l c - s i l i c a t e s  w ith CaO/Al^O^ l e s s  than  o r  equal to  

1 .0  by the  r e a c t io n  :

2Ca2 (Mg.Fe)„Al^Sl^C22(0H)2 + + ŜiOg = /ICaAlgSigOg + 3Ca(M2 ,Fe)5l 20a + (Fe.Mg )^Al2Si^0,2  + ZHgO

Hornblende Grossular Quartz Anorthite Augite Almandine

Or a l t e r n a t i v e l y  the  p resence  of bytow nite  in  rocks  with a r a t i o  lower 

than 0 . 7 0 . This  pyroxene iso g rad  can be regarded  a s  being e q u iv a len t  

to  th e  s i l l i m a n i t e  iso g ra d  normally d e f in e d  by p e l i t i c  m inera l assem bla

ges.

W inchester reco rd s  no pyroxene being found in  c a l c - s i l i c a t e s  with 

a r a t i o  low er than  0 .7 5 ,  bu t in  t h i s  study pyroxene bear ing  c a l c - s i l i c a t e s  

have been found with r a t i o s  a s  low a s  0.52. As a r e s u l t  th e  upper p a r t  

o f th e  l i n e  marking th e  hornblende -  pyroxene r e a c t io n  (A-B, Fig. 5*2) 

must be a d ju s te d  to  ex tend  th e  p o s s ib le  f i e l d  o f pyroxene occurrence 

(B-C, F ig . 5 -2 ) .

Mineralogy of the  c a l c - s i l i c a t e s  in  Morar

1) Ferromagnesian m in era ls

a )  B i o t i t e . Where found in  c a l c - s i l i c a t e s ,  b i o t i t e  shows p le o -  

chroism to  th e  scheme X = s traw  yellow , o c c a s io n a l ly  s l i g h t l y  g re e n is h ,  

Y=Z= orange to  red d ish  brown. O cca t io n a l ly  Y and Z show dark green o r  

g re e n ish  brown shades , in d ic a t in g  h ig h e r  Fe^^ c o n ten t  (Deer, Howie and 

Zussman, I 9 6 3 , v o l . 3 ) presumably r e l a t e d  to  minor v a r i a t i o n s  in  bulk 

rock chem istry . B io t i t e  o ccu rr ing  a s  i s o l a t e d  f la k e s  o r  c l u s t e r s  of 

f l a k e s ,  and o c c a s io n a l ly  shows a l t e r a t i o n  to  c h l o r i t e .

b) Amphibole. The amphibole in  ca lc  - s i l i c a t e s  i s  ty p i c a l l y  

hornblende w ith  X= p a le  yellow  to  c o lo u r l e s s ,  Y= p a le  g reen ,  Z= dark 

g reen  p leochroism . I t  occurs  a s  ragged  x e n o b la s t ic  p o ik i l o b l a s t i c
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c r y s t a l s ,  o r  more r a r e l y  a s  i d i o b l a s t i c  in c lu s io n  f r e e  b la d e s ,  in  which 

form i t  i s  u su a l ly  a l ig n e d  with c a x i s  p a r a l l e l  t o  th e  bedding s c h i s to -  

s i t y .  Where amphibole i s  seen r e p la c in g  pyroxene, i t  ta k e s  th e  form 

of small p a le  green  s l i g h t l y  p le o c h ro ic  n e e d le s ,  p o s s ib ly  of a more 

t r e m o l i t i c  com position.

c) Pyroxene i s  found in  c a l c - s i l i c a t e s  only in  th e  extreme e a s t  

of the  a r e a ,  around th e  e a s te rn  end of Loch E i l t  (Fig. 5*l)* I t  forms 

sm all ,  ragged , c o lo u r l e s s  g r a in s  w ith good c leavage in c l in e d  a t  about 

40° in  e x t in c t i o n ;  i t  i s  b i a x ia l  (+) with a 2V of about 40°. Almost 

in v a r ia b ly  a l t e r a t i o n  to  a t r e m o l i t i c  amphibole i s  ta k in g  p la c e ,  and 

th e  pyroxene may only be p re s e n t  a s  minute remnants in  a f ib ro u s  

amphibole mass.

2 ) F e ld sp a rs .  P la g io c la s e  i s  a lm ost always found in  the  c a l c - s i l i c a t e s ,  

only 4 of th e  samples taken  la ck in g  p la g io c la se  e n t i r e ly .  I t  occurs  

both a s  sm all g r a in s  in  th e  m a tr ix  and a s  l a r g e r  p o rp h y ro b la s ts .  

A l te r a t io n  i s  very  common, but the  number of g r a in s  showing a l t e r a t i o n  

tends  to  in c re a s e  eas tw ards ,  a t  the  same time th e  typo of a l t e r a t i o n  

changing in  c h a r a c te r  from c l a y - m in e r a l - s e r i c i t e  ag g reg a te s  to  muscovite 

and c l i n o z o i s i t e  breakdown p roduc ts .  I t  i s  n o ta b le  t h a t  th e  f e ld s p a r s  

in  c a lc  s i l i c a t e s  may show a l t e r a t i o n  when the  f e ld s p a r s  in  th e  su rround

ing p e l i t e  o r  psammite do n o t ,  p o ss ib ly  r e f l e c t i n g  the  h ig h e r  and more 

r e a d i ly  a v a i l a b l e  H^O and CÔ  c o n ten t  of the  c a l c - s i l i c a t e s .

A n o r th i te  d e te rm in a t io n s ,  where p o s s ib le ,  were made by th e  Michel- 

Levy method, which tends  to  g ive  a minimum e s t im a te  of a n o r t h i t e  co n ten t  

u n le ss  a c o r r e c t l y  o r ie n te d  g ra in  has been measured.

Along th e  west c o a s t  th e  f e ld s p a r s  a re  o f ten  very sm a ll ,  l i g h t l y  

a l t e r e d  and poorly  tw inned, but the  r e f r a c t i v e  index (e s t im a te d  by the
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Becke l i n e  method) and s ig n  d e te rm in a t io n s  were used f o r  approxim ate 

e s t im a te s .  In th e  extreme e a s t  of the  a r e a ,  a l though  good a l b i t e  

tw inning a llow ed  d e te rm in a t io n s  of a n o r th i t e  co n ten t  to  be made in many 

c a se s ,  many of the  f e ld s p a r  g r a in s  showed no tw inning. These however 

have very high r e l i e f ,  i n d ic a t in g  extrem ely a n o r th i t e  r i c h  com positions.

Many of th e  f e ld s p a r s  show s t r a i n e d  e x t in c t io n  o r  zoning , and in 

the  a re a  e a s t  of L o c h a i lo r t  p a r t i c u l a r l y ,  the  f e ld s p a r s  have an o u te r  

rim of l e s s  c a l c i c  com position then  th e  c e n t re .

K - fe ld sp a r  was no t found in  any of the  c a lc  s i l i c a t e s .  The K^O 

co n ten t  i s  low, u s u a l ly  0. 5-1.0%, and any K^O i s  presumably he ld  in  

b i o t i t e ,  o r  in  muscovite in  the  more po tash  r i c h  c a lc  s i l i c a t e s .

3) G arnet occurs  e i t h e r  a s  small a g g reg a te s  of small g r a in s  o r  l a r g e r  

p o rp h y ro b la s ts ,  i s  in v a r ia b ly  x e n o b la s t ic  and f u l l  of in c lu s io n s  (u su a l ly  

of q u a r tz ,  bu t a l s o  of p la g io c la s e ,  c l i n o z o i s i t e ,  sphene and c a l c i t e ) .

In hand specimen th e  g a rn e t  forms d i s t i n c t  p in k ish  brown p a tc h e s ,  o r  

nodules on weathered s u r f a c e s ,  and in  th in  s e c t io n  shows a s l i g h t  

yellow t in g e .  -

4) Epidote m inera ls

a)  Z o i s i t e  i s  th e  index m inera l f o r  Kennedy's low est two zones, 

and occurs  in  c a lc  s i l i c a t e s  th roughout the  w estern  p a r t  of th e  reg ion . 

Elongated s t r a i g h t - s i d e d  n eed le s  o r  b lades  a re  th e  commonest form, but 

s to u t  p r i s m a t ic  c r y s t a l s  a r e  a l s o  found. Where e lo n g a ted ,  th e  long 

axes  of c r y s t a l s  tend  to  l i e  in  th e  p lane  of the  bedding s c h i s t o s i t y .

I n te r f e re n c e  c o lo u rs  a re  low f i r s t - o r d e r  g re y s ,  sometimes with an 

anomalous brown t in g e .  Kennedy i d e n t i f i e d  the  z o i s i t e s  a s  the ^  form, 

suggested  to  be the  i r o n - f r e e  form of z o i s i t e  by Myer (1966), a l though  

o r i g i n a l l y  o 6 -z o is i t e  was regarded  a s  th e  i r o n - f r e e  orthorhombic ep id o te  

m ineral.
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b) C l in o z o is i t e  i s  found in  c a l c - s i l i c a t e s  th roughout th e  a r e a ,  

a s  in tu rg ro w th s  with amphibole o r  z o i s i t e ,  a s  g r a in s  in  a l t e r e d  p la g io 

c la se  f e ld s p a r ,  and a s  i r r e g u l a r  x e n o b la s t ic  i n t e r g r a n u la r  a g g reg a te s .  

I n te r f e re n c e  c o lo u rs  a r e  anomalous f i r s t  o rd e r  b lues  and yellow s. 

D is t in g u ish in g  between z o i s i t e  and c l i n o z o i s i t e  i s  d i f f i c u l t ,  th e  only 

t r u l y  d ia g n o s t ic  f e a t u r e  in  t h i n  s e c t io n  being  the  in c l in e d  e x t in c t i o n  

to  c leavage  in  th e  prism s e c t io n  of c l i n o z o i s i t e ,  whereas orthorhombic 

z o i s i t e  g iv e s  s t r a i g h t  e x t in c t io n .  Where t h i s  t e s t  has been p o s s ib le ,  

th e  anomalous i n t e r f e r e n c e  c o lo u rs  have been a s  d e sc r ib e d ,  blue in  

c l i n o z o i s i t e  and brown in  z o i s i t e ,  and t h i s  d i f f e r e n c e  has been accep ted  

a s  d ia g n o s t ic  w ith in  the  rocks  from t h i s  a re a .

5 ) C a lc i t e  i s  found mainly in  the  c a l c - s i l i c a t e s  of th e  w estern  p a r t  

of the  a r e a ,  and in  th e  e a s t  i s  found only in  minor amounts a s  a product 

of f e ld s p a r  o r  amphibole breakdown. S ing le  l a rg e  g r a in s  o r  ag g re g a te s  

of sm all g r a in s  a r e  t y p i c a l ,  o f te n  i n t e r f in g e r i n g  between o th e r  m a tr ix  

g r a in s .  Small g r a in s  a r e  o c c a s io n a l ly  seen a s  in c lu s io n s  w ith in  

g a r n e t ,  p a r t i c u l a r l y  in  the  c a l c - s i l i c a t e s  w ith in  th e  west c o as t  a re a .

Accessory m in e ra ls  in c lu d e  sphene, a p a t i t e ,  opaque i ro n  ox ides ,  e p id o te  

p ro p e r  and muscovite. Muscovite i s  found both a s  a  product of f e ld s p a r  

breakdown and a s  f l a k e s  w ith in  th e  m a tr ix  of c a l c - s i l i c a t e s  with a  K^O 

c o n ten t  h ig h e r  than  about 1%.

Metamorphic h i s to r y  from c a l c - s i l i c a t e  evidence

The th re e  ferrom agnesian  m in era ls  found in  c a l c - s i l i c a t e s ,  b i o t i t e ,  

amphibole and pyroxene a r e  each s ta b le  a t  p ro g re s s iv e ly  in c re a s in g  

metamorphic grade. The p o in t s  a t  which r e a c t io n s  occur with b i o t i t e  

b reak ing  down to  form amphibole and amphibole to  form pyroxene, depends 

a l s o  on the  bulk chem istry  of th e  rock (A therton , 1965), and th e  r a t i o  

CaO/Al^O^ can be used a s  a convenien t index of s i m i l a r i t y  between c a l c -
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s i l i c a t e s  f o r  r e a c t io n s  invo lv ing  th e se  m inera ls  (W inchester 1972, 1 9 7 4 a ) .  

Taking a number of c a l c - s i l i c a t e s  from a small l o c a l i t y ,  th e  CaO/Al 0 

r a t i o  above which a r e a c t io n  w i l l  occur can be determ ined from an 

exam ination of th e  fe rrom agnesian  m in e ra ls  p re s e n t  and t h e i r  r e l a t i o n 

sh ip s .  As an example, co n s id e r  an id e a l  s i t u a t i o n  where th e  r e a c t io n  

b i o t i t e  -  hornblende ta k e s  p lace  a t  a CaO/Al 0 r a t i o  of 0 .5  and above.
^ J

In c a l c - s i l i c a t e s  w ith a r a t i o  l e s s  than  0 .5  b i o t i t e  only should  be 

found, in  th o se  above 0 .5  amphibole only should  be found, and in those  

with r a t i o s  abou t 0 .5  amphibole and b i o t i t e  should  occur to g e th e r .

The d i r e c t i o n  of the  r e a c t io n  can be deduced from th e  r e l a t i o n s h ip s  of 

the two m in e ra ls ,  in  t h i s  case amphibole r e p la c in g  b i o t i t e .  S i tu a t io n s  

t h i s  c l e a r  c u t  a r e  in e v i ta b ly  ex trem ely unusua l ,  a s  minor v a r i a t i o n s  

in  H^O, COg and a l k a l i  co n ten t  may a f f e c t  th e  r e a c t io n ,  but an e s t im a te  

of the  c r i t i c a l  CaO/Al^O^ r a t i o  can o f te n  be made i f  the  range of r a t i o s  

found in c lu d e s  th e  c r i t i c a l  r a t i o .  At a h ig h e r  metamorphic g rade ,  th e  

r a t i o  a t  which t h i s  r e a c t io n  could occur w i l l  be lower than  0 .5 ,  but 

a t  lower l e v e l s  of metamorphism th e  r e a c t io n  may only be p o s s ib le  in  

those  c a l c - s i l i c a t e s  w ith a  much h ig h e r  amount of CaO in  r e l a t i o n  to

Using t h i s  model i t  i s  p o s s ib le  to  make e s t im a te s  of th e  peak 

metamorphic grade f o r  a  number of l o c a l i t i e s ,  g iven  s u i t a b le  samples, 

and th u s  to  b u i ld  up a p ic tu r e  of th e  metamorphic p a t t e r n  over a  l a r g e r  

a re a .  I t  has a l s o  proved p o s s ib le  in  t h i s  s tu d y ,  from a  c o n s id e ra t io n  

of the  rep lacem ent t e x t u r e s ,  to  a s s e s s  th e  l e v e l  of metamorphism no t 

only in  an e a r ly  prograde even t ,  bu t a l s o  th e  degree of metamorphism 

a t t r i b u t a b l e  to  a  l a t e r ,  r e t r o g r e s s iv e  ep isode.
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Une of the  major problems in  t h i s  study  lay  in  th e  r e s t r i c t e d  

range of CaO/Al^O^ r a t i o s  found in  the  c a l c - s i l i c a t e s  ana lysed . Only 

4 of th e  106 a n a ly se d  showed CaO/Al^O^ r a t i o s  in  excess  of 0 . 7 5 , and 

t h i s  in e v i t a b ly  r e s t r i c t e d  th e  degree of d e t a i l  which could be re so lv e d  

in  th e  metamorphic p a t t e r n s  observed.

Evidence a v a i l a b l e  from th e  p e l i t e s  in  th e  a re a  was used to  s u p p le 

ment t h a t  from th e  c a l c - s i l i c a t e s ,  mainly in  th e  lo c a t io n  of th e  k y a n i te  

and s i l l i m a n i t e  zones of metamorphism. The reg ion  can be conven ien tly  

co n s id e red  in  two p a r t s ,  the  a re a  west o f L o c h a i lo r t ,  in  which only a

l im i t e d  number of samples were c o l l e c t e d ,  and the  more c lo s e ly  sampled

a re a  ex tend ing  e a s t  from L o c h a i lo r t  to  th e  e a s te rn  end of Loch E i l t .

1) West c o a s t  to  L o c h a i lo r t

Kennedy (l949) used a  breakdown r e a c t io n  of b i o t i t e  to  mark th e  

upper l i m i t  of h i s  low est zone, th e  b i o t i t e - c a l c i t e - z o i s i t e  zone, 

quo tin g  th e  r e a c t io n :

b i o t i t e  + c a l c i t e  ( z o i s i t e )  -» hornblende (5* 3 )

This low est zone covers  only th e  extreme west co as t  of Morar, west of a 

l i n e  from Miallaig to  A risa ig  (F ig . 5*3)* However, of th e  24 samples 

taken w ith in  the  h ig h e r  z o i s i t e  ( b i o t i t e  f r e e )  zone a l l  con ta ined  

b i o t i t e ,  and only one showed amphibole r e p la c in g  b i o t i t e  (DP 127)*

I t  i s  s i g n i f i c a n t  t h a t  th e  am phibole-b ea r in g  c a l c - s i l i c a t e  has the  

h ig h e s t  CaO/Al^O^ r a t i o  (O.642),  so t h a t  r e a c t io n  could probably  no t 

occur in  th e  o th e r  c a l c - s i l i c a t e s .  W inchester (l972) in d ic a te d  t h a t  

f o r  c a l c - s i l i c a t e s  in  t h i s  zone in  th e  F ann ich -a rea  th e  b i o t i t e  - 

hornblende r e a c t io n  only occurred  a t  r a t i o s  exceeding 1 . 0  a t  th e  low er 

grade and a t  r a t i o s  in  excess o f  0 .5  a t  th e  h ig h e r  g rade l i m i t .

W ithin the  b i o t i t e - c a l c i t e - z o i s i t e  zone, Kennedy in d ic a te d  t h a t  

the assemblage b i o t i t e - h o m b l e n d e - z o i s i t e - c a l c i t e - g a m e t  was s t a b l e ,  

and co n f irm a tio n  of t h i s  assemblage (NC3O9 ) in d ic a te d  t h a t  th e  low est
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Figure 5.3

Mineral assem blages  
of ca lc-silicate  rocks.West Morar

M e ta m o r p h ic  z o n e  b o u n d a r ie s ,  a f t e r
y  K e n n e d y ( 1 9 4 9 ) - s e e  F ig u r e  5 .1  

O  B i o t i t e

-<J)- B i o t i t e  -  A m p h ib o le  

C B i o t i t e  -  Z o i s i t e  

#  B i o t i t e - Z o i s i t e - C a l c i t e

♦ G a r n e t  

_  X Q u a r t z

P la g io c la s e  
( •/•A n  g iv e n )

^Miles
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zone l i e s  w ith in  th e  h ig h e s t  p a r t  of the  g r e e n s c h i s t  f a c i e s  in  the  

q u a r tz -a lb i te - e p id o te - a lm a n d in e  s u b fa c ie s  (W inkler, 1967)*

Kennedy d e f in e d  th e  upper l i m i t  o f th e  z o i s i t e  zone by th e  

r e a c t io n  :

2 z o i s i t e  3 A n o r th i te  + Ca(OH)^ (5*^)

and drew a boundary l i n e  running n o r th -so u th  through L o c h a i lo r t  ( F ig .3*3)' 

The Ardnish Psammite l i e s  j u s t  to  the  west of t h i s  l i n e ,  and a s  c a l c -  

s i l i c a t e s  a r e  very r a r e l y  found in  a l l  but the  low est and h ig h e s t  p a r t s  

of t h i s  group, no evidence was g a th e red  from L o c h a i lo r t  west to  A rnipol 

on th e  n o r th  s id e  of Loch A i lo r t  and Roshven on th e  south  s id e .  In 

the L o c h a i lo r t  a re a  no c a l c - s i l i c a t e s  ana ly sed  con ta ined  z o i s i t e ,  whereas 

most of those  west of th e  Ardnish Psammite d id  co n ta in  z o i s i t e .  Again 

low CaO/Al^O^ r a t i o s  in  th e  samples may be reducing  the  degree of 

d e f i n i t i o n  o b ta in e d ,  bu t th e  metamorphic p a t te r n  from th e  west co as t  

to  L o c h a i lo r t  observed in  t h i s  study cannot be s a id  to  be d i f f e r e n t  

from t h a t  deduced by Kennedy. A l a r g e r  sample, p a r t i c u l a r l y  of c a l c -  

s i l i c a t e s  w i th ’ h ig h e r  CaO/Al^O^ r a t i o s  might w ell p rov ide  a  more p r e c i s e  

p ic tu r e .

2 ) L o c h a i lo r t  eas tw ards to  th e  e a s te rn  end of Loch E i l t .

The m inera l assem blages of the  c a l c - s i l i c a t e s  in  t h i s  a r e a  may be 

cons idered  in  two p a r t s ;

a )  with r e s p e c t  to  the  evidence they p rov ide  f o r  th e  grade of metamorphism 

ach ieved  in  th e  rocks  during  a prograde metamorphic event.

b) with r e s p e c t  to  the  evidence they  p rov ide  f o r  a  l a t e r ,  r e t r o g r e s s iv e  

even t.
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a) F i r s t  event

The w estern  margin of th e  L o c h a i lo r t  P e l i t i c  Group marks th e  

approxim ate p o s i t i o n  of th e  upper l i m i t  of Kennedy’s z o i s i t e  zone, but 

a s  a l re a d y  n o te d ,  no z o i s i t e  was found in  th e  an a ly sed  c a l c - s i l i c a t e s  

from th e  a r e a  about th e  boundary; However, i t  i s  in  t h i s  reg io n  th a t  

th e  metamorphism reached  a  l e v e l  where th e  r e a c t io n  invo lv ing  breakdown 

of b i o t i t e  to  form hornblende can ta k e  p la ce  in  c a l c - s i l i c a t e s  of low 

CaO/AlgO^ r a t i o ,  and t h i s  r e a c t io n  can be p lo t t e d  in  term s of d e c re a s 

ing c r i t i c a l  r a t i o  eastw ards .

By I n v e r a i l o r t  Bridge (Fig. 3*^) amphibole forms a t  the  expense 

of b i o t i t e  a t  a GaO/Al^O^ r a t i o  of abou t O.5O, w hile  l e s s  than  1km to  

th e  n o r th  e a s t  amphibole occurs  in  c a l c - s i l i c a t e s  w ith r a t i o s  of 0 . 3O 

and l e s s .  W inchester ( l97^) reg a rd s  those  c a l c - s i l i c a t e s  w ith a r a t i o  

of l e s s  than  0 . 3  a s  semipsammites r a t h e r  than  c a l c - s i l i c a t e s ,  bu t th e  

specimens d es c r ib e d  here  have a l l  th e  chemical c h a r a c t e r i s t i c s  of 

c a l c - s i l i c a t e s ,  and c e r t a in l y  develop th e  a p p ro p r ia te  m ineral assem

b lages .

l|km  to  th e  n o r th ,  and 3OO m etres h ig h e r ,  by Loch an l a s g a i r  and 

on the  south  west r id g e  of Creag Bhan (Fig. 3*^) t h i s  eastw ard  re d u c t io n  

in  the  c r i t i c a l  r a t i o  can aga in  be d e te c te d ,  enab l ing  "chemical isog rads"  

to  bo drawn f o r  th e  b io t i te -a m p h ib o le  r e a c t io n  in  t h i s  a re a .  These 

correspond in  t h e i r  t r e n d  (Fig. 3*4) both to  Kennedy's z o i s i t e  zone 

upper boundary and to  the  w estern  l i m i t  of a  zone of r e g io n a l  migmati- 

s a t io n  a s  d e f in e d  by the  G eo log ica l Survey (l'-’ s h e e t . 6I ,  1971 )*

The Iso g rad  marking th e  r a t i o  0.40 f o r  t h i s  r e a c t io n  i s  a l s o  

regarded  by W inchester ( l974) a s  th e  lower boundary of k y a n i te  zone 

metamorphism, which would appear to  be confirmed by th e  r a r e  development



FIGURE 3 .4

M ineral assem blages o f  c a l c - s i l i c a t e  ro ck s ,  e a s te rn  Morar

F igure  3 .4 .1  shows m in e ra l  assem blages and p la g io c la s e  f e ld s p a r s  

a t t r i b u t e d  to  th e  f i r s t  metamorphic even t i n  th e  a r e a ,  w hile  

F igure  3 .4 .2  in d i c a t e s  th e  e f f e c t  o f  th e  second metamorphic ev en t 

upon the  e a r l i e r  assem blages . Each p o in t  r e p re s e n t s  up to  8 

in d iv id u a l  samples; g a rn e t  and q u a r tz  a r e  always p r e s e n t ,  w ith  

a d d i t i o n a l  m afic m in e ra ls  a s  fo l lo w s:

O  S tab le  m afic m in e ra ls  □  U nstab le  m afic  m in e ra ls

O  B i o t i t e  u  Amphibole b reak ing
down to  c h l o r i t e  o r  
c a l c i t e  + c l i n o z o i s i t e

O  Amphibole g  Amphibole b reak ing
down, b i o t i t e  s t a b l e

Pyroxene b reak ing  
down to  amphibole0  Pyroxene ®

P la g io c la s e  com positions ( < ^ o r t h i t e )  a r e  g iven  by th e  upper f ig u r e s

in  Figure 3 .4 .1 ,  and in  F igure 3 .4 .2  A in d i c a te s  a l t e r a t i o n  o f  f e ld s p a r s  

w hile  ^  i n d i c a t e s  t h a t  f e ld s p a r s  a r e  zoned (rims a r e  in v a r i a b ly  l e s s  

c a l c i c  than  c o re s ) .

CaO/Al^O^ r a t i o s  (m u l t ip l ie d  by 100 to  e l im in a te  decim al p o in t s )  

a r e  given by th e  numbers i n  F igure  3 - 4 .2 ,  and th e  low er numbers o f  

th e  p a i r s  in  Figure 3*4 .1 . For s t a b l e  amphibole and pyroxene th e se  

va lues  a r e  th e  minimumfound in  samples co n ta in in g  th e  m in e ra ls ,  w hile  

f o r  b i o t i t e  and u n s ta b le  pyroxene o r  amphibole, th e  v a lu es  a r e  th e  

maximum found. (See t e x t  f o r  d e t a i l s )

' ‘0*5 '— . C r i t i c a l  CaO/Al^O^ r a t i o  is o g ra d s  f o r  rep lacem ent o f  b i o t i t e
   by amphibole.  ̂ 0 .4  r a t i o  i s  e q u iv a le n t  to  low er

—' k -  l i m i t  o f  k y an i te  grade metamorphism, even t 1 . K yanite 
found in  p e l i t e  a t  l o c a l i t y  @

S Western l i m i t  o f  s i l l i m a n i t e  grade metamorphism, even t 1. 
S i l l im a n i te  in  p e l i t e s  found a t  l o c a l i t i e s

* -— Western margin o f  P yroxene-A north ite  zone (Kennedy, 1949)

P Western l i m i t  o f  t r a n s g r e s s iy e  pegm atites  (Geol. S u r v . )
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of k y a n i te  in  the  p e l i t e s  of the  L o c h a i lo r t  P e l i t i c  Group, which l i e  

Immediately e a s t  of t h i s  iso g rad .  F u r th e r  eastw ards  the  upper l i m i t  

of th e  k y a n i te  zone can be d e f in e d  by the  occurrence of s i l l i m a n i t e  

and s t a u r o l i t e  in  th e  p e l i t e s  of th e  A r i e n i s k i l l  P e l i t i c  Group and in 

a minor p e l i t e  of th e  A r i e n i s k i l l  Psammite, th u s  r e s t r i c t i n g  the  

k y a n i te  zone to  a s t r i p  about l |km  wide running  n o r th -so u th  and ex ten d 

ing e a s t  from the  w estern  margin of th e  L o c h a i lo r t  P e l i t i c  Group.

S i l l im a n i t e  grade metamorphism can be reco g n ised  in  the  c a l c -  

s i l i c a t e s  on the  b a s i s  of two c r i t e r i a  (W inchester, 197^):

a)  The appearance of pyroxene in  c a l c - s i l i c a t e s  w ith  a CaO/Al^O^ 

r a t i o  l e s s  than  1 .0

or  b) The appearance of bytow nite in  c a l c - s i l i c a t e s  w ith  a r a t i o  

l e s s  than  0 .? .

The f i r s t  c r i t e r i o n  i s  no t f u l f i l l e d  in  th e  A r i e n i s k i l l  a r e a ,  s in ce  

none of th e  an a ly sed  c a l c - s i l i c a t e s  have a s u f f i c i e n t l y  h igh CaO/Al^O^ 

r a t i o ,  bu t bytow nite  i s  found in  c a l c - s i l i c a t e s  with r a t i o s  a s  low a s  

0 .48 in  th e  A r i e n i s k i l l  P e l i t e .

F u r th e r  eastw ards between A r i e n i s k i l l  and Ranochan l i e s  a th ic k  

psammite with very r a r e  c a lc - s i l i c a te b a n d s , so t h a t  evidence f o r  meta

morphic grade i s  la ck in g .  The metamorphic grade must con tinue  to  r i s e  

eas tw ards ,  however, s in ce  a t  Ranochan pyroxene-bearing  c a l c - s i l i c a t e s  

a r e  found f o r  th e  f i r s t  time. This  i s  in  agreement w ith Kennedy's 

p la c in g  of th e  lower boundary of h i s  p y ro x e n e -a n o r th i te  zone j u s t  to  

the  west o f Ranochan, but the  va lue  of t h a t  boundary a s  an iso g rad  i s  

reduced by th e  p o s s i b i l i t y  th a t  pyroxene could  occur in  c a l c - s i l i c a t e s  

west of t h a t  l i n e ,  g iven  a  s u f f i c i e n t l y  high CaO/Al^O^ r a t i o .
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W inchester ( l9?4 )  s t a t e s  t h a t  no Moine c a l c - s i l i c a t e s  so f a r  

an a ly sed  with CaO/Al^O^ r a t i o s  of l e s s  than  0.75 have been found to  

c o n ta in  pyroxene, bu t pyroxene i s  found by Ranochan in  c a l c - s i l i c a t e s  

with a r a t i o  of 0 .? 0 ,  and th e  c r i t i c a l  r a t i o  f a l l s  r a p id ly  eastw ards 

u n t i l  1km e a s t  of th e  end of Loch E i l t  c a l c - s i l i c a t e s  with a r a t i o  a s  

low a s  0 .52  a r e  found to  co n ta in  pyroxene. The e f f e c t  of t h i s  on the

hornblende -  pyroxene r e a c t io n  boundary in  F igure  5* 2 has a l re a d y

been n o te d ,  th e  l i n e  moving from A-B to  B-C. Chemical iso g rad s  f o r

the  hornblende -  pyroxene r e a c t io n  could  n o t  be drawn with any

degree of c e r t a i n t y ,  bu t would appear to  run NNE-SSW l i k e  those  de f in ed  

a t  L o c h a i lo r t .

Up to  t h i s  p o in t  the  metamorphic p a t t e r n  in d ic a te d  by Kennedy 

would seem to  be v a l i d ,  and th e  zones he drew a r e  adequa te  e s t im a to rs  

of th e  peak metamorphic g rade ach ieved  a c ro s s  the  a re a .  The lo c a t io n  

of th e  metamorphic maximum, and the  p o in t  where grade s t a r t s  to  d e c l in e  

ag a in  must l i e  somewhere e a s t  of Loch E i l t ,  but w i l l  only be d e te c ta b le  

by sampling f u r t h e r  eastw ards  towards Glenfinnan.

b) Second event

Kennedy no ted  th e  p resence  of c l i n o z o i s i t e  a s  a lo c a l  development 

w ith in  the  h igh grade assem blages ,  which he a t t r i b u t e d  to  l o c a l i s e d  

r e t ro g ra d e  r e a c t io n .  However, th e  c a l c - s i l i c a t e s  everywhere e a s t  of 

L o c h a i lo r t  show te x tu r e s  in d ic a t in g  breakdown of amphibole, pyroxene, 

and f e ld s p a r  a l s o  show re v e rse  zoning, so t h a t  th e  r e t r o g r e s s io n  

would appear  to  be a more g e n e ra l  event.

In th e  pyroxene-bearing  c a l c - s i l i c a t e s ,  the  pyroxene i s  in v a r ia b ly  

seen to  be b reak ing  down, u s u a l ly  to  t r e m o l i t i c  amphibole n e e d le s ,  

and in  many cases  th e  only pyroxene remaining i s  a s  minute fragm ents  

in a g g re g a te s  of n e e d le - l ik e  amphibole.
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Often two g e n e ra t io n s  of amphibole can be d i s t in g u is h e d ,  la rg e  

e a r ly  formed hornblende fragm ents  having margins f r i l l e d  by l a t e r  

amphibole n eed le s .  In r a r e  in s ta n c e s  a complete sequence of even ts  

can be d is c e rn e d ,  la rg e  hornblendes showing m arginal breakdown to  

pyroxene (p ro g ra d e ) ,  the pyroxene in  tu rn  r e v e r t in g  to  a c i c u l a r  

amphibole which a l s o  overgrows th e  e a r ly  hornblende ( re t ro g ra d e  pyroxene 

breakdown and re g e n e ra t io n  of am phibole).

Amphibole breakdown i s  to  c h l o r i t e  and c a l c i t e  r a t h e r  than  b i o t i t e ,  

p o s s ib ly  by r e a c t io n s  such a s ;

Hornblende c h l o r i t e  + t r e m o l i t e / a c t i n o l i t e  + ep id o te  + q u a r tz  (5* 5)

and A c t i n o l i t e  + e p id o te  + Ĥ O + GÔ  c h l o r i t e  + c a l c i t e  + q u a r tz  (5 . 6 )

(W inkler, 196?)

These r e a c t io n s  invo lve  th e  in t ro d u c t io n  of v o l a t i l e s ,  and could th u s  

account f o r  th e  p resence  of c l i n o z o i s i t e  a s  a  common in t e r g r a n u la r  phase 

in  the  c a l c - s i l i c a t e s  of th e  a re a .

Again whole rock chem istry  de term ines  th e  p o in t  of r e a c t io n ,  and 

c r i t i c a l  CaO/Al^O^ r a t i o s  may be deduced from a c o n s id e ra t io n  of whether 

amphibole i s  b reak ing  down o r  a second phase of amphibole growth has 

s t a r t e d .

By th e  e a s te rn  end of Loch E i l t ,  th e  c r i t i c a l  r a t i o  would appear 

to  be about 0 .4 ,  th o se  c a l c - s i l i c a t e s  with a lower r a t i o  showing 

amphibole b reak ing  down, while th o se  above t h i s  r a t i o  have amphibole . 

growing over e a r l i e r  amphibole/pyroxene. However, on th e  southern  

s lo p es  of G la s -ch a rn ,  1km n o r th  and some 500m h ig h e r  in  a l t i t u d e ,  th e  

c r i t i c a l  r a t i o  i s  abou t 0.5» in d ic a t in g  t h a t  a t  the  h ig h e r  a l t i t u d e  a 

lower metamorphic grade was ach ieved  in  th e  second metamorphic ep isode.

The breakdown of amphibole by Loch E i l t  a t  abou t 0 .4  might be regarded  

a s  an i n d i c a t io n  t h a t  t h a t  reg ion  was he ld  a t  about k y a n i te  grade
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during  th e  second metamorphic e v e n t ,  i f  th e  breakdown to  c h l o r i t e  

r a t h e r  than  b i o t i t e  can be a t t r i b u t e d  simply to  th e  a v a i l a b i l i t y  of 

COg and H^O. In t h i s  r e s p e c t  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  

w estern  margin of a  reg io n  of l a rg e  t r a n s g r e s s iv e  p eg m ati te s  has been 

mapped by th e  G eo lo g ica l  Survey a s  ly in g  j u s t  to  th e  e a s t  of th e  a r e a  

(Fig. 5*^) and may in d i c a te  th e  a v a i l a b i l i t y  of v o l a t i l e s .

Moving westwards to  A r i e n i s k i l l ,  amphibole break down to  b i o t i t e  

o r  c h l o r i t e  and c a l c i t e  occurs  only in  th o se  c a l c - s i l i c a t e s  w ith a  

GaO/Al^O^ r a t i o  l e s s  than  O.5 » and by L o c h a i lo r t  amphibole breakdown 

i s  r a r e ,  th e  main s ig n s  of r e t r o g r e s s io n  being  in  th e  f e ld s p a r s .

In most of th e  c a l c - s i l i c a t e s  e a s t  o f L o c h a i lo r t  f e ld s p a r  has 

s u f f e r e d  breakdown, u su a l ly  to  f i n e  f l a k e s  o f muscovite a l ig n e d  w ith  

the  remnant a l b i t e  tw inning  bu t a l s o  in  some cases  to  c l i n o z o i s i t e .  F e ld sp a r  

zoning i s  common both  in  th e  c a l c - s i l i c a t e s  and th e  a d jo in in g  p e l i t e s ,  

th e  o u te r  zones in v a r i a b ly  being  l e s s  c a l c i c  than  th e  c e n t r e .

C onclusions

The p a t t e r n  of metamorphism deduced by Kennedy (l949) f o r  t h i s  

a re a  would appea r  to  be e s s e n t i a l l y  c o r r e c t  when co n s id e re d  in  term s 

of th e  g e n e ra l  p a t t e r n  of metamorphism. This  work confirm s th e  g e n e ra l  

r i s e  in  metamorphic grade eas tw ard s ,  from upper g r e e n s c h i s t  f a c i e s  on 

the  west c o a s t  to  s i l l i m a n i t e  grade (upper a lm and ine -am phibo lite  f a c i e s )  

by th e  e a s te rn  end o f Loch E i l t .  However, exam ination o f  the  

c a l c - s i l i c a t e s  a l s o  produces ev idence o f  a l a t e r  s ta g e  o f  metamorphism, 

which has r e s u l t e d  i n  a zone o f  marked r e t r o g r e s s io n  w i th in  th e  a re a  

o f  h ig h e s t  metamorphic g rade ,

Kennedy's low est two zones, th e  b i o t i t e - c a l c i t e - z o i s i t e  zone and 

the  z o i s i t e  zone, could n o t  be confirmed because o f  th e  l im i te d  range
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o f  CaO/AlpO^ r a t i o s  found in  th e  c a l c - s i l i c a t e  specimens a n a ly se d .

In f a c t ,  b i o t i t e  o ccu rs  w ith  z o i s i t e  th roughou t th e  z o i s i t e  zone, so 

t h a t  th e  zone would ap p ea r  to  be o f  l i t t l e  va lue  o r  v a l i d i t y .

The w estern  margin o f  th e  L o c h a i lo r t  P e l i t i c  Group app rox im ate ly  

co in c id e s  w ith  th e  i s o g ra d  marking th e  low er boundary o f  a narrow zone 

o f  k y a n i te  grade metamorphism, a l th o u g h  k y a n i te  i s  very  r a r e l y  developed 

in  th e  o e l i t e s .  F u r th e r  sampling to  th e  n o r th  and sou th  would be ve ry  

u s e f u l  in  h e lp in g  to  c l a r i f y  th e  r e l a t i o n s h i p  between th e  boundary o f  th e  

p e l i t i c  u n i t  and th e  i s o g r a d .

Eastwards from t h i s  k y a n i te  zone, th e  a r e a  has undergone s i l l i m a n i t e  

grade metamorphism, in d ic a te d  b o th  by th e  c a l c s i l i c a t e  m in e ra l  

assem blages and th e  r a r e  occu rren ce  o f  s i l l i m a n i t e  and s t a u r o l i t e  i n  

th e  p e l i t i c  ro c k s .  I t  i s  w i th in  t h i s  a re a  t h a t  th e  c a l c - s i l i c a t e s  

prov ide  ev idence  f o r  a second metamorphic e v e n t ,  which produced marked 

r e t r o g r e s s io n  in  th e  a re a  between L o c h a i lo r t  and Ranochan. This seems 

to  i n d i c a t e  e i t h e r  t h a t  a low er metamorphic maximum was ach ieved  

o v e r a l l ,  o r  t h a t  th e  c e n t re  o f  metamorphism was d i s p la c e d  ea s tw ard s ,  

producing metamorphism on ly  to  abou t k y a n i te  grade in  th e  a re a  about 

Ranochan. Again f u r t h e r  sampling would h e lp  improve th e  p i c t u r e ,  

p a r t i c u l a r l y  ta k in g  advantage o f  th e  800 m etres  o f  v e r t i c a l  r e l i e f  

a v a i l a b l e  to  th e  e a s t  on th e  s lo p e s  o f  Sgurr a Mhuidhe.
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Appendix I

C a l ib r a t io n  f o r  ma.jor element a n a ly s i s  by X-ray 

f lu o re sc e n c e  tech n iq u es

In tro d u c t io n

To c a l i b r a t e  f o r  any s in g le  e lem ent, d r i f t  c o r re c te d  counts  on a 

number of known s tan d a rd s  a r e  re g re s s e d  a g a in s t  some value  r e p re s e n t in g  

the  p ro p o r t io n  of the  element (o r  i t s  ox ide) in  each of the  s ta n d a rd s ,  

g iv in g  c o n s ta n t  term s f o r  th e  polynomial ex p ress io n  r e l a t i n g  th e  two.

I f  simple v a lu es  of element p e rcen tage  a r e  used , th e  r e g re s s io n  

l i n e s  a r e  a p p re c ia b ly  curved because of mass a b s o rp t io n  e f f e c t s ,  and 

can be used only over a very  l im i te d  range of rock com positions with 

s im i l a r  mass a b s o rp t io n  c h a r a c t e r i s t i c s .  To a n a ly se  a wide v a r i e t y  of 

ro ck s ,  and a  l a r g e r  range o f element p ro p o r t io n s ,  a number of such 

cu rves  f o r  each element w i l l  be necessary .  Some e s t im a te  of composi

t io n  must be made f o r  any unknown sample which i s  to  be an a ly se d ,  so 

t h a t  th e  s e r i e s  of c a l i b r a t i o n s  a p p ro p r ia te  to  t h a t  com position may 

be s e le c te d .  Even when mass a b s o rp t io n  c o r r e c t io n s  a r e  to  be a p p l ie d ,  

a l lo w in g  s t r a i g h t  c a l i b r a t i o n  l i n e s  ( i . e .  l i n e a r  eq u a t io n s )  to  be used, 

th e  i n i t i a l  e r e c t io n  of c a l i b r a t i o n  l i n e s  i s  a problem. E m p ir ica lly  

d e r iv e d  s t r a i g h t  l i n e s ,  based on a very l im i te d  number of w ell ana ly sed  

s ta n d a rd s  may be used, bu t e r r o r s  may be in troduced .

In an a t te m p t to  e l im in a te  such e r r o r s ,  le a v in g  only random e r r o r s  

of sample p r e p a r a t io n ,  and th o se  in h e re n t  in  th e  XRF method, a method 

of r e c a l c u l a t i n g  th e  com position of rock s tan d a rd s  has been d e r iv e d  

from a c o n s id e ra t io n  of th e  mass a b s o rp t io n  c o r r e c t io n  method. This 

n o t  only reduces  e r r o r  in  th e  i n i t i a l  e s t im a te  of com position from the  

measured c h a r a c t e r i s t i c  X-ray i n t e n s i t i e s ,  bu t a l s o  g iv e s  remarkably 

s t r a i g h t  c a l i b r a t i o n  r e g re s s io n  l i n e s  over a very wide range of element 

p ro p o r t io n s ,  in  a l a rg e  v a r i e ty  of rock types .
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The fo llow ing  s e c t io n s  g iv e  the  b a s is  of th e  mass a b so rp t io n  and 

v o l a t i l e  lo s s  c o r r e c t io n s  performed in  th e  computer program MUBACK.

Some background theo ry  of mass a b so rp t io n  c o n s ta n ts  and th e  d e r iv a t io n  

of mass a b s o rp t io n  c o r r e c t io n  m a tr ic e s  i s  a l s o  g iven  a s  an in t ro d u c t io n  

to  th e  s e c t io n  on mass a b so rp t io n  c o r re c t io n s .

a )  C o rrec t io n  f o r  v o l a t i l e  lo s s e s  during  fu s io n  i s  e s s e n t i a l ,  s in ce  

th e se  l o s s e s  (o f  CO^fH^O, e t c . )  change th e  d i l u t i o n  of rock in  f lu x  of 

th e  f in i s h e d  d is c .

Consider f i r s t  a rock with no v o l a t i l e s  to  l o s e ,  and SiO^ c o n ten t  

of 50%* The weight befo re  fu s io n  i s  given by:

0.400g rock powder

2.855% f lu x

1.255% t o t a l  weight

Since no v o l a t i l e s  a r e  l o s t ,  t h i s  i s  a l s o  th e  weight of th e  mix a f t e r

fu s io n ,  and th e  rock forms (0 .4 /3 .2 5 5 )  x 100 = 12.289^ of th e  t o t a l

d is c  w eigh t,  and th e  SiO in  th e  d is c  = (O.4 x 0 . 5 0 ) x 100 = 6 .144^  of
^ 3-255

th e  t o t a l .

Now i f  the  rock had con ta ined  50% SiC^, 25% v o l a t i l e s  and 25% o th e r

non- v o l a t i l e s  by w eight, then  th e  weight befo re  fu s io n  would be a s  g iven

ab o v e , 3 . 255g bu t th e  weight a f t e r  fu s io n  would be :

0 .4  X 0 .7 5  = 0 . 300g rock (0 .75  i s  th e  weight f r a c t i o n  of non- v o l a t i l e s )  

2.855% f lu x  

T o ta l  weight 3 .155% a f t e r  fu s io n

Of t h i s  fu s io n  th e  rock forms (0 .4  x 0 .7 5 ) x 100 = 9*509% by weight
3.155

and th e  SiO in  th e  d is c  forms: (0 .4 x 0. 50) x 100 = 6 . 339% by weight.
^ 3 .155

Since a d i l u t i o n  o f 12.289% in  a  fu s io n  r e p re s e n t s  100^ of non

v o l a t i l e  components, then  a  d i l u t i o n  of 9*509% must be e q u iv a le n t  to

ë ü  “ 77 . 378^
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This means t h a t  a  rock with 75^ n o n - v o la t i l e s  w i l l  g ive  an a n a ly s i s  

t o t a l l i n g  7 7 ' 378% ( i f  th e  only e r r o r s  a r e  those  from fu s io n  l o s s e s ) .

The o p e ra t io n  can be reduced to  th e  fo llow ing  g en e ra l  eq u a t io n :

Xg = X (2 .8 55  + 0 .4 )  3'255x^ ( l . l )

( 2 .855  + (0 .4T/100) ) (2 .855  + (O.OOW) )

where i s  th e  o r ig i n a l  weight p e r  cen t ,  of an ox ide , x^ i s  th e  apparen t  

pe rce n tag e  a f t e r  v o l a t i l e  l o s s e s ,  and T i s  th e  t o t a l  weight p e r  cen t ,  

o f n o n - v o la t i l e s  in  the  rock.

I f  x^ = T, then  x^ i s  th e  t o t a l  expected  f o r  th e  a n a ly s i s .  I t  

can be seen from t h i s  t h a t  any a n a ly s i s  of a rock co n ta in in g  v o l a t i l e s  

w i l l  g ive  a h ig h e r  ap p a re n t  t o t a l  of n o n - v o la t i l e s ,  and a h ig h e r  value  

f o r  each of th e  elem ents. The s iz e  of th e  e f f e c t  on t o t a l s  can be 

seen in  Table I . 1 .

The e r r o r  i s  d i s t r i b u t e d  p r o p o r t i o n a l ly  among the  elem ents of the  

t o t a l ,  so t h a t  f o r  s i l i c e o u s  rocks  most of th e  e r r o r  from v o l a t i l e  

lo s s e s  w i l l  be a p p o r t io n ed  to  s i l i c a ,  e .g .  rocks with  up to  5^  v o l a t i l e s  

and about 30% SiO^ w i l l  show e r r o r s  of l e s s  than +0 . 3% in th e  s i l i c a

percen tag e  a r i s i n g  p u re ly  from t h i s  source .

C o rre c t io n s  can be q u i t e  e a s i l y  made, e i t h e r  m a them a tica lly ,  o r  

p h y s ic a l ly  du ring  th e  p r e p a ra t io n  of th e  d is c  (P a d f ie ld  & Gray, 1971).

From equa tion  1.1 i t  can be shown t h a t :

Tj = ___ 2^815_____
2 : -  0.004 ( 1. 2 )

"2

where T̂  i s  th e  t r u e  t o t a l ,  and T^ i s  th e  t o t a l  from the  a n a ly s i s .  

C o rre c t io n s  to  in d iv id u a l  oxide o r  element p e rce n tag es  a r e  of th e  

form :

X, = x^.T^/T^ 

where x^ i s  r e a l  and x^ ap p are n t  percen tage .



109.

V o la t i l e s  True T o ta l  Apparent T ota l

0 .5 99.50 99.56

1 .0 99.00 99.12

1.5 98.50  . 98.68

2 .0 98 .00 98 .24

2 .5 97 .50 97.80

3.0 97.00 97 .36

3.5 96 .50 96.92

4 .0 96.00 96.47

4 .5 95 .50 9 6 .03

5 .0 95.00 95 .5 9

6 .0 94.00 9 4 .69

7 .0 93.00 93.81

8 .0 92.00 92.91

9 .0 91 .00 92.02

10.0 90.00 91 .12

15 .0 85 .00 86 .60

25 .0 7 5 .0 0 7 7 .3 8

5 0 .0 5 0 .00 53.273

TABLE 1.1 E f fe c t  on ap p a re n t  t o t a l s  o f  v o l a t i l e  lo s s e s

during  fu s io n  o f  samples, assuming e r r o r s  a r i s e  

from no o th e r  so u rce .  (For f u l l  d e t a i l s  see t e x t )
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This method makes no allow ance f o r  e r r o r s  in  th e  a n a ly s i s  from 

any o th e r  sou rce ,  and f o r  more a c c u ra te  a n a l y s i s ,  p a r t i c u l a r l y  of h ig h -  

v o l a t i l e  ro ck s ,  c o r r e c t io n s  can be made to  th e  d is c .  I f  th e  f l u x -  

rock mix i s  weighed in  th e  c r u c ib le  befo re  and a f t e r  f u s io n ,  then  the  

weight lo s s  can be made up w ith  f lu x .  This b r in g s  the  d i l u t i o n  of the 

n o n - v o la t i l e  rock components back to  i t s  o r ig i n a l  va lue  ( in  th e  r a t i o

0 .4  : 3 . 255 ). A na lys is  of d i s c s  p repared  in  t h i s  way should g iv e  a 

t r u e  t o t a l ,  and truee lem en t oxide p e rc e n ta g e s ,  any e r r o r s  a r i s i n g  from 

o th e r  sou rces  (P a d f ie ld  & Gray, 1 9 ? l) .  This has been dem onstrated  

s a t i s f a c t o r i l y  on very  v o l a t i l e - r i c h  ro c k s ,  such a s  th e  example in  

Table 1 .2 .

b) Mass a b s o rp t io n  Constants

I f  a  beam of monochromatic X-rays p a s s e s  through a  l a y e r  of a 

su b s ta n c e ,  the  i n t e n s i t y  of th e  beam i s  reduced by a b s o rp t io n .  The 

re d u c t io n  in  i n t e n s i t y  i s  determ ined by th e  q u a n t i ty  of m a t te r  t r a v e r s e d  

by th e  beam, and i f  th e  a b so rb e r  th ic k n e s s  i s  cons ide red  in  term s of 

mass, then  th e  mass a b so rp t io n  c o e f f i c i e n t  p, (cm^/g) can be used a s  a 

measure of th e .a b s o rp t io n ,  p i s  s t ro n g ly  dependent on wavelength, 

bu t approx im ate ly  independent o f  th e  p h y s ic a l  s t a t e  o f th e  a b so rb e r  

m a te r ia l .  Moreover, to  a  good approx im ation , p i s  a d d i t iv e  with 

r e s p e c t  to  th e  mass a b so rp t io n  c o e f f i c i e n t s  o f  th e  elem ents  composing 

a su b s tan ce ;

“  (1-3) •
a

where g^ i s  th e  mass f r a c t i o n  c o n t r ib u te d  by th e  element i ,  with mass 

a b s o rp t io n  c o e f f i c i e n t  and th e  summation i s  over a l l  m c o n s t i tu e n t

elem ents. This  a d d i t i v i t y  r e l a t i o n s h ip  can be in t e r p r e t e d  a s  s t a t i n g  

t h a t  th e  t o t a l  l o s s  of i n t e n s i t y  of th e  beam i s  th e  sum of the  lo s s e s
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in c u r re d  by i t s  i n t e r a c t i o n  w ith  th e  in d iv id u a l  atoms in  i t s  path, 

e .g .  p o f SiO^ abso rb ing  Fe Ka r a d i a t i o n ;

i ê
Si 117

Fe 22.4

Weight f r a c t i o n s  in  SiO^ : Si 0.466 ; 0^ 0*533

Then p Fe
:iO, = (0 .466 X 11?) + (0 .533  X 22 .4)  = 66.

The m a tr ix  used f o r  mass a b so rp t io n  c o r r e c t io n s  to  the  XRF da ta  

i s  b u i l t  up l i k e  t h i s ,  being th e  v a lu es  o f p  f o r  each of th e  te n  major 

element oxides (rows) f o r  th e  c h a r a c t e r i s t i c  wavelengths f o r  each o f  

the  an a ly se d  e lem ents  (columns). This m a tr ix  i s  l a i d  out in  Table I . 3»

Using t h i s  m a tr ix ,  th e  mass a b so rp t io n  c o e f f i c i e n t s  f o r  any whole 

rock can be found, knowing th e  weight f r a c t i o n s  of th e  oxides (again  

using  th e  a d d i t iv e  r e l a t i o n )  f o r  any wavelength.

e .g .  a rock 30% SiO^, 25^ AlgO^, 25^ FOgO^, p f o r  A1 K&

Then A1
^Rock " (O' 30 ^ ) + (0-25 X 2 ) + (0 .25  X M )

For a rock with te n  ana ly sed  o x id e s ,  c a l c u la t io n  of  th e  mass a b s o rp t ip n  

c o e f f i c i e n t s  f o r  th e  te n  c h a r a c t e r i s t i c  wavelengths can b e s t  be shown 

in  m a tr ix  a lg e b ra  form. For s im p l ic i ty  a system of only two components 

A and B w i l l  be co n s id e re d ,  bu t ex tension  in to  ten  o r  even more com

ponents  i s  s t r a ig h tfo rw a rd .

A1 A1

^11 ^12

^21 ^22

A B

o r ;

(1 .4 )

(I.4A )
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Where m a tr ix  W i s  th e  v e c to r  of weight f r a c t io n s  of elements A and B 

in  the  system, i s  th e  m atrix  of mass a b so rp t io n  c o e f f i c i e n t s  f o r  ' 

e lements A and B a c t in g  on them selves and on each o th e r  (as  d escr ibed  

above, and Table 1.2 )» and i s  the  v e c to r  of mass a b so rp t io n  co

e f f i c i e n t s  o f the  substance  f o r  th e  c h a r a c t e r i s t i c  wavelengths A Kq, 

and B Ka .

c) Mass Absorption C orrec tions

In th e  p reced ing  sec t io n  and those  fo llo w in g ,  secondary ab so rp 

t io n  only i s  considered . This i s  the  ab so rp t io n  by the  specimen of 

the  c h a r a c t e r i s t i c  wavelengths em itted  w ith in  the  specimen upon e x c i t a 

t io n .  Primary a b s o rp t io n ,  i . e .  th e  ab so rp t io n  by the  specimen of th e  

e x c i t in g  primary polychrom atic X-ray beam i s  n o t  d e a l t  w ith ,  a s  p o ly 

chromatic a b so rp t io n  i s  a much more complex p rocess  to  t r e a t  a d e q u a te ly ,  

and igno ring  i t s  e f f e c t s  does n o t  genera te  l a rg e  e r ro r s .

C o rrec t io n s  f o r  secondary ab so rp tio n  a r e  made by an i t e r a t i v e

p rocess .  An i n i t i a l  v e c to r  of es tim ated  com positions ^  has i t s  v e c to r

of mass a b so rp t io n  c o e f f i c i e n t s  determined. This mass a b so rp t io n

v e c to r  i s  used to  improve the  e s t im a te  of composition to  gain  a

2 2b e t t e r  e s t im a te  of com position, W_. From th e  a s s o c ia te d  mass
2

a b s o rp t io n  c o e f f i c i e n t s  p a r e  found, and th e se  can be used to  

improve th e  e s t im a te  of com position, aga in  making the  c o r re c t io n  to  

the  i n i t i a l  v e c to r ,  t h i s  time ga in ing  a  new v e c to r  of com position.

Again, p. a s s o c ia te d  with W_ i s  found, and used to  improve th e

1 4e s t im a te ,  W_, to  the  value This p rocess  i s  continued u n t i l  the

Ttru e  com position , ^  i s  reached (o r  very c lo se ly  approached). The 

i n i t i a l  va lue  i s  der ived  from th e  c a l ib r a t i o n  l i n e s  r e l a t i n g  X-ray 

in t e n s i t y  to  element va lues .  The c a lc u la t io n  of Ŵ  i s  to  be exp la ined  

l a t e r ,  when the  mass ab so rp tio n  c o r re c t io n  procedure has been o u t l in e d  

in  m athematical terms.
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^ 1 1  ^ 2 1 \ ^  1
f — 1* 4^ : i 2  * ^ 2 2

— w
%

«0;  , i. +K  = L

Considering f o r  s im p l ic i ty  a  b inary  system a g a in ,  th e  f i r s t  s tep  

i s  to  c a l c u la te  th e  v e c to r  o f mass ab so rp t io n  c o e f f i c i e n t s  f o r  , 

using  a rea rranged  form of equa t ions  1 .4  and I.4A:

(1-5)

o r ;  ü_ t ^  f  K = P ~ (I»5A)

where _P i s  th e  t ran sp o se  of m a tr ix  the  s e t  of mass ab so rp tio n  

c o e f f i c i e n t  te rm s, and K i s  a  s e t  of co n s ta n ts  to  account f o r  th e  mass 

ab so rp t io n  o f f lu x  o r  b in d e r  in  p repared  samples, so t h a t  ^^ i s  th e  

s e t  of c o e f f i c i e n t s  f o r  a  p repared  fu s io n  d is c .

The v a lu es  in  P  ̂ a r e  r a t i o e d  to  a  s e t  o f mass ab so rp tio n  co

e f f i c i e n t s  f o r  a rock of s tandard  composition in  a  fu s io n  ( the

composition of the  s tan d ard  rock i s  a r b i t r a r y ,  but must remain the  

same in  a l l  c a l c u la t io n s  involved in  a p a r t i c u l a r  c a l ib ra t io n )*  The

Tr a t i o s  a r e  used to  o b ta in  a  b e t t e r  es t im a te  of th e  t r u e  composition W 

from ;

,1  1 , 
" a  -

wB  *
This can be expressed  in  m a tr ix  form a s  fo llow s

r 1
— 1

l / a ^ 0 0 ^A "A

0 1 /a  3 0
i

1

(1 .6)

(1.7)

or p^ =

where ^  i s  th e  d iagona l form of

(I.?A)



115.

The re v is e d  va lue  ^  has i t s  mass a b so rp t io n  c o e f f i c i e n t s  c a l c u 

l a t e d ,  using  equ a t io n s  I . 5 o r I.5A

(1 .8 )
^11 ^21 “ r

+

V 2

, ,2 2
*^12 *^22 4

or P +  K  = ( i . ba)

Equations I.5A and I . 8A can be taken to g e th e r  to  g iv e  th e  g en e ra l  

equation  f o r  c a l c u la t in g  mass a b so rp t io n  c o e f f i c i e n t s :

(I.9A)

2 T 3Using va lues  p in  equation  I . ?  g iv e s  th e  new es t im a te  of :

( 1 . 1 0 ) ■■

o r  1 9 .! (I.IOA)
a  • ^  = W_

Equations I. 8A and I.IOA can a l s o  be reduced to  a  g e n e ra l  form:

' l / a ^  0 <  0 2 <
_ 0  l /Og 0 _ 2

,n+l
(I .11A )

Using equa t ions  I.9A and I . l l A  a l t e r n a t e l y  f o r  v a lu es  of n= l , 2 ,  .........

m, a l low s  c o r re c t io n  of to  .........  to  approaching

Note t h a t  to  a re  in te rm ed ia te  approx im ations , i t  being ^  t h a t  i s  

c o r re c te d  in  I . l l A  each time.

The d i f f e r e n c e  between ^  and decrease  a s  n in c re a s e s ,  approach-

Ting zero  a s  ^  i s  reached ; th e  d i f f e r e n c e s  a r e  dterm ined by th e  r a t i o  

P^/g , which approach a co n s ta n t  value  a s  n in c re a se s .

In p r a c t i c e  very few i t e r a t i o n s  a r e  needed, and i s  a very  good 

Tapproxim ation  to  c e r t a in ly  to  a lower degree of s ig n i f i c a n c e  than  

o th e r  e r r o r s  a s s o c ia te d  with the  XRF method.
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d) D eriva tion  of an a ly se s  f o r  c a l ib r a t io n

To ga in  the  f i r s t  approximate composition f o r  an unknown sample,

c a l i b r a t i o n  re g re s s io n  l i n e s  of c h a r a c t e r i s t i c  i n t e n s i ty  a g a in s t  ^
Tf o r  a s e r i e s  of s tan d a rd  rocks a r e  used. Given th e  known value  ^

f o r  a  s tan d ard  rock , can be found such th a t  app ly ing  mass ab so rp -

1 Tt io n  c o r r e c t io n s  to  W__ w i l l  g ive

T 1I t  i s  im portan t to  no te  t h a t  the  r e la t io n s h ip  between and W__
Ti s  unique f o r  any so th a t  changing even one element in  the  v e c to r

T 1W w il l  cause a change in  some degree of a l l  th e  elements in

can be de r ived  e m p ir ic a l ly ,  u s ing  only one o r  two s tandard  a n a ly se s ,

but the  s im p l ic i ty  of r e c a lc u la t io n  makes c a l ib r a t i o n  much e a s i e r ,

using  a la rg e  range of s tandard  com positions , so t h a t  any one element

can be determ ined from th e  same c a l ib r a t i o n  l i n e  f o r  a  l a rg e  v a r i e ty

of rock types .  The g r e a t e s t  advantage of th e  method l i e s  in  the  f a c t

th a t  remarkably s t r a i g h t  l i n e s  a r e  produced, a llow ing  e x t ra p o la t io n

well beyond the  c a l ib r a t e d  l i m i t s  of the  l i n e  with l i t t l e  lo s s  in

accuracy . The l i n e s  a r e  so s t r a i g h t  because th e  r e g re s s io n  i s  one of

in t e n s i ty  (counts /second) a g a in s t  composition a s  "seen" by the  d e te c to r .

The same p ro p o r t io n  of an element in  two very  d i f f e r e n t  rock types

w i l l  emit very d i f f e r e n t  amounts of r a d ia t io n  to  th e  d e t e c to r ,  because

of d i f f e r i n g  ab so rp t io n  by th e  d i f f e r e n t  rocks . By e l im in a t in g  the

e f f e c t  o f th e se  ab so rp t io n  d i f f e r e n c e s  th e  "apparent"  p ro p o r t io n s  can

be found.

Taking equation  I.IOA

a . wj • (I.IOA)

and re p la c in g  by i t s  eq u iv a le n t  from equation  9A (n = 2) g iv e s :

« . . (2  . kd + E ) = (I.12A)

so th a t  ^  = («)-■’ . Vp . ( £  . wf + K )■'' (I.13A)
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2 3 3 T
Now, s in c e  ] ^  = VK a p p r o x im a te ly ,  and = W_ t o  a v e r y  good

2 3a p p r o x im a t io n , W_ can  be r e p la c e d  by in  e q u a t io n  1 . 1 3A to  g iv e  an

i n i t i a l  e s t im a t e  o f  wL
- d

T hus;

Md = (%)" . £  . ( 2  . i £  + K ) -  (I .13B)

T h is  rou gh  a p p r o x im a tio n  t o  ^  can  be u se d  ( a s  W )̂ f i r s t  in  e q u a t io n  

1 .5  t o  f i n d  an  a p p r o x im a te  th e n  in  e q u a t io n  I . ?  t o  f i n d  a  b e t t e r

v a lu e  o f

2
T h is  p r o c e d u r e  can  now be r e p e a te d ;  u s in g  im p roved  ^  in  e q u a t io n

I .1 2 A  g i v e s  a b e t t e r  e s t im a t e  o f  and  T h is  can be u sed  in

2
tu r n  t o  im prove th e  e s t im a t e  o f  ^  and so  on . A f t e r  o n ly  t h r e e  o r

1 2f o u r  su c h  i t e r a t i o n s ,  \j__ and c o n v e r g e  on t h e i r  r e a l  v a l u e s ,  and a

1 ?ch eck  can  be made t h a t  a p p ly in g  c o r r e c t io n s  t o  th ro u g h  ^  d o e s  g i v e

= wl'

The program  MUBACK p e r fo r m s t h i s  i t e r a t i v e  p r o c e d u r e , u s in g  an
T *

a n a l y s i s  o f  a  ro ck  s ta n d a r d  W , c o r r e c t in g  f o r  v o l a t i l e  l o s s e s  t o  f i n d

T 1
W , an d  th e n  g e n e r a t in g  ^  f o r  r e g r e s s io n  a g a i n s t  d r i f t  c o r r e c t e d  c o u n ts

f o r  t h a t  r o c k .

e )  R e s u l t s  o f  MUBACK te c h n iq u e

T a b le  I . ] '  i l l u s t r a t e s  th e  c h a n g e s  p ro d u ced  by u s in g  t h i s  t e c h n iq u e  

t o  p r o c e s s  a n a ly s e s  o f  s ta n d a r d  r o c k s  b e f o r e  u s in g  them in  c a l i b r a t i o n  

r e g r e s s i o n s .  F or  a l l  e le m e n ts  e x c e p t  MgO t h e r e  i s  an im provem ent in  

th e  s ta n d a r d  e r r o r  o f  r e g r e s s io n  , th e  mean r e s id u a l  a s s o c i a t e d  w ith  

t h e  r e g r e s s io n  l i n e  ana th e  l i n e a r  r e g r e s s io n  c o e f f i c i e n t ,  i n a i c a t i n g  

a m ore l i n e a r  c o r r e l a t i o n  b etw een  f l u o r e s c e n t  y i e l d  and e le m e n t  

p e r c e n ta g e  (o r  a p p a r e n t  p e r c e n t a g e ) .
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In o rd e r  to  make some assessm ent of a n a l y t i c a l  e r r o r ,  l4  samples 

were ana ly sed  by c l a s s i c a l  wet chemical te ch n iq u es ,  and th e se  samples 

were rep e a te d ly  ana lysed  by XRF, a t  random during th e  running of the  

o th e r  samples ana lysed  in  t h i s  study» The r e s u l t s  a r e  given in  Table

I. 5, showing th e  an a ly se s  by wet methods, t h e i r  e q u iv a le n ts  c o r re c te d  

f o r  v o l a t i l e  lo s s e s  during fu s io n  (which should be th e  answer ob ta ined  

by XRF) and the  r e s u l t s  of the  XRF a n a ly se s ,  and t a b le  1 .4  g iv e s  the  

r e l a t i v e  e r r o r  a s s o c ia te d  with each element on the  b a s is  of th e se  

r e s u l t s .  Table I . 4 uses th e  mean a n a ly s i s  of th e  samples from the  

L o c h a i lo r t  and G a m e t i fe ro u s  P e l i t e s  to  in d ic a te  th e  e f f e c t  of th e se  

e r r o r s  on a t y p i c a l  a n a ly s i s .



120,

SiO,

TiO,

Al^O,

FezO,

MnO

MgO

CaO

Na^O

K̂ O

P2O3

M ean  
R e la t iv e  
E r r o r (%)

.43

5.60

.85

3.22

5.10

5.62

1.68

5.17

2 .68

8.30

Mean
P e l l t e

60.83

.97

18.50

7.81

.12

2.28

2.31

2.70

3.44

.27

+ E r r o r (%)

i

.05

.16

.25

.01

.13

.04

,14

.09

.02

TABLE 1.4 R e la t iv e  e r r o r s  fo r  major element an a ly se s ,

w ith  ty p i c a l  expected e r r o r  fo r  mean analysed

p e l i t e .  Mean p e l i t e  a n a ly s is  i s  the mean of

the  54 ana ly ses  in  Table I I I . l .  Mean e r r o r  i s

derived  from analyses  in  Table 1 .5 ,  where e r r o r

is  given by; (ac tua lZ  - XRF7.) ^ X007.
a c t u a l s

each ox ide .
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TABLE 1 .5

Tables o f  major element ana ly se s  o f  rocks analysed  by 

conven tiona l techn iques and by th e  X ray  f lu o rescen ce  

method d e s c r ib e d .  The " a c tu a l  percen tages"  a re  derived  

from the  conven tional a n a ly s is  us ing  th e  program MUBACK, 

and a re  th e  values which an XRF a n a ly s i s  should give 

i f  the only  e r ro r s  were those  a t t r i b u t a b l e  to  lo s s  o f  

v o l a t i l e s  during sample p re p a ra t io n .
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TABLE 1 .6  

L is t i n g  o f  program MUBACK

MUBACK i s  the  program w r i t t e n  to  implement th e  procedures  d esc r ib ed  

in  Appendix I  f o r  d e r iv in g  "Apparent" an a ly se s  from "True" a n a ly se s .

The "Annarent" a n a ly s i s  i s  t h a t  which w i l l  g ive  th e  t r u e  a n a ly s i s  

when mass ab so rp t io n  c o r r e c t io n s  a r e  a p p l ie d ,  and a lso  ta k es  in to  

account e r r o r s  a r i s i n g  from lo s s  o f  v o l a t i l e s  during fu s io n  o f  th e  

rock powder and f lu x  m ixture  used .

M atr ices  , k f  and a re  rep re sen ted  by a r r a y s  W1 ,W2 and W3. 

and 2  a r e  the  a r r a y s  MU and MUTRAW. 

a_ i s  th e  a r r a y  STMU

K i s  n o t  s p e c i f i c a l l y  re p re s e n te d ,  b u t  i s  i m p l i c i t l y  invo lved  when 

d e r iv in g  mass ab so rp t io n  c o e f f i c i e n t s  f o r  a fused d is c  in  th e  su b ro u tin e  

MUFORD.
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P R O G R An n u RACK

C MUhACK ACCLP1S STANDARD ANALYSES IN UEDKORU COLLEGE DA^A FORMAT 
C I . E .  1 -  T I T L E  CARD,  2 -  MAJOR ELEMENTS,  3+Ü -  TRACE ELEMENTS  
C - a r e  PROCESSED TOR USE IH XRF C A L I B R A T I O N S ,  MAKING CORRECTI ONS
C FOR VOLATI LE LOSS DURING F US I ON ,  AND THEN PERFORMING MASS ABSORPTI ON  
C COP I . r CTI CN *IM REVERSE* TO OBTAIN VALUES Vl i lCH ARE RELATED TO A 
C COMMON MASS ABSORPTI ON VALUE,  AND SHOILD THUS GI VE A LI NEAR
C r . E L A T I O HS HI ?  BETWEEN .Y RAY YI ELD AND APPARENT ELEMENT VALUE ( W 1 ) .

COMMON MU ( 1 ( 1 , 1 0 )  , KUTRAN ( I D , 1 0 )  ,W1 ( 1 0 )  ,V«2 ( 1 0 )  , W 3 ( 1 0 )  ,  ST MU ( 1 0 )  ,
1 FLUXMA ( 1 0 )  ,  C (1' i )  , D ( V J )  , E ( 1 0 )  , E L ( 1 N , 9 )  , S 0 B o ( 1 3 , 1 G )  ,  D I S C  W? ,  FLO XWT,  RKHT 

C O r M C N / A /  S-^MUI ( 1 0 ,  1 0 )
REAL ^U ( K , 1 H )  , muT P A N ( 1 0 , 1 0 )  , EL NAME ( 1 4 )  , RKNAME ( 1 0 )
DATA S T M U I / 1 0 0 * 0 . 0 /

C DI SCWT I S  WEIGHT OF D I S C  BEFORE F US I ON = 3 . 2 5 5  GRAMS 
D I C C K T = 3 . 2 5 5

C FLMXWT I S  WEIGHT OF FLUX I N DI SC BEFORE F U S I ON  = 2 . 8 5 5  GM 
F L U X U I = 2 . 8 5 5

C RKWT I S  WEIGHT OF ECCK I N  D I S C  BEFORE F U S I ON  = 0 . 4 0 0  GRAMS 
R K W T = n . 4 0 0

C READ ELEMENT NAMES FOR T I T L E S  
READ 5 0 0 ,  ( FLNAME( J)  , J  = 1 , 1 4 )

C READ IK ARRAY OF MASS ABSORPTI ON C O E F F I C I E N T S ,  SORB 
READ b C I , ( (SORB ( K , J ) , J  = 1 , 1 0 )  , K = 1 , 1 2 )
DO 2 C0  J = 1 , 1 0

C FLUXMA I S  VECTOR OF M. A.  COEFFS.  OF F US I ON FLUX IN D I S C  
F L U X M A ( J ) = S O R B  ( 1 1 , J ) * F L UXWT

C STMU I S  VECTOR OF M . A . C O E F F S .  OF A D I S C  OF THE STANDARD ROCK 
.  -MU ( . 1 ) = (SORB ( 1 2 ,  J)  *RKWT + FLnXMA ( J )  ) / D I S C W T

C STMUl  I S  DIAGONAL FORM OF ARRAY STMU 
STMUI  ( J , J )  =STMU ( J)

C FORM ARRAY MU, AND I T S  TRANSPOSE MUTRAN 
DO 2C^ 1 = 1 , 1 0  
MU ( I ,  J)  =SORB ( I ,  J)
MUTRAN ( J , I ) = S 0 K 3 ( 1 , 0 )

2 ( 0  CONTI NUE

C READ I N DATA I N STANDARD FORMAT 
1UC LEAD 5 C 2 ,  (KKNAME ( J)  , 0 = 1 , 1 0 )
C CHECK FOR END OF INPUT ( ’ F I N I S H *  CARD)

I F  (PKNAM? ( 1)  . F Q . f l H F I N I S H  ) STO"
LEAD 5 0 3 ,  FL ( 2 , 1 )  , E L  ( 7 ,  1)  , D L ( 3 , 1 )  , F L  ( 6 , 1 )  , E L  ( 1 1 , 1 )  , E L  ( 5 ,  1) , E L  ( 4 , 1 )  ,  

1 F L ( r f , 1 )  , E L  ( 1 0 , 1 ) ,  EL ( 9 , 1 )  , E L  ( 1 2 , 1 )  ,  EL ( 1 3 , 1 )  , EL ( 1 , 1 )  , E L ( 1 4 , 1 )

C PBIH'^ OU-  ORI GI NAL  I NPUT DATA 
PHI  HI 6 0 0 , RKNAME, LLNAME 
T O T A L 1 = T OT A L 2 = . T OT AL 3 = T OT AL 4 = 0 , 0
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c  CALCULATE - O T AL  F E 2 0 3
EL ( t , 1 ) = L L ( 6 , 1 ) + ( E L  ( 1 1 , 1 )  « 1 . 1 1 1 3 )
DO 2 0 1  K = 1 , 1 4

C F I N D  T C - A L  OF A N A L Y S I S ( T 0 T AL 1 )  + TOTAL V O L A I I L E S ( T 0 T A L 2 )
2 0 1  T O T A L 1 = T 0 - A L 1 + E L ( K , 1)

T 0 7 A L 2 = E L  ( 1 2 , 1 )  + F L ( 1 4 , 1 )

C l E O  TAKFN FROM l O T A L l , SI NCE TOTAL F E 2 C 3  CONSI DERED  
T O : a L 1 = T O T A L 1 - £ L ( 1 1 , 1 )

C F E I N ?  ORI GI NAL LATA
P F I N T  6 11 ,  (EL ( K , 1 )  , K= 1  , 1 4 )  , T 0 T A L 1

C ROCKS D^ I E D AT 1 0 5  C SO H 2 0 -  ALSO TAKEN FROM T0 TAL1
T - r  A L 1 = T ü T A L 1 - E L ( 1 3 , 1 )

C RL"OVL V O L A - I L E S  FROM T0TAL1  
T OT AL 1 = T OT A L 1 - T OT A L 2

C COKVIF. T PERCENTS OF OXI DES TO ACTUAL PERCENTS I N DI S C  
DO 2 ( 3  K = 1 , 1 0

2 0 3  1 L ( K , 1 ) = E L ( K , 1 ) * D I S C W T / ( F L U X W T + ( R K « T * T O T A L 1 / 1 0 0 . ) )

C P R I N T  ACTUAL PERCENTS
IRIN"-  6 0 2 ,  ( E L ( K , 1 )  , K = 1 ,  10)

C .

C NIX"'  MAKE CO RRE C- I CNS  TO ACTUAL PERCENTS TO GI VE
C C O * 4 n r p n T C N S  WHICH WILL RETURN TO ' ACTUAL'  ANAL YS I S  WHEN MASS 
C A b S O h P T I C N  CORRECTION I S  APPLI ED  
C
C FOR FIRS".  I TERATI ON MAKE APPROXIMATI ON THAT H2=W3 = ACTUAL %

DC 2CU J = 1 , 1 0  
K 2 { J ) = E L ( J , 1 )

2 0 4  W 3 ( J ) = E L ( J , 1 )

C GMIRD I S  A LIBRARY ROUTI NE FOR GENERAL MATRIX PRODUCTS  
CALL G.MPRD ( S TMUI ,  W 3 , E ,  1 0 , 1 0 ,  1)

C T H I S  LOOP MAKES TEN I T E R AT I ON S  TO F I ND W1
DC 7 S ' l  KOUNT = 1 , 1 0  
CALL G M P R D ( M U T R A N , W 2 , C , 1 0 > 1 0 , 1 )

C MAKE AN ESTI MATE OF W1,  USI NG W2( APPROXI MATE)  AND W3(KNOWN)  
r c  2 0 5  J = 1 , 1 0
r  ( J)  = (C ( J)  « RKWT/ 1 D0 . +F LUXMA ( J)  ) / D I S C W T  
W1 ( J ) = L ( J ) / C ( J )

2 0 5  EL ( .1,  3} =W1 (.1)

C USE ESTIM. A- ED W1 TO EE- APPROXI MATE W2
CALL w U F 0 R D ( 3 )
DO 2 1 6  1 = 1 , 1 0  

2 0  6 W2 ( I ) = E L  ( 1 , 4 )

C USE W2 T O  FI ND ’' K3" FOR CHECKING ACCURACY LATER 
C / U I N  RE I T E RAT E ,  TO USE W2 I N F I ND I NG NEW ESTI MATE OF W1

CAL I  MUFORD ( 4 )
2 C 7  CONTI NUE
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c
C P ü I N :  W1, THE AN A L Y S I S  TO ES USED FOB C A I I B B A T I O N  

PRI NT 6 0 3 ,  (W1 ( I )  , 1 = 1 , 1 0 )

C CHECK T h A"  ^ DI FF ERE NCE BETWEEN ORI GI NAL  AND DERI VED DATA I S  < 0 . 0 0 0 1  
I S K I 1 = 0  
DO 2 C8  J = 1 , 1 0  
PL ( J , 6 )  = E L ( J , 1 ) - E L ( J , 5 )
E L f J , 7 )  = 1 O O . 0 » E L  ( J , 6 ) / E L  ( 3 , 1 )
: r  ( A T S  ( E L ( J , 0 ) ) . G T . Û . 0 0 0 1  ) I S K I P = I E K I P + 1  

2 1 8  CONTI NUE

C I F  ACCURACY OK,  GO FOB MORE DATA,  OTHERWISE P RI NT  OUT DI AGNOS T I CS  
I F  ( I S K I P . S Q . O )  GO TO ICO 
P RI NT OCU
P KI N" b C 5 ,  (EL ( K , « )  , K = 1 , 10)  
r ? I » - T  bc - b ,  ( E L ( K , b )  , K = 1 , 1 0 )
T’ HINT 6 0 7 ,  ;EL ( K , 6 )  , K = 1 , 1 0 )  
r r . I I ’ T 6 0 8 ,  ( S L ( K , 7 )  , K = 1 , 1 . 0 )
GO TO ICO

C  I NPUT FORMATS 
5 '̂C f  UK.MAT ( 1 UA5 )
b^'1 POr. u; . ? ( 1 0 P 8 . 0 )
bC2 FORMAT ( 1 0 A 8 )
S', j  F n - « A T ( 1 4 F 4 . 2 , / / )

OUT DUT FORMATS 
Ç C pop»' A" 1 / / 1 D X ,  1 C A 8 / 1 7 X ,  1WA7/ )
d CI  FOI . M/ r  ( 1 5 H  ORI GI NAL  DATA , 1 U F 7 . 2 , '  TOTAL ' , F 7 . 2 )
b : 2  f ' l R N A I  (1AH ACTUAL PERCENT , F 4 . 2 , 9 F 7 . 2 )
OCR ( / I S r i  W1= 1 0 F 7 .  3 / )

P ü H M A ' ' ( / u 5 h  * * =  CLOSURE INCOMPLETE -  CHECK DATA FOLLOWS;  / )  
bCS fOr.MA'’- ( 1 5 H  W2= 1 0 F 7 . 3 )
b 0 6  FORMAT;  15H CHECK W3 1 Ü F 7 . 3 )
b: ' 7  PORTAT ( 15H -W3-NEW W3 1 0 F 7 . 4 )
b ( e  PO? MAT(  1 5 H > DI FFERENCE 1 0 F 7 . 4 / / )

END
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Sl I bKOUTI NE MUFORD( JR)

C r.UFHRD HUNS THE MASS ABSORPTI ON CORRECTION AS USED I N  "^HE MAIN
C Xr-.F PROGRAM,  BOTH FOR RE F I N I NG W2 BY I TERATI ON FROM W1,  AND FOR
C CnECKI ^’G F I N A L  W1 WILL RESULT I N  ORI GI NAL LATA W3

2C0
C

201

COM MON r u  ( 1 0 , 1 0 )  ,  MUTRAN ( 10  ,  1 0)  ,  W1 f 1 C) ,  W 2 ( 1 0 )  ,  W3 ( 10)  ,  S-^M U ( 10)  ,
1 PLUXMA ( 1 0 )  , C ( 1 ^ }  , D ( 1 0 )  , E ( 1 0 )  , E L ( 1 4 , 9 )  ,  SORB ( 1 3 , 1 0 )  , DI S CWT , FLi.IXWT, RKHT 

} - A L  r u  ( 1 0 , 1 0 ) , MUTRAN( 1 0 , 1 0 )

J D COUNTS ABSORBER OXI DE S  1 - 1 0  
DO 2 0 1  J D = 1 , 1 0  
FKMA = L1 SC. MA= 0 . 0

JO COUNTS EMITTER ELEMENTS 1 -  1 0  
DO 2^D J Q = 1 , 1 C

FKr.A I S  THE MASS ABSORPTION FOR THE ROCK ACTING ON ELEMENT JQ 
R K r A = R KMA + N C * S O R B ( J Q , J D )
continue

DIRC.MA I S  THE MASS ABSORPTI ON F O R  THE F US I ON D I S C  ON JQ 
M S C M A =  { ( r . KMA*?. KWT/ 100 .  ) +FLUXMA ( JD)  ) / D I S C k T  '
E L / J D , J R + 1 ) = 2 L ( J D , 3 ) » D I S C M A / S T M U ( J D )
CONTI NUE
RETURN
ijND

5 S . I Ü 2 A L 2 0 3 MGO MN0 F E 2 0 3  T I 0 2 CAO K20 NA20 FEO H 2 0 + H 2 0 - CO 2
Ü8 2 1 8 2 1 1 2 7 1 8 1 7 9 4 7 5 1 9 9 3 4 7 4 6 8 3 0 5 6 . 0

1 6 6 8 6 6 8 1 0 3 6 . 1 6 7 0 8 4 6 7 1 7 7 3 1 0 4 1 8 2 8 1 1 . 0
1 8 3 1 2 3 0 3 9 1 2 1 4 7 1 7 7 6 1 1 6 2 2 8 3 3 8 2 2 4 7 5 . 0
1 3 b b 2 0 8 7 3 2 3  6 1 2 4 5 6 9 5 5 1 4 5 2 5 5 3 4 5 2 C 9 5 . C
1 2 9 0 1 9 4  1 2 9 8 4 4 7 6 4 6 9 5 5 1 4 3 2 4 7 -3 3 2 7 9 2 8 . 9
1 3(  5 2 C 4 0 3 1 3 8 5 0 1 2 7 2 5 7 1 5 0 2 5 9 3 4 9 8 3 4 5 . 9

■jb5 1 2 8 0 1 0 7 4 3 1 6 0 2 9 6 2 3 6 9 3 1 6 1 2 1 7 5 2 7 7 . 0
7 0 3 U b 2 1 6 2 0 2 5 9 3 2 7 4 2 1 9 5 7 1 1 3 3 1 7 9 4 3 2 6 . 0
61  9 9 2 b 1 4 2 b  ■ 2 2 7 7 2 7 8 222 5 8 7 1 0 0 7 1 5 8 3 7 9 4 . 3

1 2 3 4 1 8 b 8 2 8 8 0 4 6 4 1 61 4 9 1 3 0 2 2 7 3 C7 1 C 8 3 . 0
7 1 3 1 0 7 6 1 6 7 1 2694 3 4 . 9 2 7 .  8 7 4 . 2 1 3 0 1 7 6

1 4 9 3 1 1 7 4 1 4 3 0 2 1 1 4 1 0 0 7 9 2 0 3 3 0 2 3 7 6 3 3 0 7 . 9
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Appendix I I  

L inear  D iscrim inant Function Method

R.A. F is h e r  ( l93^) f i r s t  form ulated  the  theory  of the  

l i n e a r  d isc r im in a n t  fu n c t io n ,  and a p p l ic a t io n s  to  g e o lo g ic a l  

problems with simple accounts  of th e  theo ry  may be found in 

Eavis (1973)» Krumbein and G ra y b i l l  (1965) and M il le r  and 

Kahn (1962).

The problem e s s e n t i a l l y  c o n s i s t s  o f :  two p o p u la t io n s ,  known to

be d i f f e r e n t  on a p r i o r i  grounds, a r e  sampled. For th e  samples from 

popu la tion  A a number of c h a ra c te r s  on each of th e  n^ in d iv id u a ls  i s  

measured, and the  same c h a ra c te r s  a r e  measured on each of th e  n^ 

in d iv id u a ls  of popu la tion  B. The l i n e a r  d isc r im in a n t  fu n c t io n  prov ides  

an "index" which a l low s any new specimen to  be a ss ig n ed  to  e i t h e r  popula

t io n  A or B.

Consider a s i t u a t i o n  where only two c h a ra c te r s ,  x and y , a re  

measured f o r  samples A and B, and p lo t t e d  on a s ca tte rg ram , showing 

a  c e r t a in  amount of overlap  (F igure I I . l ) .  This  overlap  may be con

s id e re d  in  terms of th e  degree of s e p a ra t io n  between th e  two c l u s t e r s ,  

and the  spread w ith in  them. I f  the  sca tte rg ram  i s  considered  a s  a 

plane (2 dimensions) and a t h i r d  dimension Z i s  in troduced  (Figure I I . 2 ) ,  

then p ro je c t in g  the  p o in t s  from the  x ,y  p lane onto Z may ach ieve  a 

b e t t e r  s e p a ra t io n  of the  two c l u s t e r s .  Optimum se p a ra t io n  i s  achieved  

by th a t  p lane which maximises s e p a ra t io n  between c l u s t e r s ,  and minimises 

spread w ith in  c l u s t e r s .
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îX

O /\ o

y
Figure  II.1 S c a t t e r g r a m  w i t h  t w o  g r o u p s  (A a n d  B) s h o wi n g  over l ap .

X -

»

F igure  I I . 2 P r o j e c t i o n  of  p o i n t s  f r o m  s c a t t e r g r a m  o n t o  p l a n e
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Let the  p lane be rep re se n te d  by;

% = X +^ 2̂

where x and y a r e  th e  measured v a r ia b le s .  The problem i s  then to  f in d  

 ̂  ̂ and ^ 2* Extending from two to  m c h a ra c te r s ,  th e  problem i s  to  

f in d  the  v e c to r  ( len g th  m) d e f in in g  the  hyperplane Z in  m-dimensional 

space.

The gen era l  so lu t io n  i s  of the  form

[ S p ]  • [ / ] =  [ d ] I I . 2

Where [ s ^ ] i s  an mxm m atrix  of pooled v a r ia n c e s  and covariances  of th e  

m v a r i a b le s ,  the  column v e c to r  holds th e  c o e f f i c i e n t s  of th e  d i s 

c r im inan t equation  a s  defined  above, and [j)"] i s  the  column v e c to r  of 

the  d i f f e r e n c e s  between th e  means of th e  two groups.

The equation  i s  solved f o r [ ^ " l  simply by in v e rs io n  and m u l t ip l ic a t io n

[>■] = [Sp ]  • [ o  ]  ^^-3

The means a re  found by:
n

n
I -  I I .4

a
For va lues  of k = l,m

The m atrix  of pooled v a r ia n ces  and covariances  needs a m atrix  of 

sums of squares  and c ro ss  p roduc ts  of a l l  m v a r ia b le s  in  group A, and 

a s im i la r  m a tr ix  f o r  group B.

For A, A
SPAjk = . _ , ( ^ i j  * i k )  ~ ik  I I . 3

where i s  the  i t h  observa tion  of v a r ia b le  j ,  A^^ i s  the  i t h  observa

t io n  of v a r ia b le  k. The m a tr ix  f o r  B i s  s im i la r ly  derived .
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I f  SP^ i s  the  c o r re c te d  sum of p roducts  m atrix  f o r  A, and SP^ 

th a t  f o r  B, then the  m atrix  of pooled v a r ia n c e s  i s :

[ S p ]  = ( [ spa] + [s Pb] ) /  ( -  2) 11.6

The s e t  of c o e f f i c i e n t s  ]  a r e  e n t r i e s  in  th e  d isc r im in an t  

fu n c t io n  equa tion  of th e  form:

Z -  + ^2^2 ^

This i s  a l i n e a r  fu n c t io n ,  i . e .  a l l  the  term s a r e  summed to  y ie ld  th e  

s in g le  d isc r im in a n t  sco re ,  Z.

The d isc r im in a n t  index Z^ i s  the  p o in t  along  the  d isc r im in an t  

fu n c t io n  l i n e  midway between the  cen tre  of group A and th e  c e n tre  of 

group B. For each va lue  of x j  in  I I  .7 we subs t itu te*

X. = ^

2
to  f in d  Z , and f o r  th e  mean sco res  of A and B we s u b s t i t u t e ,  f o r  Z , o a
Xj = Âj  and f o r  Zg, x̂ . = By

The d isc r im in a n t  index Z^ = ( %&+ ^2 u n le ss  th e  v a r ia n ces  of

Z^ and Zg a re  d i f f e r e n t .  I f  so , a  weighted es t im a te  of Z^ can be found;

Zo = %A + ^A + Sg ) 1 1 .9

where s ,  and s^ a re  the  v a r ia n c e s  of Z. and Z_.A B A B

A d isc r im in a n t  score can then be found f o r  any in d iv id u a l  observa

t i o n ,  and i t s  p o s i t io n  along the  d isc r im in a n t  fu n c t io n  l i n e  lo c a ted .

I t  i s  c l a s s i f i e d  a s  from popu la tion  A i f  the  in d iv id u a l  score Z^ i s  

c lo s e r  to  Z^ than  to  Zg (o r  on th e  Z^ s id e  of Z^),  and from popu la tion  

B i f  th e  rev e rse  i s  t ru e .
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A "d is tan c e"  measure can be c a lc u la te d  between the  two m u l t i 

v a r i a t e  means simply by s u b t r a c t in g  from Zg, i . e .  s u b s t i tu t in g  the  

v e c to r  of d i f f e r e n c e s  between the  group means in  the  d isc r im in an t

equation  o r  s e t t i n g  the  va lues  of x . = D..
J J

= A.D. + A.D, + . . . 11.10I 1 z z mm

2
This i s  Mahalanobis" d is ta n c e ,  o r th e  g e n e ra l is e d  d is ta n c e  D ,

and i s  a measure of the  s e p a ra t io n  between the  two m u l t iv a r ia te  means

expressed  in  u n i t s  of the  pooled v a r iance .

The F t e s t  of t h i s  d is ta n c e  takes  the  form:

. .  , I , 2

(n^n. ra /  \''a  * "b

with m and (n + n -m -l) degrees of freedom.

The n u l l  hypo thesis  i s :

H : D. = 0
o 0

i . e .  t h a t  the  m u l t iv a r ia te  means a re  equal o r  t h a t  th e  d is ta n c e  between 

them i s  zero.

The p r o b a b i l i t y  of m isc la s s i fy in g  a sample known to  belong to  one 

of th e  two groups can be es t im a ted  from th e  p r o b a b i l i t y  of a s tan d a rd ise d

normal curve with a d e v ia t io n  from the  mean of jD  ( i . e .  V  D^/z)

Rao (1952) g iv es  a t e s t  of whether a lo s s  in  d is c r im in a t io n  r e s u l t s  

from e l im in a t in g  some of th e  v a r i a b le s ,  and using a  d isc r im in a n t  fu n c tio n  

based on the  remainder.The t e s t  s t a t i s t i c  i s :

"a ^ -  P . :  11.12
q

where p i s  the  number of v a r ia b le s  r e ta in e d ,  and q i s  th e  number of 

v a r ia b le s  e l im in a te d ,  and
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1 + \  %

P»Q - ("a + " b ) ( " a  + "b  -  2)
p+q

11.13

1 +
"a  %

2 2Under the  n u l l  hypo thesis  t h a t  D d is c r im in a te s  j u s t  a s  well a s  D
P P"^ f

t h i s  t e s t  s t a t i s t i c  has ein F d i s t r i b u t i o n  with A and (n + n , - p - q - l )  

degrees  of freedom. I f  the  t e s t  i s  s i g n i f i c a n t ,  a lo s s  of d is c r im in a 

t io n  would r e s u l t  from e l im in a t in g  the  q v a r i a b le s ,  so t h a t  a l l  (p tq )  

should be used. I f  n o n - s ig n i f i c a n t ,  the  q v a r i a b le s  can be dropped 

w ithou t any lo s s  of d is c r im in a t io n .

Five bas ic  assum ptions a r e  made in  t e s t s  o f s ig n i f i c a n c e :

1) O bservations in  each group a r e  randomly chosen.

2 ) None of th e  o b se rv a tio n s  used f o r  c l a s s i f i c a t i o n  a re  m is c la s s i f ie d .

3 ) P r o b a b i l i ty  of an unknown belonging to  e i t h e r  group i s  equal.

4) V ariab les  a re  normally d i s t r i b u t e d  in  each group.

5 ) Variance -covariance  m a tr ice s  of the  groups a re  equal in  s iz e .

I t  i s  most d i f f i c u l t  to  j u s t i f y  3- 5 . However, l im i te d  d e v ia t io n s  

from norm ality  o r  l im i te d  in e q u a l i ty  of v a r ia n c e s  do no t have s e r io u s  

e f f e c t s .
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APPENDIX I I I

TABLES OF ANALYSES

Table I I I . 1  Random samples from th e  L o ch a i lo r t  P o l i t i c  Group and

G arn e ti fe ro u s  P o l i t e ,  used as b a s ic  da ta  f o r  the  
a n a ly s i s  o f  v a r iance  and d is c r im in a n t  func tion  s tu d ie s .  

See Chapter 3» page 27 fo r  sampling des ign ,  and 
F igure 3*1 f o r  sampling d i s t r i b u t i o n .

Table I I I . 2 Random samples from p o l i t i c  u n i t s  o f  th e  Morar a rea
used a s  "unknowns" with which to  t e s t  e f f e c t iv e n e s s  

o f  l i n e a r  d is c r im in a n t  fu n c t io n s .  See Chapter 4 ,
F igure 4.1 fo r  sampling d i s t r i b u t i o n .

Table I I I . 3 Calc s i l i c a t e  rock a n a ly s e s .  An in d ic a t i o n  has been given
o f  the  presence o f  s ig n i f i c a n t  index m in e ra ls .  Q uartz, 

ga rn e t  and p la g io c la se  f e ld s p a r  a re  always p re s e n t ,  
un le ss  o therw ise  in d ic a te d .  P la g io c la s e  compositions 

(by Michel-Levy method) a re  given where p o s s ib le ,  ALT. 
in d ic a t in g  a l t e r a t i o n .  M ineral a b b re v ia t io n s  a r e ; -

AM -  amphibole 

BT -  b i o t i t e  

MUS -  muscovite 

ZS -  z o i s i t e  
ÉP -  ep ido te

PX -  pyroxene 

CC -  c a l c i t e  
CHL -  c h l o r i t e  

CZS -  c l i n o z o i s i t e

Where a replacem ent r e l a t io n s h ip  has been e s ta b l i s h e d ,  
the  m ineral being rep laced  i s  given in  b r a c k e t s O ,  w ith 

/  before  the  rep la c in g  m in e ra l ,  e . g .  (AM)/BT in d i c a te s  
b i o t i t e  rep la c in g  amphibole. AM/BT in d ic a te s  t h a t  

amphibole i s  u n s ta b le ,  b i o t i t e  i s  s t a b l e .  AM-BT would 
in d ic a te  co ex is tence  o f  b i o t i t e  and amphibole.
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