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ABSTRACT 

This t h e s i s r e p o r t s a study of 2 6 ^ 0 pub 1 . 1 shod chemical 
analyses of member a of the amphibole group of minerals w i t h a view to 
d e r i v i n g a s a t i s f a c t o r y nomenclature f o r the atnphiboles, to o u t l i n e 
the o v e r a l l chemical v a r i a t i o n e x h i b i t e d by the group and the 
r e l a t i o n between araphibole compos:'! t i o n and mode of occurrence» 

To achieve these' aims a computer program was developed t o 
c a l c u l a t e atomic formulae and s i m p l i f i e d or 'basic atomic formulae 1 

from chemical analyses using an a l l o c a t i o n scheme of cations between 
groups of site-1"- derived from published experimentally determined 
c a t i o n d i s t r i b u t i o n s . The concept of the basic atomic formula was 
also used t o make estimates of the i r o n o x i d a t i o n s t a t e i n e l e c t r o n 
microprobe analyses of amphiboles 0 

A l a r g e computer data base using a r e l a t i o n a l model of data 
i s described and the value of such a data base s t r a t e g y f o r the 
Geological Sciences i s b r i e f l y discussed» 

I n order t o achieve a simple and r a t i o n a l nom.--.n?.!ati;re an 
amended and extended v e r s i o n of 'amphibole compositional space 1 was 
devised i n which c a l c i c (Na* < 0 o 6 6 , Mg < O 0 6 6 ) , soda c a l c i c 
(Na X O 0 6 6 - I . 3 3 , Hg X < 0 o 6 6 ) a l k a l i (Na X > 1 , 3 3 ) amphiboles were 
named according to the dominant component of t h e i r basic a t o n i c 
formulaeo Natural amphiboles close to m i y a s h i r o i t e and s u n d i u s i t e 
were located and the v a l i d i t y of both p r e v i o u s l y d i s c r e d i t e d names 
discussed o An extended compositional space was devised t o ir . d i e s t e 
the r e l a t i o n between c a l c i c , soda c a l c i c , a l k a l i and FeMgM'i 

y 
O^T > 1 . 3 3 ) amphiboleso 

From the observed d i s t r i b u t i o n of basic atomic formulae i n 
amphibole compositional space and extended compositional space the 
importance of coupled isoworphouj; s u b s t i t u t i o n s w i t h i n the amphibole 



s t r u c t u r e and the extent of s o l v i w i t h i n the aiaphibole group was 
considered. V/hen the mode of occurrence vaa considered a number of 
i n t e r e s t i n g aspects of the complex r e l a t i o n s h i p between amphibcle 
composition arid mode of occurrence became apparent„ 
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s u b s t i t u t e d basic atomic formulao w i t h 

A l - versus tic/* and Ca X versus i\'aA f o r 
s u b s t i t u t e d bssic atomic formulae w i t h 
Y 7 v y 

A l versus Ma " and Ca"" versus iMu^ f o r 
s u b s t i t u t e d basic atomic formulae w i t h 
A 1 Y versus Ka A and Ca A versus l?a X f o r 
s u b s t i t u t e d basic atomic formulae w i t h 
Y y T y 

A l ~ versus I.1 a and Ca" versus KG-1, f o r 
s u b s t i t u t e d basic atomic formulas, w i t h 

v v y y A l - versus Fa" and Ca versus Na A f o r 
s u b s t i t u t e d basic atomic formulae w i t h 

y v v y A l versus NaJ* and Co versus Ma * f o r 
s u b s t i t u t e d basic atomic formulae w i t h 

A l - versus Fa X and Co A versus Ne^ f o r 
s u b s t i t u t e d basic atomic formulae w i t h 

A 1 A versus Fa" and Ca" versus Ma"" f o r 
s u b s t i t u t e d basic atomic formulae w i t h 

v 7 v y A l - versus Wa »nd Ca'" versus \-B f o r 

Fef', Fe3"') 
A l - 0 - 0 . 5 . 

. 2 + A l v i ) 
A l - 0 . 5 ~ 1 . 0 . 

2 + 

Kg ^ , 
A I " 4 6.5 ~ 3 . 0 . 

Fe 3") 

2 + v i F e ' i ^ Al"--) 
A1-* 0 . 5 - 1 . 0 , 

F e 2 + , F e 3 + ) 
A l z 0 . 5 ~ i . o 4 

K S f , A l V i ) 
A l " 1 . 0 - 1 . 5 . 

Fe 3+) 
A l " 1 . 0 - i „ 5 . 

p.J- A l v i ) 
A.I-4

 l.o - 1.5. 

F e f , Fe 3+) 
A l / 1 .0 - 1 .5 . 

2 + i - : * r - ,
> A i v i ) 

A1-' 1.5 - 2 , 0 . 

K g 2 +
? F e 3 + ) 

AlZ 1.5 - 2 . 0 . 

I-'e 2v A l v i ) 

F e 2 + , Fe 
7 7 

1.5^- 2 . 0 . 

3 + ) 
A l ' 
Fe r 

A l - 1.5 - 2 . 0 . 

M g f , A l V i ) 
A l " 2 . 0 - 2 . 5 . 

Hg 2 +, F e 3 + ) 
A 1 Z

 2 . 0 - 2 . 5 . 

Fe,f, A ^ i ) 
A 1 Z

 2 . 0 - 2 . 5 . 

Fe 2 + F e 3 + ) 
s u b s t i t u t e d basic atomic formulae w i t h A l ' 2 . 0 - 2 . 5 . 

A 1 Z versus A 1 Y f o r ( H g 2 + , A 3 v i ) and ( K g 2 + , F e 3 + ) 
t o m i o f o r mu 1 -3 e i n a m u h :i b o 1 e c 

1 9 0 

1 9 1 
1 9 2 
1 9 3 
1 9 H 

195 

1 9 6 

1 9 7 

193 

1 9 9 

2 0 0 

2 0 1 

2 0 2 

2 0 3 

2 0 U 

2 0 5 

2 0 6 

s u b s t i t u t e d basic a' 
space w i t h u-:r'~ < 0 , 6 6 . 

Z 

compositional 
2 0 8 

7 . 2 2 . A l " vc-rsus A l - f o r ( F e ^ , A 1 V 1 ) and ( F e 2 + , F e 3 + ) 2 \ A l v i 

s u b s t i t u t e d br)sic atomic formulae i n ampnibole.- composition?)! 
space w i t h Na < 0 . 6 6 . 2 0 9 
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7 . 2 3 . A l " versus Ca X f o r - ( K g 2*, A J V l ) and (Mg 2 +, F e 3 + ) 
s u b s t i t u t e d basic atomic formulae i n extended amphibo.le 
compositional space w i t h M?,-'" < Qj>6<, 2 1 1 

7.24, . u z vsr £:-is Ca X f o r ( F e 2 + , A l v i ) a»yl (Fe 2"\ ?G ~ + ) 
s u b s t i t u t e d basic atomic f ^ j p u l ^ e i n extended ampbiboie 
composi t i o n o l space w i t h -la-- < 0 . 6 6 „ 2 1 2 

7 . 2 ^ . A l / J versus Na X f o r (Kg 2'', A.1V1) and ( M g 2 +
? Fe^'1") 

s u b s t i t u t e d basic atomic formulae i n emphiboie composition''!.! 
space. 2lh 

7 . 2 6 . A 1 Z versus i l a A for (Fe2'1", A l * 1 ) and ( F e 2 +
? ? e 3 + ) 

s u b s t i t u t e d basic a t o n i c formulae i n amphibole compositional 
space, 2 l ; 5 

7 . 2 7 * A l z versus A 1 Y f o r (Eg 2*, A l v i ) and ( > ; C
2 + , F e 3 + ) 

s u b s t i t u t e d basic atomic formulae i n extended amphibole 
compositional space w i t h Kg-- > 1 . 3 3 , I'-a""' < 0 . 6 6 . 2 1 / 

7 . 2 8 . A l 3 versus A 1 Y f o r ( r e 2 * , A I v i ) and ( F c 2 + , ? e 3 + ) 
s u b s t i t u t e d bf-sic atomic formulae i n extended amphibole 
compositional space w i t h Kg A > 1 . 3 3 j Ha""'< 0,6o, 2 1 3 

7 , 2 9 o Histogram: of A l ~ i n basic atomic Cormulae w i t h Na x < 0 , 6 6 , 

I-IC-X < 0 , 6 6 c a l c u l a t e d to 2 3 ( D ) f o r i-.iuse analysts l i ­
the amphibolo oat? f i l e w i t h e i t h e r Ĥ O-̂ , F or CI 
determined. " 2 2.1 

7 o 3 0 . Apparently c o e x i s t i n g amphibole pairs from Ward Creek., 
Cazedero, C a l i f o r n i a . 2 2 0 

7 » 3 J * Apparently c o e x i s t i n g amphibole ^ a i r s from the Tioaron 
Peninsula", C a l i f o r n i a , * " 2 3 1 

7 . 3 2 , Apparently c o e x i s t i n g :?mphihole p v i r s from the Sanbagawa 
Metamorphic B e l t , Shikoku, Japan, 2 3 3 

7 • 3 3 • Apparent!'' c o e x i s t i n g amohibole c a i r s from v a r i o u s 
l o c a l i t i e s . " " 2 3 5 

7 . 3 ^ . Composite p l o t of apparently c o e x i s t i n g amphibole p a i r s 
and low A l ^ soda c a l c i c amphiboles. 2 3 9 
Z X Z v 0 . 1 . Al versus rla and A l versus A l x f o r basic atomic 

formulae of amuhiboles from ultram.^f i c - u l t r a b a s i c 
igneous host recks. 

8 . 2 . A1"J versus iJa" and Al"' versus A l ~ f o r basic atomic formulae 
of amphiboies from basic igneous host rocks. 2 5 0 

8 . 3 . A l ^ versus Nci^' and A l " versus A l " f o r basic atomic formulae 
of amphiboles from i n t e r m e d i a t e igneous host r o c k s , 2 5 1 
Z ^ Z v 

8 tH„ A l versus Na"1- and Al"" versus A l " f o r basic atomic formulae 
of amphiboles from acid igneous host rocks. 2 5 2 

8 . 5 . Al versus Na and Al"' versus A l ~ f o r basic atomic formulae 
of aniphiboles from basic al'-: :.'.li igneous host rocks. 2 5 3 
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„ Z X V j y 
o.6„ M versus Fa and A l J versus A l f o r basic atomic formulae 

of ainpiiiboles from a l k a l i igneous bos I", r o c k s . 2vv-v 

8 . 7 , AJ_'J versus Al'"" i n c a l c i c anphiboles from metamorphosed 
c a 1 c n r e o u s host r o c. k a 0 2 5 8 

8 . 8 , A l ^ versus Fa" for. c a l c i c , soda c a l c i c and a l k a l i amphibolas 
and versus Al-1- f o r c a l c i c a.mohiboles from eclogi.tes. 

27.3 
8 . 9 , A l i v versus A l V l i n araphiboles from c c l o g i t e s . 2 7 6 

A l . l b S i t e nomenclature of the s i l i c a t e chain i n the amphibole 
s t r u c t u r e . 3 3 ^ 

A 1 . 2 , Stacking of the s i l i c a t e bands i n the monoclinic 
aiuphibole g r u n e r i t e , 3 3 2 

A 1 . 3 . Chain d i s t o r t i o n and c a t i o n s t r i p or Lentation i n 
amphibolies belonging to the C 2 / M » Prima, Pnmn and Fo-j/m 
space groups. 3 3 ? 
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Syi-iBOT.a AiiP ABB;lKVI>.?TONd 

A , I I I , M2 , M3 ? > T l , T2 , 

01, 02 , 03 , Ok , 05 , 06 , 07 . 

Group, no;r^eoc,1,ature,. 

A group = A s i t e , 

X group = two HU s i t e s , 
Y group two H I , two l-!25 one M3 s i t e s , 
Z group = f o u r T l , f o u r T2 s i t e s , 
OK group = two 03 s i t e s . 

Ion*; 
•5 . 

FeJ"f' i o n and o x i d a t i o n s t a t e , 
v i . , . . . . , 

A l i o n and co-oroj.nai.ion number, 
^Y sum of the ions normally present i n the . Y group , 

• vacancy, 

23(0) anion base of 23 oxygens 

2^(0) anion base of 2h oxygens 

Xjta - 16 c a t i o n base of 16 c a t i o n s , A s i t e f u l l 

Y. Ha ~ 15 c a t i o n base of 15 c a t i o n s , A s i t e vacant 
2_ Ca. = 15 a l l ca t i o n s except Fa', K normalised t o 15 

)_FM = 13 o i l c a t i o n s normally present i n the Y and Z groups 
normalised to 13. 

Basic gnomic. f_ormula 
Na Ai Ca, Ka X, M e , A 1 Y , Si A 1 Z 0 2 2 ( 0 H ) 2 

^̂ tS-ilii§li ba_s .i_c_ a towi.c formula, 

I\a A, Ca X, Mg X
5 l i a X , I i g Y , A 1 Y Si A1 Z * 0 2 2 ( 0 H ) 2 

* .L;"ai'-J.:a/"j t.yp,i :T^ X s T tui-l Z h,?.vc occe.cio";?,] i y e e s n -.flio w. i n lov/e.v 

http://co-oroj.nai.ion
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^+ 1 v Fe~ ierr.i.o i r o n , component of A i ~ , 
Y' Y V1- Y Y 3+' A l 1 A± e x c l u d i n g Fe , A l = A l " + FG 
vO v * 

Ai - 1- Change i ' j i Al"" w i t h change i n i r o n o x j e l a t i o n r a t i o . 



_ L-
1 • L!&;J"iII£l!^l 

The aMphiboles are an i o i p o r t a n t r r o u p or hydrous m.onr.clinio 

and o r t h o r h o b b l e o h a u i r-i-11inyt.es. The n'<.'•! 2 amphibole was f i r s t 

proposed by I'auy i n I I V J I f r o m the Gresk i ^ j J j i ^ U j l ? meaning 

ambiguous, i n i l l u s i o n t o Lbs t h e n air-bi guous n a t u r e of the m i n e r a l 

group. F o l l o w i n g the f i r c : t X~ray s t r u c t u r e i n v e s t i g a t i o n s of t h e 

nio n o c l l n U; runpnibole t r e w o l i t e (Warren 192?) and the or t h o r h o r i b i c 

amphiboly - ^ n t h o p h y l l i te (Warren £ K o d o l i 1930) the gone] 1.si s t r u c t u r a l 

f o r m u l a of the atnphi'Toles v.'as shovm t o be 

' A 0 - l A?. Yr-; 
s 

ZQ 0 p P ( 0 H ) 2 . 

i o n i c s p e e i s s i n each group of R i t e s are 

Group T y p i c a 1 i o n i c s -j e c i 5 

A A a , is. 

X + „ 2+ 2+ 2+ ft a 5 Ca , Mn ? Fs 

Y KC 2 +, F o 2 + , F e 3 +
f A l 3 

C r 3 + , Li"*" 

Z A l > 

2+ + 
>$ } L i 

i . i - 5 i'»n 

OH OH", F", C l " , 0 2 " 

The r e a d e r unf an LI i a r w i t h t h e s t r u c t u r e and r i t e n o m e n c l a t u r e o f 

the omphiboles i s r e f e r r e d t o Appendix 1 oc t o t h e e x c e l l e n t modern 

d e s c r i p t i o n s of s p e c i f i c c r y s t a l s t r u c t u r e s by P a p i k e , Boss & Clark. 

(1969)5 Fapike 6: Ross (1970) and Hawthorne & Grundy (1973 a,10. 

Awphiboles are found i n a wide ran^e of g e o l o g i c a l e n v i r o n ­

ments i n c l u d i n g c o n t a c t and r e g i o n a l l y metamorphosed r o c k s , igneous 

r o c k s of d i v e r s e c h a r a c t e r , and l e s s co.n''iOnly as an a u t h i g e n i c M i n e r a l 

i n s e d imentary r o c k s . I n a d d i t i o n , smphibolec have been r e p o r t e d 

f r o m - n e t e o r i t s s (Olsen 1 9 6 7 ; / ^ ^ j ^ f o & Y l o n t 1968; Olsen e t a l . 

http://r-i-11inyt.es


1973)? the moon ( ; , . g r e l ! e t a l . 19'/0), end hnve been suggested as 

a p o s s i b l e plwse i n tna Jv.-rth's mantle (0:;bi\rgh 196^; liason 1968a}» 

The compos!tion:.-! v a r i a t i o n e x h i b i t e d by tLIG amphiboles i s v e i y 

g r e a t . i-iost of t h e major and many 02V t h e n'inor elements oj? t he 

E a r t h ' s c r u s t can e n t e r thy amphibole s t r u c t u r e yri'l because of t h : s 

the group has been v a r i o u s l y d e s c r i bed a« "W:- s t e b a s h a t " ( S r n s t I968) 

or " c a r p e t bag" m i n e r a l s (Gunn 197?). These f e j t u r e s of v-'idespread 

o c c u r r e n c e and v a r i a b l e c o m p o s i t i o n moke the amphiboies p o t e n t i a l l y 

v e r y i m p o r t a n t i n the i n t e r p r e t a t i o n of the p h y s i c a l and c h e m i c a l 

c o n d i t i o n s 01 f o r m a t i o n o f t h e r o c k s i n which b'n-ay o c c u r , Hovover, 

even though Le-iko i n 1 9^8 e s t i m a t e d t h a t .several t h o u s a r d amphiboies 

had been analysed c h e m i c a l l y , no c l e a r u n d e r s t a n d i n g o f t h e i r o v e r a l l 

c h e m i c a l var.iat.ion and i t s r e i a t i u n s h i p t o mode of o c c u r r e n c e has 

emerged. 

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

t h e i r n o m e n c l a t u r e c F e l i x (197'J) c a t a l o g u e d over 300 names which 

had been proposed f o r v a r i e t i e s o f amphibole«, Add t o t h i s t h e d i f ­

f i c u l t y i n d e r i v i n g an atomic f o r m u l a due t o the presence o f water 

i n t h e s t r u c t u r e , t h e f r e q u e n t l y i n c o m p l e t e n a t u r e o f the c h e m i c a l 

a n a l y s e s , and t h e p o s s i b i l i t y of v a r i a t i o n s i n o r d e r - d i s o r d e r w i t h 

t e m p e r a t u r e o f c r y s t a l l i s a t i o n (Ghose & V/eidner 19725 E c i f e r t & 

V i r g o 197 1 +) and i t can be seen t h a t t h e amphib o i e s , even t o d a y , l i v e 

up t o t h e i r name* l b i s the aim of t h i s work, t o propose a i d s t o the 

i n t e r p r e t a t i o n and c l a s s i f i c a t i o n of c h e m i c a l d a t a r e l e v a n t t o the 

amphiboles and t o use these and a l a r g e c o l l e c t i o n o f p u b l i s h e d 

c h e m i c a l a n a l y s e s , t o o u t l i n e t h e o v e r a l l c h e m i c a l v a r i a t i o n of the 

group and t h e r e l a t i o n b etvoen amphibole c o m p o s i t i o n -md mode o f 

o c c u r r e n c e . 

As a p r e r e q u i s i t e to t h i s i t i s d e s i r a b l e to be a b l e t o 
r e c a s t t h e w e i g h t per c e n t o f the c o n s t i t u e n t , o x i d e s i n a c h e m i c a l 

http://var.iat.ion


a n a l y s i s i n t o trie r e l a t i v e numbers o f i o n s p r e s e n t and t o d i s t r i b u t e 

these between the a v a i l a b l e c r y s t a l ] o g r s p h i c s i t e s , o r groups o f 

s i t e s i n the s t r u c t u r e . The d e r i v a t i o n of an stc-mic f o r m u l a f r o m a 

ch e m i c a l a n a l y s i s i s c o m p l i c a t e d i n the amphiboles f o r t he f o l l o w i n g 

t h r o e r e a s o i i s ; 

( l ) Chemical a n a l y s e s are f r e q u e n t l y incomplete,, T h i s a p p l i e s 

i n p a r t i c u l a r t o de t e r - m i n a t i o r i s of KpO-t-, C I and the o x i d a t i o n 

s t a t e o f m u l t i v a l e n t c a t i o n s , i n p a r t i c u l a r i r o n * 

(?.) The l a c k of a t r u l y s a t i s f a c t o r y a n i o n o r c a t i o n base f r o m 

w h i c h t h e numbers o f c a t i o n s and anions p r e s e n t may be c a l c u l a t e d . 

When a c c u r a t e v a l u e s f o r t h e d e n s i t y and c e l l volume o f a specimen 

are known, an atomic f o r m u l a can be c a l c u l a t e d w i t h o u t r e c o u r s e t o 

aj i assumption c o n c e r n i n g the number of cation's or anion:;; p r e s e n t 

(Hoy 1939. 195 ,-i) 0 Fowever, t h i s a d d i t i o n a l data i s o n l y r a r e l y 

a v a i l a b l e and a c c u r a t e v a l u e s f o r t he dsn:-;; cy are d i f f i c u l t t o a c h i e 

( 3 ) The a l l o c a t i o n o f i o n s t o the cryst-OJ.ographic s i t e s , or 

groups of s i t e s , r e q u i r e s a knowledge o f Lhe d i s t r i b u t i o n of i o n s 

i n i n v e s t i g a t e d specimens and how t h i s i s a f f e c t e d by b u l k c h e m i s t r y 

and e x t e r n a l c o n d i t i o n s d u r i n g c r y s t a l l i s a t i o n . 

C o n s i d e r i n g t h e f i r s t two p o i n t s together<, P r o v i d e d water 

and f l u o r i n e have been determined a c c u r a t e l y a c h e m i c a l a n a l y s i s o f 

an amphibole can be r e c a l c u l a t e d assuming an a n i o n base of tw e n t y 

f o u r oxygens, ?-i+(0), ( 0 2 2 + ( 0 2 " , 0 H " , ? " ; 2 ) . E r r o r s i n the v a l u e f o r 

H o0+ or F w i l l a f f e c t the r e s u l t i n g p r o p o r t i o n s o f a l l c a t i o n s . 

H i y a s h i r o (1957) suggested t h a t when HgCH- and F were absent or 

i n a c c u r a t e l y d e t - r a i n e d a h y d r o x y ! f r e e a n i o n base o f twenty t h r e e 

oxygens 2 3 ( 0 ) , ( 0 ^ 2
 + £ (OH)pj £ HpO) was to be p r e f e r r e d , when 

u s i n g t h e 2 3 ( 0 ) base i t i s t a c t i l y assumed t h a t t h e sum of h y d r o x y 1 

and f l u o r i n e i s two. Erroneous atomic f o r m u l a e r e s u l t i f a 2 3 ( 0 ) 



base i s a p p l i e d t o an a l y s e s o l o^arcphiboles j n which H* i s 

d e f i c i e n t i n t h e h y d r o x y I ^ r o u p , or t o those i n which p r o t o n ? 

e n t e r t h e A s i t e ( P h i l l i e s 19^3; V J i t t o e t a l . 1969). With t h e 

advent of r,he widespread use of the e l e c t i on m i c r o p r o b e , the number 

of a n a l y s e s w i t h o u t water d e termined has i n c r e a s e d and w i t h i t the 

use of the 23(C)) a n i o n base. 

Bornoman - S t a r y n k e v i o h (I.960) suggested c e r t a i n c-atjon sums 

as s l t c r n a t i v e 5 t o a n i o n bases v i a . Y + I - 13? X + Y + Z - 1^, 

ti'i ' + A l - = 8 and S i = 6 e Other cati.cn base? are p l a u s i b l e t o r 

example A + X + Y + Z ~- l 6 , Y 5 b u t t h e r e i s l i t t l e j u s t i f i c a t i o n 

f o r t h e g e n e r a l a p p l i c a b i l i t y o f any of these ( P h i l l i p s ]9u3)» 

However, as d e s c r i b e d below c a t i o n bapes have been employed i n o r d e r 

to e s t i m a t e the i r o n o x i d a t i o n s t a t e i n e l e c t r o n 1 a e r o probe analysas 

( S t c u t 1972; Brady 19V>!0 • 

I n t h e l e s t d e c i d e a c o n s i d e r a b l e number of complete and 

p a r t i a l s i t e p o p u l a t i o n s have been p u b l i s h e d f o r a v a r i e t y o f amph-

i b o l c c o m p o s i t i o n s (see Appendices 2 and 3)» These have been c e t c r -
11 

wined by X-ray d i f f r a c t i o n , i n f r a r e d and Kossbauer s p o c t r o j i c o p y „ 

S t a r t i n g f r o m known s i t e p o p u l a t i o n s W h i t t & k e r (1960), P h i l l i p s (1963) 

and Ghose (1965) developed schemes whereby i o n s are a l l o c a t e d t o the 

most a p p r o p r i a t e s i t e , or group of s i t e s , i n the c r y s t a l s t r u c t u r e . 

F u r t h e r , one of these schemes has been i n c o r p o r a t e d i n an u n p u b l i s h e d 

computer program e n t i t l e d MI TTDA'.!7\ 3 ( f : . P h i l l i p s 1965 perts. c o n i t u ) . 

The w r i t e r e v a l u a t e d P h i l l i p s ' scheme by comparing p u b l i s h e d 

e x p e r i m e n t a l l y d e t e r m i n e d s i t e p o p u l a t i o n s w i t h t h e s i t e p o p u l a t i o n s 

c a l c u l a t e d f o r t he same specimen f r o m i t s c h e m i c a l a n a l y s i s a l o n e . 

The scheme was found n o t t o be e n t i r e l y s a t i s f a c t o r y . S t a r t i n g f r o m 
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p u b l i s h e d s i t e p o p u l a t i o n s a g e n e r a l scheme f o r a l l o c a t i o n c f i o n s 

between groups o f s i t e s (A - A, X -- two M li, Y = two M2, two M l , 

M j , Z = f o u r T l , f o u r T 2 S OH two 03) was d e v i s e d , sen Chapter 2, 

and i n c o r p o r a t e : ] i n t o a computer- program e n t i t l e d MIMf'^TA5« 

F a i l u r e t o de.tarmi.ne the o x i d a t i o n sv.ate of m u l t i v a l e n t i o n s 

i s most i m p o r t a n t w i t h r e s p e c t t o i r o n , which i s b o t h u b i q u i t o u s and 

q u a n t i t a t i v e l y i m p o r t a n t . W i t h the advent of t h e widespread use of 

the e l e c t r o n m i c r o p r o b e i n the a n a l y s i s of amphiboios t h e r e e x i s r s 

a need f o r a s a t i s f a c t o r y method, whereby e s t i m a t e s of the i r o n 

o x i d a t i o n s t a t e can be mode* A semi-quant.lt-) t i v e es t i m a t e has been 

made by a n a l y s i s of the r e l a t i v e i n t e n s i t i e s of the L q and I, 

e m i s s i o n l i n e s ( A l b e e £ ChoOos 1970). 

There e x i s t i n a d d i t i o n a nu;n Ker of methods bv which e s t i m a t e s 

of the i r o n o x i d a t i o n s t a t e may be nade g i v e n the t o t a l i r o n c o n t e n t 

and making c e r t a i n assumptions as r e g a r d s the c r y s t a l c h e m i s t r y o f 

the a m p h i b o l e s . I t should be noted t h a t f o r most analy s e s i n which 

the i r o n o x i d a t i o n s t a t e has n o t been d e t e r m i n e d , water and f l u o r i n e 

a re absent a l s o . S t a r t i n g w i t h what may be c a l l e d s t o i c h i o m e t r i c 

methods; these assume a c a t i o n base f r o m which an atomic f o r m u l a 

f o r the c h e m i c a l a n a l y s i s ( a l l i r o n t a k e n as FeO) may be c a l c u l a t e d , 

see above. The sum o f t h e number o f oxygens a s s o c i a t e d w i t h t h e 

c a t i o n s i s n o r m a l l y l e s s t h a n 23, t h e d e f i c i e n c y b e i n g t a k e n as a 

measure of the Fe;>0^ c o n t r i b u t i o n . 

S t o u t (19?2) suggested f o u r such c a t i o n bases» These were, 

( i ) l o c a t i o n s , A s i t e f u l l , ( i i ) 1? c a t i o n s , A s i t e v a c a n t , ( i i i ) 

c a t i o n s n o r m a l l y p r e s e n t i n t h e Y and Z s i t e s to t a i l 13 and ( i v ) 

c a t i o n s n o r m a l l y p r e s e n t i n the X, Y and Z groups t o t a l 15 e x c l u d i n g 

a l l I;a ' (and presumably a l l K a l s o ) . S t o u t f a v o u r e d the f o u r t h of 

these bases0 Brady (1975+) has f o l l o w e d a s i m i l a r approach,, Any 

http://de.tarmi.ne
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rc-'.calculation i n terms oi' a c a t i o n base assumes t h a t ( i ) a l l t h e 
r e m a i n i n g c a t i o n s are determined a c c u r a t e l y , ( i i ) the c a t i o n base i s 
m e a n i n g f u l 5 see above > ( i : i i ) t h e r e are no a n i o n v a c a n c i e s o t h e r t h a n 
those a s s o c i a t e d w i t h undetermined, FopQ^ and ( i v ) t h a t t h e emphlbole 
i s n o t an o x y a n p n j b o l e . I t Ccii be shown t n a l : these assumptions do 
not h old i n g e n e r a l . The c h o i c e of the r e c a l c u l a t i o n base used depends 
§. l!£ii?J.'l- o n -1 knowledge of t l i e a p proximate c o m p o s i t i o n of the amphibole 
under c o n s i d e r a t i o n . Thus, f o r example, the a p p r o p r i a t e c a t i o n bases 
of S t o u t (197*+) f o r a number of s i m p l e atomic f o r m u l a e are s e t out 
below. 

a p p c o or i. a t e c a t i o n b a s e . 

t r e m o l i t e • C a ^ Hg 2£ S i ^ + 0 2 2 2 ( 0 H " ) 2 ( i i , i i i , i v ) 

r i c h t o r i t e Na C a 2 + I?a + H g 2 J Si^gO 2"?. ( 0 H " ) ? ( i , i i i ) 

e u m mingtonite DMg':2 J-.^rj C 0* 1™^ ( i i , i v ) 

F u r t h e r , P h i l l i p s (19^3) has suggested t h ; i t Y group v a c a n c i e s o f the 

type T i l , + + • = 2 H g 2 +
? 0 r l e s s commonly 21V^+ + • = 3R 2 H" m a v 

occur i n t h e a m p h i b o l s s . I n p r a c t i c e s t o i c h i o m e t r i c methods o f t e n 

l e a d t o oxygen t o t a l s i n excess o f 23« 

Secondly i n what S t o u t (1972) c a l l e d c h e m i c a l methods, an 

a n i o n base of 23(0) i s assumed Q Atomic f o r m u l a e are c a l c u l a t e d w i t h 

a l l the i r o n a l t e r n a t i v e l y i n the f e r r o u s s t a t e (maximum number of 

c a t i o n s ) and the f e r r i c s t a t e (minimum number of cations)« The 

c o r r e c t atomic f o r m u l a i s b r a c k e t e d somewhere between these e x t r e m e s , 

I t may prove p o s s i b l e to a p p l y c e r t a i n c o n s t r a i n t s based on amphibole 
h -u 

c r y s t a l c h e m i c a l c o n s i d e r a t i o n s ( e . g . S i 8„08 atoms) t o d e l i m i t 

the most l i k e l y o x i d a t i o n s t a t e . However, as i n the s t o i c h i o m e t r i c 

method, a number of assumptions must be made, ( i ) a l l t h e r e m a i n i n g 

i o n s are d e t e r m i n e d a c c u r a t e l y , ( i i ) t h e r e a r e no oxygen v a c a n c i e s 
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a s s o c i a t e d w i t h the a n i o n base and ( i i i ) t h e specimen i s nor, an 
o x y a ; i p h i b o l a . C a t i o n v a c a n c i e s are p e r m i t t e d hov.'ever. 

One f u r t h e r p o s s i b i l i t y o f d e t e r m i n i n g the i r o n o x i d a t i o n 

s t a t e i s p r o v i d e d by the 'basic atomic f o r c u l a ' ( P h i l l i p s & L a y t o n 

196>f-; P h J l l i i . y 1966). The b a s i c a t o n i c f o r m u l a wns developed as 

an a i d t o the c] a s ^ i i l e a t i o n of t h e c a l c i f e r c u s and a l k a l i amphibo.ies 

(vjiv.h Ca'-1", KP H o c c u p y i n g t h e X g r o u p ) . The d e r i v a t i o n i s c o n s i d e r e d 

i n g r e a t e r d o t a l ! below. To m a i n t a i n charge balance i n an a c c u r a t e 

a n a l y s i s t he sum of b a s i c a t o m i c f o r m u l a Ha" + M" equals Wa " + AI"'. 

As F e j h i s i n c l u d e d i n A I ^ b u t Fe i.s not d i r e c t l y i n c l u d e d i n e i t h e r 
A y X 2 Na 3 A l j KEL1' or Al~" ( b u t see Chapter 3) 5 c a l c u l a t i o n of b a s i c atomic 

f o r m u l a e f o r v a r i o u s i r o n o x i d a t i o n stvte'S ( t o t a l i r o n c o n s t a n t ) might 

be expected to i n d i c a t e o n l y l i m i t e d v a l u e s f o r w h i c h the c o n d i t i o n 

h o l d s , and hence p r o v i d e a uac-fui e s t i m a t e of t h e i r o n o x i d a t i o n s t a t e 

i n the a n a l y s i s * The metnod was f i r s t suggested by K i ^ c h £ b'arnaars 

(19o9) b u t as f a r as the a u t h o r Is awere h^s never been implemented. 

I n Chapter 3 t h i s method has been e v a l u a t e d , i n i t i a l l y f o r sim p l e 

t h e o r e t i c a l c o m p o s i t i o n s w i t h known o x i d a t i o n s t a t e s and th e n f o r 

genuine a n a l y s e s . 

B r i e f mention hr-s a l r e a d y been made c o n c e r n i n g t h e nomen-

c l a t u r a l d i f f i c u l t i e s a s s o c i a t e d w i t h t h e c l a s s i f i c a t i o n of the 

amphiboles. M i n e r a l s are n o r m a l l y c l a s s i f i e d i n terms of c h e m i c a l 

c o m p o s i t i o n and c r y s t a l s t r u c t u r e "out amphibole v a r i e t i e s based on 

o p t i c a l and p h y s i c a l p r o p e r t i e s or the jiode o[ occun-ence are s t i l l 

i n vogue. Thus f o r example a c t i n o l i t e hrs been used f o r gi'een 

nmphibcles w i t h atomic f o r m u l a e a p p r o a c h i n g • C a ^ 2 0 l f i ~ + , F e ^ + ) ^ S i ' £, 

0 2 2 2 ( ! 3 - O 2
 a n ~ t r e m o l i t e for- t h e c o l o u r l e s s t y p e , w h i l e arnosite i s a 

f i b r ^ o u s v a r i e t y of c u m m i n g t o n i t e - g r u n e r i t e ( • (P"g''''H',Fe'"'l')^():g.£? r 

F G 2 + ) i]iito222(-(y^"h.^ ;:,1U> c a r i n t n i n e and bar/oisiUe have been c o n f i n e d 



to e e l o g i to o ccurrences ( K o r i t n i g 19l!0; B i n n s 196'7), 

The d e r i v a t i o n of a name f o r ••-•> m i n e r a l f r o m i t s c h e m i c a l 

a n a l y s i s , u s u a l l y r e c a s t as an atomic f o r m u l a , i n v o l v e s a comparison 

of the unknown w i l h c o m p o s i t i o n s named •.•ccord i n g t o sore c l a s s i f ­

i c a t i o n , v.hcn thes.;? r..-med c o m p o s i t i o n s r e ore 1,on t ey.tren.es o f 

v a r i a t i o n i n t h e m i n e r a l group and v.-hen any o t h e r c o m p o s i t i o n can be 

d e s c r i b e d by a unique l i n e a r o o i r . b i n a j on of p o s i t i v e c o n t r i b u t i o n s 
r 

froi'i t h e s e , the era.reme c o m p o s i t i o n s ,j.ve r e f e i j e d t o as end Denbcrs 

of the group 0 When the numb-:, c of incie pendant c he mice 1 v a r i a b l e s 

necessary to d e s c r i b e the c h e m i c a l v a r i a t i o n or a min ~~s a i group i s 

s m a l l , the comparison i s n o r m a l l y made gra phj e a i l y „ A name i s g i v e n 

t o the unknown by n o t i n g wh^re t h e a n a l y s i s f > i l s r e l a t i v e to named 

couipas.: t i o n s o A] ten ne t i v e l y « the un!m'.o\.a can be con?.id':."^h as a 

l i n e a r coi.;bih-,tion 5 0:7 s o l i d s o l u t i o n , , of t h e a v a i l a b l e end memhsr 

c o m p o s i t i o n s . The c h e m i c a l c o m p l e x i t y oC the amphiboles h i n d e r s b o t h 

approaches t o the naming of ompiiLbole a n a l y s e s . 

T a k i n g c o m p o s i t i o n s froir. Deer, Howie & Zussman (1963) 5 F e r r y 

(1967) demonstrated t h a t i t i s p o s s i b l e t o d e s c r i b e u n i q u e l y the 

c h e m i s t r y of an amphioo.] e, o r i g i n a l l y g i v e n as rn o x i d e s , i n terms 

of a l i n e a r c o m b i n a t i o n of a t most si-.l amohibole c o m p o s i t i o n s . How­

ever, i n g e n e r a l , these c o m p o s i t i o n s cannot be c o n s i d e r e d as en.'; 

members to the ampbibole group as n e g a t i v e c o n t r i b u t i o n s f r o m one 

or more are r e q u i r e d t o d e s c r i b e T,be unknown. F e r r y (19&7, 196C, 

1970) has suggested t h a t i t may be p o s s i b l e t o d e t e r m i n e the t r u e 

end members f o r the araphiboies b a t t h e r e would n o t obey amphibole 

s t o i chiome t r y . There would a l s o be wore t h a n m-KL of these because 

th e same c a t i o n can e/iLur more than one s t r u c t u r a l p o s i t i o n . As 

s u c c i n c t n e s s i s one ;>f the main reasons f o r d a r i v i u g a name f o r 

a chemical a n a l y s i s t h e r e seems l i t t l e v a l u e i n a method which r e q u i r e s 

a d d i t i o n a l v a r i a b l e . 
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i - ' r i i l l i p s & Lay t o n (l9ok) and P h i l l i p - , - (1960) proposed an 
c 

elaganl: c h e m i c a l c l a s s i f i c a t i o n 01 the c a l j i i i crous and a l k a l i 

a m p b i b o l e s . S t a r t i n g f r o m t r e m o l i t e and a p p l y i n g si:< coupled i o n i c 

s u b s t i t u t i o n s 

( i ) 2Na = • Ca ( i v ) A l v l A l " l v = H ; S i 

( l i . ) n a A l v i = CaKg ( v ) C u A l 1 7 ^ N a 53, 

( i i i ) • a l V i = Hang ( v . i ) N a A l 1 V - • £i 
P h i l l i p s and Lay i o n a r r i v e d a t n i n e extreme c o m p o s i t i o n s * 

( T r ) • Ca 2 H g 5 S i 8 0 2 2 ( 0 : J ) 2 ( P a J ^ H S i A l y 0 ( I K ) 

(Ts) • Ca 2 H g 3 A l 2 tfi^02., ( 0 H ) 2 (Su) Na Ca Ha H S A l 2 S i 6 .1.1 0 ? ? 

(G) • Ha 2 i i g 3 A l 2 S i 8 0 2 2 ( C K ) 2 ( 3 c ) K e r , ^ K ^ A 1 ,, q ^ ^ y ^ ^ 

CIO No Ca S i g C 2 2 ( 0 H ) 2 ( J - 1 ) K ? T , - ^ ^ ^ J ? ( ~ n ^ 

(3 d ) iia Ca.j Hg^ 8i„ AlOoo (OH) c 

Esch of these v/us c o n s i s t e n t w i t h the g e n e r a l l y accepted s t o i c h i o m e t r y 

of the c a i c i C e r o u s and a l k a l i amphibol! es, 0 < H 3 A ^ . 1 P 0 , 0 < Na" ^ 2.0, 

0 ^ A l v x ^ 2,0, 0 ^ A l i V ^ 2.0. 

Tv.'O of the c o m p o s i t i o n s , (Su) s u n d i u s i t e and -J-\) m i y a s h i r o i t e were 

suggested f o r the f i r s t time and d i d n o t correspond t o known anplubolas„ 

These iriP.ies were l a t e r d i s c r e d i t e d by F l e i s c h e r (.1965, 19^6). 

An a n a l y s i s o f a c a l c i f e r o u s or a l k a l i amphibole may be 

compartd w i t h the c o m p o s i t i o n s i f i t i s f i r s t c o n v e r t e d to what P h i l ' l i p s 

and Layton teemed a b a s i c atomic f o r m u l a . I n i t s s i n p l e s t f o r m t h i s 

i s c a l c u l a t e d by c o n v e r t i n g a l l monovalent c a t i o n s i n the A and X 

groups t o e q u i v a l e n t La and t r i v a l e n t ; l u s t e t r a v a l e n t c a t i o n s i n 

the 7 group and t r i v a l e n t c a t i o n s i n the Z group to e q u i v a l e n t A l l . 

D i v a l e n t c a t i o n s i n the X and Y groups, are r e t u r n e d as e q u i v a l e n t Ca 

and Mg r e s p e c t i v e l y . The g e n e r a l f o r m of t h e b a s i c atomic f o r m u l a i s 

E a ^ (Cav:a X) p ( M g A l ^ ( S i A l Z ) 8 0 2 2 (OH), 
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and a c t s as a c o n c i s e way of d e s c r i b i a g I.he o v e r a l l c o m p o s i t i o n 01 a 
caJ c i f e r o u . " nv a l k a l i a mphiaole. P h i l l i e s (19o6) r e c o g n i s e d t h a t i n 
any a c c u r a t e a n a l y s i s U'.'a- + Ll~) shoujd e q u a l (l!a + A l ^ ) . Once 
any t h r e e are known the . f o u r t h is d e t e r m i n e d . T a x i n g the t h r e e 
v a r i a b l e s -u 1

 i h 1 Z p - > r ; v n e i t o th.-re o r t h o . o . i j l a x e s v a l l 

c a l c i f e r a u s and a l L i a l i amphiboies l i e i n a d e f i n e d r e g i o n , termed 

'amphiboly composition::], specs' ( F i g . 1 . 1 ) . T-ic n i n e c o m p o s i t i o n s 

f o r m the v e r t i c e s of the space. While these v e r t i c e s r e p r e s e n t 

extreme amphibole and b a s i c atomic f o r m u l a c o m p o s i t i o n s they are n o t 

a l l end members o f the amphibole group since i n -.ny t h r e e d i m e n s i o n a l 

r e p r e s e n t a t i o n t h e r e can be, a t most, o n l y f o u r end merabors ('.''hittaker 

I96S), which w i l l p r o v i d e by a unique l i n e a r c o m b i n a t i o n , t h e 

c o m p o s i t i o n of any i n t e r m e d i a t e amph I h o l e , Extreme c o m p o s i t i o n s 

which are n o t t r u e end mendu^ w i l l be d e s i g n a t e d as 'end numbers'. 

P h i l l i p s s u b d i v i d e d amobibole c o m p o s i t i o n a l space i n t o n i n e 

segments (sen.su. ev wtenso names) c o r r e s p o n d i n g to t h e e x t e n s i o n of 

the 'end members' i n t o the space. Using such a c l a s s i f i c a t i o n an 

rimphibole, a f t e r f i r s t r e c a l c u l a t i n g 1.0 a b a s i c atomic formula., may 

be d e s c r i b e d i n any of t h r e e ways, ( 1 ) by i t s sensja e^j^vnso name, 

( i i ) a c o m b i n a t i o n , not u n i q u e , of t h e 'end members', o r ( i i i ) quoted 
Y v 7 

i n terms of i t s c o - o r d i n a t e s 3\a- , Hf-, »1 , 

T h i s c l a s s i f i c a t i o n i s by no means the o n l y one which has 

been proposed f o r the amphiboies, nor u n f o r t u n a t e l y i s i t f r e q u e n t l y 

used. The s u b d i v i s i o n of ^mphibole c o m p o s i t i o n a l space i n t o ^ n s u 

eprtenso regiQnsnas been c r i t i c i s e d by '7hi.ttak.er (19^8) on the grounds 

t h a t by c o n f i n i n g the nomenclature of p o s s i b l e c o m p o s i t i o n s t o the 

n i n e 'end members' ao t h a t each senj^u ex.tciT.so r e g i o n extends o b l i q u e l y 

w i t h r e f e r e n c e t o i:ha c o - o r d i n a t e axes, the i n h e r e n t s i m p l i c i t y of 

the system has been s ^ c v i f i c c d „ 

http://sen.su
http://'7hi.ttak.er
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F i g 1.1. Amphibole c o m p o s i t i o n a l space a f t e r P h i l l i p s (1966). 

A b b r e v i a t i o n s are as f o l l o w s t- Tr t r e m o l i t e , Ts t s c h e r m a k i t e , 

G g l a u c o p h a n e 5 Ed e d e n i t e , Pa p a r g a s i t e , Su s u n d i u s i t e , M 
m i y a s h i r o i t e , Ec eekormannite and R r i c h t e r i t e . 



The r e l a t i v e m e r i t s of amphibole oomposi t j.onal space and 

t o p o l o g i c a l l y e q u i v a l e n t c l a s s i f i c a t i o n s proposed by r V o r i e s (.1966) 

and V/hi t t a k e r (.19 68) w i l 3 be d i s c u s s e d i n Chapter 5- Other c l a s s ­

i f i c a t i o n s o f the c a l c i f e r o u s (Ha 3 limond j •.'/inche.'ll 19 l i 5 ; Boyd 

3-959)} calciL'et'Ous and s u b c a l c i f e r o u s (Leake J.968) and a l k a l i 

a a p h i b o i e s ( M i y a s h i r o 1957) w i l l bo d e s c r i b e d r e l a t i v e t o amphihols 

composj t i o n a l space, 

iSxamina, t i o n o f t h e s u b d i v i s i o n o f amnhibole c o m p o s i t i o n a l 

space i n t o sju/su, fcxt?nso r e g i o n s , as o r i g i n a l l y suggested by P h i l l i p s 

( I 9 o 6 ) 5 r e v e a l e d a number of i n c o n s i s t e n c i e s . An a l t e r n a t i v e sub­

d i v i s i o n i s suggested and a method whereby a c a l c i f e r o u s o r a l k a l i 

amphibole nay be d e s c r i b e d i m i n u e l y i n cerms o f a l i n e a r c o m b i n a t i o n 

of 'end members' i s o u t l i n e d . Using t h e concept of cha b a s i c atomic 

f o r m u l a an a d d i t i o n a l t h r e e d i m e n s i o n a l c o m p o s i t i o n a l space capable 

of showing t h e r e j a t j o n s h l p between the c a l c i f erous , a l k a l i and 

FeMgb'n (cammingtoni t e - g r u n c r i t e , a n t h o p h y l l i t e , g e d r i t e ) amphibolea 

i s d e s c r i b e d . L a s t l y , i n Chapter 5 5 u s i n g a 1-Tge c o l l e c t i o n of 

ampuibole a n a l y s e s , see below, the s t a t u s of the d i s c r e d i t e d 'end 

members' m i y a s h i r o i t e and sn.nduisite and the a d d i t i o n a l 'end members' 

of the extended c o m p o s i t i o n a l space a r e d i s c u s s e d . 

A comprehensive and r e p r e s e n t a t i v e c o l l e c t i o n of amphibole 

c h e m i c a l a n a l y s e s would be of p a r t i c u l a r v a l u e i n o u t l i n i n g t h e 

o v e r a l l c h e m i c a l v a r i a t i o n and degree o f isomorphous s u b s t i t u t i o n i n 

the amphiboles as a group. Using such a c o l l e c t i o n , proposed nomen­

c l a t u r e s and c l a s s i f i c a t i o n s of the amphiboles can be e v a l u a t e d . The 

a t t e n t i o n of e x p e r i m e n t a l p e t r o l o g i s t s can be focused cm those com­

p o s i t i o n s which occur com:ion]y i n n a t u r e and on those where, p o s s i b l y 

because o f m i s c i b i . ' j t y r e l a t i o n s , amphiooles a r e e i t h e r r a r e o r absents 

I f i n f o r m a t i o n c o n c e r n i n g the paragenesis o f the analysed amphiboly i s 



providec] the data can be used t o e v a l u a t e t h e s i g n i f i c a n c e o f a 

newly analysed amphihole by comparing t h i s w i t h o t h e r s i m i l a r 

c o m p o s i t i o n s and w i t h a n a l y s e s f r o m s i m i l a r parageneses. The 

r e l a t i o n s h i p between amphibole c o m p o s i t i o n and para genesjs may 

a l s o become a p p a r e n t . 

To those ends a number of p r e v i o u s workers ( E i t e l 1922; 

K u n i t z 1?30; TIallimond 1 9 L 3 ; Sundius b a b b i t 19 ]io; 

K i y a s h i r o X 9 ?7 5 Deer, Howie & Zussman 19-53; P h i l l i p s & Lay ton 

196^; 3 o r g 1967b; Leake 1962, 1965a,h? 1968, 1971; Kostyuk & 

Sobolev 19^9; Saxena & Skstrom 1970; Robinson, Ross & J a f f e 1971) 

have accumulated anal y s e s of amphiboles. U n f o r t u n a t e l y , these 

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

ranges of amphibole c o m p o s i t i o n and as SUCH were u n r e p r e s e n t a t i v e 

oT trie graph! h o l e s -'s a group. I n o r d e r to o b t a i n a r e p r e s e n t a t i v e 

c o l l e c t i o n of a;nphibole analyses, data, r e l e v a n t t o as many amphiboles 

as c o u l d be found i n the l i t e r a t u r e were c o l l e c t e d . I t soon became 

appa r e n t t h a t t h e volume of d a t a was c o n s i d e r a b l e . A t o t a l o f 

2650 a n a l y s e s were l o c a t e d by the m i d d l e o f 1972 1 L i k e geochemica! 

data i n g e n e r a l ('.'.'ilkinson 197^), i n f o r m a t i o n c o n c e r n i n g amphiboies 

i s i n c r e a s i n g a t an a l a r m i n g r a t e , see F i g , .1.2, A t the same time 

the e x i s t e n c e of 'type specimens' means t h a t t h e t o t a l i n f o r m a t i o n 

i s i n c r e a s i n g a c c u m u l a t i v e l y r a t h e r than p o s s e s s i n g a s h o r t ' h a l f 

l i f e ' . I n o r d e r t o cope i t became obvious t h a t a computer based 

d a t a f i l e would be r e q u i r e d . 

I n Chapter h the m e r i t s of v a r i o u s data base s t r a t e g i e s are 

d i s c u s s e d . E x p e r i e n c e w i t h a data base v i i t t e n by the a u t h o r i s 

b r i e f l y d e s c r i b e d . Thanks t o t h e g e n e r o s i t y of I)r M.G. Motley of 

the IBJ'i U n i t e d Kingdom S c i e n t i f i c Centre i t has been p o s s i b l e t o 

imp] ement the aniphiboia d a t a f i l e under a p r o t o t y p e g e n e r a l data 

base s t r a t e g y . The g e n e r a l i t y of.' t h i s d a ta base i s demonstrated f o r ' 
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-15-
g e o l o g i c a l d ata w i t h ox-m Los t a k e n f r o m s t r a t i g r a p h y and m i n e r a l o g y 

arid i n S e c t i o n s V,? t o k ,h the i m p l e m e n t a t i o n of t h e amphibole 

data f i 1.e i s d e s c r i b e d . 

Atomic f o r m u l a e and b a s i c atomic f o r m u l a e ha JO been c a l ­

c u l a t e d f o r a l l 2650 a n a l y s e s i n the amphibole data f i l e . Since 

t h i s i s the f i r s t t i m e t h a t l a r g e numbers of b a s i c atomic f o r m u l a e 

have been c a l c u l a t e d , the c h a r a c t e r i s t i c s of the charge balance 

achieved by n a t u r a l amphiboles and v a r i o u s f e a t u r e s of t h e method 

used t o c a l c u l a t e the basic, atomic Toi/mulae are d i s c u s s e d (Chapter 6). 

Two a x i s p l o t s have been used p r e v i o u s l y t o i l l u s t r a t e the 

v a r i a t i o n o f e i t h e r the ea.l c i f erous ( H a l l i t n o n d 19!-i5; V ' i n c h e l l 19-5; 

Sundius 19U6; l}oyC 1959; Leake 1962. l°65b, 1963, 1971), a l k a l i 

( K i y a s h i r o 1957) '--v o r t h o r h o m b i c amphiboles ( R a b b i t 19^P<). I n 

a d d i t i o n . , Saxen? <£ uk s t r o m (1970) have used p r i n c i p a l component 

a n a l y s i s to i n v e s t i g a t e ' the s u b s t i t u t i o n a l r e placements i n the 

c a l c i f e r o u s amphiboles and Robinson, Hoss & J a f f e (1971) d e v i s e d a 

method f o r allowing how o r t h o r h o r n b i c and c a l c i f e r o u s amphiboles 

d e p a r t e d f r o m the i d e a l 'end members' a n t h o p h y l l i t e and t r e m o x i t e 

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

U s i n g t h e t h r e e d i m e n s i o n a l r e p r e s e n t a t i o n p r o v i d e d by 

amphibole c o m p o s i t i o n a l space and the v&Gitional space r e v i s e d by 

the a u t h o r , the d i s t r i b u t i o n of b a s i c atomic f o r m u l a e of n a t u r a l l y 

o c c u r r i n g m o n o c l i n i c and o r t h o r h o m b i c amphiboles i s i l l u s t r a t e d and 

d e s c r i b e d i n Chapter 7. V/hale Deer, Howie & -Cussnan (1963), £rnst 

(I968) and / / h i t t a k c r (1968) have d i s c u s s e d the c h e m i c a l v a r i a t i o n 

of t h e amphibole group, u s i n g s m a l l numbers of a n a l y s e s , i t i s 

b e l i e v e d t h a t t h i s i s the f i r s t time t h a t the major c h e m i c a l v a r i a t i o n 

e x h i b i t e d by the ampnibole group has been i l l u s t r a t e d i n a g r a p h i c a l 



manner , Fro;ii the obse rved d i s t r i b u t i o n o f b a s i c & t o cole fo r ' no I c e 

t h e i m p o r t a n c e o f proposed c o u p l e d \ somorphous s u b s t i t u t i o n s 

u i t h i n t'ny a u p h i b o l e s h u c t u r c a re d i s c u s s e d ana Ihe p o s s i b i l i t y o f 

a s o l v u s o r s o l v i w i t h i n t h e ca l c . i f e r o u s and a l ' - ' . a l i ar.iphi b o l e s i s 

j n v e s t ! 3 a t e d . 

A number o f w o r k e r s i r . c lucu .ng : l a l i i i i i o n d ( 1 9 5 t 3 ) 5 Miya a : \ i ro 

( 1 9 ^ 7 ) , Boyd ( 1 9 5 - 9 ) , D e e r , Howie e- .iussm^n ( 1 9 o j ) , LeaUe ( 1 9 6 0 , 

1 9 7 1 ; . and Eostyuk. 6; ISobolev ( l ° o 9 ) have snovm tha i , t h e r e i s 3 

g e n e r a l re.1 a t . i on s h i p b e t v e e n a i j i j i h i b o l o eo ' l iposi I", i o n and node o f 

o c c u r r e n c e , U s i n g the b a s i c a t o m i c f o r m u l a e and the mode o f 

o c c u r r e n c e o f a n a l y s e s c o n t a i n e d i n the amphibo'Le ea t? f l i c t he 

n o m e n c l a t u r e ana d i s t r : i b u t i o n o f b a s i c a t o m i c f o r m u l a e f r o m the 

mn;jor i^newu? Luvd ire t a':i a r a b l e p a r a j e n e s e s i n c l u d i n g u l t r a i n a f i ' - -

u l t r . - i h a s i c ? b a s i o , i n l a w e d i si; e ? a c i d , b - i s i e a l k a l i . , a l k a l i i^n-.-oos 

pa rapareses ana e c l o r j i t e , c a l c a r e o u s , f e r r u ^ i n o u s . s e r p e n t i n i t e and 

t h e rena i n i f l i : we tauior p h i c par adenoses i s d e s c r i b e d i n Chap te r 8 . 

F i n a l l y , the g e n e r a l f e a t u r e s o f t he r e l a t i o n s h i p s be tween hos t rocic 

t y p e and a rnphiboie coioposit?.on a re d i s c u s s e d . 

http://ir.clucu.ng
file://a:/iro
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2 . j )^?\v^l3HH 22 .i i2^lL2j! A T ' O Q - T K . W f C ^ K h 1 n>R i o&s ^ETV3J-:M 

I n ord^.i. 1 to be a b l e co c a l c u l i t e an ai.otnie f o r inula f o r cm 

d inph ibo le f j ' o r . i a c h e m i c a l a n a l y s i s i t i s necessa ry t o bo a b l e t o 

d i s t r i b u t e t he number o f i o n s , c a l c u l a t e d f r o w i on a n i o n or c a t i o n 

b o s s , bo t ̂ .'e t n t he o ry s t a l l o^ra oh io s i t e s , o r groups o f s i he a, i n 

t he c r y s t a l s t r u ^ t u c e . P n i l l i p s ( I y 6 3 ) proposed a sehene f o r t he 

a l l o c a t i o n o f .ions t o group? o f s i t e s i n the rime h i b o ! p. s t r u c t u r e ' . . 

The ,e. c heme was baser] on c r y s t a l c h e m i c a l c o n s i d e r a t i o n s and ev idence 

f r o m p r e v i o u s l y d e t e r m i n e d » r a y s i t e p o p u l a t i o n s . The a l loc-.~ t i o n 

PCbene \-J-•>:•> l a t e r i n o e r p o r a ted i n t o ,-sn u n p u b l i s h e d computer p r r -gran 

e n t i t l e d VdKDATiO (P.. P h i l l i p s p e r ; , oomn. I 9 ' - : 0 - I n KTI-fD-VTYs? t"i"e 

m i n c e r s o f Sons an 3- c a l c u l a t e d f r o m a c h e m i c a l a n a l y s i s u s i n g the. 

a n i o n bases o f 2 1 f ( 0 ) and 2 3 ' A O and d i s t r i b u t e d between the A , X , Y , . ' i 

and h y d r o x y ! g roups (To r d e f i n i t i o n o f t hese s^e Chap te r 1 ) a c c o r d i n g 

t o the f o l l o w i n g scheme. 

1 ) C a l c u l a t e un a t o m i c f o r m u l a u s i n g a n i o n bases o f ?M-(0) and 2 3 ( 0 ) 0 

2 ) A l l o c a t e . F~and C I " t o the h y d r o x y l c r o u p , any excass H + i n 

the a n a l y s i s e n t e r i n g the A c roup* Should t h e SUM o f OH" + F " 

- — 2" 

+ C I be l e s s t h a n 2 . 0 t h e h v d r o x y l g roup i s wade up t o 2 „ 0 by 0 " , 

p r o v i d e d t h e r e i s s u f f i c i e n t f e r r i c i r o n a v a i l a b l e t o b a l a n c e the 

s u b s t i t u t i o n Fe" + OH = Fe~ + 0 " » w a r n i n g s a re g i v e n i f t h e r e 

i s e i t h e r i n s u f f i c i e n t f e r r i c i r o n , F~ -i- C l " i s g r e a t e r t h a n 2 . 0 2 

o r F " + C l " + OH" i s g r e a t e r than 3 . 0 3 . 
3 ) A l l o c ; t e Si1"*"1' t o t he Z g roup and n-ake up t o a t o t a l o f 8 o 0 

3+ ti+ 
w i t h A.l. o Any r e m a i n i n g A l - 1 i s t r a n s f e r r e d t o the Y g r o u p . 

w a r n i n g s a re g i v e n i f the t o t a l S i exceeds 8 „ 0 o o r the t o t a l 

+ A } - " ' " i s ] e s s t h r u 7 . 9 5 ° 

! 0 I n i t i a l l y a l l o c a t e a l l A l v i , T i ! " r , Z r f + , C r 3 + , V 3 + , Fe 3 ' 1 ' , L i ' ' 



-T-2-1- -, 2+ 2+ , ? + 2+ 2-i-

N i , Co ? An y l-in- ? Fe , t o the Y c r o u p and sum the 

t o t a l number o f these c a t i o n s . I f i.he yu.ni exceeds 5 „ 0 5 5 i o n s a re 
t r : . \us f e r r e d t o t h e X ;;roup I n t h e o r d e r Mn " , ? e" , l lg ' " , ( M ^ ' " ' -i-

2+ a n 

Fe ) s b u t o n l y i f t he amount 0 1 / i n d i v i d u a l e < l i o n i s g r e a t e r t han -

the e x c e s s . Thus f o r example i f the r;»- rri w--s | j ' ,6 ~nd .'•In''' was o n l y 

0 . H - . manganese v;nuld n o t be t i snsEer red t o t ^ e X g r o u p , 

5) I f t he sum o f the Y ^ r o u p i s l e s s t h a n 5 . 0 the p o r - s i b i l i t y o f 

v a c a n c i e s a s s o c i a t e d v.-ith te t rava. ' ! en t o r t r i ^ a l e n t c a t i o n s i s 

c o n s i d e r e d . The s u b s t i t u t e ons T i L j + + • = ? n g ? + end 21-13+ + • = 

3H1" " e r e made i n t he above o r d e r u n t i l t h e sum i s r a i s e d t o 5„0, 

I f t h i s f o i l s t o r-.ii.se t he Y g roup t o t a l t o 5 « 0 a v w r n l n a i s c i v e n * 
+ 

I n a d d i t i o n L i i n U K - . Y g r o u p i s ba l anced by t r i v a l e n t c a t i o n s 

v i z . L i + A 1 J = ZWC J I I + F e J = 2 M S " . 
6 ) I f the .nroupl.-L i s a l r e a d y i n excess o r , o r e a u a l t o , 2.G a l l 

C o 2 % BP. 2+ , T + , f 

? » ° - s ''a s ^ ? e n t e r s the A s i t e 

7) I f 'ohe sum o f the X s r o u p i s l e s s th.\->n 2 . 0 t he ^ r o u p i s made up 

t o 2 . 0 with C ; r + , B K 2 + , S i ' ^ , Ma.'1", K + , i n t h a t o r d e r , w i t h any 

excess e n t e r i n g the A s i t e . 

S ince t h e scheme was d e r i v e d i n 1 9 6 3 the number o f p u b l i s h e d 

s i t e p o p u l a t i o n s o f a i sph ibo les has i n c r e a s e d ^ r e : : t l y due t o t he 

adven t o f i n f r a r e d ai:d Hossbeuer s p e c t r o s c o p y . I n a d d i t i o n a tvphibole 

w i t h a p p r e c i a b l e ^mounts o f c a t i o n s n o t i n c l u d e d i n ' P h i l l i p s 1 seha:ne 

f o r example , c o b a l t i n Na - Go a:aphi b o l e ( G i e r , Cox 6: Youns 19 6-i-), 

l e a d and o e r y l l i u m i n J o e s n i t h i t e (I-ioore 1 9 6 0 ) 5 have been d e s c r i b e d . 

I t t h e r e f o r e seened a p p r o p r i a t e t o rc--examine t he a l l o c a t i o n schema 

employed i n KI. ;L.\ ' jV,3 and t o ex t end and smsnd t h i s i n t he l u r h t o f 
on 

r e c e n t i n fo i r - , - , - t i on/ a i t a p o p u l a t i o n s . The r e a d e r u n f d , . . i l Lar w i t h the 

t e c h n i q u e s o f X - r a y d i f f r a c t i o n , i n f r a r e d and laossbauer s p e c t r o s c o p y 

f o r d e t e r r . i i n i n r ; c a t i o n d i s t r i b u t i o n s i s r e f e r r e d t o A p p e n d i x 2„ 

http://yu.ni
http://r-.ii.se


I n o r d e r t o check r,i:e a l l o c a t i o n scheme employee] i n HlMD.-.T.'i3 

t h e j r o u p p o p u l a t i o n s o f c a t i o n s , c a l c u l a t e d f r o m ohemico'l an-jTiya 

a l o n e , were compared w i t h p u b l i s h e d e x u e r i i n c n t / n i y d e t e r m i n e d cat:, an 

d i s t r i b u t i o n s f o r t he s^me spec imens . The c o m p a r i s o n was made 

between groups o f s i t e s , f o r n i l t he p u b l i s h e d e::pe L ' iai en t a l l y 

d e t e r m i n e d c a r i o n d i s t r i b u t i o n s ( c o m p l e t e o r p a i t i a l ) t he a u t h o r '.-as 

av.'are o f , p r o v i d e d a c h e m i c a l a n a l y s i s <f33 a l s o a v a i l a b l e for- t he 

i o v e s t L^o ted JJV t e r i a l . Where the eypra- i t f .en ta l ] y d e t e i m i n e d c a t i o n 

d i s t r i b u t i o n v:a? j ; i v e n f o r c a t i o n s be tv.-een i n d i v i d u a l K i t e s , g roup 

p o p u l a t i o n s '"ere d e r i v e d by summing the c o n t e n t u ' i n d i v i d u a l c a t i o n s 

i n the s i t e s en in or igin; . ; , o j r o u n t o f a c i l i t a t e d i r e c t c o m p a r i s o n v. ' i tb 

c a l c u l a t e d lU'Oup p o p u l a t i o n s o f KI^r-lY--. 3 . Append ix 3 l i s t s the 

source end ov. p e r i men ta.l l y d e t e r m i n e d c a t i o n d i s t r i bu t i o n s o f the 

specimens used p l u s the c a t i o n ^ rouo p o p u l a t i o n s e . l c u l . > i.^d f o r t h e 

same specimans f r o m t h e i r a n a j y ^ c s us in^ , JOIJ-T'.'.'L'A3 r-tlv-> t h o ^men:1 eu 

a l l o c a t i o n scheme i n c o r p o r a t e d i n 111 \~JhTA'j (see b e l o w ) . S ince t h i s 

w i s w r i t t e n n nur.iber o f a d d i t i o n a l s i t e p o p u l a t i o n s have come t o 

t he a u t h o r ' s a t t e n t i o n b u t o re n o t i n c l u d e d i n ' \p; :endix 3* These 

i n c l u d e L i t ^ . i n , Ye^oreva k f e u i k i n ( 1 9 7 1 ) , Kitamur?- & i i o r i m o t o 

( 1 9 7 2 ) . L i t v i n , Ya £ :orev3 & K u t s ( 1 9 7 ^ ) , KamLneni ( 1 9 7 3 ) , L i t v i n 

K i c h n i l t & Ostapenko ( 1 9 7 5 ) , « i " . ' - i t i r . ? , F e t ^ c v i c h & S v e r d l o v a ( 1 9 7 3 ) , 

Sueno, Cameron, P.mpike & i ' r e v / i t t ( . 1 9 7 3 ) , F i n d e r a Ohashi ( 1 9 7 * 0 

and S e i ^ c r t c> V i r » o ( 1 9 7 ! 0 . 

W h i l e i t i s d i f f i c u l t t o i n t e r p r e t t h e r e s u l t s o f such an 

npproacb s i n c e t h e r e nay be e r r o r s i n t he o r i g i n a l a n a l y s i s , the 

a l l o c a t i o n scheme and the p u b l i s h e d s i t e p o p u l a t i o n s ( A p p e n d i x 2 ) , 

i t became a p p r r e n t t h a i t h e c a l c i i l a t e o and e x p e r i m e n t a l l y d e t e r m i n e d 

p o p u l a t i o n s at ^ roup l e v e l d i f f e r e d i n a s y s t e m a t i c manner, S e c t i o n 

2 . 1 . U s i n g the observer.! s i t e p o p u l a t i o n s an amended! a l l o c a t i o n . 

scheme was d e r i v e d i n S e c t i o n 2 . 2 and ex tended to i n c ] u d e addi h iorya l 



c a t i o n s by c r y s t - O c h e m i c a l c o n s i d e r a t i o n s , S e c t i o n 2 „ 3 « T i l l s 

•J l l a c ; - t i o n sciicv.o was i n co r pora t;e:i i n t o a computer o r o r r a m e n t i t l e d 

ii 'Li 'DiiTiO'j S e c t i o n £ „ H , t he r e s u l t s o f w h i c h (see Append ix 3J were 

compared w i t h ''•'.-'.own s i t e p o p u l a t i o n s , S e c t i o n 2 . p 0 

2 . 1 . i ' 3.1 L\-.itj.o.n o f jiJj.T.s-T". 3 . 

Four measures ware employed t o exp res s t h e s i m i l a r i t y 

be tween the exper i .mcnts] l y d e t e r m i n e d and r .aj o u l a t e d g roup p o p ­

u l a t i o n s . F i r s t l y a s i m p l e measure o f t he d i f f e r e n c e botwaen the 

e x p e r i m e a i a f l y d e t e r m i n e d and c a l c u l a t e d v a l u e o f each c a t i o n i n 

a £ r o n p o f s i t e s . 

'•'here 

~ c : ^ - ' - o a i ^ t - - ' v--.lue f o r c a t i o n i } i n g roup i 

' [ a x 0 d ^ t „ ~ G ^pf-- l ' , i i- ' ' 'a ' ) t . -! l ly c '=t ; r^ . lneu v a l u e f a r c a t l o i 
1 i n g roup i , 

s h o u l d 'ipproa.ch ^ero as t he s i i i . j l a r i t y between the e-:peri."ien t'.j.>.<. 

d e t e r > a i n i • d and c a1c u I a t o6 v a l u e s j n c r • e as e s . 

To measure the s i n i l a r i t y between i.he c a l c u l a t e d and 

ex p e r i :nen t a l l y d e t e r mined v a l u e s f o r a l l t he c a t i o n s i n an a n a l y s i s 

measure Sb was emp loyed . 

( 2 ) — sb = Y.1 Z ' 
1—M 1 - N 1 

I ' - I * 
cole, ex .de t . 

I 1

 N i 
1—M 

wnere 

l i -, 1 1 . . arc as ( 1 ) c a l c , o s .de t . 

J'i ~ toc.Lil nar;br?r o f c a t i o n s f o r w h i c h a compar i son 

i s be in:- made, 

http://os.de


1; •- t o t a l nuiTibcr o f g roups i n v h i c h c a t i o n I 

i s f o u n d . 

ken sure -6b inay be c o n s i d e r e d the mean a b s o l u t e d i f f e r e n c e between 

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

t he c a t i o n s over . i l l g roups f o r one s p e c i m e n . Sb can o n l y t a k e 

p o s i t i v e v a l u e s . For a. good agreement be tween e x p e r i m e n t a l l y 

d e t e r m i n e d and c a l c u l a t e d v a l u e s Sb approaches L'ero. 

<? a 
both. 3a r..ad Sb are dependant on t h e amount o f ^ c a t i o n p r e s e n t 

?. 

i n a g roup S i r ' d as such are d e f e n d a n t on the r e c a l c u l a t i o n base u s ^ d . 

They a r c a f f e c t e d i f a d i f f e r e n t r ec -.•Icu.La t Lon base [vs. been used 

i n c a l c u l a t i n g the number o f c a t i o n s i n 1 ^ , , I T cm th;- ! t ussd f o r 

l e x . d e t . ' A s c ' P a r t : L c l s o l u t i o n to t h i s c o m p l i c a t i o n two a d d i t i o n a l 

ue^sures So and Sd w r e d e f i n e d . 

A f t e r n o r m a l i s in;- f o r the s i t e i n u l t i p l i c i t y of the g r o u p s , 

t h e r a t i o o f a e - i t i o n i n one g roup compared w i t h the t o t a l , o f the 

same c a t i o n i n a l l groups y i e l d s a r a t i o i n d i c a t i n g the o r d e r i n g o f 

t he c a t i o n , 

< 3 > — " H i i = I ' / m ' 

l ' T l / m 1 

1— N A 

where ^ 

I v a l u e f o r c a t i o n J. i n g roup i . 

m i = s i t e m u l t i p l i c i t y o f g r o u p i . 

N"*" - t h e number o f g roups c a t i o n I i s f o u n d i n . 

The r a t i o e q u a l s 1 .0 i f I i s o r d e r e d i n t o one g r o u p , 0 . 0 i f absen t 

f r o m a g roup and 0 . 5 i f r andomly o r d e r e d between two g r o u p s . For 

cor-para 1 i v e purposes ine'-'sara Sc i:iuy b<= d e f i n e d . 



( H j s c = y . J ' i l c - - H j i - c l o t -

woe L*e 
_ , ca l c , e x . d e t . 
1 1 1 and 

a re t he o r d e r i n g f a c t o r s f o r c a t i o n I i n g roup i 

d e r i v e d froi;> the c a l c u l a t e d and e x p e r i m e n t a l l y 

d e t e r m i n e d c a t i o n d i s t r i b u t i o n s . 

V a l u e s c l o s e t o zero i n d i c a t e a c l o s e c c r i p a r i s o n b e t v e e n the ex per-
a 

iinen t a l l y d e t e r m i n e d and c a l c u l a t e d d i s t r i b u t i o n o C ^ c ^ t i a n . 

( 5 ) gd = £ ^ T 
w ' 1 - M 1—N 

1 a s 11 y ); I e a s a r e 3d YJ : i s d e \' i n e d . 
calc. ex .de t 

I NT 
1—M 

where 
c a l c . e x . d e t . 

\ i i W i a re as ( ' 0 , 

M, K 1 a re 3 s ( ? ) . 

Sd i s the ins an absolu-oe d i f f e r e n c e between the c a l c u l a t e d 

and e x p e r i m e n t a l l y d e t e r m i n e d o r d e r i n g f a c t o r s f o r a l l t he c a t i o n s 

over a l l t h e g roups f o r one s p e c i m e n . I t bears t he sstme r e l a t i o n 

t o Sc as measure Sb does t o Sa. The measure can o n l y take p o s i t i v e 

v a l u e s . 

U s i n g MIJ^D•'• Tn3 g roup p o p u l a t i o n s were c a l c u l a t e d f o r each 

o f t he a n a l y s e s i n c l u d e d i n Append ix 3« I n e v e r y case a r e c a l c u l a t i o n 

base o f 2 3 ( 0 ) was u s e d . For those a n a l y s e s v ; i t h e i t h e r HpO-t-j F o r 

C l d e t e r m i n e d g roup p o p u l a t i o n s were a l s o c a l c u l a t e d t o 2 L i ( 0 ) . The 

r e s u l t a n t g roup p o p u l a t i o n s are l i s t e d i n A p p e n d i x 3» U s i n g these 

c a l c u l a t e d v a l u e s and tr ie exper.1 :>ient i l l y d o t e c-ini ned c a t i o n d i s t r i b ­

u t i o n s v a l u e r f o e the f o u r censures were d e r i v e d . 



I n o r d e r t o . i l l u s t r a t e the e x t e n t o f t he agreement between 

the c a l c u l a t e d and o ' • : p e r i m e n t a l l y der.ermIned g roup p o p u l a t i o n s a 

number o f s t a t i s t i c s and d i g r a m s were u s e d . 

The sr.a t i £ C i c s , 

n , t he number o f v a l u e s , 

* 5 t h e a :• i t n >n e t i c m e a n , 

cr , t h e s t and -ad d e v i a t i o n , 

ix| j t h e mean d e v i a t i o n f r o m z e r o , 

o f measures ya. and 8c f o r each c a t i o n i n each g roup are g i v e n 

i n T a b l e s 2 , 1 and 2 e 2 . The mea.n d e v i a t i o n f r o m zero was i n t r o d u c e d 

because an a r t t h m e c . i c mean near :;e.ro .ices n o t n e c e s s a r i l y i m p l y t h a t 

v a l u e s f o r Sa. and Sc. are s m a l l s i n c e eon • ! numbers o f l a r g e posi t i v e 

and n e g a t i v e d e v i a t i o n s c o u l d a l s o y i e l d an a r i t h m e t i c mean near 

z e r o . H i s t o g r a m s o f measures 3b and SO are g i v e n i n ' ' ' igs., 2 , j -:ad 

2 0 2 , V a l u e s f o r "5e'"v i n Z , F b £ + , Ca2"1' j , i A ( j o e s m i t h i t e ) , Co2'*' i n 

X , Y (fta - C o a m p h i b o l e ) and L i i n A ( p r o t o e m p u i b o l e ) w h i c h were 

o u t s i d e the scope o f HIivDAT".3 have been o m i t t e d * 

The h i s t o g r a m s d e m o n s t r a t e t h a t f o r the m a j o r i t y o f comp­

o s i t i o n s i n c l u d e d i n a.ppendi:-: 3 the d i f f e r e n c e s be tween the 

e x p e r i m e n t a l l y d e t e r m i n e d and c a l c u l a t e d g roup p o p u l a t i o n s were s m a l l « . 

However , a number o f a n a l y s e s have v a l u e s f o r Sb o r Sd i n excess o f 

0 o 5 « b ' i t h r e g a r d t o measure t h i s r e p r e s e n t s an average d i s c r e p a n c y 

o f 0 o 5 f o r each c i t i o n i n eoch groupo For measure Sd, a v a l u e i n 

excess o f 0 . 5 i n d i c a t e s a c o n s i d e r a b l e d i s c r e p a n c y i n the r a t i o o f 

c a t i o n s between g r o u p s . These ana ly se s i n c l u d e a n t h o p h y l l i t e , ( 2 , 3 ) , 

ho i m c j u i s t i t e , ( 6 ) , c u m m i n g t o n i t e - g r u n e r 1 te 5 ( 9 , 2 7 , 3 8 , ]\2) and 

two t r e m o l i t e s ( l i 5 . | ; 3 ) , (see A p p e n d i x 3 fe-r f u r t h e r d e t a i l s ) . An 

e x a m i n a t i o n o f these a n a l y s e s sugges ted t h a t the d i s c r e p a n c y c o u l d 

be a t t r i b u t e d to e r r o r s i n the sequence i n w h i c h c a t i o n s n o r m a l l y 

p r e s e n t i n t he Y g roup e n t e r the X g roup (li'-i- s i t e s ) when the sum ot 
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' M Q ' A . S t a t i s t i c s o f measure Sa c a l c u l a t e d u s i n g 1 HMD ATA 3 . 

^ ( 0 ) 2 3 ( 0 ) 
a t i o n g r o u p X cr I X I n X a 1x1 n 

S i Z o . o ' M 0 . 2 3 1 0 . 1 3 2 9 0,0.18 0 , 2 6 3 0 . 1 5 0 9 

• 

A l Z - o . o o ? 0 . 0 6 7 0 . 0 5 8 7 O . O o l 0 . 0 8 6 0 . 0 7 0 7 

T i ^ Y o , 0 3 6 0 . 0 7 3 0 oO'-l-1!- 7 0 . 0 2 8 0 , 0 7 1 C 0 3 7 7 

A l v i Y -0 0G2h 0 . 0 7 5 0 . 0 5 V 13 - C O 8 3 0 , 1 0 5 0 , 0 8 5 33 

F e 3 + Y 0 . 0 1 8 0 . 1 1 5 0 . 0 8 1 22 0 . 0 2 3 0 , 1 1 5 0 . 0 8 2 22 

F e 2 + Y - 0 , 0 57 0 . 3 7 1 0 . 2 2 7 t<6 - 0 . 0 55 0 , 3 3 1 0 , 2 0 1 76 

Y - o . i ' . o 0 . .VH0 1 - 0 . 2 0 0 an 0 . 2 0 0 1 

hg Y - 0 . 1 9 2 o.56>+ 0 . 3 1 1 26 - O o l 5 " ^ 0 . U 2 6 0 . 2 5 6 27 

F e 2 + X 0 . 0 2 0 0 .U03 0 . ? 6 2 2k - 0 . 0 1 0 0 . 3 ^'9 0 . 2 2 5 )-i8 

H n 2 + V 
J L - 0 . 1 9 6 0 . ^ 0 3 0 . 2 6 8 5 - 0 , 1 9 8 Oj-i-06 C 2 7 0 5 

M g 2 + V 
. f t . 0 »26 1 r 0 , 5 8 5 0 .V50 l H 0 . 2 0 2 ot%h 0.*r29 1 5 

L i + X - 1 . 1 5 0 0 , 6 5 0 1 , 1 5 0 2 - 1 . 1 5 0 0 , 6 5 0 1 . 1 5 0 2 

C a 2 + X - 0 . 0 2 3 0 . 1 0 6 0 , 0 5 1 18 - 0 . 0 2 U 0 . 1 0 8 0 . 0 ^ 9 18 

H a + X 0 o013 0 , 2 3 3 0 . 1 3 6 1 5 0 . 0 2 7 0 . 2 1 0 0 . 1 0 U 15 

K + X - 0 o 0 2 0 to 0 . 0 2 0 1 - 0 . 0 2 0 - 0 . 0 2 0 1 

N a + A - 0 . 0 3 0 0 , 1 1 9 0 . 1 0 3 /• 
0 - 0 o0 58 0 . 1 6 8 0 . 1 2 1 6 

K + A 0 ,000 0 . 0 1 H 0 . 0 1 0 0 . 0 1 0 0 . 0 3 5 0 . 0 2 5 k 



XUillQ.-JL^oLi. S t a t i s t i c s of measure 3c c a l c u l a t e d u s i n g MIND AT A j . 

2 ' + ( 0 ) 2 3 ( 0 ) 

C a t i o n Group X a I X l n X a 1X1 n 

S I Z 0 . 0 0 0 . 0 0 0 . 0 0 8 0 . 0 0 0 . 0 0 0 . 0 0 0 u 

A l ^ ' 
i 

z -o . 0 0 6 0 . 1 1 8 0 . 0 7 2 1 1 0 . 0 6 9 0 , 0 8 6 0 . 0 70 1 1 

m • L i + 

T l 
Y o . o n 0 . 0 2 8 0 . 0 1 1 7 0 . 0 1 1 0 . 0 2 8 0 . 0 1 1 7 

A l v i y - 0 . 0 6 8 0 . 2 7 9 0 . 1 3 1 Ih - 0 . 1 2 9 0 . 2 5 3 0 . 1 3 0 Ih 

F e 3 + V 0 .00 0 . 0 0 0 . 0 0 21 0 , 0 0 0 . 00 0 . 0 0 2 1 

r e 2 + y - 0 0 ^8 0 . 3 1 9 0.181+ L 7 - 0 . 0 6 5 0 . 2 6 7 0 . 1 M 2 75 
2 + 

Mn" Y - O o O ' H O - o.oMo 1 - 0 . 0 5 0 - 0 . 0 5 0 1 

K g 2 + Y - 0 . 0 3 9 0 , 1 6 8 0 . 1 0 9 25 - 0 . 0 0 3 C o l 57 0 . 0 9 3 26 

V .Ik -o Oo6!+ 0 . 3 2 0 0 . 2 0 9 18 - 0 0OH6 0 . 2 0 2 0 . 1 0 0 0 >' 
O.u 

Kn'- X ^ » s ^ p oJi-79 - 0 . 5 6 0 0 J + 5 6 Ocfc-S 

V 
0 a 0 ? 5 > ' 0 . 2 2 7 0 . 1 9 1 1 3 0 =025 0 . 2 1 2 0 . 1 7 2 1'+ 

L i r j * . - 0 . 8 9 5 O c i o ? 0 . 3 9 5 2 - 0 . 8 9 5 0 . 1 0 5 0 . 8 9 5 2 

C a 2 + X - 0 „ o 8 i 0 . 2 3 1 0 . 0 8 0 18 - 0 oOlW 0 , 0 5 5 O.OlU 10 

Ma"*" X - 0 . 2 0 U o .hi 5 0 . 2 6 8 1 5 -On10^ 0 0 . 1 3 6 1 5 

K + X 0 . 0 - 0 . 0 0 . 0 » 0 . 0 1 

N a + A -o . 0 7 3 0 . 0 9 1 0 . 0 8 3 6 - 0 . 0 7 5 0 . 1 0 1 0 . 0 7 8 6 

K + A 0 . 00 0 . 0 0 0 . 00 - 0 .01+0 0 . 0 6 9 0 . 0 U 0 h 



FlEo 2 . 1 . Histograms of the measure Sb. 

(a) Calculated values taken from MINDATA3, r e c a l c u l a t i o n 
base 2 U ( o ) , 53 analyses, Protcarcphlbole ( 7 ) » Na - Co 
amphiboie ( 6 8 ) and j o e s r a i t h l t e ( 6 9 ) , see Appendix 3» 

have been excluded as these analyses l a y outside the 
o r i g i n a l scope of KENDATA3. 

(b) Calculated values taken from MINDATA5, r e c a l c u l a t i o n 
bass 2 } + ( 0 ) , 56 analyses. 

( c ) Calculated values taken from MIEDATA3, r e c a l c u l a t i o n 
base 2 3 ( 0 ) , 8 3 analyses. Values f o r analyses ( 7 , 6 8 , 

6 9 , Appendix 3 ) have been excluded, see ( a ) 0 

( d ) Calculated values taken from MIKDATA5, r e c a l c u l a t i o n 
base 2 3 ( 0 ) , 86 analyses 0 

The hatched column represents the number of analyses w i t h values 

Sb i n excess of 0 „ 5 o 
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FXZf., 2*2* Histograms of the measure Sd 0 

( a ) Calculated r a t i o s taken from MI1IDATA3, r e c a l c u l a t i o n 
base 2 U ( 0 ) , 53 analyses. Protoamphj.bole ( 7 ) , Ha - Co 
araphibole ( 6 8 ) and j o e s m i t h i t e ( 6 9 ) , s e e Appendix 3 ,have 
been excluded as these analyses l i e outside the o r i g i n a l 
scope of MIWDATA3. 

( b ) Calculated r a t i o s taken from KINDATA5, r e c a l c u l a t i o n 
base 2 ! + ( 0 ) , % analyses. 

( c ) Calculated r a t i o s taken from M l A T A 3 , r e c a l c u l a t i o n 
base 2 3 ( 0 ) , 83 analyses. Values f o r analyses ( 7 , 6 8 . 

69 Appendix 3 ) have been excluded, see ( a ) . 

(d) Calculated r a t i o s taken from KIKDATA?, r e c a l c u l a t i o n 

base 2 3 ( 0 ) 86 analyses. 

The hatched column represents the number of analyses w i t h values 
f o r Sd i n excess of 0<,5o 
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S i , A 1 J Fe T j , Fe" . ! - j S , Hr.'-'1", L i exoedes 1 3 i 0 # 

S i m i l a r i l y an i n s p e c t i o n o f t he s t a t i n L ies f o r measure 3a 

and So, ( T a b l e s 2 . 1 , 2 . 2 ) , r e v e a l s n u m e r i c a l l y s m a l l v a l u e s f o r 

cr a rd ixl f o r n e a r l y a l l the c a t i o n : ; . ( I d e n t i c a l e x p e r i m e n t a l l y 

d e t e r m i n e d and c a l c u l a t e d g roup p o p u l a t i o n s w i l l y i e l d v a l u e s o f 

:-;ero f a r a l l t h r e e s t a t i s t i c s . ) I n d e t a i l t h e s t a t i s t i c s f o r 

c e r t a i n of t he c a t i o n s d e v i a t e c o n s i d e r a b l y f r o . n :sero„ T h i s a p p l i e s 
2+ 2+ 2+ 

i n p a r t i c u l a r t o Fe , Kg 5 JI'O , i n b o t h the Y and X g r o u p s , and 

b i i n the X g roup w h i c h a g a i n sugges t s t h a t t h e main d i f f e r e n c e 

between t h e e x p e r i m e n t a l l y d e t e r m i n e d and c a l c u l a t e d g roup p o p u l a t i o n s 

i n v o l v e s those c a t i o n s w h i c h can occupy sit- '-s i n b o t h the Y and X 

g r o u p s . 

U s i n g t h e ex par :i i : . cn t >1J.V da tor-mined c a t i o n d i s t r i b u t i o n s i t 

has proved p o s s i b l e t o amend and ex t end the a l l o c a t i o n scheme- o f 

1 ' i ' I : y T U T A 3 . 

2 . 2 * Per v ?. t i on o f a_ genera"' i s e d s i loa-'- M a n serene M. gr-ou p l e v e l 

f i o1') ex pevi m e n t a l l y e e t c r ^ i nod s i t ? aoaul a t i o n s „ 

An a l l o c a t i o n scheme has been c o n s t r u c t e d f r o m e x p e r i m e n t a l l y 

d e t e r m i n e d c a t i o n d i s t r i b u t i o n s , by assuming t h a t t h e o r d e r i n g f a c t o r 

/ ^ o x . d e t . ) o f 3 c a t i o n i n a g r o u u r e f l e c t s t he o r e f e r e n c e o f the 
I 

c a t i o n f o r t h e g r o u p , i T a t u r a l and s y n t h e t i c amph ibo le s b e l o n g i n g 

t o t he space groups C2/m, P 2 1 / m , F 2 / a , Pnraa, and pjimn have been 

i n c l u d e d i n the c o n s t r u c t i o n o f t he s chone . The s i t u a t i o n i s 

c o m p l i c a t e d by v a r i a t i o n o f o r d e r i n g f a c t o r s w i t h b u l k c h e m i s t r y and 

p o s s i b l y t h e t e m p e r a t u r e o f c r y s t a l l i s a t i o n . 

I n d e r i v i n g the a l l o c ' i t i o n scheme the d i s t r i b u t i o n o f 

c a t i o n s be tween s i t e s w i t h i n i n d i v i d u a l g r o u p s , f o r example between 

the 1:1, ;-;2 and K3 r i t e s o f t he Y g r o u p , \-!?,s n o t t a k e n i n t o a c c o u n t , 

For most purposes an a t o m i c f o r m u l a a t g r o u p l e v e l i s s a t i s f a c t o r y . 



A t t he sa:ne t ime t h i s g r e a t l y s i m p l i f i e s the c a l c u l a t i o n o f the 

a t o m i c f o r m u l a s i n c e t h e r e i s i n c r e a s i n g e v i d e n c e ( P r e n t i c e 1 9 6 / ; 

Burns <f: P r e n t i c e 1 9 6 8 ; B a n c r o f t & Burns 1 9 6 9 ; flrnst & V/ai 1 9 7 0 ; 

B u m s & Greaves 1 9 7 1 ; L i t v i n e t a l . 1 9 7 2 ) t h a t o r d e r i n g v i t h i n th£ 

Y g roup ir.ay be r e l a t e d t o t he p h y s i c a l c o n d i t i o n s o f f o r n a t i o n as 

w e l l as t h e c h e m i s t r y o f t h e m i n e r a l . 

To enab le a g roup p o p u l a t i o n t o be c a l c u l a t e d f r o m a 

che ra i ca l a n a l y s i s a l o n e , p o s s i b l e v a r i a t i o n i n o r d e r i n g as a 

f u n c t i o n o f t e . ape ra tu r e 01 c r y s t a l l i s a t i o n has t o lie n e g l e c t e d , 

c o n s i d e r a t i o n o f v a r i a t i o n o f o r d e r - disorder! ' a t g roup l e v e l as a 

r e s u l t o f t h i s f a c t o r w i l l be d e f e r r e d u n t i l S e c t i o n 2 . 5 . 

ex.det . 

I n T a u l e 2 . j the ranges of the o r d e r i n g f a c t o r s 'A^-y 

f o r the m a j T c a t i o n s between groups o f s i t e s a r e t a b u l a t e d . I r . spec-
t i o a r e v e a l s l".h~-t o n l y Si. , :-?e" an-j Pb" .-ire c o n s i s t e n t l y o rde r ed 

2-r 0+ 

i n t o a s i n g l e g r o u p . Data f o r Be and hb a re t a k e n f r o m a s i n g l e 

X - r a y p a p u l a t i o n f o r t h e u n i q u e a m p h i b o l e , j o e s t . ' i t h i t e ( i .oore ! 9 - ' ' 9 ) » 

The remain ing , c a t i o n s -n-e e i t n e r n o t f u l l y o r d e r e d i n t o one g r o u p , o* 

a l t e r n a t i v e ] y , show a range o f o r d e r i n g w i t h bulk , c h e m i s t r y . The 

s i n g l e v a l u e s f o r A l 3 * " , T i + + and Fe3'*' i n t he X g roup a re a l l t - iken f ] 
t h e same X - r a y r e f i n e m e n t o f a k a e r s u t i t e by K i t a m u r a & Tokonami ( 1 9 * 

. . . -, 2+ _ 3+ 3+ 2+ H+. 
xn w n i c h ?e , / e , Al , Hg and T i i n t h e X group were n o t 

d i s t i n g u i s h e d . Because o f t h i s i t i s t e n t a t i v e l y suggested t h a t none 

o f these t h r e e occupy a s i t e i n t he X g r o u p . 

2 . 2 . 1 , z g r o u p . 

>++-

T a k i n g t he Z g roup f i r s t . A l l S i may be a l l o c a t e d t o tht 
2+ 

g r o u p . _<my Be i s t e n t a t i v e l y a s s igned to t h e g r o u p a l s o . The onl] 

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

Append ix 3 a l u m i n i u r u I t i s common p r a c t i c e (Leake 1 9 6 8 ) t o 



_ . J i ! i L j £ i ~ i - -H^rigG o / o r d e r i n g f a c t o r s ( e x . d e t ) . f o r c ~ t i o n c b e t u a e n groups 

01 s i t e s . The source o f c\ht.\ i s t a k e n f r o m p u b l i s h e d e x p e r ­

i m e n t a l l y d e t e r m i n e d c a t i o n d i s t r i b u t i o n s i n Append ix 3. 

t y pe 

The numbor o f ca t i .on d i s c r i b u t i o n s on which, each range i r - ' 

b fi s ed i s shovn i n p a r e n t h e s i s . 

J ] e 
* 

Group 
J ] e 
* A X Y Z 

M - 1.00(3) 

H - 1.00(1) 

0 - 0.52-0.97(3) o .03-c : U8(3) 

C - - 0.23(1) 0.77(1) 

M - 0.03 (1) 0.15-1.0(10) 0.50-1.00(7) 

M 

C _ 

0.08(1; 0.92-1.00(7) 

3 .00(1) 

M - 0.1.1(3; O.O9-1.00(20) 

0 Oo59-0o8ii( 0 . l 6 - l , 0 0 ( ^ ) 

G o.'4 5-ioOO( 35) 0.00-0.55(35) 

M o .o - o . i i ( 3.6) 0.89-1.00(36) 

C tat 0 0 8 8 - 1 . 0 0 ( 3) 0.00-0.12(3) 

M - 0 .00»1«00( M 0 . 0 0 - 1 . 0 0 ( U ) 

0 - 0.13-0 A5< 5) 0.55-0.87(5) 

C O 0 O 3 - O c22( 5) 0.78-0.97(5) 

M o . o o - o . i 7 ( '4) 0.83-1.00(16) 

K - 0.28( 1) 0.72(1) 

0 

M 

0.79(1) 0.21-1.00 ( 2) 

1.00 + 

0 - 1.00(2; -
C - 1.00(3: -
M 0.38(1) 0.62-1.00( 13) -
0 O O O . P O . 9 S 0.02-1.no< 3) -
p 1.00(2] N* CM 

http://OoO.pO.9S


2+ 

M 

M 

M 

o . o o - i ,00(3) 

.1.00(1) 

0.00-1 o00(10) 

1.00(1) 

* nmphibr i lo t y p e s ?-'- p- ' a b b r e v i a t e d as l '"01ov; ; ; ; 0 - or t h o r h o r n b i c , C := 

rconoclinic, ME r i c h o m p h i b o i e s eg c u m w i n s t o n i t a - g r u n e r i t e n n d , 

M = m o n o c l i n i c c a l c i u m unci sodium r i c h 2Pinhi.bole,s, 

Data n o t i n c l u d e d i n Apper-c ix 3? ss;o t a x i ; . 



c o m p l e t e t h e Z s r o u p t o 3(,0 atoms w i t h a i n n j i r i i u u i and t h i s has been 

f o i l . o w e d i n the p r e s e n t w o r k . 

2 .2 .2 . Y r , rour . . 

FI-OMI T a b l e 2.3 i t can be seen t h a t A 1 J + , F o ^ + , T i , f + , ? a 2 + . 

2 + . 2+ 2*- * 
* , j n s , Co" , and L i have been r e p o r t e d f r o i a the Y g r o u p . vJ i th 

the e x c e p t i o n o f F e J % T i and the r e m a i n i n g aluaniniunj ( A l V l ) , t he 

suiac c a t i o n s have a l s o baen r e p o r t e d f r o m the X y r o u p (I!5-'- s i t e s ) f o r 

t hose c o m p o s i t i o n ; ; i n w h i c h t he suu A 1 V " J

 5 v . c ^ , T i ^ ' 1 " , F e " + Kn ] ' ^ 2 + 

Co'"*, L i ^ exceeds 5 ,0 , ( i . e . £ Y > 5*0), see F i « 2,3. Only f e r r i c 

i r o n , t i t u n i u n and The r e g a i n i n g :J u m i n j r,iu may be a l l o c a t e d to t he Y. 

rjpoup d i r e c t l y . 

R e f e r e n c e t o ' ] ah ]e 2.3 shows f l u t f JV t h e i r ronoel ini .c 

a:nph.Lboles, o t h e r t han c u ^ t f i n ^ t o n i i . e - ,̂ L ' u u e r i t e , the o r d e r i n g f a c t o i s 
r , + ?+ 2+ + 

f o r F o " > H£ " , Co" and L i i n t h e X c roup a re e i t h e r s m a l l o r z e r o . 

Thi«; may be i n t o r ore ted as a p r e f e r e n c e of. the above c a t i o n s f o r the 

Y tJ-'-oiap f o r taase b u l k c h e : n i s t r i f s in wh ich t h e sun A l v ' ^ , 'F&^+ T i ' i + , 

2+ 2+ 2+ i+ + 
Fe } 1-in 5 i-ia; v Co" , L:i i s l e s s t h a n o r e q u a l t o 5»0 atoms> 

( Z Y < 5 . 0 ) 0 

Hacnesimri and f e r r o u s i r o n are n o r m a l l y accep ted as occupan t 

o f the Y g roup as i s c o b a i t i n Ka - Co a iaph ibo le (Gibbs 1966). :\s f a r 

as t he a u t h o r i s aware the d i s t r i b u t i o n o f L i H " has been r e p o r t e d f o r 

o n l y two c l i r . o - ' ^ p h i b a l c - : a , ba t'i r i ebeck.'.tes ( C o l v i l l e & Gibbs 19o !-i; d a t 

t a t c n f r o . ' i Gibbs l^oo' add.'..son C: v.:h.- to 19oo)o I n b o t h these a n a l y s e s 

L i T was f o u n d i n t ne Y . r-oup e o n i n n i n g the p r e d i c t i o n o f P h i l l i p s 

(H963)<. However j •.vhil.ta'-'.er ( 1 9 7 1 ) ht;s s l i c e s ted f r o m a c o n s i d e r a t i o n 

o f j l a d e j u n ^ e n e r g i e s , t h a t any h/ i o n shou'ld show a p r e f e r e n c e f o r the 

MM s i t e i n h y d r ^ y and oxy c.I IPO-MII p h i bo l e s , i-'resu':v. v0 y t h i s p r e f e r e n c 

r o f a r ; ; t o t h e l a r g e r and Qinon t i U v l y more i m p o r t a n t Ne ' i o n , l i e r e 



F,j[7» 2P?.r. V a r i a t i o n of the o r d e r i n g f a c t o r s , 

obs R x Fe 
r obs 

obs 
Mn 
obs 

R x 
L i 

R 0 b* 
Co 

ex-det ex-net ox-det ex-det 
RFe x» RMg X' RMn x> R L i x ' a n c 3 R - - x w l t h 

ox-det 
'Co3 

the sum of the- c a t i o n s normally present i n the Y 
group ( A l i v , Fe^ +, Ti^"*", Mn 2 +, Mg 2 - r

5 C o 2 +
9 L i + ) o 

orthorhorsbic 
F e 2 % Ke, Mn 
amphlboles 

monoclinic 
F q 2 + ? Mg, Mn 
amphibole-3 

monoclinic 
Ga, Na 

amphibcles 

ex-det v— 
The low value f o r R x at2_Y = 7.7 r e f e r s t o p r o t o -

+ L i 

amphibole i n which L i has been reported from the A group i n a d d i t i o n 
to the X croup.The i — i a t R = 0 * 0 represents overlapping 
ex-det ex-det 

R F Q X S R J\ X = 0 < 1° ^ o r l a r £ Q numbers of monoclinic Ca, Na amphiboles 
which could not be shown i n d i v i d u a l l y on the f i g u r e . 
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TA * ii^r; been I. a v. PS "n o c c u p a n t o f the y g roup f o r tho r -e coiopo 11: ion? 

3 31 wh ich Y. <J 5.° a t o n s . (S^o a l p o R o b i n s o n , Rose & J a f f e j ^ ' l ) , 

LI-:jr.ganer-e he s boen r e; ,ov te6 to he orci rc-d cor,?i•• 1 e i",e1 y i n I"o 

the Y group o f a r i e n t ^ r I t e ( P a p i l : : : ; Hoss £ Cl r - rU L c . ' 6 ( ) ) , but. i n three; 

o t h e r c l i j i o n r i i . - . i i b o l e s ( i ' d t c b n l l et_ nj_a 197.1:. 'T.vwthorne -f' Grundy 

1973-- ? t j ) I , .n ' t " + i s r e p o r t e d i r o n the X g r o u p . I n t h e s « t i v e e c o i i i p o ^ i t j ons 

2_ Y excojJes U.O atoms an:! the tut--.] nuii,bor o f Kn^ ' 1 i o n : : i s s m a l l * 

I t ht>s been assumed t h « t l in e n t e r s the Y g roup f o r those o o n p o s i I i on? 

i n wh ich £ y < >.0 a toms , 

Based on the above- consi'jv":-y t i o n s an a l l o c a t i o n y c r i s i s f o r 

t he Y g roup a p p l i c a b l e t o those c o m p o s i t i o n s i n w h i c h ]T Y < '5<,0. 

n?y bo i n f e r r e d a.'- ; ~ 

M v ^ = ?o3"f- , > I J V ^ 2 - ! > 0 O 2 W ^ J J 3 / " 

C a l c j u n j e r ^ s t r i e ted to the X g r v u p f o r « o r^.nge o f 

c o ni p o y ,i t J. o n s , T h i. s i s i n a. e c o r o a n c e v.' i . t h L h e o r e t i c a1 c o n s i d e ra t i o n s 

o f w h i t t i i I t e r (1971)0 The o n l y e x c e p t i o n i s j o e e n i i t h i t c i n w h i c h the 

2-t-
Ca c o n t e n t exceeds the t o t a l f o r the X g r o u p and the excess e n t e r s 
the A g r o u p . B o t h Na' and K + have been r e c o r d e d i n the X g r o u p . I t 

+ 

i s g e n e r a l l y accep ted t h . i t the s m a l l e r ha shows a p r e f e r e n c e f o r the 

s m a l l e r ]'h c o - o r d i n a t i o n p o l y b e d r a (see S e c t i o n 2,3)-, o n l y e n t e r i n g 

t h e A g roup when the X group becomes f u l l . The a l l o c a t i o n scheme f o r 

t h e X gr:nu> raay be i n f e r r e d as Ca~"> i V f ' > K " ! \ i n a d d i t i o n , Fo'~ ' has 

been r e c o r d e d i r o ; . i t he A s i t e o f j o e s ; a i t b i t e . 

Cons id e r i ng the cu: >iiAug c o n i te - grune L \ i . t c s , Na - Co ap-'phihole 

and the o r t b o r h o M h i c amphj.boles g e d r i t e , h o l n o u j s t i t o , an t h o p h y l l i te 

:-md pro t c y r p h i b o l e i n wh ich t he sun o f 'he c a t i o n s n o r m a l l y p r e s e n t i n 

til 1? Y ' ' r o i l i ; (-• v r > c - , - i r ; A . , . 

° 1 * > ' ° i a p p r o a c h i n g haQ j . n the p r o t o a w n . b o l e., 

http://th.it


t he excess o f c a t i o n s n o r m a l l y p r e s e n t in the Y i"roup are f o u n d t o 

e n t e r the K J.roup (kH s i t e s ) i n a . f a i r l y i - ' e l l d e f i n e d sequence . 
it 

X - r a y and Ko^sbaue 1-' e v i d e n c e ( l ) i n d i c a t e th? t t he o r d e r i n g o f Fe" 

i n t o the X b ^ 0 - ! 1 i & ^ r e - ' t e r t o ^ n random 3 2 , 3 ) , w h i l e Mr/ i n 

manganese r i c h cumtti t o n i t e s (B->ncrof t , Burns & riaadock. l?67c ; 

Papikc-, Ross & C l a r k 19°9) i s even o i o r c h i r h i y orci e feci i n t o the X 

31'cup t h a n Fe/ ' ' , U ' i £ . 2 , 3 ; , On the o t h e r hand l- r £ 2 * r o i r j C o ^ + e ra 

o rde r ed i n t o the Y j j r o u p . V / h i l r , w i t h the e x c e p t i o n o f r ! ' i 2 +

? i t i s 

e x c e p t i o n a l f o r these c a t i o n s t o ha o r d e r e d c o m p l e t e l y i n t o t he 

g roup and f h e r e C o r e . ibr .ent .Cro.i: t h y Y ^rou.o ( F i ^ 2 S 3) ^.n o r d e r o f 

• . ' reference f o r t ne X ^ r o u p has been i n f e r r a d f r o n t he observed o r d e r i n g 

f a c t o r s "is ; i n L 1 + » F e 2 ' h > Co 2 ' 1" > l i f 2 * . 

I n i ' 0 ] i ) K ; u i s i ; i i : e ( i ; h U t a h e > ' . 1 9 6 ^ ; ' ; l l k i r < ; . Pev idaon * Ross 

1970; Law 1973) L i ' i r . f o u n d o y c l u s i v o l y i n t he X ^ r o u p s . l i e s ) . 
0+ 

i ' / j . l k i n s eh 32.. r e p o r t Xn'" p r e s e n t i n the Y f j r o u p o f the ho] r ^ u i s t i t e 

t h e y i n v e s t i g a t e d s i r ^ o s t l n s 3 p r e f e r e n c e Cor t he X c roup (i-. ; ,i s i t e : ; ) 

o f L i * > fcn2+» F e 2 + > C o 2 + > H o v e v o r i n the h o i , , q u i s t i to 

i n v e s t i g a t e d by ; . - h l t t a k o r (19o c ' ) ond Law (1973) n a ^ n e s i u u and n o t i r o n 

was f o u n d w i t h l i t h i u m i n the X ' / r o u p . D e s p i t e t h i s d i s c r e p a n c y the 

above scheme whereby c a t i o n s a re t r a n s f e r r e d f r o p i the Y t o the X g roup 

has been e n p l o y e d „ 

I n accordance w i t h P h i l l i p s (1963) nn e r r o r o f up t o 

1 per c en t i n t.aa Y c r o u p t o t a l i s a l l o v e d . For ana ly se s i n w h i c h the 

1 ) . Ohose & l - jeUner (1959), Ghose (19^1) , B a n c r o f t , B u r n s , Haddock. 

cc S t i - 'U i s (1966) , F i s c h e r ( I 9 6 6 ) , B a n c r o f t , Burns &. ihiddock. ( I 9 6 ? s ) , 

F i l l e r & loresi (.1967), V /h i t f i e l d & Freeman (1967) , F i n - e r ( 1 9 ^ 9 ) , 

Papi::.e, liOGQ & C l a r k ( l ? o 9 ) , Pop ike £r Bo-s ( 1970) , B u c k l e y c~ '.•:iII'.J r.s 

(1971) , Ka f r i e r & Ghose (1971) ; r ' e i f e r t & V i r ^ o (1<?7~). 



_ -iO_ 

su<T! oC the 7. g r o u p exceeds a o 05 a t c i i s , c a t i o n ? s h o u l d be t r a n s f e r r i n 

t o t h e X c r o u p j - n ^he o r d e r o u t l i n e d ai=ove u n t i l t h e sun i s reduocd 

t o f>, 0 a cams. 

L a s t l y 5 f o r p r o t o r . u n h j . b o i t ' !.n w h i c h the sun ol' t he c a t i o n s 

n o r m a l l y p r e s e n t i n the Y L*"oup exceeds 7 o0 ( ^ Y > 7*0) b o t h the 

Y and X groups a r c f u l l y o c c u p i e d . I n o c c o i v ^ n o e w i t h - i r i b b s ( 1 9 u ° ) 

excess L j i s t r ^ m : C e r r e d to t he A jx ruup . 

-•3* fit'-* t o n s j o n. jvf t h e 1 n:.-/.t^ on s.-d to, * -e"! i v i p o~ r o r -
o r d r- ' i" ' ' : c i ' l ' i ^ r 4 t ' i 0 0 a C O T ' , ' h i c ; i n o y.-"' •. >-> e V Y ; e r v - n v ? l l \ 

'"^•t - r i i L i - i i . £Uz? 0 0 Ml-} '• ; Q": d v t ? ave e v i j - :ble . 

I n t h e p r e v i o u s s e c t i o n a n ^ . l l c c " . ) t i o n sehe'ne was o u t l i n e d 

w h i c h c o u p ] i e d w i t h o^serv : -d d i s t r j b u t t o n s o f l H c a t i o n s : . V. 'hilc these 

1.1a y b-a ter'U-.d m a j o r c a t i o n s i n a M p b l b o l e c h e m i s t r y G-b:~ 5 Be" ? Oo'~' 

e x c l u d e d ) they are V:y no i.-e^ns e x h a u s t i v e . Ay. e>;aiflina t i :JH c f t he 

3 5\ e l } 7 sos i n c l u d e d i n t h e ar'.ph i b o l e da t a f i l e (see Chapte r h ) . r e v e a l e d 

t h a t ^9 c a t i o n s haci been r e c o r d e d , Most o f t r ie so o n l y occu r i n tr-;oe 

nmounls ( A s ? + , B i 3 % O e 3 + , D y 3 +

5 £ r 3 % 3 U

3 ' ' " 5 F r , Ga3+, ^ 3 + , ^ 3 + ^ 

La3+, L u 3 +

5 ] - b 3 - , 1 : o 3- ' - 3 r o 3 + > F r 3 ^ R b + j , c 3 + ? S t ( > ? S n ^ , , , 3 ^ 

3-1- ^ . | . , 

Y 5 Yb-' b u t s number nes t bs consi.der<-:d as p o t e n t i a l components o f 

the a u p h i b o l e s t r u c t u r e . 'Jhese i n c l u d e i : J , ?.?" , Cd 1 "*, C r - " , Cu \ 

2+ 5+ 2+ p+ 1 
f i J 5 p ' y r » v " > Z n , .Lr'1"'". I n the p r e s e n t work the a l l o c a t i o n 

scheme was ex tended t o i n c l u d e these . l a t t e r c a t i o n s . 

S t a r t i n ^ f r o .u t h e r •-: p e r i m •; n t a i!."[ y d e t e r 1 i n ed c •-• t i o n d i 3 1 r l b -

u t i o n s i t ho a been assumed t h a t c a t i o n s o f s i m i l a r s i z e and charge v n u l c , 

i f p r e s e n t , occupy s i . -Hi la r c a - o r d i n - i u i o n po.lyhr.era and hence groups i n 

v.he e.i.iphibf-'l e s t r u c t u r e , . The i o n i c r a d i i o f . v h i t t a k e r c'. H u n t i u s (19?0) 

have been u s e d , 

The s i t v e o f the 0 j r o u p a re a t the c e n i r e s o f s i l i o h t l y 

d i s t o r t e d oxygon t ^ t r n h e d r e ( a p p e n d i x l ) e On ly + , Al^ and 

http://protor.unhj.boit'
http://po.lyhr.era


2H-
Be have been r e c o r d e d .from the Z ^re-up, Q'able ? . 3 ? Append ix 3 • 

B j r o n , phosphorus and f e r r i c i r o n may be c o n s i d e r e d as p o s s i b l e 

occupan t s o f tne g r o u p . 

o 

I o n i c d i i { . \ ) i n M- f o l d o ^ - o r d l n \ t i o n . 

obse rved c a t i o n s p o s s i b l e a d d i t i o n a l c a t i o n s 

0.57 

0.20 

Syni K a t i e b o r o n a u p b i b o l e - i (Xohn £- CoiueCerro X^VJX o a i t o 

I963.; p r o b a b l y eoni :a io 3 Y i n r,ho « i : i ' " U p . rhasphor u-; nan/ ! - ; ] ] ; / o n l ^ 

o c c u r s i n v.1*ace amounts , b u t r e p o r t s o f j a r r v - r v J a r s may aCten be 

a t t r i b u t e d t o i r i p u r i l i c a (Xor j t n i pj 19^5). For the p r e s e n t purposes 

V r f has bcs i . i n c l u d e d as a p o s s i b l e occupan t ->f the Z ^ r o n p b u t i t s 

pr e s e n c 2 h • -• u I d , i t i s s u ^ r; c s t e d , b e e a 1 • e f u 11 y 0 h o c k a d . X ~r a y 

e v i d e n c e f o r Fe"^+ i n the / /group has been proposed by C o l v i l l c & Gibbs 

(19c ! +). I n a d d i t i o n , .d rns t L Wai (1970) i n t e r p r e t e d an e x t r a d o u b l e t 

i n the ' idssbau-ar spec t rum o f a n a t u r a l in- i^nesior i e b e c k i t e as ev idence 

o f K e J " :ui t f i e ? ^ . roup. F e r r i c i r o n does n o t f i ; " . ln a n e t c r y s t a l f i e l d 

s t a b i l i s a t i o n enevo-y ( C . F . o , ; • ; , ) i n e i t h e r o c t a h e d r a l or t e t r a h e d r r . l 

co . - i f i j u r a t i o n (Purns 1970) , I t i s s u r v e s t e d t h a t ev idence f o r Fe^ ' 

i n t he .V, . r o u p r e g a i n s i n c o n c l u s i v e . U n t i l f u r t h e r da t a a re f o r t h -

co i . i in^ f e e r i e i r o n ir- :s n o t ooen i n c l u d e d i n the Z £ r o u p . 

T i t a n i u n i , h-;s on o c c a s i o n be.-;n i n c l u d e d i n the Z ^ r o u p . 

I l o v c v c r , 1!.-: f i . i a n ( 1 9 ^ 9 ) has p o i n t e d o u t t h a t T i ' 1 " ' " has o n l y been Co rod 
L+ 

i n ,. s i n g l e compound, B a - T i 0}.r - C . F . O . - L . I S n i ^ b c r f o r T.L " i n an 

oe tahedr : - ! r a t h e r \:-snr, t e b r a h e c r a l eonf i ^ u r a t i ^ n (Duni t z i- Org-;"1. I ? ? ? ) . 

A l - 0o

!-i7 
2-1-

Ee 0 .3a 
S i 0 . 3M-

Fe 
3 + 

t i 3 + 



] -

'i'he c a t i o n i s a more a p p / o p r L i t e occupan t o f the Y ^ r o u o . 

The Y j r o u p c a t i o n s a re a p p r o x i m a t e l y c e n t r a l i n s l i g h t l y 

d i s t o r t e d o c t a h e d r a l c o - o r d i n a t i n n p o i y h e d r a ( A p p e n d i x 1 ) . Z n 2 ' ^ 5 

o v 3 Y 3''" •-• 3 + . ;,J + 
» '• ; '-"i- j ^ ' hove a p p r o p r i a t e i o n i c r a d i i and c h a r g e s , 

„ 2 + _ 3+ i+ 2+ h+ 
j U 5 0 l " j V ' , ?.i and Zr iiave been d e t e c t e d f r e o u e n v . l y b u t i n 

o n l y s n v ] l c o n c e n t r a t i o n s ( f o r example , Dodge £ P.oss 197-1; R o o n w a l l 

•i97'-)o Z i n c , has been r e p o r t e d as a H.ajer component i n so'.rav.'ha.t 

u n u s u a l a rnphiboies ( I j ^ u e r Persian 1933; Fosha^; 1936; Hawthorne 

;> Grundy 19y3c)0 y h i l l i p s ( I ? o 3 ) su^p,esi:od Y o r o u p v a c a n c i e s ;aay 

o c c u r a s s o c i a t e d w i t h charge b a l a n c i n g sues t i . t u t i o n s such as : -

T i ' ' 1 " + • - 2 i ; g 2 + , 2R3"' + O = 3 P . 2 +

0 

'••.'hero a p p r o p r i a t e such s u b s t i t u t i o n s :.;ay al.^o bo . inc luded 0 

The c o - o r d i n a t i o n p o l y h e d r a around the )rt s i t e s l o r r n i n ; ; the 

A r r o u p v a r y w i t h b u l k c h e m i s t r y o f the ai.;ph.i b o l e , I n the e a i e i x ^rous 

and a l k a l i a ^ p h i b o l e s and j o e s m i t h i t e t h e y a r e o f o l d c o - o r d i n a t e d 

w h i l e 6 f o l d c o - o r d i n a t i o n i s f o u n d i n trie 02 / in , P2iAi c u n n r i n ^ t o n i t e s , 

p ro t o a m p h i b o l e , j e d r i t e and h o L n e u i s t i t e . F i n ^ a r (1970'"-jb) r e p o r t e d 

7 f o l d c o - o r d i n a t i o n around t h e i-'h s i t e s i n a n t h o o h y i l i t e , 

C o n s i d e r i n g t he 8 f o l d c o - o r d i n a t e d g roup f i r s t , t h e 

f o l l o w i n g a d d i t i o n a l c a t i o n s appear a p p r o p r i a t e » 

o 

I o n i c r a d i i (; •.) i n 8 f o l d c o - o r d i n a t i o n , 

obcarved c a t i o n s poss ib l e , a d d i t i o n a l c a t i o n s 

2-i-
?Pa 1 . W 

2+ 
P 1 ' 1 1.37 
ST2' 1.33 



.- / 

N a T 1.2'h 

Co?'+ 1.20 

Cd 2 ' " 1.15 

Ga l . o o 
.. 2+ 
i-m. 1.01 

B a r i u m and s t r o n t i u m are o c c a s i o n - a l l y d e l e c t e d i n s i . m l l c o n c e n t r a t i o n s 

and ia.ay be c o n s i d e r e d c a l l set? v o l y v . i t h c a l c i u m f o r '.nost p u r p o s e s . 
p.i . 

;\mp!).iboles have been s y n t h e s i s e d w i t h Go" ' p r o b a b l y i n ';.!je X g roup 

( S a i t o 19o3 ; Fedosaev oj;, a_l. 1 9 7 0 ) . Lo-d i s a l s o i n c l u d e d as n 

p o s s i b l e c a t i o n i n the X g r o u p . 

I n t he 6 f o l d c o - o r e i n a t a d ]'}-\- s i t e the occupan t s c l o s e l y 

r e s e ^ b l ^ those o f t h e Y group ( i ( 1 a J ' j Ca" e x c l u d e d ) * 1'a a sense the 

j-l'-i- s i t e s (X g r o u p ) iray br c o n s i d e r e d as an ex tended Y g roup ( ; , h l l l i : ; s 

I 9 6 3 ) c 

o 

I o n i c r a d i i ( A ) i n 6 f o l d c o - o r d i n a t i o n , 

observed c a t i o n s p o s s i b l e a d d i t i o n a l c a t i o n s 
Ha + 1 .10 

C a 2 + i . o 3 

. 2+ 
f>n 0.91 

2+ 
V'e 0.86 

2+ 
Co 0.83 

+ 
L i 0.62 

K B 2 + 0.C0 

Cd^"1" 1.03 

2 + 

i n 0.83 

Cu 0,61 

A scheme vas d e s c r i b e d i n Ser - t ion 20? whereby c a t i o n s 

p r e s e n t i n the Y g roup v e r e t r a n s ! c r i ^ d t o t he X g roup i n t he sequence 

j ,T > , R . 2 + ^ 2 +- 2 1- 2 -t-
J J J - M L ^ H \ - ; > Co' > Kg ' „ ?ro, 'i charge and I o n i c r a d K s 



2+ 
c o n s i d e r a t i o n s t h i s scheme hies been extended t o i n c l u d e Zn and 

2-t-
Cu v i z . 

+ ?t- ^ J L p j . 2+ ?+ 2+ 
L i + > Hn£" » i ' V - ' > C o t f ^ Zn > C u " ^ Mg 

The p o s i t i o n o f Zn" as one o f the l a s t c a t i o n s t o be t r a n s f e r r e d f r o : . i 

t h e Y t o t he X g roup i s c o n s i s t e n t w i t h the r e p o r t e d o c c u r r e n c e o f 

2+ / Zn i n t he Y g roup o f a z i n c Manganese c u m m i n g t o n i te (Hawthorne 5. 

Grundy 1973c) . 

L a s t l y t he A s i t e , when o c c u p i e d , a ccen t s l a r g e i o n s such 

as A , v,'a , ?D • . C a ' - + , 3 a " , 3 ) w Sr*"'1' may bo c o n s i d e r e d t o g e t h e r 

as p o s s i b l e o c c u p a n t s . P h i l l i p s (1963) has f u r t h e r suggested t h a t H + 

( p r o t o n s ) may occupy the k s i t e under e x c e p t i o n a l c i r c u m s t a n c e s . 

2 ,'•!-„ HlhDATA A coopu t e r o r o ^ r n ^ i ncor a e r a t i n g the d e r i v e d 
a l l o e a t i o n sone^e . 

The a l l o c a t i o n scheme d e s c r i b e d i n t he p r e v i o u s s e c t i o n s 

has been i n c o r p o r a t e d i n t o a computer program e n t i t l e d MliiDATA^* -he 

p r o g r a m , w r i t t e n i n P L / 1 , i s a m o d i f i e d v e r s i o n o f H . P h i l l i p s ' 

hJlftD.vrA3 i n w h i c h the a l l o c a t i o n scheme has been amended, l e n g t h e n e d 

and t h e a r i t h m e t i c base a l t e r e d t o f l o a t i n g p o i n t a r i t h m e t i c . A 

l i s t i n g o f t h e program i n c l u d i n g o p e r a t i n g i n s t r u c t i o n s i s g i v e n i n 

A p p e n d i x A b r i e f summary o f the program l o g i c g i v i n g t he c o m p l e t e 

f o r m o f t h e a l l o c a t i o n scheme i s i n c l u d e d b e l o w . 

1 ) and 2 ) as MIKDATA3, (see page 1? )0 

3) a l l o c a t e a l l S i ^ 1 " , Be 2 - * and B 3 + t o t he Z g roup and ':>3k.e up t o a 

t o t a l o f 8.0 atoms w i t h A l ^ 1 " . Any r e m a i n i n g A l ^ " * i s t r a n s f e r r e e 

t o t h e Y g r o u p . E r r o r s a re r a i s e d i f e i t h e r £ i ' ' t + , o r Si 1*' 1 ' + Be : ? + 



or S i + Be" + B excedes C.08 atoms o r S i + Be"''' + B J A 1 J 

i s l e s s th.au 7»95 a tonic . A w a r n i n g i s p r i n t e d i f phosphorus i s 

p r e s e n t . 

' 0 I n i t i a l l y a l l o c a t e o i l A l , T i , Zv , Cr , V , Fe , L i + , H i / " 
2+ 2+ p + p + p+ 

Co , Zn , Mg'"" , cu'" , Fe~" , Mn t o t he Y group and sum t h e 

t o t a l number o f c a t i o n s . I f t he sun excedes 5 005, c a t i o n s a r c t r a n s ­

f e r r e d t o t h e X group i n t h e o r d e r L i + , K n 2 h , J e ' 1 " , C o " +

? Zn~ + , C i / " ' , 

2-H 
u i v - . i l t h e Y group t o t a l i s l e v e r e d fc" 5.0. 

5) As KIKDAT/L3. 

6) I n t he u n l i k e l y even t t h a t t he X g roup t o t a l excedc-s 2„0 atoms 

( l Y >7o0) a l l C u 2 " \ D a 2 + . S r 2 + , C d 2 ' , P b 2 + , ] * 3

 + , K + , e n t e r s 

the A g roup 0 t e s t i s made t o see i f the a n a l y s i s ^esciV'bles pro t o -

a :nphibolo (Gibbs 1969) hy c o m p a r i n g the l i + c o n t e n t i n X v. ' i tb the 

excess o f t he X g r o u p . I f L i e:<cedes the e x c e s s , L i i s t r a n s f e r r e d 

t o t he A g roup u n t i l t he X g roup t o t a l i s reduced t o 2 .0 . 

7) I f t he sum o f t he X g roup i s l e s s t h a n 2,0 \.he g roup i s made up 
2+ 2+ p + p+ 2+ 

t o 2.0 w i t . ' i Ca , Ba , 3v" , P'b s Cd . Any excess o f these 

c a t i o n s i s t r a n s f e r r e d t o t h e n s i t e i n the sequence Cd , Ca"" , Ba*- , 

Sr , Pb o A l l I'a , K e n t e r s the A g r o u p . 

8) L a s t l y , i f t he X g roup t o t a l i n c l u d i n g Ca2"'", Ba 2 ' 1 " , S r 2 + , C d / " + , P b 2 

+ 't­
i s l e s s t han 2 00 the g r o u p i s comple ted i n t he o r d e r fta , K , any 

excess e n t e r i n g the A g^oup i n the r e v e r s e o r d e r , 

I-ili\D/vTA5 a l s o c a l c u l a t e s a b a s i c a t o m i c f o r m u l a f r o m the 

a t o m i c f o r m u l a e a c c o r d i n g t o the method o f P h i l l i p s & L a y t o n ( l y o 1 - ) . 

2 .5 . i - i v a l u a t i o n O L FT r.").jSAJ2. 

The f o u r measures Sa, 3b , Sc, and 3d were c a l c u l a t e d f r o m 

the r s s u l t s o f HIKL'AT-5 f o r a l l the a n a l y s e s i n Append ix 3* As n i g h t 

http://th.au
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be e x p e c t e d , s i n c e MIKDATA5 was w r i t t e n i n t h e l i g h t o f t h e 

e x p e r i m e n t a l l y d e t e r m i n e d c a t i o n d i s t r i H i i ^ o n s h i s t o g r a m s o f measures 

Sb ( F i g , 2 .1 ) and Sd ( F i g . 2.2) show a h i g h e r p r o p o r t i o n o f a n a l y s e s 

c l o s e t o zero -than o b t a i n e d u s i n g KIHDATA3. Only t h r e e a n a l y s e s , a-

c u m m i n g t o n i t e ( 2 7 ) and two t r c m o l i t e s ( ! J 35?3) (see A p p e n d i x 3) have 

d i s c r e p a n c i e s o f ' e i t h e r Sb o r Sd i n excess o f 0 . 5 . A check was made 

t o see i f v a l u e s f o r Sb and 3d Mere, c o n s i s t e n t l y l o w e r t h a n t hose 

f o r the same ana ly se s u s i n g M I I I D A T A 3 . W i t h the e x c e p t i o n o f seven 

a n a l y s e s t h i s was f o u n d t o be the c a s e . 

S t a t i s t i c s f o r measures Sa and So a re g i v e n i n T a b l e s 2 . H , 

2„5o Va lue s f o r t he s t a t i s t i c s a re a l l c l o s e t o zero i n d i c a t i n g i n 

gene ra ] an e x c e l l e n t agreement between e x p e r i m e n t a l l y d e t e r m i n e d and 

c a l c u l a t e d g roup p o p u l a t i o n s . A compar i son w i t h t he same s t a t i s t i c s 

c a l c u l a t e d u s i n g MIHDATA3 ( T a b l e s 2 . 1 , P..2) shows a c o n s i d e r a b l e 

i m p r o v e m e n t . T h i s a p p l i e s i n p a r t i c u l a r t o Fc"" , Mn"~ 9 l ( g 2 + yno L i + 

2 ?+ 
A c o m p a r i s o n o f t he v a r i a n c e s ( a ' ' ) o f measures 8a and .Sc f o r Fe , 

i f 2+ 2+ + 
i-aa , } i ; i . u s i n g the F ' - a r i e n c e r a t i o t e s t , d e m o n s t r a t e d t h a t 

t h e r e d u c t i o n i n v a r i a n c e between KIKDATA3 and KIKDATA^ was s t a t i s t -
2+ p + 

i c a l l y s i g n i f i c a n t a t t he 1 per c e n t l e v e l f o r Kri , Hg~ and ar. the 
0+ + 

5 per c en t l e v e l f o r Fc and L i . The r e m a i n i n g c a t i o n s are e s s e n t ­

i a l l y u n a f f e c t e d by m o d i f i c a t i o n s t o the a l l o c a t i o n scheme and so t o o 

a re t h e i r r e s p e c t i v e measures . 

I n d e t a i l t h e r e r e m a i n minor d i s c r e p a n c i e s between the 

e x p e r i m e n t a l l y d e t e r m i n e d and c a l c u l a t e d g roup p o p u l a t i o n s . These a re 

n o t w h o l l y unexpec ted c o n s i d e r i n g t he s i m p l i f y i n g a s sumpt ions w h i c h 

were made i n d e r i v i n g the a l l o c a t i o n scheme ( S e c t i o n 2 , 2 ) . However , 

i n F i g . 2 , l d , no f e w e r t h a n 79 par c e n t o f a n a l y s e s show 5 mean 

a b s o l u t e d i f f e r e n c e be twean the c a l c u l a t e d :.'.nd e x p e r i m e n t a l l y 

d e t e r m i n e d g roup p o p u l a t i o n o f l e s s t h a n 0„2 atoms and 91 per c e n t l e s s 

t h a n 0 o 3 atoms (73 and 91 pc-r c e n t t o 2M(0) r e s p e c t i v e l y . F i g . 2 .1b)» 



T a b l e 2J-I-. S t a t i s t i c s o f measure Sa c a l c u l a t e d u s i n g KIND AT A 5 

2^(0) 23(0) 
C a t i o n Group X cr I X I n X O" I X I . n 

s i l + + 

3+ 
A l 

Z -0.003 0.065 0.05U 9 -0.060 0 .100 0.069 9 s i l + + 

3+ 
A l Z -0.021 0.05'+ 0.01+7 7 0.061 0.119 0.070 7 

B e 2 + Z 0,010 0.010 1 0.010 0.010 1 

T i W + Y 0.037 0.07'M- 0.0^3 7 0.028 0.071 0.037 7 

A l 3 + Y -0 .020 0.075 0.055 13 -0.083 0 .12>-+ 0.085 13 
V 
a. 

0.010 0 ,11-1-14 0.096 22 0.010 0.1U2 0.092 22 

F e 2 + Y -0.066 0.189 0.1M0 -0.055 0.191 0.139 76 

Y -0.1^0 - o.i>+o 1 -0,200 0,200 1 
2+ 

Mg Y 0 eo»+5 0.130 0,078 26 0.035 0.162 0.091 27 

C c 2 + Y 0.180 - 0.180 1 0.180 - 0,180 1 

F e 2 + X 0.116 0.199 0.176 24 0.02.6 0.2U1 0.172 I48 

M n 2 + X 0.028 0.053 0,0M+ 5 0.026 0.077 0 .01+6 rr 

M g 2 + X -0.111 0.157 0.119 -0 ol' iW 0.168 o.j.1+9 15 
C o 2 + X -0.5U0 - O.5U0 1 -0.530 - 0.530 1 

L l + X 0.020 0.030 0o030 2 -0.005 0.025 0.005 2 

C a 2 + X -0.001 0.05^ 0.029 18 -0.001 o,o5t6 0.027 18 

N a + X 0.007 0.192 0.116 15 0.019 0.165 0,087 15 

K + X -0.020 *• 0.020 1 -0.020 - 0,020 1 

N a + A -0.038 0.121 0.111 6 -0.057 0.170 0.123 6 

K + A 0.00 0 .01'+ 0.01 h 0.005 0,027 0.020" k 

C a + A 0.010 t a 0 .010 1 0.010 - 0.010 1 

Pb + A 0.00 i n 0.00 1 0.00 - 0,00 1 
.1. 

L i ' A -0.300 0.300 1 -0 .020 0.020 1 
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T a b l e 2 . 5 . S t a t i s t i c s o f measure Sc c a l c u l a t e d u s i n g MIMDATA5 

t i o n 
2U(0) 23C0) 

t i o n Group X a l X | n X a Ixl n 

S i U + Z 0„00 0.00 0.00 8 0.00 0.00 0.00 8 

A l i V Z 0.010 0o096 0.062 11 0.070 0 oioU 0.79 11 

2+ 

Be 

T i 

Z 

Y 

OoOO 

0.011 0.028 

0.00 

0.011 

1 

7 

0.00 

0.011 0.028 

0.00 

OoOll 

1 

7 
v i 

Al Y -o ..oyh 0.271 0 .1PA Ik -0.127 0,260 0.137 1W 

F e 3 + Y 0.002 0 .010 0.002 21 0.002 0.010 0.002 21 

Fe V 
•1m 

-0.091 0.197 0.117 k7 -0.071 0.181 OolOO 75 

H n 2 + Y -0 oOl+O 1*3 0 .0^0 1 -0.050 - 0.050 1 

M g 2 + Y 0,037 0o092 0.053 25 o.oUo 0.091 0.053 26 

C o 2 + Y 0 0.190 - 0.190 1 0.190 - C.190 1 

Fe X 0.081 0.222 0.1^8 18 0.017 0.15? 0.0 7U 39 

M n 2 + X -0 .010 0 .o'-i 3 0.030 h 0.002 0.03*+ 0.022 U 

X -0.061 0.120 0.093 13 -0.077 0,112 O.O96 1U 

C o 2 + X -0.190 - 0.190 1 -0.190 - 0.190 1 

L i + X -0,0^0 0.0U0 0.0U0 2 -0.025 0.029 0.025 2 

C a 2 + X -0.067 0.228 0,067 18 0.00 0.067 0.00 18 

Ha* X -0.1H5 0.37^ 0.208 15 -0.103 0.2U7 0.135 15 
+ 

K X 0.00 - 0.00 1 0.00 mm 0.00 1 

K a + A -0.070 0.089 0.080 6 -0.073 0.103 0.080 6 

K + A 0.00 0,00 0.00 It -0.0U0 0.080 0.0U0 k 

C a + A 0.00 - 0.00 1 0.00 - 0.00 1 

Pb + A 0.00 - 0,00 1 0.00 - 0.00 1 

L i + A 0.080 — 0.080 1 0.050 0,050 1 



I t i s suggested t h a t f o r mo sr. purposes t h i s i s adequate. 

I n d e s c r i b i n g the a l l o c a t i o n scheme i t has been assumed 

t h a t v a r i a t i o n i n o r d e r i n g was dependant upon bulk' c h s m i s t r v alone 

and was in d e p e n d j m t o f the p h y s i c a l c o n d i t i o n s , i n p a r t i c u l a r tempera­

t u r e d u r i n g c r y s t a l l i s a t i o n and subsequent c o o l i n g . V a r i o u s degrees 

o f o r d e r - d i s o r d e r between the H I , M2, and H3 s i t e s o f t h e Y group 

have been r e p o r t e d „ F r o n t : c c (1967)5 Bums &. P r e n t i c e ( 1 9 6 8 ) and 

B a n c r o f t ft Burns ( I 9 6 9 ) suggested t h a t l r . a g n e s i o r i e b s c l t i t e f r o m 

p e g n a t i t c s showed more d i s o r d e r e d Y group c a t i o n s t h a n c r o o i d o l i te.s 

or glaucophanes f:-om lower t e m p e r a t u r e mctarr-orphic environments and 

L i t v i n e_t (197--) put forv='srd evidence f o r d i f f e r e n c e s i n Fe2-!"5 

F e ^ + , A l ^ + I l g " * " o r d e r i n g between the M l , 1:2, M3 s i t e s o f the Y group 

i n 'hornblendes' f r o p j t h e a m p h i b o l i t e and g r a n u l i t e f a c i e s . Moreover, 
it 

Mossbauer s t u d i e s o f cummjngt o n i t e (Ghose & WeJ.dncr 1972) and 

a n t h o p h y l l i c e ( S i e f o r t ; & V i r g o 2 9 7 , | ) s heated under c o n t r o l l e d oxygen 

f u g a c i t i e s have demonstrated the t e m p e r a t u r e and ti m e dependance of 

the M g 2 + - ? e 2 + d i s t r i b u t i o n between t he X (M li) and Y (>!'.'., H 2 , M3) 

groups f o r such a n p h i b o i e s . These l a t t e r f i n d i n g s are of p a r t i c u l a r 

i m p o r t a n c e i n the p r e s e n t c o n t e x t s i n c e i t i n d i c a t e s v a r i a t i o n o f 

o r d e r - d i s o r d e r between groups o f s i t e s . 

S i t e p o p u l a t i o n s f o r t he t h r o e unheated cummingtonites 

i n v e s t i g a t e d by Ghos<?- & Weidner (197?-) and the p n t h o p h y l l i t e s t u d i e d 

by S a i f e r t & V i r g o ( 1 9 7 ' ') nre i n c l u d e d i n Appendix 3 (specimens 9» 33) 

39 and 3 r e s p e c t i v e l y ) 0 V a l u e s f o r t he measure Sb and Sd f o r b o t h 

t h e unheated end heated a'nphibcles are g i v e n i n Table 2 , 6 . The 

d i f f e r e n c e between the v a l u e s f o r Sb and 3d f o r t h e unheated air.phiboles 

and those f o r the heated samples i s a measure o f t h e a d d i t i o n a l 

v a r i a t i o n i n o r d e r i n g i n t r o d u c e d by h e a t i n g and preserved by subsequent 

quenching under e x p o r i m e n t a l c o n d i t i o n s . Compared w i t h the observed 

d i s c r e p a n c i e s i n Sb/and Sd obv,:.:od f r o m the r e s u l t ? o f 1-jJKDATA5 the 



Table 2 . 6 . Measures Sb and Sd f o r experimentally heated cummingtonite 
and a n t h o p h y i l i t e . 

Cummingtonita (Gbose & Weidner 1972) 

No . Measure Unheated 390°C 5 o o ° c 600°C 700 ° c 

9 Sb 0 .^90 0 . 5 7 5 0 .590 0 .670 

9 Sd 0 . 1 1 5 0 . 1 3 3 0 .1U3 0 .160 

38 Sb 0 ol8o 0 . 3 7 5 

38 Sd 0 . 0 5 5 0 . 1 5 5 

39 8b 0 .200 0 .210 0 .315 0.^-65 0 .520 

39 Sd 0 . 0 3 2 0 . 0 3 3 o „ o 71 0 ,100 0 . 1 1 3 

A n t h o p h y i l i t e ( S e l f e r t & Virgo 197*0 

No, Measure Unheated 720°C 

3 Sb 0 ,105 0 .370 

3 Sd 0 .0^0 0 .160 
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a o o i . t i o n a l v a r i a t i o n i s o f a s i m i l a r magnitude, see F i g . 2 a 1 4 . , -mr' 

i f p r e s e n t i n n a t u r a l amphibolos would a c t as EI l i m i t t o f u r t h e r 

r e f i n e m e n t o f i i l ^ A l A ? u s i n g b u l k c h e m i s t r y a l o n e . However, b o t h 

Gho«e & Weiuner (1?7'--) ?nd S e i i e r t & V i r g o (19?M) have found t h a t a t 
, .o o tem p e r a t u r e s above a p p r o x i m a t e l y l*25 C t ^ r cummin,ebonite and 270 G 

f o r a n t h o p h y l l i t e the race u f c a t i o n exchange between the X and Y 

groups i s l a r g e compared w i t h t h e race of c o o l i n g under g e o l o g i c a l 

c o n d i t i o n s . S i n c e , wi t b cne e x c e p t i o n , the h e a t i n g e x p e r i m e n t s were 

porfor-iiic-d above these-: t e m p e r a t u r e s i t i s t o be expected t h a t v a r i a t i o n 

i n o r d e r i n g due t o the c o o l i n g h i s t o r y o f n a t u r a l amphiholes w i l l be 

l e s s pronounced th;<n i n t h e quenched amohiboles. I n t h i s c o n n e c t i o n 

i t i s o f i n t e r e s t t o no t e t h a t B u c k l e y & v / i l k i n s (1971) found no 

d i f f e r e n c e i n the o r d e r i n g o f Fê '1"' b e t v e e i i t h e X and Y groups o f a. 

cummingtonitc- i n 3 r h y o l i t i c pumice b r e c c i a and a metamcrphic cummirg-

t o n i i e , and "Wilkins (1970) c o u l d f i n d no systematic: d i f f e r e n c e i n the 
?.+ 2+ 

Mg , Fe o r d e r i n g between the K l , M2 and M3 ."rices i n t r e m o l i t e -
at 

a c t i i i o l i t e s f r o m g r e e n s c h i s t and a m p h i b o i i t e f a d e s . I t i s tent/L v e l y 

suggested t h a t t h e r m a l l y induced o r d e r i n g between groups o f s i t e s i n 

n a t u r a l amphiboles i s r e l a t i v e l y minor compared w i t h t h e r e m a i n i n g 

d i s c r e p a n c i e s between e x p e r i m e n t a l l y determined and c a l c u l a t e d s i t e 

p o p u l a t i o n s . 
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F i g . 2Bka V a r i a t i o n of the measures Sb and Scl duo t o ther m a l l y 
induced order - disorder,, 

( a ) V a r i a t i o n i n Sb produced by t h e r m a l l y induced order -
diso r d e r (hatched) compared w i t h the r e s i d u a l d i s ~ 
crepancies between experimentally determined c a t i o n 
d i s t r i b u t i o n s and those c a l c u l a t e d using MIHDATA5", 
23(0), data from F i g . 2.1de 

( b ) V a r i a t i o n i n Sd, as above t data from Fig., 202d«, 
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3. ^ i-:£lTHOD i''OJ; KS?'I = ,..Vri::(} IV.uK 0X7T^Tpi>S„.ST^T3 I N AMP'rlT^Ol^H 
USI.KG Mia BASIC VAI'MIC i'\)hj-:UlJ' 

M e ntion has been made i n Chapter 1 of the d i f f i c u l t i e s 

i n v o l v e d i n d e t e r m i n i n g the i r o n o x j d - j t i o n s t a t e i n the growing number 

of amphiboles analysed by e l e c t r o n m l c r o p r o b e . A method Cor making 

such e s t i m a t e s " based on the b a s i c a t o n i c f o r m u l a of P h i l l i p s e: 

Layton (19$+) and P h i l l i p s (19$°) was b r i e f l y o u t l i n e d . I n t h e 

p r e s e n t Chapter the method i s d e s c r i b e d i n d e t a i l and e v a l u a t e d 

u s i n g s i m p l e t h e o r e t i c a l a n a l y s e s w i t h known o x i d a t i o n s t a t e , 

( S e c t i o n 3.1) and p u b l i s h e d ' r e a l ' a n a l y s e s of known o x i d a t i o n s t a t e 

( S e c t i o n 3 . 2 ) . 

The use o f t h e b a s i c atomic f o r m u l a i n the e s t i m a t i o n o f 

t h e i r o n o x i d a t i o n s t a t e assumes t h a t : -

1 ) The r e m a i n i n g c a t i o n s have been determined a c c u r a t e l y . 

2) The a n a l y s i s i s of a c a l c i f e r o u s o r a l k a l i amphibole i n t h e 

sense of P h i l J i p s (1966), Oxyaraphiboles are e x c l u d e d . 

3) The b a s i c atomic f o r m u l a c o n d i t i o n (Na"L + A 1 - ) = (Na'L + A l ^ ) 

h olds f o r a n p h i b o l e s i n which the i r o n o x i d a t i o n s t a t e has been 

d e t e r m i n e d . An e x a m i n a t i o n o f a c o n s i d e r a b l e number of b a s i c a t o m i c , 

f o r m u l a e o f p u b l i s h e d a n a l y s e s of amphiboles (Chapter 6) shows t h i s 

t o be the case. 

3.1. T h e o r e t i c n'j a n a l y s e s oC known ox i d a t i o n s t a t e . 

I n o r d e r t o e v a l u a t e t he method, e s t i m a t e s of the i r o n 

o x i d a t i o n s t a t e were made f o r a number of t h e o r e t i c a l araphibole 

a t o m i c f o r m u l a e o f known i r o n o x i d a t i o n s t a t e , see Table 3 . 1 . 

each of the atomic f o r m u l a e (Na A + A 1 Y ) e q u a l s ( N a X + A l z ) 0 I t 

s h o uld be noted t h a t these atomic f o r m u l a e , w h i l e f a l l i n g w i t h i n 

amphibole c o m p o s i t i o n a l space ( P h i l l i p s 1?66), do n o t n e c e s s a r i l y 

correspond t o known a m p h i b o l e s 0 For s i m p l i c i t y , a l l t h e f o r m u l a e 



Table 3 T1. Atomic formulae and nomenclature, a f t e r P h i l l i p s (1966), 
of t h e o r e t i c a l compositions used t o evaluate the basic 
atomic formula estimate of i r o n o x i d a t i o n s t a t e . 

Number Atomic formula Basic formula ' 
1 D N a +

2 F e 2 +
3 F e 3 +

2 S i V 8 0 2 " 2 2 ( 0 H ) 2 Q 

2 W a * K a +
2 Mg 2 +

2 F e % F e 3 + S i % 0 2 \ , 2 ( 0 l T ) 2 Ec 

3 QNa +2 F e 2 +
3 F e 3 + A l 3 + S i ^ g o2" 2 2 ( 0 I T ) 2 G 

h Na + C a 2 + Na + F e 2 +
? S i * +

8 0 2
 2 2 ( 0 H " ) 2 R 

? Na +Ca 2 +Na + F e 2 \ F e 3 + Sik+

? A l 3 + 0 2 " 2 2 ( 0 H " ) 2 R^SU^Q 

6 N a
+ C a 2 +

2 Mg 2 +
3 F e 2 + F e 3 + S i ^ A l 3 % 0 2 " 2 2 (OH"^ Pa 

7 D C a 2 +
2 Mg 2 + P e 2 +

2 P e 3 +
2 S i > +

6 A l 3 +
6 0 2 ~ 2 2 ( 0 H " ) 2 T 8 

8 Na + Wa +
2 F e

2 +
3 F e 3 +

2 Si +
? A l 3 + 0 2?_ ( 0 H " ) 2 M 

9 D G a 2 +
2 F e 2 +

3 F e 3 + A l 3 + Sik+

6 A l 3 +
2 0 2

 2 2 ( 0 H " ) 2 Ts 

1 0 QMa + C a 2 + F e 2 +
3 F e 3 + A l 3 + Sxk+

? A l 3 + 0 2 " 2 2 ( 0 H " ) 2 T s ^ G ^ 

1 1 Na + C a 2 S # 2 N a +
l o 8 F e 2 ^ F e 3 ^ A l 3 +

) + S i ^ 0 2 " 2 2 ( 0 H " ) 2 

Ecg 0H 2 0 

1 2 N A 0 . 5 C a 2 l 5 N A 0 5 M g 2 2 F e 2 + F e 3 + A l 3 + S i l f V l 3 + 2 ° 2 " 2 2 ( 0 H " > 2 

T 850 S u5o 
13 Na + Na +

2 F e 2 +
3 F e 3 * ^ A l 3 * D i * ^ A l 3 + 0 ^ (OH"),, M 

Ik Na + C a 2 * Mg 2 + P e 2 + F e 3 +
> 2 5 A l 3 * ^ S I ^ J A l 3 + 0 2 " 2 2 ( 0 I T ) 2 

Pa 



y r e L i j T i f r e e and no Y group v a c a n c i e s o c c u r . Atomic f o r m u l a e 

w i t h these f e a t u r e s w i l l he c o n s i d e r e d i n S e c t i o n 3«l«li-. 

Each atomic f o r m u l a was c o n v e r t e d t o w e i g h t per c e n t of 

t h e c o n s t i t u e n t o x i d e s . To s i m u l a t e an e l e c t r o n microprobo a n a l y s i s 

a l l i r o n was c o n v e r t e d to e q u i v a l e n t FeO and water was n e g l e c t e d . 

B a s i c atomic f o r m u l a e were c a l c u l a t e d ushi£ i-;i]«DATAS' a t v a r i o u s 
v 2 + / 2-i- 3+ 

i je /(Fe ••- Fe ) r a t i o s , w i t h t o t a l i r o n r e m a i n i n g c o n s t a n t . The 

r a t i o Fe~ / ( F e " + Fe~'+) i s here r e f e r r e d t o as t h y 'reduced i r o n 

r a t i o ' y:od as r e l a t e d t o the more common ' i r o n o x i d a t i o n s t a t e ' by 

the r e l a t i o n s h i p 

reduced i r o n r ^ t i o = 1 - i r o n o x i d ? t i o n s t a t e . 

The reduced i r o n r a t i o was d e f i n e d i n t h i s way i n o r d e r t h a t the 

v a l u e of the r a t i o i n c r e a s e d as the Fe*?H' component and t h e n u m e r i c a l 

v a l u e of t h e c a t i o n s i n c r e a s e ^ ( f o r d e t a i l s see S e c t i o n 3 . 1 . 2 . ) . 

P l o t s of t h e v a l u e (NaJ* + A l 1 ) ~ (Nn + A l ' ) , w i t h reduced i r o n r a t i o 

f o r t h e o r e t i c a l atomic f o r m u l a e are g i v e n i n F i g . 3.1 (dashed l i n e ) . 

The a c t u a l o x i d a t i o n s t a t e i s i n c l u d e d f o r comparison. 

L x a m i n a t i o n of F i g . 3«J • ( dashed l i n e ) r e v e a l s t h r e e 

types o f a n a l y s e s , ( i ) those f o r which a unique reduced i r o n r a t i o 

i s i n d i c a t e d , v i z . 1 t o ( i i ) those f o r which a l i m i t e d range of 

reduced i r o n r a t i o s are p o s s i b l e , v i z . 5 t o 11 , and ( i i i ) those f o r 

w h i c h a l l reduced i r o n r a t i o s are p o s s i b l e , v i z . 12 to l U . As a 

means o f e s t i m a t i n g the i r o n o x i d a t i o n s t a t e of a n a l y s e s o f the 

t h i r d t y p e the b a s i c atomic f o r m u l a , a t l e a s t i n i t s s i m p l e s t sense, 

i s n o t d i r e c t l y a p p l i c a b l e . The s i g n i f i c a n c e of the s o l i d c u rves i n 

F i g . 3.1« i s d i s c u s s e d below. 

A t f i r s t s i g h t t h e e x i s t e n c e o f a n a l y s e s which y i e l d (i;a' 
- - Y v Z +• A l ' ) e q u a l t o (Wa" + A l J ) f o r a l l reduced i r o n r a t i o s appears t o 

be something of an anomaly. However, a more d e t a i l e d e x a m i n a t i o n o f 
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Fi,{yf> ^»1. P l o t s of the v a r i a t i o n of basic atomic formula (Na + 
A l ) - "(Na + A l ') w i t h reduced i r o n r a t i o f o r the 
t h e o r e t i c a l atomic formulae l i s t e d i n Table 3»lo 

A 
The dashed l i n e I n d i c a t e s the v a r i a t i o n of (Na + 

Y X z A l ) - (Na + A l ) d i r e c t l y , w h i l e the s o l i d l i n e shows 
the v a r i a t i o n assuming t h a t the s u b s t i t u t i o n 2R^ + + • = 
3R i s i n a p p r o p r i a t e . Upward p o i n t i n g arrows i n d i c a t e 
the a c t u a l i r o n o x i d a t i o n s t a t e (as a reduced i r o n r a t i o ) 
and downward p o i n t i n g arrows the lowest reduced i r o n r a t i o 
a t which one, or more, of the f o l l o w i n g c o n s t r a i n t s are 

A 
v i o l a t e d , (a) Na <: 1.01, (b) Si < 8.08, ( c ) Ca < 2,02. 
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the method used t o c a l c u l a t e t h e b a s i c atomic f o r m u l a and the 

a l l o c a t i o n scheme of i o n s i n d i c a t e s t h a t a s i m i l a r s i t u a t i o n 

f o r t h e m a j o r i t y o f amuhibole a n a l y s e s . At the same time i t i s 

p o s s i b l e t o demonstrate t h a t the d i f f e r i n g types o f p l o t s observed 

itL F i g . 3»1 ;j'-r'£ 1 1 Q t haphazard b u t are r e l a t e d t o the l o c a t i o n o f the 

a n a l y s i s i n arnphibole c o m p o s i t i o n a l space. I n S e c t i o n 3*1.1 the 

d e r i v a t i o n o f the b a s i c atomic f o r m u l a i s d e s c r i b e d i n g r e a t e r 

d e t a i l and i n S e c t i o n 3.1.2 a n o t a t i o n i s developed t o d e s c r i b e 

the v a r i a t i o n i n the b a s i c atomic f o r m u l a w i t h reduced i r o n r a t i o . 

I n S e c t i o n 3.1.3 the e x t e n t o f the reduced i r o n r a t i o over which 
A Y Y 

(to a + Al ) = ( K a A + A l ) i s o u t l i n e d i n terms o f b u l k c h e m i s t r y . 

The method i s extended i n S e c t i o n 3.1 . ' i - t o t h e o r e t i c a l c o m p o s i t i o n s 

w i t h L i , T i 1 1 and Y =;roup v a c a n c i e s and i n S e c t i o n 3.1.5 the method 

i s e v a l u a t e d . 
3 . 1 . 1 . The b a s i c atomic formuDa. 

The b a s i c a t o n i c f o r i r u l a may be w r i t t e n as 

Na A (Ca N a X ) ? (My A 1 Y ) ^ ( S i A l ^ ) g 022 ^ 0 H ^ 2 

wher 

A l z = i . ]3 + + 2 M 2 + i n Z, 
M + 

S i = S i , 
*-,Y >,3+ ~ ^ + . , V.- U+ 
A l = 1-r + 2M i n Y, ( e x c l u d i n g any M J , M i n c l u d e d i n Kg, 

see b e l o w ) . 
2+ 

Mg = M i n Y pl u s any charge b a l a n c i n g s u b s t i t u t i o n s o f the 

type 

A l 3 + + L i + = 2Mg 2 +, F e 3 + + L i + = 2Mg 2 +, 

Tih+ + • = 2Mg 2 +, 2 R 3 + + • = 3 H 2 + , 
2- 2+ F e ^ + 0 = Fe + Oil , 

Na X = H + i n X, 

Ca = M 2 + i n X, 

Ka A = M + + 2 H 2 + i n A. 



Y 
E x c l u d i n g the oxyamphiboles i f e r r i c i r o n e n t e r s A l u n l e s s 

L i i s p r e s e n t , o r t h e r e are Y group v a c a n c i e s . F e r r o u s i r o n i s 

i n c l u d e d i n Mg u n l e s s t h e sum o f the Y group ey.cedes 5o05, (see 

Chapter 2), i n which case Fe""+ mayjbe t r a n s f e r r e d t o t h e X group and 

i n c l u d e d w i t h Ca. When t h i s has o c c u r r e d the anrohibole has moved 

out; o f amphiboie c o m p o s i t i o n a l space. I t s h o u l d be noted t h a t the 

concepts of the b a s i c atomic f o r m u l a and amphibole c o m p o s i t i o n a l 

space were o r i g i n a l l y devise;.! f o r c a l c i f e r o u s and a l k a l i a mphiboles. 

?:ere, the f o r m e r concept i s i m p l i c i t l y extended t o cover c o m p o s i t i o n s 
2 + o + o + 

i n whicn excess hn , Fe' } Mg" e t c . f r o m Y may e n t e r toe X group. 
3.1.2. V a r i a t i o n o f t i l s , components o f the b a s i c a t o n i c fmvr.uip 

w i t h reduced i r ^ n r a t i o . 

By c a l c u l a t i n g an atomic f o r m u l a f r o m a c h e m i c a l a n a l y s i s 

u s i n g t h e ?3(0) a n i o n base t h e sum of the p o s i t i v e charges i s c o n s t a n t 

a t 5 i 6 . The change f r o m Fe^O^ to FeO r i c h c o m p o s i t i o n ? ( w e i g h t per 

cen t o f a l l r e m a i n i n g o x i d e s c o n s t a n t ) must correspond t o an i n c r e a s e 

i n t h e number of a l l the o t h e r c a t i o n s p r e s e n t . The i n c r e a s e i s 

dependant on t h e amount o f each c a t i o n a l r e a d y p r e s e n t and i s 

de s i g n a t e d here by A «, I n the f o l l o w i n g d i s c u s s i o n i t i s n o t 

necessary t o know the n u m e r i c a l v a l u e of A . To m a i n t a i n a c o n s t a n t 

t o t a l charge o f U6-i- t he decrease i n charge a s s o c i a t e d w i t h t h e 
3+ 2 i" 

c o n v e r s i o n o f Fe~ to Fe i s eq u a l t o the sum o f the i n c r e m e n t s 

( A ) o f the r e g a i n i n g c a t i o n s m u l t i p l i e d by t h e i r c harge. U s i n g 

the b a s i c atomic f o r m u l a r a t h e r than i n d i v i d u a l c a t i o n s , t o m a i n t a i n 

charge n e u t r a l i t y the change i n char go a s s o c i a t e d with, a change i n 

the amount of F e ^ + by A i s g i v e n by:-
3 A F e > = - ANS A - 2Ac* - A: :a x ~ ~ 3 A A I Y - »+Asi - 3A-^i Z> 

3+ 
and t he a s s o c i a t e d change i n the amount o f Fe i s 

i ' e 3 + = ~ *ANaA - fACa - i A " a X - ->A Mg - A A I Y ~ | A - i - A ^ . 



As t h e n u m e r i c a l v a l u e s .Cor the c a t i o n s i n c r e a s e f r o m low 

t o h i g h reduced i r o n r a t i o s t h e a l l o c a t i o n o f c a t i o n s a l s o v a r i e s . 

A d e t a i l e d d e s c r i p t i o n o f the a l l o c a t i o n scheme has been g i v e n i n 

Chapter 2„ Ar. a c o n v e n t i o n t he change i n the amount o f an i o n , A- , 

i s t a k e n as an unsigned number. An i n c r e a s e or decrease i n t h e 

amount of an i o n i s i n d i c a t e d by a p o s i t i v e o r n e g a t i v e s i g n 

r e s p e c t i v e l y . Thus A 1 HA2 - A3 fi^ns t h a t the t o t a l change i n 

the components i s the sum o f the i n c r e a s e s o f 1 and 2 minus the 

decrease i n 3 by t h e i r r e s p e c t i v e d e l t a v a l u e s . 

v 

For convenience b a s i c atomic f o r m u l a A l has been s p l i t 

i n t o a component due t o f e r r i c i r o n a l o n e , Fe-^ and t h e r e m a i n i n g 

c o n t r i b u t i o n A l , ( A l 1 = A! ' + Fe~> ) . The f o l l o w i n g changes occur 

as Fe2t-M ^ 3 c o n v e r t e d t o FeO, ( i . e . low t o h i g h reduced i r o n r a t i o s ) . 

S i S i = + A S i , 

A 1 Z ( i ) X > 1 3 + H- S i ' + + < 8.0, 

A 1 Z = +AA1 Z . 

( i i ) Z A . 1 3 + + S i + + >̂ 8.0, S i ; + < 8.0, ( t r a n s f e r o f kl?J t o A l 
A 1 Z = -A S i . 

( i i i ) Si. > 8.0, 

A 1 Z = 0 .0 . 

A 1 Y ' ( i ) I A l 3 + + S i U + > 8.0, S i U + < 8.0, ( t r a n s f e r o f A l 2 t o A l 

A 1 Y ' - +AA1 Y ' + AA 1 Z + A * i . 
( i i ) I A l 3 + + oxk+ > 8.0, S i ^ + > 8.0, 

A 1 Y * = + A A 1 Y ' . 
3+' v_ 

Fe ( i ) 2_ Y + Z groups > 13, no Y group v a c a n c i e s , 
^ 3 + ' = - j A N a A - ^ACa - ^A^a X - A£ Mg - A < v l Y ' - f A 
~AAI Z. 

( i i ) Z Y + Z g r o u p s < j 3 ? Y group v a c a n c i e s , 
3+ 

.-in amount o f Fe e q u a l t o t w i c e t he number o f i group v a c a n c i e s i s 

co n v e r t e d t o e q u i v a l e n t iig by the s u b s t i t u t i o n 2H + • = 3R 
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I n t r o d u c i n g the term A l h o s i g n i f y t h e a p p r o p r i a t e change i n 
Y i 

A l ~ (see above) ?rr.l remembering t h a t t h e oh.-.ngc i n the number 
of Y group v a c a n c i e s depends en changes i n t h e amount of Mg,A!-° and 

3*-
Fe j t he change i n the amount of f e r r i c i r o n i n v o l v e d i n the. sr.ove 

s u . b s t i t u . t i o n i s g i v e n by 

1) ... -. a A ^ ' 3 + +. 2AKg + ? A - A l Y o . 
The change i n F e J + i s t h e r e f o r e the change i n t h e t o t a l amount of 

e plus the Fe~' no l o n g e r r e q u i r e d t o balance. Y group v a c a n c i e s 

i ? e J + l = - A f ° 3 + + (-^A^ 3 + + 2 A Mr + 2&i\lYo\ 

2) ... - - ^ A l p s 3 + + 2A^g + 2A-U Y o. 

Considerin.g a n u m e r i c a l example of an amphibole w i t h F e 3 ' = 2 .0, 

Hg = 1.6, Al^° - 0 . 3 , O.̂ /y group v a c a n c i e s , 1.2 atoms of F e 3 + 

b a l a n c i n g these and t h e r e f o r e Fe^'1"' equ a l t o 2 .0 - 1.2 - 0 .8 . 

I f Kg and . ' i l i o i n c r e a s e by 0 o 6 and 0„5 r e s p e c t i v e l y a n i Fe3"1" decreases 

by 0 .8 the number o f v a c a n c i e s reduce t o 0 .3 , the amount of f e r r i c 

i r o n r e q u i r e d t o compensate f o r these i s 0„o and Fe i s now 1.2 -

0.6 = 0 . 6 . The change i n the amount of f e r r i c i r o n r e q u i r e d t o 

compensate f o r the v a c a n c i e s i s t h e r e f o r e 1,2 - 0 . 6 which i s e q u i v a l e n t 
3+' , 

t o an i n c r e a s e i n Fe oy O.o. The same r e s u l t i s achieved by 

s u b s t i t u t i o n i n ( 1 ) . 
- 2 X 0 . 0 + 2 X 0 . 6 + 2 ̂ 0 , 5 = 0 .6 . 

However because F e J has decreased by 0 .8 the t o t a l change ( d e c r e a s e ) 

i n F e 3 + I (-0.8 + 0.6) i s g i v e n by s u b s t i t u t i n g v a l u e s o f A i n ( 2 ) , 

- 3 x 0 . 8 + 2 X 0 . 6 + 2 X 0 . 5 = -0.2. 

HZ. ( i ) X Y + 2 groups > 13j no Y group v a c a n c i e s . 
( t r a n s f e r o f Kg t o Ca) 

Ng - - A - * i Y o + AFO 3 + I 

( i i ) Y. ~ 2 groups < 13 ? Y group v a c a n c i e s . 

Here a g a i n the s u b s t i t u t i o n 2R J + • = 3R" must be c o n s i d e r e d . For 

each change i n the number of v a c a n c i e s tig changes by t h r e e t5mes as 

http://su.bstitu.tion
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i n u c h o The change ( d e c r e a s e ) i n Mg a s s o c i a t e d w i t h the (.-.honge i n 

v a c a n c i e s i s g i v e n by 

.. A 
Ma 

- 3 A F c 3 + + 3AH2 + 3 A A I Y O 

the c change i n Mg as a whole i s the 

Hg = AMS ( - 3 A : ^ 3 * + 3AK 
- + 3 A?e 

VO 
- 2 A Kg - 3AAI~ 

i ) l Y + 2 groups < 13. 

Ca = + ACa 

i i ) Y.~ + Z groups > 3 3. (trans 

Ca = . + Aca +AMS +• A A I 
i ) —/ < 13, Z C a 2 + + Ha 

rla + AKS X 

i i ) Z Y + z r- 2+ < 13, ECa •'• to 

- Aca 

i i i ) I * + z > • 13, EC '-' , + K * 
to Na A i n c 

Na = - ACa - A ^ s -
i v ) EY + > 13, Z c a 2 + + iia 

Na X - + A N a X 

i ) l Y + z < 13, Z C a 2 + + Na 

*T A 
rla 

= + A i ia A + AKa X + A 

i i ) Ex + 
I > 13, E C a 2 + + Na 

or Ne x to 11a 

= + A ^"3A + A ? i ? x + 

,A1Y°) 

t o Na A ; 

X 

Yo A -r-» 3+ ' AAI'° + A^ E J 

+ < 2.0. 

t o Na A) 

i n c r e a s e d bv t r a n s f e r o f ;•:£ ro 
Ca) 

A ca + Af >. + A ^ i Y o •A?e J + l 

i i i ) I Y + Z > 13, Z 0 a 2 + + I l a + > 2.0, Ca 2 + > 2.0, (-srmsfe 
of Na ' t o Na"1 i n c r e a s e d by t r a n s f e r o f >.g ro 

Ca) 

Na A - + AlTaA + 2ACa -r 2 A i : 3 + 2 AA1 Y ° - 2A- C ,s 3 +' 
The f a c t o r 2 i s i n t r o d u c e d because d i v a l e n t c a t i o n s are e n t e r i n g the 
A group. 



3 » l o 3 o V a r i .at.yin.jQf '''he r-anr-e o f rc^noc-!i i.'"->n r»ti^s 1127" '•ii ch 
(Ha a + A l ) equals (!>"• + Al 2) y.j th. b u l k chemis^r".. 

Knowing how the components of the b a s i c atomic f o r m u l a 

v a r y w i t h the reduced i r o n r a t i o i t i s p o s s i b l e t o e x p l a i n t he d i f ­

f e r e n c e s i n the r e s u l t s f o r the v a r i o u s t h e o r e t i c a l c o m p o s i t i o n s 

noted i n F i g . 3 . 1 . The e x p l a n a t i o n which f o l l o w s i s s t r i c t l y o n l y 
+ U+ 

o p p l i c a b l e t o t h e o r e t i c a l L i , T i f r e e amphiboles b u t t h e r e s u l t i n g 
+ U+ 

g e n e r a l i s a t i o n s may be extended t o t h e o r e t i c a l L i , Tx amphiboles 

and a c t u a l amphiboles and are di s c u s s e d i n S e c t i o n s 3 . 1 . L - and 3 . 2 

r e s p e c t i v e l y . 
A v 

The range o f reduced i r o n r a t i o s over w h i c h (Ha + Al'1") 

e q uals (Ha + A l ) w i l l be o u t l i n e d f o r each of the f o l l o w i n g g e n e r a l 
amphibol e c o m p o s i t i o n s i n t u r n . 

Z 
A 1 > o.o, A 1 Y > 0.0, Ha* > 0.0, Ha A >• 0o0. 

A 1 Z > 0.0, A l 1 > 0.0, 
V 
> 0.0, 

A 
Na = 0.0. 

A Z 
Al - 0.0, A 1 Y > o.o, Na X > o.o, Ha A > o.o. 
A 1 Z = 0.0, A 1 Y > o.o, „ X Ha > 0,0, M A = 0.0. 
A 1 Z > 0.0, 

V 
A r = o.o, Ha > o.o, r- A 

Ha > o.o. 
For i l l u s t r a t i v e purposes i t i s c o n v e n i e n t t o s u b d i v i d e 

e t i c a 
3+' 

V y | 
t h e o r e t i c a l c o m p o s i t i o n s i n t o two groups, those w i t h A l = A l x + 

3 v 3+ ' 
Fe and those w i t h Al1 = F e J a t the ' c o r r e c t ' reduced i r o n r a t i o . 

Y y 1 

S t a r t i n g w i t h a c o n s i d e r a t i o n o f analys e s where A 1 L = A l 
3+ 1 / v + Fe . For a g e n e r a l c o m p o s i t i o n w i t h A l > 0.0, A l " > 0.0, 

Ha X > 0 e 0 , Na A > 0.0, such as N a + ( N a + C a 2 + ) p ( M g 2 + F e 2 + F e 3 + A l 3 + ) < 

( S i , f + A l 3 + ) 8 0 2 " 2 2 ( C l D 2 , (Ha A + A 1 Y ) equals (Ha X + A 1 Z ) f o r a l l 

reduced i r o n r a t i o s . At low reduced i r o n r a t i o s t h e r a t e o f change 
A Y X Z o f (Ma + A l ) i s the same as t h a t f o r (Na' + A l ) , see e q u a t i o n ( 3 ) . 
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(3) 
A \ v 

ha = + ^Ka*- + ^Ca A^a" 

A I Y ' = + A A I Y ' + A s i + A A I Z 

* F e 3 + = - A ^ A - 2ACa - AHa X - 2Ang - 3 A M y ' - U A s i - 3 A A 1 S 

+ 2Ai''g + 2 A A I y ' + a A s i + 2 A ^ i z 

-ACa - A si 

Na X = -Aca 
A1 Z = -A si 

-A'JQ - A s i 

* The value f o r F e 3 + ' i s derived from - 3 A F e 3 + + 2 A H S + 2 A A l Y o , 

where A p e 3 + = - i A Na A + $ACa + i A K a Z • e t c > ;-nci A A l Y ° = 

A M y ' + A si + A A I Z . 

S i m i l a r l y f o r high reduced i r o n r a t i o s i n which the sum of the Y 

group e'xcedes 5«0, both terras change at the same r a t e , equation (U). 

This occurs f o r compositions i n which l-.'a" i s equal t o , or greater 

than zero. 

OO ~ ~ 

Ha A = + ANa A + ACa + AHB X + A^S + A A I Y ' + A s i + A A I Z 

- * A * » A - * A ^ - i A ^ x - SAMS - A A I y ' - f Aa i -A - n z 

A I Y ' = + A A I y " + A Si + A A I Z 

F e 3 + = . i A l l a A - ̂ ACa - * A N * X - ̂ A"3 -A*!*' - f A S i - A A 1 Z 

, A ' l 

+ A-Ja - i-ACa + i A K a X - - §As i 

A^a - Ai-ig - A A I Y ' - A s i - A A I Z 

+ $ / \ N a A + §Ac, + t ANe X + *Ang + A - , i Y * 4A3i + 

«Asi 

A A I Z 

i-A°a + i - A N a X - * AMS -1A33-
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From the d e f i n i t i o n of the t h e o r e t i c a l compositions, r.'c 

the ' c o r r e c t ' reduced i r o n r a t i o (Na'* + Al"^ ) equals (Ha X + A l ^ ) u^d 

t h e r e f o r e as both sides of the equation are changing a t the saiae r a t e 

the c o n d i t i o n v . ' i l l hold f o r a l l ret-iaa ning reduced i r o n r a t i o s , see 

F i r . 3 .1 nos. 1 2 , 13, l U . 
.-/ v y Less "general compositions w i t h A 1 ^ > 0 . 0 , Al"" > 0 . 0 , i*V' > 

0 .0 but Ma*1 = 0 , 0 y i e l d only a 13 raited range of reduced i r o n r a t i o s . 
2+ + 2-i-

This can be i l l u s t r a t e d f o r a general formula • (Ga N a ) (Mg Fe~ 
3+ 3+ l i + 3+ 2" 2 

Fe A l " ) ( S i A l " )g0 2 P ( 0 H ) . At low reduced i r o n r a t i o s , w i t h 
~~ a Y x 2 the sura of the Y group less than 5.0, (N? + A l " ) and (JNV + A l ) 

change a t d i f f e r i n g r a t e s , see equation ( ? ) • 

(5) 
A l * ' = + A A l " + A s i + AA! Z 

- 2 ACa - A ^ X - 2AHS - 3A-u Y' - HA s i - 3 A A I Z 

+ 2Ai!g • 3A.11 Y' + 2 A Si + ? A A I Z 

- 2Aca - Ai-:ax M A s i 

+ A ^ a x 

A s i 

+ Afra - A s i 

However, f o r high reduced i r o n r a t i o s as soon as the sum 

of the Y group excedes 5»0 (and 2_Ga + Ka >2 o 0 a l l o w i n g an o v e r f l o 
A Y 

from the X to A groups) equation (H) a p p l i e s . Provided (Na* + A l " ) 
X Z 

equals (Ka + A l ) a f t e r these t r a n s f e r s have begun i t w i l l hold 

f o r a l l instances a t higher reduced i r o n r a t i o s , F i g . 3»1 nos. 9 }10. 
Z v 

Considering analyses l y i n g i n the plane A l = 0.0 w i t h . ; . 1 ~ 
• t X A 

> 0 . 0 , i'Ja > 0,0, Na"1 > 0 o 0 o These may be included i n the formula 

Na + ( C a 2 + Ha +) (M g 2 + F e
2 + F e 3 + A l 3 + ) ^ S i l + +

P 0 2 ~ n (0H~) o . Taking 
) O lid £• 

•4+' 
lo\> reduced i r o n r a t i o s with. Si less than 800 , and the sum of the Y group less than 5.0, the r a t e of change of (Ea^ 1 + A l ^ ) equals 



X z 

t h a t of (I'7a " -i- A l ) fro;.< equation (3)o However, Tor high reduce;.: 

i r o n r a t i o s w i t h Si 1 4" 1" i n excess of 8.0 and the sum of the Y group 

i n excess of 5«0 t h i s i s no longer the case, see? equation ( 6 ) . 
(6) 

Ha A = -i- A « a A + AGa + AtTa* + A*Ig + A A ] Y ' 

- i A ^ A - *AC8 - i A ^ a X - * A M S - A u Y ' 4 A si 
A l + A A I 

- i-AHo A ~ lACa - l-ANa X - ^ K Z - A A I " - ^ A s i Fe 

i<ax = - Aca - Aug - A A I Y ' 

l ± ^ I a l l ^ A + ^ A N 0
x + |A He + A A I Y ' +•1_ A si 

+ i A * i A - ̂ ACa + i - A ^ X - i-AHg + f A si 

I t i s possible- to have a l i m i t e d range of reduced i r o n r a t i o s f o r 
which ( I l a A + A l x ) equals (Na A + aV) but these are at low values, 
see F i g . 3.1 no. 11, 

Z Y 
A l l analyses of the general type A l = 0 . 0 , A l > 0 . 0 , 

X \_ 
Ha > 0 . 0 , NV - 0 . 0 , give a unique reduced i r o n r a t i o . This comes 

about f o r low and high reduced i r o n r a t i o s , equations (5) and (6) 

apply r e s p e c t i v e l y , Fig.3 . 1 no. 3» 
y 

L a s t l y analyses i n which A l = 0,0 have only one possible 

reduced i r o n r a t i o and t h a t i s f o r Fe / (Fs" + Fe ) = 1.0. I n 

F i g . 3«2a, the region i n ainphibole compositional space which gives 

s p e c i f i c regions of reduced i r o n r a t i o s f o r analyses w i t h A l * -
Y1 -3 J 

A l + F e ^ are i l l u s t r a t e d . 
The same approach may be applied to t h e o r e t i c a l composition 
Y 3+' -'• v 

i n which Al"1' .-= Fe and the r e s u l t i n g extent over which (Na + A l " ) / X z , Y" equals (:Ta + A l ) i s given i n F i g . 3.2b. A l i s abcent fro;,- low 
reduced i r o n r a t i o s and i s present onlv at high reduced i r o n r a t i o s 
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F l g . Amphibole compositional space showing the extent of 
A Y 

reduced i r o n r a t i o s f o r which (Na + A l ) equals 
(Na X + A1 Z). 

(a) T h e o r e t i c a l compositions i n which A1Y = A1Y' + Fe^ + 

Unique s o l u t i o n s are found i n the plane Tr - Ed - R 
( v e r t i c a l shading) and long the j o i n Tr - G. Over the 
remainder of the plane Tr - R » Ec - G (diagonal shading) 
a l i m i t e d range of s o l u t i o n s at low reduced i r o n r a t i o s 
are p o s s i b l e . I n the plane Tr - Ts - G ( d o t t e d ) a 
l i m i t e d range of s o l u t i o n s are possible a t high 
reduced i r o n r a t i o s . Elsewhere i n araphibole compo­
s i t i o n a l space (Na A + A1 Y) = (Na X + A1 Z) f o r a l l 
reduced i r o n r a t i o s , 

( b ) T h e o r e t i c a l compositions i n which A l = Fe-5 ° Regions 
i n which a unique s o l u t i o n i s possible are shaded. 
Throughout the remainder of amphibole compositional 
space a l i m i t e d range of reduced i r o n r a t i o s i s 
p o s s i b l e . 
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when Si A l " i s greater than C.O. This nie'jns t h a t for- general 
compositions, only a l i m i t e d ran^.e of reduce-:! i r o n r a t i o s y i e l d b a l ­
anced basic, sto.-uic formulae Fig.3 . 1 nos. 5,6,7,8. Y/hen there I s no 
A l ^ + present (Al*"1 = 0.0) a unique s o l u t i o n if-: p o s s i b l e , see F i g . • 
3.2b and Fig. 3 d no 3 . 1,2,U. 

I t can be soon from the above d i s c u s s i o n thai; the use 
of the basic atomic formula to estimate the i r o n o x i d a t i o n s t a t e 
f o r t h e o r e t i c a l compositions, and by inference a c t u a l compositions, 
w i l l be unsuccessful f o r the great m a j o r i t y of analyses. The method 
i s l i v e l y tc be most successful f o r compositions i n which A l * := 0.0, 

f o r example r i e b e c k i t e . 
For f e r r i c r i c h compositions of a l l these t i t a n i u m f r e e , 

t h e o r e t i c a l , analyses, the sum of the Y group i s less than 5 . ° ' The 
r e s u l t a n t Y group vacancies are balanced by the s u b s t i t u t i o n 2R^+ 

+ • = 3R 2 +. P h i l l i p s (1963, p. 709) suggested t h a t t h i s was an 
uncommon s u b s t i t u t i o n . I f instead the s u b s t i t u t i o n i s p r o h i b i t e d 
and tiie amount of f e r r i c i r o n involved added to Fe the v a r i a t i o n 

A Y X 
i n (Ka + A l " ) - (Ha + A l * ) shown as a s o l i d l i n e i n F i g . 3.1 i s 
o btained. The estimated reduced i r o n r a t i o i s now e i t h e r a unique 
value or r e f e r s to only a l i m i t e d range- i n c l u d i n g i n every instance 
the o r i g i n a l i r o n o x i d a t i o n s t a t e . Again j t i s possible to d e f i n e 
the r e g i o n i n amphibole compositional space i n which unique or a 
l i m i t e d range of s o l u t i o n s w i l l be obtained. Remembering t h a t 
Fe^ + no longer r e q u i r e s the a d d i t i o n a l term - 2AFe^ + + 2/\Mg -i-

A Yo 
2/\».l to account f o r changes i n the number of vacancies i n the Y 
group, i t can be seen from equations (3) and (5) t h a t when the sum 

t L | A Y X z 

of the Y group excedes 5.0 both (Na + Al" ) and (Ka + A l ) change 
at d i f f e r i n g r a t e s . The r e s u l t a n t d i s t r i b u t i o n s of analyses w i t h 

V Y1 3+' 
A l = A l " + Fe" i s the same as t h a t shown i n F i g . 3.2b. By 
making t h i s a d d i t i o n a l assumption of the i n a p p l i c a b i l i t y of the 
s u b s t i t u t i o n of 21?*+ 3 ^ 1 1 ; would appear t o be possible to 
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estimate the reduced i r o n r a t i o and hence i r o n o x i d a t i o n s t a t e i n 
a successful manner. The p o s s i b i l i t y of Y group vacancies 

l-f-+ O i . 
associated w i t h t i t a n i u m ( T i ' + • = 2Mg^ ) i s not excluded. 

I n some .instances the range of reduced i r o n r a t i o s nay be 
f u r t h e r constrained by c r y s t a l chemical c o n s i d e r a t i o n s . Three 

A 
c o n s t r a i n t s which can be applied arc, ( i ) Na < I.C1, ( i i ) Si < 
8.08, ( i i i ) Ca < 2 .02. I t i s recognised t h a t ( i i i ) i s v i o l a t e d 
i n j o e s o i i t h i t e (Moore 1969) but i s probably otherwise of general 
v a l i d i t y (LeaIce 19o8). Where appropriate the lowest reduced i r o n r a t i o 
to v i o l a t e each of these c o n s t r a i n t s has been i n d i c a t e d on F i g . 3 .1 . 

I t can be seen t h a t a combination of the basic atomic formula con­
d i t i o n (Ka A + A l Y ) _ ( n a

X + A1 Z) = 0 . 0 , assuming the inapprooria^r.scs 
of the s u b s t i t u t i o n 2RJ + • = 3K~ , plus the above c r y s t a l chemical 
c o n s t r a i n t s allows an accurate reduced i r o n r a t i o and hence i r o n 
o x i d a t i o n stata to be estimated f o r t h e o r e t i c a l compositions. 
3.1.*+ T h e o r e t i c a l atomic f o r n u l a e of <novn oyid.-it 1' on st a t e 

wj th 311ni.um, t i ta-ii.um or Y grouo vacancies . 

A l l the t h e o r e t i c a l compositions considered so f a r have 
•5+ + ?-<- U h 

excluded s u b s t i t u t i o n s of the type Fe 0 + L i = 2Mg~ , T i + • -
2+ 3+ r-. 2+ 2J-jg , or 2R + • = 3R . A number of t h e o r e t i c a l atomic formulae 

w i t h these s u b s t i t u t i o n s are given i n Table 3.2. To simulate an 
e l e c t r o n microprobc analysis a l l i r o n was converted to equivalent 

fi. v 
FeO and water neglected. p l o t s of the v a r i a t i o n of (ft a* + A1J-) -

(Na + A l ) w i t h reduced i r o n r a t i o are given i n F i g . 3.3. Using 
the . 1 c r y s t a l chemical c o n s t r a i n t s o u t l i n e d above and assuming 

3+ o+ j j v 

t h a t the s u b s t i t u t i o n 2p. + • = 3H i n a p p r o p r i a t e estimates of 
the reduced i r o n r a t i o ( s o l i d l i n e ) can be made s a t i s f a c t o r i l y f o r 
l i t h i u o . b e a ring, 15, l o , and t i t a n i u m bearing analyses, 17, 18, 19. 

However, t h a t t h i s assumption i s i n c o r r e c t w i t h respect to 
analysis 20 can be seen because (Na + ;U •) - (Us"" + Al" 1) nowhere 

_ _ .3+-
equals zero ( s o l i d l i n e ) unless the s u b s t i t u t i o n 2K" + • = jR 
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Table 3S2,. Atomic formulae and nomenclature a f t e r P h i l l i p s (1966), 

of t h e o r e t i c a l compositions w i t h l i t h i u m , t i t a n i u m , or 

Y group vacancies. 

Basic formula 
Number _ Atomic formula name 

+ + 2+ 2+ 3+ + 3+ 2 " t r y _ N 

1 5 Na Na 2 Mg Fe Fe L i A1J SI g 0 2 2
 ( 0 H > 2

 E ° 

1 6 Na + Na +
2 Fe 2* L i ^ F e 3 * ^ A l 3 + S i ^ A l 3 + 0 2 " 2 2 (0H-) 2 M 

1 7 DCa 2
2
+ M g % e 5 F e 2 +

3 P.3* T i ^ A l * S i ^ A l 3 * 0 2 " 2 2 ( O H ^ 

1 8 HQ+ C a 2 +
2 Mg 2 + F e 2 + F e 3 ^ A l 3 ^ T i ^ Q Q ^ S i ^ Al3+ o 2 " 2 2 

(0H") 2 Pa 

1 9 t ^ a 2 * F e 2 + Fe 3^ Tik+ • S i ^ J A l 3
2 0 2 " 2 2 (0H") 2 TS 

20 Na + C a 2 + Na + Hg 2J F e
2 + Fe^5 A l ^ F e 3 ^ Q ^ S i ^ Al3+ 

o 2 " 2 2 C0H") 2
 R ? 0 S u 5 0 
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F i g . P l o t s of the v a r i a t i o n of basic atomic formula (Na 
Y X Z + A l ) - (Na + A l ) w i t h reduced I r o n r a t i o f o r the 

t h e o r e t i c a l atomic formulae l i s t e d i n Table 3 o 2 . 

The i d e n t i f i c a t i o n of the curves i s the same as 
t h a t used i n F i g . 3 - 1 , i 0 e e the broken l i n e i n d i c a t e s 
the v a r i a t i o n i n (Na A + A1 Y) - (Na~ + A1 Z) d i r e c t l y , 
the s o l i d l i n e shows the v a r i a t i o n assuming t h a t the 
s u b s t i t u t i o n 2R3'1" + • = 3R 2 + i s i n a p p r o p r i a t e . 
I n a d d i t i o n f o r atomic formulae 1 7 t o 1 9 the curve 
(— — »o — ) represents the v a r i a t i o n of (Na A + 
A1 Y) - (Na x -+ A l z ) assuming t h a t both 2R 3 + + • = 

and T i + • = 2Mg are i n a p p r o p r i a t e . Upward 
p o i n t i n g arrows i n d i c a t e the o r i g i n a l i r o n o x i d a t i o n 
s t a t e and downward p o i n t i n g arrows the lowest reduced 
i r o n r a t i o a t which one, or more, of the f o l l o w i n g 
c o n s t r a i n t s are v i o l a t e d , (a) NaA-^ 1 . 0 1 , ( b ) 
S i ^ + < 8 0 0 8 ( c ) Ca 2 o 0 2 . 
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a c t u a l l y occurs (dashed l i n e ) . 

Just as w i t h f e r r i c iron., t i t a n i u m when present need not 
be balancing; vacancies i n the Y group. However, f o r f e r r i c r i c h 
compositions ( ]TY < 5.^) t i t a n i u m w i l l , i f present, be considered 
as t a k i n g part i n the . s u b s t i t u t i o n + D - 2i<£ 2 +, see Chapter 2. 

This w i l l a f f e c t the value f o r A 1 Y ' and (,EaA + A1 Y) - (Na X + A 1 Z ) . 
I n F i g . 3.3 a t h i r d curve ( — . . — . , — ) i s p l o t t e d f o r analyses 
17 to 19 assuming t h a t s u b s t i t u t i o n s 2K 3 + + • = 3R2"*' and Ti'4'1" + • 

2+ 

= 2Mg are both i n a p p r o p r i a t e . The presence of the s u b s t i t u t i o n 

Uj.' ' + • = i s i n d i c a t e d f o r analyses 18 and 19 by the f a i l u r e 

of (Na + A1Y) ~ (Na X + A1 Z) to equal zero f o r any reduced i r o n r a t i o . 
3.1.5' Com oar j. son of th-? h*3 ?ic a tcroic formula a nd 

s t o i n ! * j o o 91 r i c r.^ti-'od s f o-" ^ s t i " ! ; ; rl1";™ the. i r o n ox ids 1 1 on 
s ta te of fcheore-t.i nn l compos! t l o n s . 

I t can be seen, from the above d i s c u s s i o n t h a t reduced i r o n 
r a t i o s can be estimated from the basic atomic formula and, where 
appropriate by ap p l y i n g c r y s t a l chemical c o n s t r a i n t s 
plus assumptions concerning the a p p l i c a b i l i t y of s u b s t i t u t i o n s 
i n v o l v i n g Y group vacancies. Results obtained f o r t h e o r e t i c a l 
analyses 1 to 20 by the present method are compared i n Table 3.3 and 
Fi g s , 3.̂ -? 3.5 w i t h the reduced i r o n r a t i o s f o r the same analyses 
estimated from the fo u r c a t i o n bases of Stout (197?-), see Chapter 1 

f o r d e t a i l s . The estimated and a c t u a l reduced i r o n r a t i o s are 
c o n s i s t e n t when c a l c u l a t e d by the basic atomic formula method, although 
unless a c r y s t a l chemical c o n s t r a i n t can be applied to those conp-

Y z 
o s i t i o n s w i t h A l > 0 . 0 , A l > G.O, or Y group vacancies (nos. 5 t o 
10, 12 to 20) a range of reduced i r o n r a t i o s i s possible (Table 3.3? 

and F i g . 3.lO. Reduced i r o n r a t i o s c a l c u l a t e d from the four c s t i o n 
bases are not i n every case c o n s i s t e n t w i t h the o r i g i n a l v a l u e , see 
Table 3.3 and F i g . 3.5. The c a t i o n base i n which the sum of the Y 
and Z groups i s assumed to be 13 ( I ™ = 13, Stout 1972) i s the most 



Table 3»3» Comparison of the a c t u a l and c a l c u l a t e d reduced i r o n r a t i o s 
f o r the t h e o r e t i c a l atomic formula numbers 1 t o 20 
c a l c u l a t e d from basic atomic formula and s t o i c h i o m e t r i c 
methods. 

Act u a l Calculated Calculated reduced i r o n r a t i o , 
nber reduced i r o n reduced i r o n r a t i o ( c a t i o n bases) 

r a t i o (basic atomic formula) ^ N a = l 6 jTNa-=i5 ]TCa=l5 X ? M = 1 3 

0.60 0.60 1.0 0.60 1.0 0.60 

0 . 6 6 O066 0 . 6 6 0.0 1.0 0 . 6 6 

0 . 7 5 0 . 7 5 1.0 0 . 7 5 1.0 0 . 7 5 

1.0 1.0 1.0 0.0 1.0 1.0 
0.80 0 080-0.83 0 o 8 0 0 . 1 9 1.0 0.80 

0.50 0 ,,50-0.52 0.50 0.0 0.50 0.50 

0.50 0 . 5 0 - 0 . 5 6 1.0 0.50 0.50 0.50 

O060 0.60 - 0 . 6 6 0.60 0.0 0.50 0.50 

0 . 7 5 0 . 7 5 - 0 . 7 8 1.0 0 . 7 5 0 . 7 5 0 . 7 5 

0 . 7 5 o„75-loO 1.0 o.75 1.0 0 . 7 5 

0 . 9 1 0 o 9 0 0.90 0 o 2 5 1.0 0 o 9 0 

0o5o 0 . 5 0 - 1 . 0 1.0 0.0 1.0 0.50 

O c 8 5 0085-0.90 0 . 8 5 0.0 1.0 0 . 8 5 

0 , 8 9 0 . 8 9 - 0 . 9 2 0 . 8 9 0.0 0 . 8 9 0 . 8 9 

0.50 0 . 5 0 - 0 . 7 2 0.50 OeO 1.0 0.50 

0.57 0 . 5 7 - 0 . 6 2 0 . 5 7 0.0 1.0 0 . 5 7 

0 . 8 6 0 . 8 6 - 0 . 9 1 1.0 0 . 8 6 0 . 8 6 0 . 8 6 

O080 0 . 8 0 - 0 . 8 6 l o 0 0 . 1 9 1.0 1.0 
Oo33 0 . 3 3 - 0 . 5 0 1.0 1.0 1.0 1.0 

0.1+6 0.0-0.51+ 0 . 9 1 0.0 1.0 1.0 

2 l N a = l 6 , c a t i o n base of 1 6 c a t i o n s , A s i t e f u l l . 
2 Z N a = l 5 , c a t i o n base of 1 5 c a t i o n s , A s i t e vacant. 

+ + ^ C a = l 5 , A l l cations except Na and presumably K normalised t o 1 5 
X F M = 1 3 , A l l cations normally present i n the Y and Z groups normalised 

t o 1 3 . 
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Elg.«.-lJt. Comparison of the reduced i r o n r a t i o c a l c u l a t e d from 
the basic atomic formula w i t h the a c t u a l reduced i r o n 
r a t i o of t h e o r e t i c a l amphibole compositions. 

The diagonal l i n e corresponds to equal a c t u a l 
and estimated reduced i r o n r a t i o s . Where two or more 
analyses have the same a c t u a l reduced i r o n r a t i o the 
estimated values have been drawn s l i g h t l y separated 
f o r c l a r i t y of r e p r e s e n t a t i o n . 



Calcu la ted reduced iron ra t io 
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F i g p 3 3 5 > Comparison of the a c t u a l and c a l c u l a t e d reduced i r o n 
r a t i o s c a l c u l a t e d from f o u r c a t i o n bases. The nomen­
c l a t u r e of the c a t i o n bases i s taken from Stout ( 1 9 7 2 ) . 

( a ) Y. N a ~ l6» c a t i o n base of 1 6 c a t i o n s , A s i t e f u l l o 

( b ) Z Na = 1 5 ? c a t i o n base of 1 5 c a t i o n s , A s i t e vacant. 

Ca = 15$ a l l c n t i o n s except Na (and presumably K ) 
normalised t o 1 5 . 

( d ) Z F M = 1 3 , a l l c a t i o n s normally present i n the Y and Z 
groups normalised t o 1 3 . 

The diagonal l i n e corresponds t o equal a c t u a l and 
estimated reduced i r o n r a t i o s . 
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a pp.1 i c a b l e b u t .Calls when c o n s i d e r i n g c o m p o s i t i o n s w i t h Y group 

v a c a n c i e s such as IB, 1 9 and 2 0 , F i g . 3 o ? d . 

" I t i s i l l u s t r a t i v e t o compare the re?.? t.ive m e r i t s of the 

c a t i o n base ]TrM = 1 3 and the b a s i c atomic f o r m u l a method. B o t h 

i n d i c a t e the i r o n o x i d a t i o n s t a t e f o r c a . l c i f e r o u s and a l k a l i a i n p h i -

b o l c s i n w h i c h the sura o f t h e Y and Z groups i s 1 3 > a t the a c t u a l 

i r o n o x i d a t i o n s t a t e . However, f o r c a l c i f e r c u s rind a l k a l i amphiboles 
v 2 

i n w hich ; i l J - > 0 . 0 , A l > 0 . 0 , a range of reduced i r o n r a t i o s i s 

p o s s i b l e w i t h the b a s i c atomic f o r m u l a method. As mentioned p r e v i o u s ­

l y t h i s i s a s s o c i a t e d w i t h t r a n s f e r o f c ^ i o n s between components 

i n the b a s i c atomic f o r m u l a , i n p a r t i c u l a r Kg f r o m Y t o Ca i n X, 

as t h e sum of the Y and Z groups exceeds t h i r t e e n . On t h e other^hand 

the b a s i c atomic f o r m u l a i s a p p l i c a b l e t o a n a l y s e s wi t h Y group 

v a c a n c i e s w h i l e the c a t i o n b--jse i s n o t . B o t h methods are i n a p p l i c a b l e 

t o c o m p o s i t i o n s i n which t h e sum o f the Y group e x c e d e s ^ f i v e a t the 

a c t u a l o x i d a t i o n s t a t e ( i 0 e . f o r n o n - c a l c i f e r o u s / - a l k a l i ? mphiboles) 

I n the case o f the b a s i c a t o m i c f o r m u l a a c o n s i d e r a b l e range o f i r o n 

o x i d a t i o n s t a t e s e x t e n d i n g f r o m t h e r a t i o a t which ZY - 5 . 0 towards 

h i g h e r reduced i r o n r a t i o s ( l o w e r o x i d a t i o n s t a t e s ) i s t o be expected 

as a r e s u l t of t h e t r a n s f e r of c a t i o n s between groups. 

I t i s suggested t h a t the b a s i c atomic f o r m u l a i s s u p e r i o r 

t o the use o f c a t i o n bases i n t i i e e s t i m a t i o n of t h e reduced i r o n , r a t i o 

and hence i r o n o x i d a t i o n s t a t e . However, l i k e t he c a t i o n bases the 
di­b a s i c atomic f o r m u l a method i s dependant upon the accuracy o f the 

d e t e r m i n a t i o n o f a 1.1 the o t h e r i o n s p r e s e n t . 

3 o 2 . R e a l analyses w i t h known i r o n o x i d 3 t j o n s t n t e „ 

I n o r d e r t o e v a l u a t e the b a s i c atomic f o r m u l a method under 

more r e a l i s t i c c i r c u m s t a n c e s , e s t i m a t e s of the o x i d a t i o n st-.te were 

made f o r a number of p u b l i s h e d analyses of c a ' l c i f e r o u s and a l k a l i 



amphiboles chosen a t r a n dor;, f r o m t l i e amphibole d o t a f i l e (Chapter U ) . 

i i s t l m a t o s made i n t h i s way bere compared wll.h t h e known a c t u a l i r o n 

o x i d a t i o n s t a t e , ^nd w i t h e s t i m a t e s made u s i n g S t o u t ' s c a t i o n bases. 

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

conformed to a l l t h e f o l l o w i n g c r i t e r i a . 

1 ) I r o n o x i d a t i o n r.tate d e t e r m i n e d , 

( 2 ) O i l " + F" + C I " -r i ! + c a l c u l a t e d f r o m t he 2 J f ( 0 ) base, i n the 

range 1.8 - 2 . 2 , bo exclu d e oxyamphiboles s 

3 ) A n a l y s i s t o t a l i n the rango 9 9 . 5 100.5 per c e n t , 

h) When c a l c u l a t e d t o the 2 3 ( 0 ) base b a s i c a t o m i c f o r m u l a (Ma" + 

A 1 Y ) - ( N a X + A 1 Z ) was l e s s t h a n 0.01. 

+ 

A l l i r o n was c o n v e r t e d t o e q u i v a l e n t FeO and I^O 3 F, C I 

n e g l e c t e d . E s t i m a t e s o f the reduced i r o n r a t i o were made f o r ] 8 

a n a l y s e s , see Table 3 o ' + . For those analyses i n which a complete 

range o f reduced i r o n r a t i o s was p o s s i b l e i t was assumed t h a t the 

s u b s t i t u t i o n 2 r 3 + + • = 3 K 2 + was i n a p p l i c a b l e . The t h r e e c r y s t a l 

c h e m i c a l c o n s t r a i n t s mentioned i n S e c t i o n 3 o l c 3 were a l s o a p p l i e d 

where a p p r o p r i a t e . The r e s u l t s are g i v e n i n Table 3. 1- 1 and F i g 3 - 6 

where they are compared w i t h the a c t u a l reduced i r o n r a t i o . 

V/hile i t can be seen t h a t t h e reduced i r o n r a t i o s e s t i m a t e d 

u s i n g t h e b a s i c atomic f o r m u l a method do n o t y i e l d unique and e n t i r e l y 

a c c u r a t e v a l u e s they are c o n s i s t e n t w i t h the v a l u e o f the a c t u a l r a t i o . 

R e s u l t s f o r the same analys e s o b t a i n e d u s i n g tne f o u r c a t i o n bases 

are g i v e n i n Table arid i l l u s t r a t e d i n F i g 2>-7» I t can be scon 

t h a t none of the c a t i o n bases are c o n s i s t e n t i n i n d i c a t i n g the 

' c o r r e c t ' ( a c t u a l ) reduced i r o n r a t i o . I n p a r t i c u l a r i t i s worthy 

of n o t e t h a t t h e ]TFM = 1 3 c a t i o n base ( F i g . 3 „ 7 d ) tended t o g i v e 

v a l u e s f o r t he reduced i r o n r a t i o which i n a l m o s t every i n s t a n c e were 

too h i g h ( f e r r o u s r i c h ) . I t i s suggested t h e r e f o r e th.3t the b a s i c 

atomic f o r m u l a method o f e s t i v a t i n g t h e i r o n o x i d a t i o n r a t i o d e s c r i b e d 



Table l.U. Comparison of the a c t u a l and c a l c u l a t e d reduced i r o n 
r a t i o s f o r a number of amphibole analyses taken from 
the amphibole data f i l e . 

;a base Ac t u a l Calculated Calculated reduced i r o n r a t i o 
erence reduced reduced i r o n r a t i o ( c a t i o n bases.) 
iber*- i r o n r a t i o (basic atomic formula) ^rNa=l6 ^ f l a = l 5 ^ C a = l 5 T. FM=13 

0 9 0 . 5 2 0 . 5 0 - 0 . 7 2 1.0 0 . 5 5 1.0 0 . 5 5 

91 0,79 0 . 8 8 - 1 . 0 1.0 0 , 7 5 1.0 1.0 

9 2 0 , 8 2 0 . 7 8 - 1 . 0 1.0 0 . 7 1 1.0 0 . 8 1 

93 0 „ 8 3 0 . 7 0 - 1 , 0 1.0 0 , 2 3 0.9>+ 0.70 

9̂  0 , 6 6 0 , 6 0 - 1 . 0 1.0 0 . 3 7 1.0 0 . 7 1 

0U 0 . 7 8 0 . 8 0 - 1 , 0 l o 0 0.30 1.0 1.0 

13 0.70 0 . 5 7 - 0 . 9 5 1.0 0,20 O.98 0 . 8 5 

30 0 . 7 1 0 . 5 7 - 0 . 9 2 1.0 0.0 0,8k 0.80 

+7 0 » 5 6 0 . 9 2 - 1 . 0 0 , 9 8 0.0 1.0 0.9U 

35 0 . 68 0 . 5 5 - 0 . 6 5 0 , 8 6 0.0 1.0 o » 9 3 

37 Oo79 0 . 7 7 - 1 . 0 1.0 0,3*+ 1.0 0 . 9 3 

39 0 o 7 2 0.72-0,97 1.0 0.0 0c97 0 . 8 6 

39 0 . 6 7 0 . 5 7 - 0 087 O.87 0,0 1*0 O.70 

L*f 0 , 7 6 0 . 9 2 - 1 , 0 1,0 0 . 1 2 1.0 0 . 9 6 

0 o 8 0 0.62-0,97 1.0 0 . 3 5 0 . 9 5 0 . 8 3 

58 0 c 7 9 0 . 7 2 - 1 . 0 1.0 0 . 2 5 1.0 1.0 

19 0 . 8 6 0 . 8 5 - 1 . 0 1,0 0 , 7 5 1.0 1.0 

58 O081 0 . 6 7 - 0 . 9 7 1.0 0 , 2 7 0.98 0 . 8 3 

X N a ^ l S , Cation base of 1 6 c a t i o n s s A s i t e f u l l . 

X N a = l 5 , Cation base of 1 5 c a t i o n s , A s i t e vacant. 
] T C a = l 5 ? A l l c a t i o n s except Ka + and pr esumably K normalised t o 1 5 . 

^Tl rM=13, A l l c a t i o n s normally present i n thy Y and Z groups normalised 
to 1 3 . 

^ D e t a i l s of the source of the analyses can be obtained from Appendix 8. 
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F l g - ^ . 6 . Comparison of the reduced i r o n r a t i o s c a l c u l a t e d from 
the basic atomic formula w i t h the a c t u a l reduced i r o n 
r a t i o s of a number of amphibole analyses taken from the 
araphibole data f i l e . 

C a l c i f e r o u s and a l k a l i aniphiboles are i n d i c a t e d 
by a s o l i d l i n e , and amphiboles outside amphibole 
compositional space by a dashed l i n e . 

The diagonal l i n o corresponds t o equal a c t u a l 
and estimated reduced i r o n r a t i o s . 
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Comparison of the a c t u a l and estimated reduced i r o n 
r a t i o s c a l c u l a t e d from f o u r c a t i o n bases. 

The nomenclature of the c a t i o n bases i s the same as 

F i g . 3.5. 

C a l c i f e r o u s and a l k a l i amphiboles are i n d i c a t e d by 
closed c i r c l e s , and amphiboles o u t r i d e amphibole 
compositional space by open c i r c l e s . 

The diagonal l i n e corresponds t o equal a c t u a l and 
estimated reduced i r o n r a t i o s , , 
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above i s as good as, and probably s u p e r i o r , t o a l t e r n a t i v e c a t i o n 

bases. 

As mentioned i n S e c t i o n 3.1 the method d e s c r i b e d here i s 

a p p l i c a b l e o n l y to amphibolous i n w l i i c h the h y d r o x y ! group i s f u l l y 

o ccupied by OH , P", or C l " and which b e l o n g t o t h e c a l c i f e r o u s or 

a l U a l i amphibolies. A t t e m p t s t o extend the method t o amphiboles w i t h 

even minor auounts of Y. group c a t i o n s i n the X group a t t h e ' c o r r e c t ' 

o x i d a t i o n s t \ s t e ( o r reduced i r o n r a t i o ) r e s u l t s i n extended ranges o f 

reduced i r o n r a t i o s c o n s i s t e n t w i t h (II?."1 + A l ~ ) = ( F a A + A l ) . To 

i l l u s t r a t e t h i s , t h r e e such an- .'hibol es, an a l y s e s 209 , l^oO, I627 ( f o r 

d e t a i l s see Appendix 8) w i t h r e s p e c t i v e l y 0.21, 0,09 ;^nd 0,21 Y group 

c a t i o n s i n the X group have been p l o t t e d on F i g . 3.6 (dashed l i n e s ) . 

I n each i n s t a n c e the rango o f e s t i m a t e d reduced i r o n r a t i o s i s l a r g o 

and extends t o v a l u e s c o n s i d e r a b l y l o v e r t h a n the o r i g i n a l . 

T h i s b e h a v i o u r may be a t t r i b u t e d t o t h e t r a n s f e r of o p t i o n s , 

f r o m the Y to the X group. I n S e c t i o n 3.1.3 i t vss shown t h a t f o r 

atnphiboles i n amphibole c o m p o s i t i o n a l space t h i s event r e s u l t e d i n 

almost a l l c o m p o s i t i o n s h a v i n g (Ma A + A l ~ ) c ^ u e l t o (Na^ + A l ^ ) f o r 

a l l h i g h e r reduced i r o n r a t i o s . For c o m p o s i t i o n s o u t s i d e amphibole 

c o m p o s i t i o n a l space t h i s s i t u a t i o n w i l l occur a t reduced i r o n r a t i o s 

l ower t h a n the a c t u a l v a l u e and e x p l a i n s t h e extended range o f p o s s i b l e 

reduced i r o n r a t i o s . R a t i o s c a l c u l a t e d f o r the same an a l y s e s u s i n g 

t h e c a t i o n bases (open c i r c l e s F i g . 3.7) i n d i c a t e t h a t c a t i o n bases 

are a l s o u n s u c c e s s f u l i n c o p i n g w i t h such s i t u a t i o n s . 

E x a m i n a t i o n o f F i g . 3-1 i n d i c a t e s t h a t u s i n g the b a s i c 

atomic f o r m u l a method the range o f p o s s i b l e reduced i r o n r a t i o s extends 

i n a number of i n s t a n c e s t o 1.0 even though the a c t u a l v a l u e was l o w e r . 

T h i s i n t r o d u c e s an i n t e r e s t i n g c o r o l l a r y of u s i n g the b a s i c atomic 

f o r m u l a method t o e s t i m a t e o x i d a t i o n s t a t e s . The mere balance 

of the b a s i c atomic f o r m u l a of an e l e c t r o n m i c r o p r o b e a n a l y s i s o f an 



amuhibole w i t h a l l i r o n r e p o r t e d as FeO (reduced i r o n r a t i o - 1 . 0 ) 

cioes n o t n e c e s s a r i l y i m p l y t h a i : t h e r e i s o n l y ^ t r i v i - i . l jP^2^3 I 1 - 0 sent, 
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h o A C0Nr,U-C'.H D.-iTA i r ' l J . i ! F01-, ';']":• AHPHI f'O . 

As part of the study of the chemistry of the ampbjboles i t 
was decide? zo col'ieci; ?.s many published ana unpublished analyses of 
amphj.bo.les 3S was f e a s i b l e . A t o t a l of 26^0 analyses was obtained and 
i t soon became obvious t h a t a computer data f i l e would be required to 
cope w i t h such a la r g e amount of data. The c o l l e c t i o n , t r a n s c r i p t i o n 
and punching of any larg:-j body of i n f o r m a t i o n i s a c o s t l y and t i n e 
consuming o p e r a t i o n . Often i n the past the r e s u l t a n t data f i l e 
has been of i n t e r e s t only to a l i m i t e d number of other users. I t 
was envisaged at the outset t h a t a data f i l e of i n f o r m a t i o n about 
amphiboles would be of i n t e r e s t to m i n e r a l o g i s t s , igneous and 
metamcrphic p e t r o l o g i s t s provided the i n f o r m a t i o n concerning i n d i v i d ­
u a l amphiboles was extensive. To accomplish t h i s as much i n f o r m a t i o n 
as possible about each specimen has been included i n the data f i l e . 
To be of maximum value as a secondary source of i n f o r m a t i o n the data 
i n the data f i l e should be i n a form 3s close to the o r i g i n a l as 
po s s i b l e . This necessitates the use of a v e r s a t i l e data base. 

I n Section H . l . the merits of various types of dsta 
bases which can be implemented i n FORTRAN or PL/1 are described. 
Experience w i t h a data base w r i t t e n i n PL/1 by the author i s d i s ­
cussed b r i e f l y . Thanks t o the generosity of Dr. H.G. Notley of the 
IBM United Kingdom S c i e n t i f i c Centre i t has been possible to implement 
the amphibole data f i l e under a prototype general data base s t r a t e g y . 
The g e n e r a l i t y of the data base i s demonstrated f o r g e o l o g i c a l data 
w i t h examples from s t r a t i g r a p h y and mineralogy. I n Sections h ,2 to 
h *k the implementation of the amphibole data f i l e i s described. 

^. 1 . Choice of a_ da 11 b Jse s t r a te^.v. 

The f o l l o w i n g can be recognised h s basic requirements of a 
successful dat^ base. 
1) The data base should be capable of handling any data i n a manner 

http://amphj.bo.les
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as close to the e x t e r n a l form and o r g a n i s a t i o n as p o s s i b l e , 
2) The form i n which, the data i s stored should not i n h i b i t the 

s e t t i n g of meaningful queries. 
3 ) Once created the data base should be simple to update delete, 

e t c . and be e f f i c i e n t i n time and storage, or both. 

Requirement (1) deserves more a t t e n t i o n . Two aspects are 
.important. F i r s t l y , to be of the greatest value data included i n th 
data base should be i n a form as close to i t s o r i g i n a l as possible 
(liubaux 19o93 p. J+9)« The use of o f t e n a r b i t a r y codes, f i x e d vocab­
u l a r i e s , e t c . should be avoided as t h i s i m p r i n t s the prejudices and 
opinions of the coder onto the data and r e q u i r e s the use of bulky 
books of codes. For examples of these see Harrison & Sabine (1970) 
and Chayes (1972)0 The m3int?nence of the data i n a form close to 
the o r i g i n a l i s taken here as a major o b j e c t i v e . Secondly, to 
comply s u c c e s s f u l l y w i t h requirements (1) and ( 2 ) the data base must 
be designed around an a p p r o p r i a t e 'model of i n f o r m a t i o n ' . 3y 'model 
of i n f o r m a t i o n ' i s meant an attempt to recognise and preserve the 
i n h e r e n t s t r u c t u r e of the e x t e r n a l form of the data w i t h i n the 
data base i t s e l f . 

I n the simplest case m i n e r a l o g i c a l data consists of 3 
number of 'objects' w i t h various ' p r o p e r t i e s ' (characters or a t t r i b u 
which can have 'responses'. The responses can be i n e i t h e r alphan­
umeric, i n t e g e r or f l o a t i n g p o i n t mode. Take f o r example the 
mineral t r e m o l i t e as an o b j e c t . I t may possess, among o t h e r s , the 
f o l l o w i n g p r o p e r t i e s : -

( 1 ) S i 0 2 , MgQ, CaO, e t c . 
Fu, Cu, Zr, e t c , 

r . i . (X , r . i . p , r . i . Y ,2V. 

Ple-ochroic scheme X, Y, Z. 

e t c . 
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Hore complicated s i t u a t i o n s a r i s e i n which there i s more 
than one possible response f o r a pr o p e r t y . That i s to say the 
responses are not mutually e x c l u s i v e . The X axis of the pleochroic. 
scheme may simultaneously take responses of the type 'yellow! and. a 
q u a n t i t a t i v e i n d i c a t i o n of the colour* 

^ . 1 . 1 . Vector o r g a n l s a t i o n . 
The simplest model of i n f o r m a t i o n of p r o p e r t i e s P-̂  to P n 

and responses R^ to R n i s i n the form of a vector ( 2 ) . 

( 2 ) 

PI P2 Pn 
Rl R2 — — — — — Rn 

Vectors are very convenient f o r computer processing,. This 
i s e s p e c i a l l y the case i f the mode of a l l the responses i s always the 
same. The e x t e r n a l vector o r g a n i s a t i o n can be t r a n s f e r r e d d i r e c t l y 
t o an i n t e r n a l v ector o r g a n i s a t i o n . Sequences of vectors each w i t h 
the same number of p r o p e r t i e s i n the same order and a l l of the same 
data mode may be incorporated i n t o two dimensional a r r a y s . Array 
handling f a c i l i t i e s are e f f i c i e n t i n programming languages. 

I n general a l l the responses are not of the same data mode, 
i n example ( 1 ) , the pleochroic scheme, X, Y, Z, are character s t r i n g s , 
the r e f r a c t i v e i n d i c e s and the major elements are non-in'cegers and 
the trace elements e i t h e r i n t e g e r s or non-integers. Data of t h i s 
type r can s t i l l be considered as vectors e x t e r n a l l y and may be 
processed i n a seq u e n t i a l manner but the programming involved i s 
somewhat more complicated than when responses are a l l i n the same 
mod e. 

Many forms of g e o l o g i c a l data have been made to comply w i t h 
vector o r g a n i s a t i o n . Possibly the best known examples, both i n 
igneous p e t r o l o g y , are RKFNSYS, (Chayes 1972) and CLAIR, (Lef'aitre 
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1?73)» \roc to -" o r g a n i s a t i o n has been used e x t e n s i v e l y because of i t s 
s i m p l i c i t y from a computational viewpoint (Loudon 1970). 

The disadvantages i n the use of vectors stem from three 
sources, ( i ) data dependence, ( i i ) data redundancy and ( i i i ) the ' 
vector may be an i n a p p r o p r i a t e model of the e x t e r n a l o r g a n i s a t i o n 
of the data. Considering the f i r s t two points t o g e t h e r . At the 
outset of any data c o l l e c t i o n process a l l the possible p r o p e r t i e s 
f o r which i n f o r m a t i o n i s t o be stored must be recognised. This i s 
because the processing programs are normally dependent upon the 
number, mode and order of the responses. The i n s e r t i o n of an a d d i t i o 
a l response involves a l t e r a t i o n s i n the processing programs. The 
outcome of having to recognise a l l the possible p r o p e r t i e s of a group 
of objects i n advance i s a 3arge number of p r o p e r t i e s only a few of 
which ever take responses f o r any i n d i v i d u a l o b j e c t , and hence a 
high l e v e l of dat? redundancy. Taking as an example a vec t o r organ­
i s a t i o n to represent the o p t i c a l p r o p e r t i e s f o r s i l i c a t e m inerals, 
t o include every p o s s i b i l i t y each vector must c o n t a i n the p r o p e r t i e s , 
n, o, c, Q, , P , and y , r e f r a c t i v e indices-. A high l e v e l of 
data redundancy i s i n v o l v e d . Worse s t i l l the no responses are of 
two types, some represent 'not determined' e.g. Q , (3 i f y 

determined, others 'not a p p r o p r i a t e 1 e.g. n, o, e, i f 3 determined. 

*+,1.2. Tree- o r g a n i s a t i o n . 

Closer examination of m i n e r a l o g i c a l data i n d i c a t e s t h a t a 
h i e r a r c h i c a l s t r u c t u r e i s present. H i e r a r c h i c a l s t r u c t u r e s are 
normally r e f e r r e d to as 'trees' (Loudon 1970). The p r o p e r t i e s of 
the s i l i c a t e mineral i n (l^may be shown i n the form of a t r e e , see 
F i g . U.l. 

I n a tr e e the f o l l o w i n g n o t a t i o n i s used: 



-9 3-

R.I 

Y 
OPTICS 

PLEOCHEOISM 

MINERAL SI02 
AL203 MAJOR 
FE203 ELEMENTS CHEMISTRY \ 

v e t c o 

Eu 
TRACE Cu 
ELEMENTS^. 

\ 

\ 
e t c . e t c . 

F i g . ^ . 1 . A h i e r a r c h i c a l , or t r e e , o r g a n i s a t i o n of some 
p r o p e r t i e s of a s i l i c a t e m i n e r a l . 



( 3 ) Level 

1 

© node. 
o elementary l e v e l . 

Responses to p r o p e r t i e s can only be entered i n the elementary l e v e l s . 
Fodes i n d i c a t e the i n t e r - r e l a t i o n s h i p between elementary l e v e l s and 
other nodes, they themselves can^not take responses. 

I f the e x t e r n a l form of the data i s i n a h i e r a r c h i c a l form 
many of the querias are themselves h i e r a r c h i c a l i n nature. There i s 
an advantage t h e r e f o r e i f the i n t e r n a l o r g a n i s a t i o n i s also h i e r ­
a r c h i c a l . Suppose f o r the sake of an exampl" a query asking f o r ( a l l ) 
the major element chemistry f o r a mineral i s s e t . I f the data i s j ^ ' 
organised i n a n o n - h i e r a r c h i c a l manner i t i s necessary to d e f i n e 
e x p l i c i t l y i n the query which p r o p e r t i e s are included i n 'major 
elements 1. 

High l e v e l programming languages, f o r example PL/1, o f f e r 
h i e r a r c h i c a l f a c i l i t i e s . The form of the t r e e , the mode of the 
elementary l e v e l s and the nomenclature of the elementary l e v e l s and 
nodes i s defined e x p l i c i t l y , U nlika arrays there i s no l i m i t a t i o n 
on the use of mixed modes a t elementary l e v e l s . I n f a c t a PL/] 
s t r u c t u r e of only two l e v e l s may be considered as a vector w i t h 
mixed modes. Data manipulation can be made i n terms of the whole 
s t r u c t u r e , p a r t of the s t r u c t u r e , or elementary l e v e l s . The main 
advantage i n a PL/1 s t r u c t u r e l i e s i n the a b i l i t y to cope e a s i l y w i t h 
data of mixed mode. However l i k e arrays PL/1 s t r u c t u r e s are e x p l i c i t ] 



defined and aro of f i x e d shape and len g t h which leads i n t u r n t o 
data dependence and large scale data redundancy. I n a d d i t i o n queries 
can only be set of the elementary l e v e l s i n d i v i d u a l l y and not of 
nodes so t h a t a h i e r a r c h i c a l query i s impossible. 

To a-void trie d i f f i c u l t i e s of data redundancy and data 
dependence a data base was w r i t t e n i n which storage space i s not 
al l o c a t e d unless a response i s a c t u a l l y present and the data s t r u c t u r e 

is 
(provided i t i s a tre e )/inde pond ant of the loadi n g and query programs. 
I n the case of the amphibole data f i l e a la r g e and complex t r e e was 
used as the data s t r u c t u r e (Table l ( . l ) . 

A data s t r u c t u r e i n the form of a tre e i s defined e x t e r n a l l y 
to the loa d i n g and query programs which then become independent of 
the data s t r u c t u r e i n vogue a t any time. This i s accomplished by 
des c r i b i n g the nodes and elementary l e v e l s i n an n - l e v e l t r e e i n 
terms of a unique combination of n-1 i n t e g e r s , F i g . h,20 These n-1 
i n t e g e r s d e f i n e the h i e r a r c h i c a l i n t e r - r e l a t i o n s h i p s of the elementary 
l e v e l s and nodes. For each node or elementary l e v e l the n-1 l e v e l ' 
numbers, property name and the data mode are read i n t o the loadi n g 
program (see Appendix 5 f o r d e t a i l s ) . Thus f o r example the entry 
f o r the elementary l e v e l COUNTRY ( F i g H.2) which i s alphanumeric 
(mode = 1) i s 1,1, COUNTRY,1. A l t e r n a t i v e names f o r nodes and 
elementary l e v e l s are allowed but d u p l i c a t e names are no t . 

Each item of data (response) co n s i s t s of three p a r t s , ( i ) 
the reference number of the o b j e c t , so t h a t data concerning the same 
obj e c t can be recognised, ( i i ) the name of the elementary l e v e l to 
which the data are to be d i r e c t e d , ( i i i ) the response i t s e l f . Thus 
the country of o r i g i n of ob j e c t number hy i s i n p u t as:- l+7j COUNTRY, 
ENGLAND. I n the loadi n g prugram the elementary name i s matched w i t h 
the '.lames i n the data s t r u c t u r e and replaced by n-1 l e v e l numbers. 
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TabigJtJ,.. Proposed h i e r a r c h i c a l s t r u c t u r e f o r the amphibole 
data f i l e . 
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GEOGRAPHY 
(1,0) 

AMPHI30LE 
•(o so) 

COUNTRY COUNTY LOCALITY 
(1,1) (1,2) (1,3) 

ROCKNAI-IS 
(2,0) 

MINERAL - NAME 
(3,0) 

F i f t , U.2. An example of a three l e v e l s t r u c t u r e showing the 
d e r i v a t i o n of l e v e l numbers f o r the nodes and 
elementary l e v e l s . 
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To save s t o r a g e space t he n-1 l e v e l numbers a r e combined u n i q u e l y 

i n t o a s i n g l e composite i n t e g e r v a l u e and t h e response s t o r e d 

s e q u e n t i a l l y i n f o u r p o r t s , t h a o b j e c t number, the compound l e v e l 

number 5 the da t a mode, and the. response. 3y u s i n g i n t e g e r s the 

amount, of s t o r a g e space r e q u i r e d i s reduced. I n t h e o r y t he mode need 

n o t be s t o r e d I n t h i s way 'no responses' a r o n o t s t o r e d and 3 

h i e r a r c h i c a l s t r u c t u r e i s r e t a i n e d i n terms o f the l e v e l number. 

Queries o f the d a t a are u n d e r t a k e n by ,? query program 

(Appendix 5) 'lp which t he query i n the f o r m o f a m o d i f i e d ' I ? s t a t e -

meat 1 and the names of t h e f i e l d s f o r which d a t a i s t o be o u t p u t are 

read i n as d a t a . The program a c t s as a s i m p l i f i e d c o m p i l e r and 

i n t e r p r e t s and s e t s t h e q u e r y . I n t h i s way t h e program i s independent 

of the data s t r u c t u r e and the query. 

As mentioned above the major advantage o f such a data base 

l i e s i n i t s a b i l i t y t o cope w i t h data redundancy and dats dependence. 

P r o v i d e d t h e p r o p o r t i o n o f 'no responses' i n h e r e n t i n the d a t a are 

l a r g e t h e e x t r a s t o r a g e r e q u i r e d f o r t he i n t e g e r o b j e c t number, 

compound l e v e l number and data mode are l i k e l y t o be l e s s than the 

s t o r a g e o f 'no re s p o n s e s ' . S x a m i n a t i o n o f Table U . l , shows? t h a t a 

l a r g e and complex t r e e j s r e q u i r e d f o r t he ampbibole data f i l e and 

e x p e r i e n c e has shown t h a t , on average, responses occur i n o n l y 25 

per c e n t o f the e l e m e n t a r y l e v e l s f o r each amph.iba.le* I t would 

appear t h e r e f o r e t h a t the d a t a base i s w e l l s u i t e d t o the amphibole 

d a t a f i l e . The d a t a independence o f the l o a d i n g and query progrgi.s 

a l l o w s a d d i t i o n a l responses t o be added w i t h o u t a l t e r i n g t h e programs 

and p r o v i d e d t he l e v e l numbers of e x i s t i n g nodes and el e m e n t a r y l e v e l s 

are n o t a f f e c t e d w i t h o u t h a v i n g t o r e l o a d t h e d a t a . A l t h o u g h n o t 

implemented, s i m p l e presence / absence q u e r i e s o f a hierarchic:'.] 

na t u r e c o u l d be s e t . 

http://amph.iba.le*


The major d i s a d v a n t a g e o f the da t a base i s t h a t i t i : j n o t 

p a r t i c u l a r i l y e f f i c i e n t i n t i n e . T h i s may be a t t r i b u t e d t o the use 

of a h i g h l e v e l programTdng language and the n e c e s s i t y o f s e a r c h i n g 

t h r o u g h a l l t h e data i n a s e q u e n t i a l wanner t o o b t a i n responses t o 

q u e r i e s . Loading o f l a r g e amounts of d a t a i s t e d i o u s i n t h a t the 

name of the e l e m e n t a r y l e v e l must be s p e c i f i e d f o r each response. 

The w o r k - i n v o l v e d can be reduced by e i t h e r ( i ) s p e c i f y i n g an e q u i v ­

a l e n t but s h o r t e r name f o r the ele m e n t a r y l e v e l or ( i i ) m o d i f y i n g 

the l o a d i n g program so t h a t i f l a r g e lumbers o f responses f o r the 

same p r o p e r t i e s i n d i f f e r e n t o b j e c t s art? t o be i n p u t t h e e l e m e n t a r y 

l e v e l name need n o t be r e p e a t e d . However t h i s l a t t e r m o d i f i c a t i o n 

has n o t been u n d e r t a k e n because soon a f t e r t h e data base was w r i t t e n 

a more v e r s a t i l e g e n e r a l data base s t r a t e g y became a v a i l a b l e f o r use 

by t h e a u t h o r ( S e c t i o n '+.1.3). 

. 1.3• R e l a t i o n a l o r ^ a n i s a t i o n . 

W h i l e a h i e r a r c h i c a l v iew o f t h e e x t e r n a l f o r m o f data i s 

s a t i s f a c t o r y f o r m i n e r a l o g y i t i s n o t s a t i s f a c t o r y , or a p p l i c a b l e , t o 

every branch of g e o l o g y . I n many forms o f g e o l o g i c a l data i t i s n o t 

t r u e t o s i m p l y ^ s t a t e , as p r e v i o u s l y , t h a t d ata c o n s i s t s o f a s e r i e s 

o f 'responses' t o ' p r o p e r t i e s ' . O f t e n complex s p a t i a l o r t e m p o r a l 

r e l a t i o n s h i p s e x i s t . Consider f o r example s t a t e m e n t s o f the t y p e : -

(5) 
B o v e r l i e s A and b o t h are i n t r u d e d by C. 

The o r d e r o f c r y s t a l l i s a t i o n v;as X, Y and t h e n Z. 

I n f o r m a t i o n of t h i s t y p e D i x o n (1970) termed ' n a t u r a l g e o l o g i c a l 

s t r u c t u r e ' , and suggested t h a t i t c o u l d be i n t e r p r e t e d i n terms of 

a r e l a t i o n s h i p between o b j e c t s A and B of the s o r t : 

OVERLIES ( 5, A ) 

A c o m p l e t e l y g e n e r a l d a t a base s t r a t e g y capable o f 

h a n d l i n g j u s t such r e l a t i o n s h i p s u s i n g a r e l a t i o n a l model o f -/ata 
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vas f i r s t suggested by Codd (1970 ) • V i h i l e a r e l a t i o n a l mode] of data 

i s ab.le t o d e s c r i b e ' n a t u r a l geol-o^ioa] s t r u e t a r e ' i t w i l l be shov;n 

i n the f o l l o w i n g paragraphs t h a t bho ,'iodel i s a p p l i c a b l e t o 

g e o l o g i c a l and ninorD. l o g i c s i data i n g e n e r a l . A wor'-tine; p r o t o t y p e 1 

data bdso i n c o r p o r a t i n g a r e l a t i o n e ] model o f data became :-iv\" l i a b l e 

f o r use by t h e a u t h o r i n 197--« '£-1<?- oar. a basv?. has beep d e s c r i b e d by 

N o t l e y (197-) and i s a t p r e s e n t implemented a t the IBM U n i t e d 

Kingdom S c i e n t i f i c C e n t r e , P e t e r l o e , Co. Durham, The a n p h i h o l e data 

f i l e has been icipleniented u s i n g t h i s r e l a t i o n a l model, see Roper, 

Osmma & K n i g h t (1973). A b r i e f d e s c r i p t i o n o f the r e l a t i o n a l n:cdel 

i s g i v e n below. POT- S more d e t a i l e d y ccount s=.e Codd (1970) and 

N o t l e y (.1972). w h i l e a r e l a t i o n a l modal of data i s new t o the 

g e o l o g i c a l s c i e n c e s a g r e a t d e a l o f p r e s e n t day r e s e a r c h on coonnutar 

d a t a bases i s f o l l o w i n g J s i m i l a r approach ( e . g . Chamberlain <f: Boyee 

1971-1; S t e u e r t & Goldman 197L0. 

W i t h i n any body of data o b j e c t s may be r e c o g n i s e d . (Koi.e 

t h a t o b j e c t s v.ay themselves c o n s i s t of numerous responses t o pro per ti e -

i n a l a t e r s e c t i o n p r o p e r t i e s and responses w i l l be shown t o talce t h e 

same r o l e as o b j e c t s i n the p r e s e n t c o n t e x t ) . U s i n g the examples i n 

( ? ) A , B , C, and X , Y , Z, a r e o b j e c t s . A r e l a t i o n s h i p i s an 

a s s o c i a t i o n o f more than one o b j e c t . The r e l a t i o n s h i p ' o v e r l i e s 1 

h o l d s between o b j e c t s A ar.d B. The o b j e c t s waking up a r e l a t i o n s h i p 

are c a l l e d a t u p l e and trie number o f o b j e c t s i n a t u p l e i t s degree, 

two i n t h i s case. A r e l a t i o n , as opposed t o a r e l a t i o n s h i p , i s a 

c o l l e c t i o n o f every v a l i d i n s t a n c e o f 3 s p e c i f i c r e l a t i o n s h i p . The 

r e l a t i o n s h i p ' i n t r u d e s ' h o l d s between C and A, one between G and B. 

Provided t he o b j e c t s i n each t u p l e are i n the same o r d e r a r e l a t i o n 

may be envisaged as a data t a b l e ( 6 ) . The row5 are 

( 6 ) INTRUDES ( INTRUSION, CObTTRY-L.OCK) 
C A 

C B 
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tuples and the coluirp are termed domains. The number of tuples i s 
ca l l e d the c a r d i n a l i t y of the r e l a t i o n . Normally the domains are 
given unique names as (6 ) . Provided there i s no d u p l i c a t i o n of 
tuples and t h e i r o r d e r i n g i s imm a t e r i a l the t a b l e may be considered 
a r e l a t i o n i n i t s mathematical sense and a powerful series of set 
operations become av a i l s D i e f o r use. For a simple discussion of 
set operations see Appendix 6 and Notley (19?2). A more d e t a i l e d 
d iscussion of set operations may be found i n Codd (1970). 

.* 

As an i l l u s t r a t i o n of the use of the r e l a t i o n a l model of 
data to describe complex i n t e r - r e l a t i o n s h i p s , the r e l a t i o n s required 
to describe the i n f o r m a t i o n present i n the s t r a t i g r a p h i c column, 
F i g . *+.3} are given i n Table '+.2. By applying set operations i t i s 
possible to set complex queries of the data i n r e l a t i o n a l form. As 
an example consider the query, 'what i s the age of rocks i n t r u d e d 
by both X and Y ?*. One of the possible a l t e r n a t i v e ways of s e t t i n g 
the query i n terms of set operations i s :-

Select from INTRUSION a l l rocks i n t r u d e d by X. 
SELSCT (IGNEOUS-ROCK = X) y i e l d s 

A (IGNEOUS-ROCK, COUNTRY-ROCK) 
X A 
X B 

Select from INTRUSION a l l rocks i n t r u d e * by Y. 
SELECT (IGNEOUS-ROCK = Y) y i e l d s 

B (IGNEOUS-ROCK, COUNTRY-ROCK) 
Y B 
Y C 
Y D 

Take a p r o j e c t i o n of r e l a t i o n s A and 3 on domain 
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D 

B 

J u rass ic 

Car bon i f e rous 

Cambr i an 

A A A 
A A 

X X X 
X X 

X d y k e s e e n c u t t i n g A , B 

Y B,C,D 

F i g . lf,3o A s i m p l i f i e d s t r a t i g r a p h i c a l column. 
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Table U„2. R e l a t i o n necessary t o describe completely the data 
i n the s t r a t i g r a p h i c column i l l u s t r a t e d i n F i g , hc$. 

OVERLIES (LOWER-STRATUM, UPPER-STRATUM) 
A B 
C - D 

UNCONFORMITY (LOWER-STRATUM, UPPER-STRATUM) 
B C 

D E 

INTRUSION (IGNEOUS-ROCK, COUNTRY-ROCK) 
X A 
X B 
Y B 
Y C 
Y D 

EQUALS (NAME, 
A 
A 
B 
B 
C 
C 

PROPERTY, 
AGE 
ROCKTYPE 
AGE 
ROCKTYPE 
AGE 
ROCKTYPE 

VALUE) 
L.CAMB. 
SANDSTONE 
U .CAMB. 
SHALE 
L.CARB. 
LIMESTONE 

e t c . e t c . e t c . 
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C0UNTRY-R0CK, (The command f o r a p r o j e c t i o n i s termed REORDER, 
see Notley 197*0. 

REORDER (COUNTRY-ROCK) r e i n . A gives C (COUNTRY-ROCK) 
A 
B 

r e i n . B gives D (COUNTRY-ROCK) 
B 
C 
D 

Find the i n t e r s e c t i o n ( i . e . common tuples of C and D) 
INTERSECT y i e l d s E (COUNTRY-ROCK) 

B 
The age of B can be found by a s e l e c t i o n of r e l a t i o n EQUALS 
SELECT (PROPERTY = AGE & NAME = B) 

y i e l d s the r e s u l t 
B ( U . CAMBRIAN). 

So f a r the r e l a t i o n a l model has been described f o r a s t r a t i g m p h i c a l 
example. 'The problem now ari s e s as t o whether the model i s 
ap p l i c a b l e to m i n e r a l o g i c a l data. Consider f o r example the major 
elements i n a s i l i c a t e chemical a n a l y s i s . I t i s possible to inc l u d e 
these i n two types of r e l a t i o n s . 

(9a) EQUALS (PROPERTY-NAME, RESPONSE) 
S102 H-^,99 

AL203 11.21 

FE203 3.33 

e t c . e t c . 

(9b) ( SI02, AL203, FE203, e t c . ) 

^ . 9 9 11.21 3.33 e t c . 

e t c . 
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I n the f i r s t of these there i s a semantic r e l a t i o n s h i p between 
the domains, i n the second there i s only a dummy r e l a t i o n s h i p . 
Both are r e l a t i o n s i n the mathematical sense (data t a b l e w i t h unique 
rows, i n which row o r d e r i n g i s i m m a t e r i a l ) . For convenience both, 
r e l a t i o n s may be termed MAJOR-ELEMENTS or some other meaningful name. 

I t has been argued t h a t rainerajogical data d i s p l a y s a 
h i e r a c r c h i a l s t r u c t u r e . As can be seen from (9b) a r e l a t i o n may be 
defined i n such a manner as to d i s p l a y a t l e a s t l i m i t e d h i e r a r c h i c a l 
s t r u c t u r e . Data manipulation can be made i n terms of domains or 
the r e l a t i o n as a whole. However, at lea:.t i n theory, w i t h i n a 
r e l a t i o n domains can themselves be r e l a t i o n s thus r e p r e s e n t i n g a 
h i e r a c r c h i c a l s t r u c t u r e , see (10). 

(10) OPTICS (SPEC.+ , PLE0CHR0ISM, COLOUR, R.I.) 
PLEOCHKOISM (SPEC.# , X, Y, Z) 
COLOUR (SPEC.# , COLOUR) 

R. I . (SPEC.# , a , 3 , y ) 

I n general much simpler data r e p r e s e n t a t i o n i s possible i f r e l a t i o n s 
w i t h o u t h i e r a r c h i c a l domains are used. Codd (1970, 1971) has suggoste 
methods f o r d e r i v i n g r e l a t i o n s w i t h simple domains from a h i e r a r c h i c a l 
c o l l e c t i o n of r e l a t i o n s . I n the present context i t has been found 
t h a t s u f f i c i e n t h i e r a r c h i c a l s t r u c t u r i n g can be achieved by a 
j u d i c i o u s choice of the d e f i n i t i o n of r e l a t i o n s , see Section *+,30 

A data base i n c o r p o r a t i n g a r e l a t i o n a l model of data has 
been implemented a t the IBM United Kingdom S c i e n t i f i c Centre. Data 
i s stored i n r e l a t i o n s . The r e l a t i o n name, domain names and mode 
are defined by the user outside of the data base. Queries of the 
r e l a t i o n a l data base are w r i t t e n i n a simple query language i n c o r p ­
o r a t i n g set operations (Appendix 6)„ I n a d d i t i o n commands to loa d , 
s t o r e and l i s t r e l a t i o n s as w e l l as commands t o s t a r t or terminate 
a query are r e q u i r e d . These are described by Hotley (1972). Apart 
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from the simple nature of queries the r e l a t i o n a l model allows 
complete data independence (Roper, Osraan & Knight 1973) and by a 
j u d i c i o u s choice i n the d e f i n i t i o n of r e l a t i o n s data redundancy 
can be l i m i t e d . 
'+.2. Scope of the data included i n the amphibole data f i l e . 

To be of value i n the envisaged use of the data f i l e 
(Chaptor 1 ) , i n f o r m a t i o n r e l a t i n g to any amphibole must in c l u d e a t 
l e a s t a 'major element chemical a n a l y s i s ' . This i s defined as one 
w i t h s i l i c a plus at l e a s t three other major elements. Apart from 
t h i s no f u r t h e r d i s t i n c t i o n has been made on the usefulness or 
accuracy of the included data. This was p a r t of a d e l i b e r a t e attempt 
to r e t a i n the amphibole data f i l e as a secondary source of i n f o r m ­
a t i o n f r e e from the preju d i c e s of the coder. 

The scope of the data included i n the data f i l e i s 
described below. 

a) L i t e r a t u r e Reference. 

This includes the author's surname and i n i t i a l s plus those 
of the analyst i f known. I f there i s more than one author each i s 
included separately as a j o i n t author of the paper. Date of pub­
l i c a t i o n , j o u r n a l name, volume and page numbers are included where 
a p p r o p r i a t e . I n those instances i n which a p a r t i c u l a r a n a l y s i s was 
designated by an i d e n t i f i e r i n the o r i g i n a l source t h i s i s al=o 
i n c l u d e d . 
b ) Mineral Name. 

The name given t o the mineral by the author. 
c ) Geographical I n f o r m a t i o n . 

Includes the cou n t r y , s t a t e , province or county and the 
exact l o c a l i t y of the specimen, 
d) P e t r o l o g i c a l I n f o r m a t i o n . 

Because of the d i f f i c u l t i e s and time i n v o l v e d i n 
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i n t e r p r e t i n g the a v a i l a b l e p e t r o l o g i c a l i n f o r m a t i o n (see Chapter 8) 
only the authors name f o r the host rock was i n c l u d e d . 
e) O p t i c a l P r o p e r t i e s . 

I n t r a n s m i t t e d l i g h t , the Q , (3 > Y ' r 0 ; f r a c ' t i V 0 indieo-s 
and t h e i r e r r o r s of d e t e r m i n a t i o n , magnitude and sign of the o p t i c 
a x i a l angle, and o r i e n t a t i o n of the i n d i c a t r i x , pleochroic scheme 
and abs o r p t i o n formula were a l l recorded. 
f ) Chemical I n f o r m a t i o n . 

Major elements w i t h values i n weight per cent and trace 
elements i n ppm were i n c l u d e d . 
g) Techniques. 

I n f o r m a t i o n regarding the a n a l y t i c a l technique employed 
was recorded along w i t h the a p p l i c a t i o n of techniques, such as i n f r a r e d 

ii 
and Mossbauer spectroscopy which otherwise y i e l d i n f o r m a t i o n not 

included i n the data f i l e . 
h) Physical P r o p e r t i e s . 

The hardness, d e n s i t y and s p e c i f i c g r a v i t y were incl u d e d . 
i ) S t r u c t u r a l P r o p e r t i e s . 

Space group symmetry, u n i t c e l l parameters A, B, C, ^ , 
volume and t h e i r e r r o r s of measurement, 
j ) Cross-referencing I n f o r m a t i o n . 

Three d i f f e r e n t forms of cross - r e f e r e n c i n g between 
i n d i v i d u a l amphiboles specimens were recognised, each i m p l y i n g t h a t 
some f u r t h e r i n f o r m a t i o n i n the data f i l e i s r e l e v e n t to the specimen 
under c o n s i d e r a t i o n . The three recognised forms are, ( i ) the a d d i t i o n 
of extra data t o an item already i n the data base, ( i i ) the r e ­
dete r m i n a t i o n of p r o p e r t i e s of a specimen already i n the data f i l e , 
( i i i ) reference to atnphiboles which are known to c o e x i s t w i t h the 
specimen under c o n s i d e r a t i o n . 
*t,3« D e f i n i t i o n of a. r e l a t i o n a l framework f o r the amphibole 

data f i l e . 
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I n s e t t i n g up a r e l a t i o n a l framework to include the considerable scope 
of data i n the amphibole data f i l e , r e l a t i o n s were defined so as to 
keep c l o s e l y r e l a t e d data together. Thus f o r example the r e l a t i o n 
GEOGRAPHY includes the scope of the geographical i n f o r m a t i o n . (The 
meaning of the RE?.NO. i s considered below. Because each 

GEOGRAPHY (REF.NO., COUNTRY, COUNTY, LOCALITY) 
of the domains i s to be expected t o contain approximately equal 
numbers of responses, data redundancy i s l i m i t e d . However, i n those 
instances i n which responses are not equaly common across a l l the 
domains, c l o s e l y r e l a t e d data has been d i s t r i b u t e d between more than 
one r e l a t i o n t o l i m i t data redundancy. An example of t h i s i s the 
specimen number given to the amphibole analysis by the o r i g i n a l author 
The number of responses vas considerably les.: than the remaining 
reference i n f o r m a t i o n and so two separate r e l a t i o n s REFERENCE and 
ANALYSIS were set up. 

REFERENCE ( REF.NO. , AUTHOR, AUTHORIMTiJiLS, ANALYST, ANAIY5TINITIMS 
DATEV REFERENCE, VOLUME) 

ANALYSIS ( REF.NO. , REF. CODE ) 

L a s t l y , where data redundancy i s high and there are a very large numbe. 
of possible p r o p e r t i e s , a s - i n major and trace element chemistry, 
r e l a t i o n s of the general type 

name ( r e f . n o . , p r o perty, response) 
have been used. The complete c o l l e c t i o n of r e l a t i o n s as o r i g i n a l l y 
defined i s given i n Table U-,3. 

Using MINDATA5 (Appendix h) atomic formulae and basic atomic 
formulae were c a l c u l a t e d f o r a l l the analyses and the r e s u l t s stored i 
two a d d i t i o n a l r e l a t i o n s organised as (9b). The o r g a n i s a t i o n of these 
r e l a t i o n s i s h i g h l y w a s t e f u l of storage but i t was f e l t t h a t t h i s was 
j u s t i f i e d so t h a t t h i s data could e a s i l y bo processed as vectors by a • 

http://ref.no
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R E L A T I C N M I " E 

R E F E R E N C E 

A N A L Y S I S 

M I N E P A L N A N F 

G E O G R A P H Y 

C C C U P R E N C E 

G P T 1 C S 

CCVtlh N A V E 

R E E .NO . 
A I T H C R 
A L T H C R I N T I A L S 
A N A L Y S T 
A N A L Y S T I N I T I A L S 
C A T E 
R E F E R E N C E 
V C L U V E 

R F F .NO. 
R E F . C C C E . 

R E F .NO. 
N A V E 

R E F . N O . 
C C U M T R Y 
C C L N T Y 
L O C A L I T Y 

R E F . N C . 
P O C K N A V E 

R E F . N C . 
A L P H A 
A L P F A E R R O R 
B E T A 
B E 1 A E R R C R 
G A V V A 
C A V V / \ E F R C R 
2 V 
C I S P E R S I C N 
C P I E M A T I C N 
C . A . P . 
D E L T A . 
C E L T A E R P C P 
E > 7 . L . 

Table h.l. R e l a t i o n and domain names used i n the amphibole data 

f i l e . 
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P E L f l T I C N NAN'E 

C C L C U R 

F L E C C H ^ C I S ^ 

CHEN" I S T R Y 

T P A C E 

T E C H N I Q U E 

P H Y S I C A L 

S T R U C T U R E 

SYf' M E T R Y 

C C E X I S T E N C E 

E X T R A 

R E D E T E R M M T I C N 

P E F .NG. 
C C L C U R 

R E F .NC . 
F C F M U L A 
X 
Y 
Z 
P E F . N C . 
GX I C E 
V A L U E 

R E F .NO . 
E L E M E N T 
V A L U E 
P E F .NO . 
E X f N ' I N A T I C N 
A N AL Y T I C A L _ M E T H O D 

R E F . N C . 
P P C P E R T Y 
V A L U E 

R E F .NG . 
C E L L P A R A M E T E R 
V A L U E 
E R P C F R 

R E F .NC . 
S Y M M E T R Y 

R E F .NC . 
C T h E R _ F E F , N C . 

R E F .NC . 
C T H E H _ P E F . N C . 

P E F .NC . 
C T F - E P R E F . N C . 
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number of s t a t i s t i c a l and p l o t t i n g programs, (Chapters 6, 7 and 8 ) . 

With the present implementation of the r e l a t i o n a l data base the mode 

f o r each domain, once d e f i n e d , must remain the same. A complete l i s t 

of the data c h a r a c t e r i s t i c s f o r each of the r e l a t i o n s i s given i n 

Appendix 7. 

As pai-t of the d e f i n i t i o n of a r e l a t i o n each t u p l e must be 
unique. Examination of the r e l a t i o n s i n Table U 03 suggests t h a t t h i s 
i n general w i l l not be the case. For s i m p l i c i t y each amphibole 
specimen has been i d e n t i f i e d by a unique i n t e g e r (REF.NO.) s t a r t i n g 
a t u n i t y and i n c r e a s i n g i n the order of a c q u i s i t i o n . The reference 
number has been included as a domain i n a l l the r e l a t i o n s . I t 
renders tuples unique and acts as a method of cr o s s - r e f e r e n c i n g 
between r e l a t i o n s . 

No claim i s made t h a t these r e l a t i o n s are the optimum ones 
to describe the data s u c c i n c t l y and y i e l d f a s t response times t o 
queries. However, one of the major advantages of the r e l a t i o n a l 
model as implemented i s the a b i l i t y of the computer to re-arrange 
the data i n r e l a t i o n s to b r i n g about sue- o p t i m i s a t i o n . This aspect 
of the r e l a t i o n a l model of data has been the subject of study by 
Osman (197*0. 

h,h. Data capture, t r a n s c r i p t i o n and v a l i d i f l c a t i o n . 

The methodology behind data capture and a complete l i s t 
of the sources of data i n the amphibole data f i l e are given i n 
Appendix 8. A d e t a i l e d d e s c r i p t i o n of the method used i n t r a n s ­
c r i b i n g data i s given i n Appendix 9» Throughout, the use of a r b i t a r y 
codes has been avoided and the data i s i n a form as s i m i l a r to the 
o r i g i n a l as p o s s i b l e . 

I n a l l , data r e l e v a n t to 2650 d i f f e r e n t amphiboles has been 
included i n the data f i l e a t present. This c o l l e c t i o n i s by no means 
exhaustive, w i t h the emphasis on English language sources, see 
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Appendix 8. However, i t i s considered t h a t the c o l l e c t i o n i s 
probably r e p r e s e n t a t i v e of the chemical v a r i a t i o n e x h i b i t e d by the 
amphibole group. 

the source m a t e r i a l a c c u r a t e l y . A l l punched cards were l i s t e d and 
the l i s t i n g compared v i s u a l l y w i t h the coding sheets. V i o l a t i o n s of 
data modes or lengths were detected on adding data to the data base. 
O f f l i n e programs, w r i t t e n i n PL/1, i n t e r f a c i n g d i r e c t l y w i t h the 
data base, were w r i t t e n to l o c a t e i n t e r n a l i n c o n s i s t e n c i e s i n the 
data. The encoded analysis TOTAL was compared w i t h the sum of the 
major elements of the appropriate analysis i n r e l a t i o n CHEMISTRY. 
A discrepancy i n excess of 0„01 per cent, a f t e r a l l o w i n g f o r oxygen 
equivalences of F, Gl, was taken as an e r r o r . By f a r the m a j o r i t y 
of ' e r r o r s ' located i n t h i s manner turned out to be due to inaccurate 
a n a l y s i s t o t a l s i n the l i t e r a t u r e r a t h e r than t r a n s c r i p t i o n e r r o r s . 

l o c a t e i n t e r n a l i n c o n s i s t e n c i e s i n the o p t i c a l data which may have 
been a t t r i b u t e d to t r a n s c r i p t i o n e r r o r s . Four checks were c a r r i e d 
out :-

Care was taken d u r i n g the t r a n s c r i p t i o n process to encode 

S i m i l a r l y i n r e l a t i o n OPTICS, a program was w r i t t e n t o 

1) a # 6 7*7 
2) a < P < Y 

3) The sig n of the op t i c / a x i a l angle c a l c u l a t e d from the r e f r a c t i v e 

i n d i c e s by equations + ve a 2 _ 3 2 < 3 2 V 

-ve a F F Y 

was compared w i t h the observed s i g n . 
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k) The observed value f o r the 2V was compared w i t h the value 
c a l c u l a t e d from the r e f r a c t i v e i n d i c e s using equations„ 

2 , a 2(Y-(3 2) 2 Y 2(3 2-a 2) /py : , tan v v 
U 2, 2 2x Y 2, 2 n2> Y (P -a ) a ( Y -P ) 

I n general i t i s t o be expected t h a t the observed and 
ca l c u l a t e d value f o r the o p t i c a x i a l angle w i l l be s i m i l a r but not 
ne c e s s a r i l y i d e n t i c a l . This i s because the r e f r a c t i v e i n d i c e s end 
2V are determined independantly and are each prone to e r r o r s of 
measurement. The method of comparison used involved c a l c u l a t i n g the 
range of 2V's co n s i s t e n t w i t h the observed r e f r a c t i v e i n d i c e s and 
t h e i r e r r o r s of measurement c a l c u l a t e d from simple theory f o r the 
e r r o r of a compound q u a n t i t y (Topping 1962) and comparing t h i s range 
w i t h the observed 2V. 

Transposing equations f o r the 2V t o the form 

<r(Y-P z) Y 2(P 2-a 2) 
2V~ = 2. arctan / — , 2Vw =2 . arctanl : r 

01 ' Y
2 ( p 2 - a 2 ) J a 2 ( Y

2 - p 2 ) 

and assuming t h a t the e r r o r s eQ , e (3 and e Y i n the determin­
a t i o n of the r e f r a c t i v e i n d i c e s are independant and small compared w i t h 
t h e i r r e s p e c t i v e r e f r a c t i v e i n d i c e s then the f r a c t i o n a l e r r o r s are given 

b y e Q „ e3 eY 

The approximate maximum t o t a l f r a c t i o n a l e r r o r F i s given by 

Y 2 f Y P2fP v , P2^3 a 2 fa 
F - f Q + 2 n2 + f Y + 2 i 

Y 2~P 3 - a 2 
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« 2(Y 2 PG) 

Y 2(P 2 a2) 
ana Y - / A 2 ( Y 2 P 2 ) 

then the approximate maximum range c a l c u l a t e d f o r 27 i s given by 

( l i a ) 2 V Q = 2 - a r c t a n ( X± F ) 

(kb) 2Vy - 2arctan (Y± F ) 

These approximate s o l u t i o n s were i n very close agreement 
w i t h the maximum and minimum values f o r 2V obtained by a l l o w i n g Q, , 
J3 and Y t o vary independently between the l i m i t s Ct ± eQ , 

P +- e|3 and y ± ey . 

A value of t 10° to 20° i s co.T.mon and t 30° not impossible 
i n the c a l c u l a t e d range f o r 2V. The r e s u l t a n t types of e r r o r s found 
i n the o p t i c a l data are l i s t e d i n column A Table O p t i c a l data 

w i t h e r r o r s of types 2,3,>+,5,6, was checked c a r e f u l l y w i t h the 
o r i g i n a l source and c o r r e c t e d . The r e s u l t a n t d i s t r i b u t i o n , f r e e 
from t r a n s c r i p t i o n e r r o r s , i s given i n Column 3„ Apart from e r r o r s 
of type 2 (Banno 196U, t a b l e 7, spec. no. 3) and type 3 (Mathias 
1952, p. 15), which represent impossible r e f r a c t i v e index combination 
i n a b i a x i a l m i n e r a l , i t can be seen t h a t a considerable number of 
published o p t i c a l determinations arc i n t e r n a l l y i n c o n s i s t e n t . The 
discovery of i n c o n s i s t e n c i e s i n o p t i c a l data i s not new, f o r example 
Larsen & Berman (193*0 and Layton (1965) have stressed the importance 
of checks of t h i s type on o p t i c a l data. To be f a i r many of the type 
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Table h*i+. Results of data v a l l d i f i c a t i o n on r e l a t i o n OPTICS. 
A B 

Before c o r r e c t i o n . A f t e r c o r r e c t i o n . C o n d i t i o n 

1. E i t h e r Q, 0 , Y or 27 
not determined. 

2. E i t h e r a = 0, C( -= Y or 

3. E i t h e r a > 6,0: >Y or 

P>Y 

678 

10 

679 

The observed 2V w i t h i n 37 33 
the range of ca l c u l a t e d 2V«s 
but of wrong sig n 

5. The observed 2V outside 36 18 
the range of ca l c u l a t e d 2V's 
and of wrong s i g n . 

6. The observed 2V outside 81 Bk 
the range of cal c u l a t e d 2V's 
but of c o r r e c t s i g n . 

7. The observed 2V i n s i d e 337 
the range of ca l c u l a t e d 2V's 
and of c o r r e c t s i g n . 

t o t a l ll80 t o t a l 1180 
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k e r r o r s are associated w i t h the d e t e r m i n a t i o n of the sign on 
m a t e r i a l w i t h high 2V. Even a l l o w i n g f o r t h i s the nutaber of 
i n t e r n a l i n c o n s i s t e n c i e s i s d i s q u i e t i n g l y l a r g e . 

The data i n the araphibole data f i l e h?.s been used 
ex t e n s i v e l y in_ subsequent Chapters. 
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5. CLASSIFICATION OF THE Ai-iFHIBOLES. 

I n t h i s Chapter the r e l a t i v e m erits of proposed p r o j e c t i o n s 
and c l a s s i f i c a t i o n s of the c a l c i f e r o u s and a l k a l i emphiboles w i l l be 
discussed (Section 5.1)• The s u b d i v i s i o n of amphibole compositional 
space w i l l be -reconsidered. An improved s u b d i v i s i o n w i l l be given 
and a method whereby a composition can be described i n terms of 
a co n s i s t e n t combination of 'end members' w i l l b-3 discussed i n 
Sections 5.2, and 5»3 r e s p e c t i v e l y . The nomenclatural s t a t u s of 
the 'end members' m i y a s h i r o i t e and su n d i u s i t e i s discussed i n 
Section 5.^. An extended amphibole compositional space capable of 
showing the major v a r i a t i o n of a l l the amphiboles i s described i n 
Section 5«>6 and the nomenclature of the req u i r e d a d d i t i o n a l 'end 
members' i s discussed. 

5 .1 . Proposed g r a p h i c a l r e p r e s e n t s t i o n s and c l a s s i f i c a t i o n s f o r the 
c a l c i f e r o u s qnd a l k a l i amphiboles. 

P h i l l i p s ' (1966) d e r i v a t i o n of amphibole compositional 
space, F i g . 5.1» has been described i n Chapter 1. Independently of 
P h i l l i p s , Fabries (I966) devised a t o p o l o g i c a l l y equivalent system 
f o r the c a l c i f e r o u s and a l k a l i amphiboles, F i g . 5.2a. Fabries made 
no attempt to name analyses f a l l i n g i n the derived space. Whittaker 
(I968) suggested a t h i r d t o p o l o g i c a l l y e q u i v a l e n t system, F i g . 5.2b, 
i n which, 

2+ 
x = M - • i n the X group, 
y = M 5 + + 2M*+ - M + - 2 0 i n the Y group, 
z = Si*4"* + • - 6 i n the Z group. 

Each co-ordinate represents the increase i n charge above the minimum 
and the space so defined was termed 'charge d i s t r i b u t i o n space'. 
Orthorhombic and cummingtonite amphiboles can also be i n c l u d e d , 
w h i l e oxyamphiboles may l i e outside the space. Whittaker subdivided 

charge d i s t r i b u t i o n space and adjacent space i n t o a number of named 
and unnamed cubic c e l l s . 



Ts 

Pa Su 7 \ >i / \ Ed 

\ 
Tr / 

R Ec 
Al + 

A 

x Na 

F i g 5.<1<, Ampuibole compositional space a f t e r P h i l l i p s (I966 
Abbreviations are as f o l l o w s :~ Tr t r e m o l i t e , Ts tschermal-i.i te 

G glnucophane, Ed ed e n i t e , Pa p a r g a s i t e , £u s u n d i u s i t e , M 
m i y a s h i r o i t e , Ec scfcermnnnite and R r i c h t e r i t e . 
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F l g . 5.2. Graphical r e p r e s e n t a t i o n s of the c a l c i f e r o u s and a l k a l i 
amphiboles a f t e r Fabries (1966) and Whittaker (1968). 

( a ) Space occupied by c a l c i f e r o u s and a l k a l i amphiboles 
a f t e r Fabries (1966)0 Abbreviations are the same as i n 
F i g . 5»1 w i t h the f o l l o w i n g exceptions: - Gl glaucophane, 
Ek eckermannite and Rt r i c h t e r i t e 0 

( b ) Charge d i s t r i b u t i o n space a f t e r Whittaker (1968). Abbrev­
i a t i o n s are as F i g . 5ol w i t h the f o l l o w i n g exceptions: -
Mb mboziite i n place of s u n d i u s i t e and (?) i n place of 
m l y a s h i r o i t e . 
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The systems of P h i l l i p s and Whittaker both have many 
points i n common and i t i s of i n t e r e s t t o discuss the r e l a t i v e 
m e rits of the two systems a t t h i s p o i n t . Provided there are no 
uncompensated vacancies i n the X and Y groups the two systems are* 
r e l a t e d by 

" Whittaker P h i l l i p s 
x 2 - Ha X 

y A 1 Y 

z 2 - A 1 Z 

At f i r s t s i g h t the P h i l l i p s syr.Lem appears i n f e r i o r i n 
two aspects. F i r s t l y orthorhombic and curnmingtonite amphiboles are 
not included and secondly the p o s s i b i l i t y t h a t isomers of c e r t a i n 
compositions, f o r example r i c h t e r i t e , may p l o t outside amphibole 
compositional space. 

The conceptsof the basic atomic formula and amphibole 
compositional space were o r i g i n a l l y defined f o r c a l c i f e r o u s and a l k a l i 
amphiboles. Orthorhombic and cummingtonite amphiboles can be 

2+ 2+* 2+ + included i f (Mg , Mn , Fe ) and L i i n the X group are included 
Y + 

w i t h Ca and Na A r e s p e c t i v e l y and any L i i n the A group 
(protoamphibole) as Na A, i n the c a l c u l a t i o n of the basic atomic 
formula. A n t h o p h y l l i t e • M g ^ M g ^ S i ^ g O 2

 2 2 ( 0 H " ) 2 5 S e d r i t e 
• Mg 2 + Mg 2 + A l 3 + S i ^ A l 3 +

2 0 2
 2 2 ( 0 H " ) 2 and h o l m q u i s t i t e 

• L i 2 M g 2 +
3 A l 3 +

2 S i ^ +
8 0 2 2 2 ^ 0 H " ^ P l o t a s t r e m o l i t e , tschermakite 

and glaucophane r e s p e c t i v e l y i n both systems. 

Whittaker (I968, p.238) introduced the p o s s i b i l i t y of 
p o s i t i o n a l isomerism of Na and Ca between the A and X groups i n 
compositions such as r i c h t e r i t e Na +Ca 2 +IIa +Mg 2 +

c.Si l 4' +
o0 2 - (0H~)_ and 

+ L. - -' i s o - r i c h t e r i t e ' Ca 2 +Na 2Mg 2 +^Si + g 0 2
 2 2 ( 0 H " ) 2 . I s o - r i c h t e r i t e 

would p l o t outside amphibole compositional space, A study of the 
Madelung energies of r i c h t e r i t e and ' i s o - r i c h t e r i t e 1 by Whittaker 
(197D demonstrated t h a t r i c h t e r i t e was the lower energy isomer. 
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X-ray refinement of the c r y s t a l s t r u c t u r e of two s y n t h e t i c 
2+ 

r i c h t e r i t e s by Cameron & Gibbs (1971), i n which a l l Ca was 
a r b i t r a r i l y ordered i n t o the X group, y i e l d e d low r e s i d u a l 'R 
f a c t o r s 1 i n d i c a t i n g t h a t the o r d e r i n g used was probably c o r r e c t , 

t 

+ ?+ . 
N a t u r a l compositions may be expected to have Na and not Ca m 
the A group. -This i s i n accordance w i t h P h i l l i p s (1963) and the 
c a l c u l a t i o n of atomic formulae i n Chapter 2. There would appear 
to be no evidence, at l e a s t a t present, to r e q u i r e omphibole 
compositional space to be extended i n t h i s r e s pect. 

The P h i l l i p s system may be considered superior i n two 
aspects, the treatment of oxyamphiboles and ' r e a l ' copjpositions 
subject to a n a l y t i c a l e r r o r . According t o P h i l l i p s (19&3) oxygens 
s u b s t i t u t i n g f o r hydroxyls are balanced by f e r r i c i r o n i n the Y 
group (Fe + OH = Fe 0 + 0~ ) , although the v a l i d i t y of t h i s 
s u b s t i t u t i o n has been questioned by Loake (1968). The r e s u l t a n t 
f e r r o u s i r o n i s returned as Mg i n the basic atomic formula. I n 
t h i s way oxyamphiboles p l o t w i t h i n amphibole compositional space 
nearest the end member they are most sinr l a r _ t o . Thus f o r example, 
an o x y h a s t i n g s i t e N a + C a 2 +

2 F e 2 +
3 F e 3 +

2 S i U V l 3 + 2 ° 2
 2 2 C 0 H " , ° 2 " ) 2 

would p l o t as Pa and an o x y r i e b e c k i t e • H a +
2 F e 2 +

2 F e ^ + ^ S i l + +

8 0 2

 2 2 

(OH ,0 ) would p l o t as G. The same two compositions according 
to Y/hit taker have the co-ordinates 2,2,0 and 0,3,2 and p l o t as Ts 
and outs i d e charge d i s t r i b u t i o n space r e s p e c t i v e l y . The o v e r a l l 
r e l a t i o n s h i p of the oxyamphibole i s not as apparent as o f f e r e d by 
P h i l l i p s ' method. Secondly, when co n s i d e r i n g ' r e a l ' compositions 
i t i s apparent t h a t negative co-ordinates are possible i n the 
Y/hittaker system i f Si^"*" i s less than 6.0 and pos s i b l y also f o r the 
X and Y axes i f there are uncompensated vacancies i n e i t h e r group. 
I n summary, of the two a l t e r n a t i v e systems, t h a t proposed by 
P h i l l i p s i s s u p e r i o r . 
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A number of other g r a p h i c a l r e p r e s e n t a t i o n s and 
c l a s s i f i c a t i o n s have been suggested f o r s p e c i f i c groups of amphiboles. 
Many of these may be considered as views of p o r t i o n s of amphibole 
compositional space * The e s s e n t i a l l y s i m i l a r p l o t s f o r the c a l - • 
c i f e r o u s amphiboles proposed by Hallimond (19^3)} V/inchell (19M-5) 
and Boyd (1959~) are p r o j e c t i o n s onto the q u a d r i l a t e r a l Tr - Ed -
Pa - Ts of analyses w i t h low Na' . Leake (1968) has proposed a 

2+ 
c l a s s i f i c a t i o n of the c a l c i f e r o u s (Ca > 1.5) and subcalciferous 2+ h+ (1.0<Ca < 1.5) amphiboles i n terms of a p l o t of Si versus 
Na + + C a 2 + + K + ( s i t e u n s p e c i f i e d ) . The r a t i o Mg 2 +/(Fe^ + + F e 2 + + 

2+ P + 

Mn + Mg ) v/as erected perpendicular to the base. The space so 
defined was subdivided i n t o a number of c e i l s i n such a manner as 
to m a i n t a i n , as f a r as p o s s i b l e , the t r a d i t i o n a l use of nomenclature. 
I n F i g . 5»3 the r e l a t i o n s h i p between c a l c i f e r o u s and subcalciferous 
amphiboles and the planes Tr - Ed - Pa - Ts and Tr - Ed - R 
rep r e s e n t i n g Leake's p r o j e c t i o n i s i n d i c a t e d . The major disadvantages 
of the system l i e i n the choice of the three v a r i a b l e s used to 
de f i n e the name. I n p a r t i c u l a r tho occupancy of the Y group i s not 
i n d i c a t e d d i r e c t l y and a l l compositions w i t h the S3me (value f o r ) 

i v 
A l i n the Z group and A s i t e occupancy p l o t as tho same p o i n t , 
see F i g . 5.3. 

The most f r e q u e n t l y used c l a s s i f i c a t i o n of the a l k a l i 
amphiboles i s t h a t of Miyashiro (1957)* This raay be considered a 
p r o j e c t i o n of a l k a l i amphiboles (Na X>1.0) onto the face Na X = 2.0 
i n F i g . 5.1. 

I t i s apparent from the above d i s c u s s i o n t h a t amphibole 
compositional space o f f e r s a convenient means of re p r e s e n t i n g , 
g r a p h i c a l l y the complex c r y s t a l chemistry of the c a l c i f e r o u s and 
a l k a l i amphiboles. 
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Ts 

Pa Su 

Tr 

R 

Fj-ILuJLJ.' The scope of analyses which p r o j e c t onto Leake's (1968) 
g r a p h i c a l r e p r e s e n t a t i o n of the c a l c i f e r o u s and sub c a l c i f e r o u s 

amphiboles. A l l compositions along the l e n g t h of each arrow, t h a t 

i s w i t h the same A 1 Z and Na A, p r o j e c t as the same p o i n t on the 

planes Tr - Ed - Pa - Ts and Tr - Ed - R. 
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5.2. S u b d i v i s i o n and nomenclature of amphibole compositional 
s pace. 

Whittakor ( I968) suggested t h a t charge d i s t r i b u t i o n space 
could be subdivided i n t o a nuuber of cubic c e l l s , each centred about 

+ 

an i n t e g r a l co-ordinate and extending - 0,5 u n i t s along the x, y 
and z axes. Applying the same scheme to amphibole compositional 
space re q u i r e s 19 c o l l s . These include 9 centred about each of the 
•end members', 3 more at the mid-points of the edges of the t r i a n g u l a r 
face Tr - Ts - G and 1 at the centre of the hexagonal f a c e . The 
remaining 6 are centred outside compositional space at 1,2.0; 
0,1,0; 0,2,1; 2 , 1 ,1 ; 1,0,1; and 1,1,2 ( P h i l l i p s c o - o r d i n a t e s ) . Each 

c e l l can be i d e n t i f i e d by the co-ordinates of the c e n t r a l p o i n t or 
named a f t e r c h a r a c t e r i s t i c amphiboles p l o t t i n g w i t h i n the c e i l e An 
unknown can be i d e n t i f i e d simply, but the requirement of such a la r g e 
number of c e l l s i s i n the w r i t e r s o p i n i o n p r o h i b i t i v e . I n a d d i t i o n 
the p r o p o r t i o n of i n d i v i d u a l c e l l s w i t h i n amphibole compositional 
space v a r i e s considerably. 

P h i l l i p s & Layton (196*0 suggested the term sensu cxtcnso 
to c h a r a c t e r i s e compositions w i t h greater than 50 per cent of a 
s p e c i f i c 'end member1 present. P h i l l i p s (I966) subdivided amphibole 
compositional space i n t o 'sensu extenso' r e g i o n s . The apostrophes 
have been included to i n d i c a t e t h a t the regions given by P h i l l i p s do 
not correspond throughout w i t h greater than 50 per cent of 'end 
members'. For example, P h i l l i p s s u b d i v i s i o n of compositions w i t h 
A 

Na < 0.5 i s given i n F i g . 5o*+a and compared w i t h regions i n which 
'end members' are each i n excess of 50 per cent i n F i g . 5,kb. 

Further examination of F i g . 5.^a reveals t h a t the three 'sensu 
extensQ' regions do not correspond w i t h regions i n which a s p e c i f i c 
'end member1 even predominates. A composition such as 
D 0 ' 2 + l . i " » + o . 9 ^ 2 + 3 . 5 » l 3 t i . 5

s l % . ^ o . 6 o 2 " 2 2 < O H " > a ' raar'"d *> 
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F i e B S u b d i v i s i o n of amphibole compositional space w i t h 
A 

Na < 015, 

( a ) 'Sensu extenso 1 regions a f t e r P h i l l i p s (1966). 

( b ) S u b d i v i s i o n i n t o regions i n which each of the 'end 
members' accounts f o r greater than 50 per cent of the 
compositional v a r i a t i o n . Three regions each w i t h the 
same shape as amphibole compositional space correspond 
w i t h sensu extenso regions i n the o r i g i n a l sense„ 

The c e n t r a l r e g i o n and three p e r i p h e r a l t e t r a h e d r a l 
regions do not correspond t o greater than 50 per cent 
of any 'end member1. 
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i n F i g . 5.^a, and l y i n g i n the . f i e l d of Ts 'sensu. ext.enso1 i s 
represented by the 'end member1 combination Ts^CT^^Trp^ 1 . 

Amphibole compositional space w i t h Na* > 0 .5 i s shown i n 
F i g . 5»5« Regions w i t h greater than 5° per cent of a s p e c i f i c 
•end member' present are o v e r l a p p i n g , ( F i g . 5,%). Three 
t e t r a h e d r a l ra-gions, s t i p p l e d i n F i g . 5 .5b, cannot be described 
i n terras of greater than 50 per cent of any of the a v a i l a b l e 'end 
members'. The 'sensu s::tenso' nomenclature of P h i l l i p s , F i g . 5»!?aj 
corresponds i n t h i s case w i t h regions i n which 'end members' 
predominate on l y . 

To the w r i t e r the s u b d i v i s i o n of amphibole compositional 
space i n t o regions i n which 'end members' e i t h e r predominate or are 
i n excess of 50 per cent o f f e r s an obvious way of naming amphiboles 
w i t h o u t extending the number of names re q u i r e d unnecessarily. I f 
the space i s to be subdivided i n t o regions which can be described 
by greater than 5° per cent of a composition a number of a d d i t i o n a l 
'end members' are r e q u i r e d . However, amphibole compositional space 
can be subdivided i n t o regions i n which the nine 'end members' 
dominate w i t h o u t the a d d i t i o n of any f u r t h e r names. These regions 
are i n d i c a t e d i n F i g . 5 9^»b and the name sensu dominante (abbreviated 
to s..d_.) i s suggested to d i s t i n g u i s h these from sensu extenso r e g i o n s . 
A sensu dominante name can be obtained by c o n s u l t i n g Table 5 « 1 . 

The advantage of such a s u b d i v i s i o n l i e s i n i t s a b i l i t y to 
name an a n a l y s i s i n accordance w i t h the dominant 'end member' 
component of the basic atomic formula. The boundaries are p a r a l l e l 

A A 
f o r compositions w i t h Na < 0 ,5 and Na > 0 .5 which was not so i n 
the o r i g i n a l s u b d i v i s i o n . The major disadvantage of the proposed 
s u b d i v i s i o n i s tb.3t P h i l l i p s ' (19oo) boundary (Na'k = 1 ) separating 
the c a l c i f e r o u s and a l k a l i ainpaiboles no longer corresponds w i t h t h a t 
between sensu dominance names. However any l a r g e scale boundary which 
i s based on only a s i n g l e v a r i a b l e (Na*) i s i n many ways less 
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F i g . 5.5. S u b d i v i s i o n of amphibole compositional space w i t h 
Na > 0.5. 

( a ) 'Sensu extenso 1 regions a f t e r P h i l l i p s ( 1966 ) . The 
three boundary planes are p a r a l l e l t o the l i n e of s i g h t 
i n t h i s diagram. 

( b ) S u b d i v i s i o n i n t o regions i n which each of the 'end 
members' accounts f o r greater than 50 per cent of the 
compositional v a r i a t i o n . Only two of the s i x over­
l a p p i n g t r u e sensu extenso regions are shown, those 
corresponding t o R sensu extenso and Ec sensu extenso. 
Three t e t r a h e d r a l r e g i o n s , s t i p p l e d , do not correspond 
t o g reater than 50 per cent of any of the 'end members*. 
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Ed 

Tr 

\ 

R Ec 

Ed 

\ 
l < >1 

Tr 

Fig.5.6. Proposed s u b d i v i s i o n of amphibole compositional space 
i n t o sensq dominante r e g i o n s . 

( a ) Na A < 0.5, ( b ) Na A > 0.5. 
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Table 5.1. Determination of the sensu domlnante name. 

A1Y A l Unique Special A B C D etc 

- = o»o? 

0-0.5 0-0.5 - Tr R - - Ed 

>0.5-1.0 - Tr - - - Ed 
>1.0-1.5 Ed -

.5-1.0 0-0.5 Tr 

> 0.5-1.0 - Tr - - - Ed 
> 1.0-1.5 - A + C Tr Ts Ed - Pa 
> 1.5-2.0 Pa - -

•0-1.5 > 0.5-1.0 - A + C Tr - - - - T s 
> 1.0-1.5 - i s - - - p a 

>1.5-2.0 - Ts - - - Pa 
5-2.0 >1.0-1.5 Ts - -

1.5-2.0 - Ts - - Pa Sa 
= > 0.5-1.0 
-0.5 0-0.5 - Tr - - - R 

> 0.5-1.0 - - - R - E d 
• 5-1.0 0-0.5 - Tr - - - R 

> 0.5-1.0 - Tr R - - Ed 
> 1.0-1.5 - - - - Ed - Pa 

.0-1.5 0-0.5 - A + D Tr - - - - G 
>0.5-1.0 - A+C+D Tr - -

A + B G T s -
B + D R - -
C + D E d - -
C + B Ec - M - Pa Su 

> 1.0-1.5 - - Ts - - Pa Su 
>1.5-2.0 - - - - - Pa Su 
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>1.5-2.0 0.5-1.0 
1.0-2.0 

A + B G Ts 

Ts - Su 

Na A 1.0-1.5 
0-0.5 

0.5-1.0 

1.0-1.5 

•1.5-2.0 

f a x >1.5-2.0 
0.5-1.0 
1.0-1.5 

1.5-2.0 

o-o 75 
0-0.5 

>o.5-1.0 
0-0.5 

> 0.5-1.0 
>1.0-1.5 

0-0.5 
>o.5-1.0 
> i . o - i . 5 
1.5-2.0 

0-0.5 
0-0.5 

>o. 5-1.0 
0-0.5 

> 0.5-1.0 
> i . o - i . 5 

R 
A + D Tr G 

G 
G 

Su 

Ec 

M 

G 
A + B G Ts M 

G 
G 

Ec 

Ec 
Ec 

R Ec 
R Ec 
- Ec 
- M 
- Su 

- M 
- Su 

- Ec 
- M 
- M 
- M 
- M 

Conditions 
A ' A 1 Z ^ A 1 Y - Na X + i 
B A 1 Z ^ Na X 

C A 1 Z ^ 2 " A 1 Y 

D A 1 Y ^ 2 " Na X 
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i n f o r m a t i v e than a nomenclature based on the dominant component 
of the basic atomic formula. The question of s u b d i v i d i n g amphibole 
compositional space i n terms of Na* i s returned to i n Chapter 7 

a f t e r examining the d i s t r i b u t i o n of n a t u r a l amphiboles. 

5.3« D e r i v e t j o n of c o n s i s t e n t 'end irember ' combinations 
_ f o r basic atorqic f ormul-3e i n smphihole composi^i cn^l 
space. 

There are instances when a d e s c r i p t i o n of an a n a l y s i s i n 
terms of a l i n e a r combination of 'end members' i s advantageous, as 
f o r example i n the study of the o p t i c a l p r o p e r t i e s of amphiboles 
along a j o i n between two 'end members1. Compositions w i t h i n amphibol 
compositional space can be described as a l i n e a r combination of the 
v e r t i c e s but f o r other than s p e c i a l instances ( v e r t i c e s ) mors than 
one combination of 'end members' i s p o s s i b l e , (see Chapter 1 ) . A 
simple method i s o u t l i n e d below by which the most appropriate 'end 
member1 combination can be a r r i v e d at c o n s i s t e n t l y . 

Knowing the sensu dominente name f o r an a n a l y s i s i t i s 
l o g i c a l to d e r i v e an 'end member' combination i n which the sensu 
dominante component i s a maximum. Often t h i s s i n g l e r e s t r i c t i o n i s 
enough to provide a unique combination. I f an a n a l y s i s can be 
described by a number of combinations i n which the sensu dominante 
component i s equally important i t i s suggested t h a t the combination 
i n v o l v i n g the smallest number of 'end members1 i s chosen. Where t h i s 
i s s t i l l not unique then the combination i n v o l v i n g tho smallest 
number of 'end members' to account f o r the highest p r o p o r t i o n of 
the composition i s used. This i s best i l l u s t r a t e d by a f o r m a l 
d e s c r i p t i o n of the method and some a c t u a l examples, 

1) Calculate a basic atomic formula from the a n a l y s i s . 
2) Check t h a t the a n a l y s i s l i e s w i t h i n amphibolo compositional space 

A1 Z > A1 Y - Na X, A1 Z < A1 Y - WaX + 1, A1 Z ^ 2.0, A1 Y < 2.0, 
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Ka X<: 2.0, Na A< 1.0 and t h a t (Ea A + A1 Y) equals (Ka X + A l Z ) . 
3) Determine one combination of 'end members' necessary to 

completely describe the basic atomic formula of the a n a l y s i s . 
Normally t h i s can be achieved by determining the maximum prop­
o r t i o n of the sensu dotnin^nte component f i r s t (see Example 1 ) . 
I f t h i s i s not p o s s i b l e , as i n the case of Tr sensu dominante 
(Example 2 ) , i t may be necessary t o d e r i v e a combination by 
f i r s t determining the p r o p o r t i o n of 'end members' other than 
the sorisu doninante component. 

5) Once an 'end member' combination has been c a l c u l a t e d a l t e r n a t i v e 
combinations which also describe the a n a l y s i s can be obtained 
w i t h the aid of Table 5.2. I n Table 5.2 p a i r s of 'end members' 
on each side of the equals sign have the same combined basic, 
atomic formulae and arc interchangeable. Thus a combination of 
Su R ( x > y ) becomes according t o equivalence (1) Ed M Su 

and a combination Ec xSUyR y from (2) becomes Ec x +yPa y. 

I n determining the maximum p r o p o r t i o n of the sensu 
dominante component s t a r t at the top of Table 5.2 and f i n d a i l those 
equivalent combinations i n which the required component does not 
decrease. Once an a l t e r n a t i v e has been obtained r e t u r n to the top 
of the Table and check f o r any f u r t h e r a l t e r n a t i v e s to the 
combination. Continue i n t h i s way u n t i l a l l the a l t e r n a t i v e s have 
been exhausted• 
6) Choose from the l i s t of a l t e r n a t i v e combinations the one i n 

which the sensu dominante component i s a maximum, or i f t h i s i s 
not unique the d e s c r i p t i o n , complete or p a r t i a l , i n terms of 
the smallest number of 'end members'. 

Example 1. specimen number 759 (see Appendix 8 f o r l i t e r a t u r e source) 
Su sensu dominante. 

Determine the maximum sensu dominante component. 
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Table 5 .2 : Equivalent 'end member' combinations. 

1 Su + R = Ed -t • M 
2 Su + R = Pa * • Ec 

3 Ed + M Pa ^ • Ec 
k _ 2Pa + R 2Ed + Su 

5 2Su + Ed = 2Pa + M 
6 2R Pa = 2Ed + Ec 

7 2R + M = 2Ec + Ed 
8 2M + R - 2Ec + Su 

9 2M + Pa = 2Su + Ec 
10 G + Ed mm Tr + M 
11 Tr + Su = Ts + R 
12 G Pa = Ts + Ec 

13 Tr + 2Ec G + 2R 
lk Tr + 2M Ts + 2Ec 

15 Tr + 2Su = G + 2Pa 
16 Ts + 2Ed = Tr + 2Pa 

17 Ts + 2R = G + 2Ed 
18 Ts + 2M = G + 2Su 
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Mg A 1 Y Si A 1 Z 0 2 ? ( 0 H ) 2 

3.29 1 . 71 6.25 1 .75 

1.71 l . l 1 * 3.k2 1.1k Su 57 per cent 
o.ok 0 .86 - 1 .58 0 .57 2.83 oM 

The only remaining 'end members' w i t h a f u l l A s i t e are Ed and Pa. 
A r b i t a r i l y . Ed was chosen next. 

0.0U 0.08 0.20 - 0.28 0.0U Ed k.Q 

0.78 1.3C 0.57 2.55 0.57 

0.57 0.85 0.57 1.71 - Ts 28.5 

0 .21 0.53 - 0.8'+ -
0 . 2 1 0.53 - 0.8U - Tr 10.5 

Su,. Ts„ Q JTr Ed, 
57 28.5 10.y k 

From Table 5.2 i t can be seen t h a t there i s no more Su 
r i c h e q u i v a l e n t combination, air] only one Su^r?Ts264 cjTr-^^Pa^ 
(equivalence l o ) w i t h an equal Su content. Of these two, the former 
i s chosen because the higher p r o p o r t i o n of the composition i s 
represented by the smaller number of 'end members'. 

Example 2 , specimen number 910, Tr sensu dominante. 
Here i t i s not possible to remove the maximum sengu 

dominante component f i r s t . The choice of the components used i s 
a r b i t r a r y provided they comply w i t h the basic atomic formula. 

Na A Ca Na X Mg A 1 Y Si A l z 0 2 2 ( ° H ) 2 
0.1k 1.86 0.1k 1+.5U 0.1+6 7.5*+ 0.^6 

0.1*+ 0.1*+ 0,1k 0,k2 0.23 0.8*+ 0.28 Su Ik per cent 

1.72 - k.12 0.18 6.70 0.13 
0.18 - 0.27 0.18 0 .5^ 0.18 Ts 9 

1.5*+ - 3.85 - 6 , l 6 

1.9+ - 3.85 - 6.16 - Tr 77 

Na" Ca Na 
0 .61 1.1+3 0.57 

0.57 0.57 0.57 
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T r 7 7 S u l i + T s 9 

From Table 5.2 i t can -be seen t h a t there are no a l t e r n a t i v e 
combinations w i t h e i t h e r an equal or greater Tr component. 

Example 3? specimen number l ' j - 83 , 3c sĵ SlSLU. iknnin/;n v° „ 

This "example i s included t o show t h a t even i f an i n i t i a l 
combination i n which the s.ensu. doninante component i s not dominant 
i s obtained a combination i n which i t i s dominant can be found w i t h 
the aid of Table 5 . 2 . 

I t should be noted t h a t i n t h i s example i t would have been possible 
have removed the Sc component i n i t i a l l y . 

NaA Ca Na X Mg Si A 1 Z 0 2 2 ( 0 H ) 

0.91 0.55 1 A 5 ^ o 31 0.69 7.86 O.lU 

0,07 0.07 0.07 0 .21 0.1W 0.^2 0.1U Su 7 

'0.8U 0 0 i f 8 1.38 ^ .10 0 .55 7M -
0.U8 • 0.U8 0.W8 2.39 mm 3.8U R 1+8 

0.36 mm 0o90 1.71 0.55 3.6o -
0.36 - 0.72 l M 0,36 2.88 Ec 36 

M •* 0.18 0.27 0.19 0,72 -
- - 0.18 0.27 0.18 0.72 G 9 

E c 3 6 S u ^ i + 8 G 9 

From Table 5.2 the f o l l o w i n g a l t e r n a t i v e combinations ar« 
pos s i b l e . Only these w i t h Ec greater than 36 per cent are shown here. 

( 2 ) Ec l t 3R 1 + 1G 9Pa 7 

( 6 ) ac^QRgpG^Sd^ 

(13) E ^ g R ^ r ^ d ^ 



(12) 3c ? 0R^ 1G 2Ts 7 

(13) E c 5 l f R 3 7 T r 2 T s 7 

(13) E c 6 n R 2 3 T r Q P a 

( 6 ) E c 6 8 R 9 T r 9 S d l l t 

The combination v i t a maximum Ec i s EcjSQRc/IrcjSdjif 

Using Table 5°2 i t has been shown how a combination i n 
terms of the maximum sensu dominants name can be obtained. Obviously 
the same method can be applied to maximise any of the components 
should t h i s be r e q u i r e d . For example as p a r t of a study of the 
o p t i c a l p r o p e r t i e s of amphiboles on the j o i n Tr -Pa, amphibolcs 
w i t h high Tr, Pa components would be r e q u i r e d . These may be found 
by maximising the Tr and Pa components w i t h the aid of Table 5*2. 

For example the composition Sd^QTs^Qlr^Q i n the f i e l d of Ed s_.d.. 
can be seen from equivalence ( l b ) to l i e on the Tr - Pa j o i n at 

T r l + 0 F a 6 0 -

Nona end-a t u r a l s t a t u s of m i y ^ s h i r o i t e and s u n d i u s i t e . 

I n d e r i v i n g the sensu dominante nomenclature f o r amphibole 

compositional space P h i l l i p s and Layton's (196U) nomenclature f o r the 
2+ 3 + 

nine (Mg* , A l s u b s t i t u t e d ) 'end members' has been used. I t 
can be argued t h a t i t i s u n j u s t i f i e d to nac.s an 'end member' unless 
corresponding s y n t h e t i c or n a t u r a l amphiboles are known, or amphiboles 
occur w i t h the 'end member' component dominant. Six of the 'end 
members1 have been synthesised, Ts, Pa (Boyd 1959)» G (Ernst 1 9 o l ) j 

Ed ( C o l v i l l e , Ernst & G i l b e r t 1966) , R, Ec ( P h i l l i p s & Row.botham 
1968) . Attempts to syntheslse Ts (Ernst 1968; Jasmund & Schafer 
1972) and M, Su ( P h i l l i p s & Rowbotham 1968) have proved unsuccessful. 
Moreover, Leai:o (1965a, 1971) f a i l e d to f i n d any n a t u r a l amphiboles 
clone to tschermakite or f o r r o tscherraakite and when P h i l l i p s and 
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Layton coined m i y a s h i r o i t e and s u n d i u s i t e 'no minerals close to 
e i t h e r composition were known to the authors'. Tschermakite, named by 
Winchell (19*+5) f o r a t h e o r e t i c a l composition suggested by Hallimond 
(19^+3)» i s now i n common use both f o r the o r i g i n a l t h e o r e t i c a l comp­
o s i t i o n (Sundius 19'+6; Smith 1959; C o l v i l l e , Ernst & G i l b e r t 1966; 

Ernst I 968 ) and f o r v a r i o u s f e r r o u s f e r r i c i r o n s u b s t i t u t e d analogues 
(Deer, Howie & Zussman 19&3; Whittaker 1 9 6 8)0 Sundiusite and 
m i y a s h i r o i t e have not met w i t h such approval. F l e i s c h e r (19&5) argued 
f o r the a b o l i t i o n of both terms on the grounds t h a t no amphiboles 
were known, a t t h a t time, w i t h e i t h e r 'end members' as the dominant: 
component. 

I n order to c l a r i f y the p o s i t i o n as regards the terms 
m i y a s h i r o i t e and s u n d i u s i t e , a search of the amphibole data f i l e was 
undertaken f o r analyses w i t h e i t h s r M or Su as the dominant component. 

5 . ^ . 1 . M i y a s h i r o i t e . 

A search of the amphibole data f i l e located s i x basic 
atomic formulae w i t h M as the dominant component, f i v e of which had 
M i n excess of 50 per cent and t h e r e f o r e belong to M sensu ey.fcenso 
i n i t s o r i g i n a l sense. Atomic formulae t o 2 3 ( 0 ) , and where a p p r o p r i a t 
2 H ( 0 ) , and b r i e f d e s c r i p t i o n s of the occurrence, l o c a t i o n and source 
of the analyses are given i n Table 5 .3 . 'End member' combinations 
c a l c u l a t e d i n accordance w i t h the r u l e s given above are i n c l u d e d . 
Where i t has not been possible t o d e r i v e an accurate 'end member' 
combination because the a n a l y s i s l i e s outside amphibole compositional 
space, or has an unbalanced basic atomic f o r m u l a , only the sensu 
dominants component i s i n d i c a t e d . 

Because of the unbalanced basic atomic formula of 2225 

and the r e l a t i v e l y small M component i n 79h f u r t h e r a t t e n t i o n i s 
2+ 2+ 

confined to the remaining f o u r analyses. A p l o t of Fe /(Fe + 

M g 2 + ) versus Fe'** AFe 3*" + A l " ) , F i g . 5 .7 , shows t h a t the three 
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Table 5,. 3. Source and atomic formulae of amphiboles w i t h M as 
the dominant component. 

*79^ (Mi G Q J?r Ec ) , Harker ( I 9 6 3 ) , from a s t r o n g l y f o l i a t e d 
H 3 30.5 11.5 7 

g n e i s s i c r i e b e c k i t e g r a n i t e , Carn Chuinneag, Scotland. A 
balanced basic atomic formula i s achieved t o 23(0) and 2 ^ ( 0 ) . 

* 919 ^ M 6 9 T r 3 i ^ Holgate ( 1 9 5 D from a c r o s s i t e quartz a l b i t e epidote 
sphene s c h i s t , L l a n f a i r p w l l g w y n g y l l , Anglesey. The 
analysed m a t e r i & l i s reported t o have a t most 1 per cent 
of epidote i m p u r i t y . While charge balance i s achieved i n 
the basic atomic formula the 0H~ content i s very low and 
the Y group t o t a l ( 2 3 ( 0 ) ) i s low. 

1738 ( M 7 0 ) Perchuk e t a l . ( I 9 6 7 ) a l b i t i s e d nepheline s y e n i t e , 
Dugda Massif, Tuva, USSR. No water was determined. 

2158 (approx. M76G15TS9) Sutherland (19^9) f e n i t i z e d d a c i t e or 
r h y c l i t e , Mt. Homa, Kenya and occurs as l a t e stage veins of 
amphibole a f t e r a e g i r i n e . The a n a l y s i s was performed i n 
d u p l i c a t e by r a p i d wet chemical methods and judging from 
the atomic formula i s s a t i s f a c t o r y . 

2225 ( M 5 i ^ v e l d e (1971) l a t e stage amphibole i n a m i n e t t e , St 
H e l l e r , Jersey, The a n a l y s i s i s probably i n f e r i o r since 
charge balance i s not achieved using the 23(0) or 2*+(0) 

bases. 

*22*+l ( M 7 2 E c 9 R l 2 T r 7 ) Volkov e t a l , ( I 9 6 2 ) amphibole l u j a v r i t e , Mt. 

Parguaiv, Lovozero complex. The a n a l y s i s i s apparently 
s a t i s f a c t o r y . 

I n t h i s and subsequent t a b l e s * s i g n i f i e s an amphibole which i s 
Included i n F i g s . 7 . 1 - 7 . 2 8 , Chapter 7 . 
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ma> 0.5 

F e 2 + / ( F e 2 +

+ M g ) 

F i g . 5 . 7 . F e 2 V ( F e 2 + + Mg 2 +) and F e 3 + / ( F e 3 + + A l v l ) i n basic 
atomic formulae of amphiboles w i t h the M component i n excess of 
50 per cent. 

A a l k a l i igneous host rock 
V acid igneous host rock 
o metamorphic host rock. 



amphibol'js from igneous paragenoscs are (Mg + , F e 2 H ) , Fe^ + s u b s t i t u t e d 

w h i l e the s i n g l e amphibole from a mctamorphic paragenesis i s the 

most aluminous. 

With the r e c o g n i t i o n of basic atomic formulae w i t h 

Nal'^Mg^A^SipAlC^COH^ n o t °nly as the dominant component, but i n 

excess of 50 per cent, there i s , i n the w r i t e r s o p i n i o n , strong 

grounds f o r naming the component. M i y a s h i r o i t e i s the obvious name. 

Thus there are n a t u r a l amphibolos w i t h m i y a s h i r o i t e as the dominant 

component of the basic atomic formula but from F i g . 5«7 i t i s 

apparent t h a t n a t u r a l arnphiboles close to the s p e c i f i c atomic formula 

N a + K a +
2 M g 2 +

3 A l 3 +
2 S i l + + r 7 A l 3 + o | 2 ( o i - r ) 2 have s t i l l to be recognised. I t 

i s suggested t h a t the name m i y a s h i r o i t e be r e t a i n e d f o r basic atomic 
formulae near N a l ^ M g ^ A ^ S i r j A l C ^ C O H ^ and possibly also f o r t h a t 
s p e c i f i c composition. This i s analogous w i t h the modern use of 
tschermakite. 

5.^.2. S u n d i u s i t e . 

I n the same year as su n d i u s i t e was f i r s t suggested Brock 
e.t §JL. ( 1 9 6 * + ) described two amphiboles which approached the f e r r o u s , 
f e r r i c i r o n s u b s t i t u t e d analogue of s u n d i u s i t e , Na +Ca^ +Na +Fe 2 + Fe^ + 

Si gAl 2 0 2 2 ^ 0 H " ^ 2 * These they termed mboziite a f t e r the Mbozi 
syenite - gabbro complex, Tanganyka where the type m a t e r i a l was found. 
F l e i s c h e r ( 1 9 6 5 , 1 9 6 6 ) recognised mboziite as a v a l i d amphibole name 
and Whittaker ( 1 9 6 8 ) used i t f o r the a p p r o p r i a t e 'end member1 of 
charge d i s t r i b u t i o n space. Taking analyses from Deer, Howie & Zussraan 
( I 9 6 3 ) Whittaker found only a s i n g l e amphibole p l o t t e d i n c e l l 1 2 0 

c l o s e s t to m b o z i i t e . This was one of the type taramites of 
Morozcwicz ( 1 9 2 3 ) which l i k e m boziite was f e r r o u s , f e r r i c i r o n r i c h . 

A search of the amphibole data f i l e f o r amphiboles w i t h Su 

as the dominant component located 115 analyses. Many of these had 

°nly marginal Su dominance but 15 were found i n which the Su component 
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was i n excess of 5 0 per cent. Atomic formulae, l o c a t i o n , occurrence 

and source of these which include the type t a r a m i t e ( 2 8 0 ) and mboziite 

(l'+Sl) are given i n Table An optimum i r o n o x i d a t i o n s t a t e has 

been estimated f o r the e l e c t r o n microprobe a n a l y s i s 2 7 1 9 find the 

extreme atomic formulae are given i n Table 5 . * + . 

Both the mboziites are apparently r e l i a b l e analyses, 

however type taramite (1*481) must be considered i n f e r i o r . Ferrous 

i r o n s u b s t i t u t i o n f o r Mg 2 + and f e r r i c i r o n f o r A l v ^ " can be seen from 

F i g . 5 » 8 where a l l f i f t e e n analyses have been p l o t t e d . There i s a 

marked c o n c e n t r a t i o n of analyses w i t h f e r r o u s and f e r r i c i r o n sub-

s t i t u t i o n f o r Mg and A 1 V 1 which include the taramites and mboziites 

plus analyses 1 1 , (Ainberg 1 9 3 0 ) , 8 2 , 8 3 , 8 ? (Appfyard i n Leake 1 9 6 8 ) 

and 9 ^ 0 (Holm 1 9 7 1 ) . Two of these l a t t e r analyses 8 2 , 8 3 have 7 8 and 

per cent Su component. I t would appear t h a t the f e r r o u s , f e r r i c 

i r o n s u b s t i t u t e d analogue of s u n d i u s i t e , t h a t i s taramite or mboziite 

i s not uncommon and occurs t y p i c a l l y i n nepheline bearing a l k a l i 

igneous rocks and nepheline gneisses. Only two analyses, 8kh 

( H o r i t s c h & Kahler 1 9 6 0 ) and 1 ^ 1 3 (Machatchski & tfalitzi 1 9 & 3 ) D O N O T 

2 + 3 + 

show s u b s t a n t i a l Fe , Fe s u b s t i t u t i o n . 

The r e c o g n i t i o n of 1 1 5 basic atomic formulae w i t h 

NaCaNaMg^Al 2Si^Al 20 2 2(0H) 2 as the dominant component and f i f t e e n 
i n which i t i s i n excess of 5 0 per cent are strong grounds f o r 
r e t a i n i n g the terra s u n d i u s i t e f o r such basic atomic formulae. The 

sta t u s of sundiusi t e i s f u r t h e r strengthened by the r e c o g n i t i o n of 

analyses 8 M + , 1 ^ 1 3 both w i t h the NaCaWaMg^Al 2Si^Al 20 2 2(0H) 2 component 
2 + 2 + 2 + 

equal to or greatKer than 5 0 per cent and w i t h Fe /(Fe + Mg ) 

and F s 3 + / ( F e 3 + + A l v i ) less than 0 . 5 . I t i s possible t h a t i f such 

analyses had been recognised i n I 9 6 U when the term was f i r s t suggested, 

s u n d i u s i t e might have met w i t h general approval. The terms taratnite 

or mboziite can be r e t a i n e d f o r the f e r r o u s , f e r r i c analogue of 



Table Source and atomic formulae of amphiboles w i t h the Su 
component i n excess of 50 per cent. 

Jf-11 (Su^ 9Sd 2 1Ts 2 ( )) Ainberg (1930), nepheline s y e n i t e , Ukraine, 
U.S.S.R. The OH" content i s very h i g h . 

V 8 2 (SU78)» 83 ( S u ^ ) , 87 (SU55) Appleyard i n Leake (1968), 

nepheline gneiss, Kargus Ridge, Wolfe B e l t , Lyndoch, 
O n t a r i o . 

t 280 (Su<2oR10) Brock et. a l . (196!+) type mboziite from l a t e stage 
nepheline syenite dyke i n t r u d e d i n t o the Mbozi sy e n i t e -
gabbro complex, Tanganyka. 

* 2 8 l (approx. Su7QP a30^ B r o c k §£ 2JL» (19o l+)» l a t e stage pegmatitic 
nepheline syenite dyke i n t r u s i v e i n t o the Darkinale 
s y e n i t e complex, Somali Republic, 

* k2h (Su53Ts3oTri7> Couyat (1908), a n d e s i t e , Wadi Abu Maammel, 
Egypt. The ana l y s i s i s an o l d one w i t h Na 2 0, K 20 expressed 
as Ka20 and the water content i s probably i n e r r o r . 

8M+ (Su57Ts29TrioEdl+) H e r i t s c h & Kahler ( I 9 6 0 ) , v e i n i n e c l o g i t e , 
Saulpe, A u s t r i a . The OH" content i s very h i g h . 

* 9̂ 0 Holm (1971j no. 3) , l e u c o c r a t i c nepheline gneiss, Ghana. 
Despite the quoted high p u r i t y of the analysed m a t e r i a l 

(>98$) and the use of wet chemistry the OH" content i s very low. 
When r e c a l c u l a t e d t o 23(0) the a n a l y s i s l i e s w e l l outside 
amphlbole compositional space so no 'end member1 combination 
has been c a l c u l a t e d . 

1^03 (SU57) Lupanova (193*0) phenocrysts i n a raonchlquite dyke, 
Hibina Mts, Khibina Tundra U.S.S.R. The water content i s 
lo s s cn i g n i t i o n and almost c e r t a i n l y i n e r r o r . 

* 1^13 (Su5 0Ts28Tr22) Machatchski & W a l i t z i (19&3), a r a p h i b o l i t e , 
Stramez, Southern Koralpe, A u s t r i a . H20+ i s assumed to 
make t o t a l up t o 100, 

lU8l ( S u j ^ ) Morozewicz (1926) type t a r a m i t e m a r i u p o l i t e dyke c u t t i n g 
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a l k a l i g r a n i t e , Mariuopol, Ukraine, USSR. The an a l y s i s 
grossly f a i l s to c a l c u l a t e t o a balanced basic atomic 
formula. 

'*lk82 (Su 68) Morozewicz (1926), as above. The water content i s • 
again too h i g h . 

* 1667 ( S u ^ ) Parsons (193^j n o . l ) , the occurrence i s not g i v e n . 
The water content i s very low. 

2719 (Su^Ts^Gg t o SUr 7 0Ts 2yirr 7) L i n t h o u t & K i e f t (1970), e l e c t r o n 
microprobe a n a l y s i s of "magnesium aluminium m b o z i i t e ' , 
schistose a l b i t i f e r o u s q a a r t z i t e , S i e r r a de l o s F l l a b r i e s , 
Spain. The i r o n o x i d a t i o n s t a t e has been estimated and 
l i e s between the values given i n Table 
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F i e . 5.8. F e 2 + / ( F e 2 + + MS ) and Fe 3"7 ( F e 3 + + A l v i ) i n basic 

atomic formulae w i t h the Su component i n excess of 50 per cent. 

o Intermediate igneous host rock 
• a l k a l i igneous host rock 
$ basic a l k a l i igneous host rock 
o metamorphic host rock 
D e c l o g i t e host rock. 
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s u n d i u s i t e . 

5e5. A d j e c t i v a l q u a l i f i c a t i o n of pgnsu dominants n o m c n c l a t u v Q . 

The sg.nsu doninante name along w i t h the co-ordinates of 
the basic atomic formula are l i k e l y to be a s a t i s f a c t o r y means of 
i d e n t i f y i n g , c l a s s i f y i n g and naming an amphibole f o r many purposes. 
However, the sersu dominants name does not i n d i c a t e the extent of 

?+ 2+* 3+ v i s u b s t i t u t i o n s such as Fe " f o r Mg and Fe f o r A l i n the atomic 
formula both of which are u b i q u i t i o u s and geol o g i c a l y i m p o r t a n t . This 
can be remedied by adding a d j e c t i v a l q u a l i f i e r s to the scnsu dominante 
name. I t i s suggested t h a t the a d j e c t i v e f e r r o be used when F©^4" 

2+ 1+ 
Me p.nri fe.rvi whnn Ti,#»~* excedcs Mg and f e r r i when Fe J excedes A 1 V 1 i n the atomic formula. 

+ + 

Other s u b s t i t u t i o n s such as K f o r Na i n A (evidence presented i n 
+ p+ Chapter 2 suggested t h a t X i s confined to the A s i t e ) and Mn f o r 

p. 2+ Mg ( t h i s should be tre a t e d w i t h c a u t i o n since Mn enters the X 
group when the sum of the Y group excedcs 5.0) could also be tr e a t e d 
i n the same manner. Highly t i t a n i f e r o u s omphiboles arc a s p e c i a l 

2+ 
problom and are considered below. An amphibolo i n Pa s_.d. w i t h Fe 
i n excess of Mg 2 + and Fe^ + i n excess of AI V^" can be described as f e r r o 
f e r r i pargasite ( f e r r o f e r r i Pa s_.d_.). 

A number of a l t e r n a t i v e names which are i n common use f o r 
var i o u s f e r r o u s , f e r r i c i r o n s u b s t i t u t e d analogues of the 'end members1 

of amphibole compositional space are given below. 
f e r r o Tr f e r r o a c t i n o l i t e 
f e r r i Pa magnesiohastingsite 
f e r r o f e r r i Pa h a s t i n g s i t e 
f e r r i G magnesioriebeckite 
f o r r o f e r r i G r i e b e c k i t e 
f e r r i Ec magnosioarfvedsonite (Andreev 1957) 

f e r r o f e r r i Ec ar f v e d s o n i t e 
f©rro f e r r i Su tar a m i t e (M 0rozewicz 1923), mboziite 

(Brock e_t a^. 196'+). 
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5 o 5.1. Kaersut:i te and h i g h l y t i t , an i f emus amohiboles . 

The term k a e r s u t i t e was introduced by Lorenaen (188V) f o r 
brown h i g h l y t i t - j n i f e r o u s amphibole from Kaersut, E. Greenland. The 
type m a t e r i a l had a low hydroxy! content and t h i s coupled w i t h i t s 
colour led e a r l y workers to include a l l such amphiboles w i t h the 
oxyamphiboles. Examination of small numbers of analyses by Wilkinson 
(196l) and Aoki (19&3) showed t h a t k a e r s u t i t e represented t i t a n i f e r o u s 

2+ 2+ 

pargasite w i t h l i m i t e d s u b s t i t u t i o n of Kg by Fe and a v a r i a b l e 
hydroxyl content. A s i m i l a r conclusion was reached by Leake (I968) 

who w i t h Aoki (1970) suggested t h a t the lower t i t a n i u m content should 
be 0.5 atoms. I n view of the use and acceptance of k a e r s u t i t e f o r a 
hi g h l y t i t a n i f e r o u s amphibole i t seemed worthwhile using the amphibole 
data f i l e to o u t l i n e the chemistry of amphitoles w i t h T i i n excess 
of 0.5 atoms and to consider the m e r i t of k a e r s u t i t e as an amphibole 
name, 

A search of the e n t i r e anphibole data f i l e f o r analyses 
w i t h T i " h V o . 5 atoms to e i t h e r 23(0) or 2k(0) located 100 analyses 
(1 ) . Since Wilkinson and Aoki showed t h a t k a e r s u t i t e s had v a r i a b l e 

+ 
hydroxyl contents only those analyses w i t h , F or CI determined, 

2+ 
Ca i n A less than 0.2 and t o t a l A s i t e occupancy less than 1.1 

atoms are included i n Table 5»5» These l a t t e r c r i t e r i a were added 
because Leake (1965a, 197D has found t h a t water determinations are 
f r e q u e n t l y low. This w i l l lead to an increased number of cations when 
c a l c u l a t e d to 2*-i-(0) which tend to accumulate i n the A s i t e ( c f Leake 
1968, p. 18). 

( l ) 35 * - ^0, U2, 1*3, 1+5, U6, Aoki (1963); 3W, Yagi (1953); 

39, Harumoto (1933); lH, Kawano (193^); 56, 58, 59, Aoki (1970); 92, 

B a n c r o f t & Howard (1923); 155, 159 - 163, Best (1970); 183, Adams 

(1903); 192, Binns (1969); 251. - 253, 255, 257, - 259, 262. - 265, 

26 7 , 268, Borley et a l . (197D; 270 Bose (1963); 359, C a m p b e l l ^ 
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I n s p e c t i o n of Table 5 .5 shows t h a t while Na , Na*\ and A l 
arc q u i t e r e s t r i c t e d and range between 0.56 - 1.21, 0.0 - 0.U-, and 
1.51-!- - 2,kk r e s p e c t i v e l y A l " i s more h i g h l y v a r i a b l e and ranges 
between 1.28 - 3.lU. The v a r i a t i o n i n Al"" coupled w i t h the v a r i a t i o n 
i n the hydroxyl.content and the i r o n o x i d a t i o n r a t i o s'hown by the 
analyses i n Table 5.5 suggested t h a t the method used i n MINDATA5 to 
balance oxyamphibole s u b s t i t u t i o n may be i n e r r o r . P h i l l i p s (1963, 

p. 708) proposed t h a t i n oxyamphiboles enough f e r r i c i r o n must be 
2" " " 2 + 

a v a i l a b l e to balance the s u b s t i t u t i o n of 0 f o r OH (Fe + OH 
= Fe^ + + 0 2 ) and "uhat no other i o n was i n v o l v e d . Subsequently Leake 
(I968) and Saxena & Ekstrom (1970) found no simple r e l a t i o n between 

3+ 2" 
the t o t a l Fe content and 0 s u b s t i t u t i o n i n the hydroxyl group i n 
c a l c i f e r o u s and subcalciferous amphiboles, but such evidence does not 
exclude the p o s s i b i l i t y of the s u b s t i t u t i o n envisaged by P h i l l i p s . 
P h i l l i p s included the l o g i c of h i s statement i n MIKDATA3 by d e p l e t i n g 
A i Y by the amount of f e r r i c i r o n involved and in c r e a s i n g Mg by an 

Schenk (1950); 367, 368, Carmichael (1967a); 371, Carmichael (1967b); 

U92, Edwards (1933); 650, Fabries (1963); 786, Kaiser; 797, 798, 

H a r r i n g t o n (1903); 8U2, Schalder (191 lO; 850, 851, 855, Hermes (1970),* 

9*+U, Howie (1963); 10U0, Kempe (1968); 13l*-2, Laughlin e t a l . (1971),' 

1^39, 1^2, lUUU, Mason (1968a); IU5U, Mauri t z (1911),' 1^93, Mot tana 
& Edgar (1969); 1565, 1566, Naidu (195*0; 1603, Novotny (19lr9); 1667, 

1668, Parsons (1930); 17^6, Perchuk et a l . (1967); 1828, R i d l e y (1971) 

1982 - 1986, 1988, 1989, Schneider (1891); 2131, Streckeisen (195*0 
2189, Tomita (1962); 2197, Uchimuzu (I966); 2200, 2201, V a l i q u e t t e & 
Archarnbault (1970); 2238, Vincent (1953); 2252, Washington & Wright 
(1908); 2305, White et a l . (1972); 2316, Wilkinson (1961); 23I+2, 

Wolff (1929); 2399, 2^00, 2**03, 2M-0U, Conquere (1971); 2U07, 2*+10, 

2U12, F r i s c h (1970); 2662, Holloway & Burnhara (1972); 2717, 2718, 

LeMaitre (1969); 2720, 2721, 2723, 272U, 2726, 2727. Prinz & Nehru 
(1970); 2761, Wise (I966); * = Data base reference number. 
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eciual amount. I n those instances where f e r r i c i r o n was i n s u f f i c i e n t 
to compensate the o x y - s u b s t i t u t i o n an e r r o r was raised and the sub­
s t i t u t i o n was not made. For want of any evidence to the c o n t r a r y the 

Y 
sane l o g i c was included i n MINDATA5, and may account f o r the high A l 
values of many of the analyses i n Table 5.5* 

An approximately l i n e a r r e l a t i o n s h i p between the i r o n 
o x i d a t i o n r a t i o and the OH" + F~ + C I " content i n the analyses of 
Table 5*.5 i s apparent from F i g . 5 . 9 . Amphiboles from p l u t o n i c rocks 
have lower i r o n o x i d a t i o n r a t i o s and higher OH + F~ + C l ~ than those 
from phenocrvst, ;:enocrysts and x e n o l i t i i s associated w i t h e x t r u s i v e 
r ocks. The one exception, 786 ( K a i s e r ) i s from a weathered monchiquite. 
Closer examination of Table 5*.5 reveals t h a t i n only three analyses, 
31*, Hi , and H92 i s the f e r r i c i r o n s u f f i c i e n t to compensate the 
hydroxyl d e f i c i e n c y i n t h i s way, and only i n these three has the 
above s u b s t i t u t i o n been made by MIM)ATA5. F a i l u r e to compensate 
2" 

0 i s not because there i s i n s u f f i c i e n t i r o n present f o r i n none of 
the analyses i s a l l the i r o n i n the f e r r i c o x i d a t i o n s t a t e . Perhaps 
t h i s can be explained by a f a i l u r e to determine fluo.rine or c h l o r i n e 
but t h i s seems u n l i k e l y since i n the three instances where f l u o r i n e 
i s determined less than 0.2 atoms are present. Saxena & Ekstrbm 
(1970) found a negative c o r r e l a t i o n between T i ^ + and OH". However, 

h+ 2" 
no r e l a t i o n s h i p was found between the T i content and 0 s u b s t i t u t i o n 
i n Table 5»5 which would e x i s t i f t i t a n i f e r o u s amphiboles were 

2" 
capable of c r y s t a l l i s i n g w i t h 0 i n place of OH balanced by a 

3+ — 1++ 2"" 
s u b s t i t u t i o n such as R + OH" = T i + 0 , nor does i t appear 

3+ U+ 3+ a 
l i k e l y t h a t T i was present and l a t e r o xidised to T i ' ( T i + OH 
= + 0 2 ) , since the existence of T i ^ + i n t e r r e s t i a l minerals i s d o u b t f u l (Dowty & Clark 1973). I t i s evident from the above t h a t the 

2+ _ 3+ p — 
s u b s t i t u t i o n Fe + OH = Fe + 0^ ) i s important i n hydroxyl 
d e f i c i e n t amphiboles and i t i s suggested t h a t t h i s s u b s t i t u t i o n 



F i g . 5.9. V a r i a t i o n of i r o n o x i d a t i o n r a t i o w i t h the sum of 
OH" + F"" + C l " i n amphiboles w i t h t i t a n i u m i n excess 
of 0.5 atoms. 

The parageneses o f the amphiboles are as f o l l o w s : -

A Phenocrysts i n s i l i c a undersaturated e x t r u s i v e 
rocks 

© S i l i c a undersaturated p l a t o n i c rocks 

V X e n o l i t h s and xenocrysts i n c l u d i n g gabbroic, 
u l t r a b a s i c and e c l o g i t e bodies. 

+ Unknown parageneses. 
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should be made i r r e s p e c t i v e of whether f e r r i c i r o n excedes the 
hydroxy1 group d e f i c i e n c y or no t . Perhaps the f a i l u r e of the 
a v a i l a b l e f e r r i c i r o n to sycede the hydroxyl d e f i c i e n c y may be 
a t t r i b u t e d to inaccurate water determination and i f so emphasise/ 
the d i f f i c u l t i e s involved i n using a 2l+(0) r e c a l c u l a t i o n base and 
the need f o r accurate water determinations on amphiboles. 

Y 2" A f t e r c o r r e c t i n g the A l f o r f e r r i c i r o n balancing 0 
the range of A 1 Y i n Table 5<>5 i s l.lh - 1.99. With f o u r exceptions 
a l l 100 analyses w i t h T i l h + i n excess of 0.5 atoms i n the amphlbole 
data f i l e have A 1 Z > 1.5, A 1 Y > 1.0, :;aZ < 0 .5 , Na A > 0.5 and Ca 

+ Na > 1.33. I t i s evident t h a t these h i g h l y t i t a n i f e r o u s 
amphiboles form a w e l l characterised and d i s c r e t e group of amphiboles 
w i t h e i t h e r Pa, Ts or Su as the dominant component of the basic atomic 
formula. I t i s suggested t h e r e f o r e that the term k a e r s u t i t e has some 
value i n amphibole nomenclature f o r those amphiboles w i t h Ti^" 1" >• 0 .5, 

A 1 Z > 1 . 5 , A 1 Y > 1.0, Na X < 0 .5 , Mg X < 0.66, Na A > 0.5 and 
e i t h e r Pa, Ts or Su s,,d_.. 

Ferro k a e r s u t i t e i s appropriate f o r the three analyses 230, 
17^6, 23^2, from syenites and the two from unknown parageneses, '-+92, 

I667, which have F e 2 + / ( F e 2 + + Kg 2*) > 0 .5 . 

Two of the ex c e p t i o n a l analyses mentioned above, 1?65, 1566, 

were considered by Leake ( I968) to be i n f e r i o r and t h i s i s c e r t a i n l y 
t r u e of 1565 which y i e l d s a Z group t o t a l of 7.11 and an A s i t e of 2,23. 

1566 shows a charge i n balance of 1.26 and must be considered as 
i n f e r i o r a l s o . The remaining two, 367, 363, (Carmichael 1967b), sre 
e l e c t r o n microprobe analyses which resemble r i c h t e r i t e apart from 
t h e i r high T i content. Neither analysis gives a balanced basic 
atomic formula and i t was not possible to estimate optimum .iron 
o x i d a t i o n s t a tes f o r these. K a e r s u t i t e i s i n a p p r o p r i a t e f o r these 

l a t t e r analyses. 
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5.6„ An extended composition. 3! space f o r the amphibo] ss. 

The basic atomic formula was o r i g i n a l l y developed f o r the 
c a l c l f e r o u s and a l k a l i amphiboles but can be extended t o include a l l 
amphiboles by i n c o r p o r a t i n g a l l d i v a l e n t cations i n the X group as 

v 
equivalent Ca jJid l i t h i u m i n the X and A groups as equivalent Na" 

and NaA r e s p e c t i v e l y . A l l amphibolesshould f a l l i n amphibole 

compositional space, F i g . 5 . 1 . 

U n f o r t u n a t e l y i n such a r e p r e s e n t a t i o n the important 
f e a t u r e of the occupancy of the X group would not be apparent. 
Tremolite - f e r r o t r e m o l i t e , cummingtonite - g r u n e r i t e and anthophy-
l l i t e - f e r r o a n t h o p h y l l i t e would a l l p l o t as the same po i n t and the 
m i s c i b i l i t y r e l a t i o n s between the c a l c i f e r o u s , a Ilea l i , cummingtonite 
and orthorhombic amphiboles would not be i n d i c a t e d . I t i s g e n e r a l l y 
accepted t h a t the occupancy of the X group determines the symmetry of 

2+ + 
amphiboles 9 Thus Ca , Ha amphiboles i n c l u d i n g compositions i n whic 
the group i s occupied j o i n t l y by Ga 2 +, Mg 2 + (P2 1/m cummingtonite, 

/• 2+ + 

Papike, Ross & Clark 1 9 ° 9 ) } Ca , L i ( f l u o r l i t h i u m araphiboles 

synthesised by Gibbs, Bloss & S h e l l 1960). Na +, Mg 2 + ( f l u o r magnesio 

r i c h t e r i t e , Gibbs, M i l l e r & S h e l l 19°2) are monoclinic. Amphiboles 
w i t h L i + ( h o l m q u i s i t e , w h i t t a k e r I969) , Mg 2 + ( a n t h o p h y l l i t e , Finger 

2+ + 

1970a,b) and Mg , L i j o i n t l y (protoamphibole, Gibbs 1969) are 
orthorhombic. Cummingtonite - g r u n e r i t e and c l i n o - h o l m q u i s t i t e 
(Ginzburg 19&5) are monoclinic. 

Therefore i n d e r i v i n g an extended form of the basic atomic 
2+ + 2+ + formula i t i s apparent t h a t Mg , L i > Ca^ and Na i n the X group 

should be d i s t i n g u i s h e d . Returning the s u b s t i t u t i o n of L i + f o r Na + 

i n the A s i t e as equivalent Na A an extended basic atomic formula can 
be w r i t t e n as 

N a - V i < C a N a X « 6 X L i X ) 2 ( M g Y A1 Y) ( S i A 1 Z ) R 0 o o ( 0 H ) . 

w h e r e Hg represents small d i v a l e n t cations such as Mg , ?e , " 

8 u 22 ' 
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L i x represents l i t h i u m i n X. L i t h i u m i n the A and Y groups 
A 

i s returned ?s Na or balanced by t r i v a l e n t cations r e s p e c t i v e l y . 
The meaning of the remaining symbols i s the same as i n the o r i g i n a l 
d e f i n i t i o n of the basic atomic formula (see Chapter 3)» 

Combining Na" and L i to begin w i t h and applying the coupled 
s u b s t i t u t i o n Oa = Mg to the nine 'end members' of P h i l l i p s & Layton 
(196^) s i x a d d i t i o n a l extreme compositions are p o s s i b l e . 

1'r • C a 2 H g ^ S i 8 0 2 2 ( 0 H ) 2 ° M g 2 H s ^ S i 8 0 2 2 ( 0 H ) 2 

Ts • Ca2Mg A l 2 S i 6 A l 2 0 2 2 ( 0 H ) 2 • H g 2 M g 3 A l 2 S i 6 A l 2 0 2 2 ( 0 H ) 2 

R Na Ca Na H g ^ S I 8 0 2 2 ( 0 H ) 2 Na Hg Na M g j S i g 0 2 2 ( 0 H ) 2 

Ed Na Ca 2Mg^Si 7Al 0 2 2 ( 0 H ) 2 Na Mg^-Jg^Si^Al 0 2 2 ( 0 H ) 2 

Pa Na CagHg^Al S i 6 A l 2 0 2 2 ( 0 H ) 2 Na MggMg^Al S I 6 A 1 2 0 2 2 ( 0 H ) 2 

Su Na Ca Na M g 3 A l 2 S i 6 A l 2 0 2 2 ( 0 H ) 2 Na Mg Na Mg^lgSigAl^O^COH^ 

Each obeys amphibole stoi c h i o m e t r y and the f i r s t three correspond w i t h 
p reviously named anphiboles. 

• M g 2 M g 5 S i 8 0 2 2 ( 0 H ) 2 a n t h o p h y l l i t e (Anth) 

I n common use f o r orthorhonbic amphiboles approaching t h i s composition. 
The 'end member1 has been synthesised by Greenwood (19&3). Cumraing-
t o n i t e may represent the monoclinic analogue, but i t i s u n c e r t a i n wheth 
er a n t h o p h y l l i t e and cumLiingtonite are s t r i c t l y isodimorphous. 
Layton & P h i l l i p s (1960) suggested t h a t they are not and t h a t caHcium 
was an e s s e n t i a l element i n cummingtonite. Schurraann (1968) could 

2+ 

not synthesise cummingtonite - g r u n e r i t e w i t h o u t Ca present. Hore 
recent experimental studies by Cameron (1971) showed t h a t cummingtonite 
c r y s t a l l i s e d w i t h a higher calcium content than a n t h o p h y l l i t e from 
which i t was separated by a two amphibole r e g i o n . No n a t u r a l or 
s y n t h e t i c i r o n f r e e cummingtonite i s known. 
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• M g 2 M S 3 A 1 2 s i 6 A 1 2 ° 2 2 ( ° H > 2 Sedrite (Gd ) 

I n common use f o r a l k a l i poor, aluminium r i c h orthorhombic 
amphiboles near t h i s composition (Ernst 1968). Compositions near 
g e d r i t e have been synthesised by Hinrichsen (1968). 

KaMgNaMg^Sig0 22(0H) 2 msgnesio - r i c h t e r i t e Olg-R) 

An amphibole near t h i s composition has been synthesised by 
Iiyama (1963) and Schreyer & S e i f e r t ( I 9 6 8 ) . The monoclinic f l u o r i n e 
analogue h^s been synthesised by Gibbs, M i l l e r & Shel l (1962), and 
Fedoseev, et s_l. (1970) and named f l u o r magnesio - j r i c h t e r i t e by the 
former authors. 

The remaining three extreme compositions have, as f a r as the 
w r i t e r i s aware, not been named although NaMg^Ig^SipAl 0 2 2 ( 0 H ) 2 

NaMg2Mgj+Al Si^AlgO 2 2 ( ^ 1 ) 2 have previously been suggested by Robinson, 

Ross & J a f f e (±971). A search of the amphibole data f i l e f a i l e d t o 
f i n d any basic atomic formulae w i t h i n * 0 .5 u n i t s of Nal'^MgijSiyAl 
0 2 2 ( 0 H ) 2 and NaMgNaMg^Al 2Si^Al 20p 2(0[I) 2. However three analyses 
were found w i t h i n * 0 . 5 u n i t s of NaMggMg^Al S i ^ A l 2 0 2 2 ( O H ) 2 . The 
source, paragenesis and atomic formulae f o r these are shown i n Table 
5o6. The maximum percentage of the NaMg2Mg^A13i£/vl20 2 2 ( 0 H ) 2 component 
i n each of the analyses i s only 51? 50 and 58 per cent r e s p e c t i v e l y , 
although t h i s l a t t e r value i s reduced to 5*+ per cent i f C a 2 + i n the A 

group i s neglected. Robinson, Ross & J a f f e (1971) found t h a t n a t u r a l 
aluminous orthorhombic amphiboles departed s i g n i f i c a n t l y from Gd 
towards NaMg 2Mg l fAlSi^Al 20 2 2(0H) 2. Despite the marginal dominance of 
the component i t i s suggested t h a t a name should be coined f o r the 
extreme composition. Two names are a p p r o p r i a t e , ( i ) soda g e d r i t e , i n 

Y 1 v 
a l l u s i o n to the s u b s t i t u t i o n D A I = Ha* Mg from g e d r i t e or ( i i ) 
magnesio-pargasite, i n a l l u s i o n to the s u b s t i t u t i o n Ca = Mg" i n 
pa r g a s i t e , c f m a g n e s i o - r i c h t e r i t e . The former name i s to be pr e f e r r e d , 
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Table 5.6. Source and atomic formulae of amphiboles close t o 

Na Mg 2 Mg^ A.l Si£ A l 2 0 2 2 ( 0 H ) 2 

#1308, '^1309 L a i (1969), from garnet, c o r d i e r i t e , g e d r i t e , b i o t i t e 
and c o r d i e r i t e geclrite b i o t i t e metamorphic assembleges, 
F i s h t a i l Lake, O n t a r i o , 

26*1-0 Stout (1972) e l e c t r o n microprobe a n a l y s i s from a 
quartz p l a g i o c l a s e , c o r d i e r i t e g e d r i t e b i o t i t e garnet 
c h l o r i t e magnetite metamorphic assemblege, Telemark, 
Norway 0 

1 3 C 8 13C9 2 6 4 C 
2 3 ( 0 ) 2 4 ( 0 ) 2 3 ( 0 ) 2 4 ( 0 ) 2 3 ( C ) 

•7 Si 6 . 1 6 6 . 1] 6 . 1? 6 . CO 6 . 
L. A l l v 1 . 8 4 1.30 1 . f?8 1 . 9 1 1 . 9 3 

A I V I 0 . 6 4 0 . 5 7 C . 57 C . 52 1 . 3 5 

Y Ti 0 . 0 6 0 . 0 6 0 . C 9 0 . 0 9 
T F e 3 + " . 6 2 0 . 6 1 0 . 7 2 0 . 7 2 

F e 2 " * 0 . C Q , 0. 10 0 . 34 0 . 4 1 1 . C 7 

Mg 3 . 6 0 3 . 57 3 . 2 8 3 . 2 6 2 . 5 8 

F e 2 + 1 . 8 7 1 . 7 5 1 . P 2 1 . 7 3 ? . CO 
X Ca 0.C7 0 . C 7 C O 9 

Na 0 . C 5 0 . 17 C . 10 0 . 1 8 

Ca 0 . 0 3 
Na 0 . 4 6 G. 34 0 . 4 9 0 . 3 0 0 . 52 

A K 0 . 0 5 0 . C5 0 . C 2 0 . 0 2 
H + 0 . 3 7 0 . 2 1 

OH OH 2 . C O 2 . 0 0 

N a A 0 . 51 C . 7 6 0 . 5 0 0 . 6 7 0 . 5 6 
A I Y 1 . 3 7 1 . 3 0 1 . 4 7 1 . 4 2 1 . 3 5 
N a x O.T? 0 . 1 7 0 . 1 0 0 . 1 8 0 . 0 0 
A l Z 1 - 8 4 1 . 80 1 . H8 1 .91 1 . 9 3 

(Na^AI^Na^+Al^ ? . '.'r. 0 .or 0 .CO } . ? 0 -0 
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X X 
Combination of L i and Na i n the extended basic atomic formula 

Z Y X X X means th a t a minimum of f o u r v a r i a b l e s ( A l , A l , I\V and Ca or Mg" ) 
are required to represent the a n a l y s i s u n i q u e l y . A number of three 
dimensional r e p r e s e n t a t i o n s i n v o l v i n g three of the v a r i a b l e s at a • 
time were t r i e d . The most suc c e s s f u l , F i g . 5^10, i n terms of Na Aj 
Ca and A l z p l o t t e d along three orthogonal axes, shows the r e l a t i o n -
ship between c a l c i f e r o u s , a l k a l i and Mg' s u b s t i t u t e d amphiboles 0 

Every point i n the space, w i t h the exception of M, i s non-unique 
V 

but corresponds w i t h a range of compositions, each w i t h f i x e d Na'1-, 
X Z A Y 

Ca and A l but v a r i a b l e Ha and A l provided charge balance i s 
maintained. Such a diagram i s simple t o use and u s e f u l i n i l l u s ­
t r a t i n g the o v e r a l l chemical and m i s c i b i l i t y r e l a t i o n s of the 
amphiboles as a group, see Chapter 7« Since points w i t h i n the 
extended compositional space are not unique, no attempt has been made 
to subdivide the space i n t o named volumes. 

While i t i s possible to p l o t a l l amphiboles i n the extended 
compositional space i t i s suggested t h a t to avoid overcrowding i n 
and near the plane Tr - Ed - Pa, Ts - Su - M - G, Ec - R t h a t the 
o r i g i n a l amphibole compositional space w i l l be the most ap p r o p r i a t e 
space f o r i l l u s t r a t i n g those amphiboles w i t h Na x + Ca > 1.95 

(Mg < 0.05) and the extended compositional space f o r those w i t h 
X X Na + Ca < 1.95 (Mg > 0 o 05) . This a r b i t a r y d i v i s i o n i s used i n 

Chapter 7 when the d i s t r i b u t i o n of n a t u r a l araphiboles over amphibole 

compositional space and the extended compositional space i s i l l u s t r a t e d 
and discussed. 

When l i t h i u m s u b s t i t u t i o n i n the X group i s considered f i v e 

v a r i a b l e s ( A l , A l , Mg or Ca X, N a
X, L i X ) are required to represent 

the a n a l y s i s . One more i s required i f l i t h i u m i n the A s i t e i s to be 

d i s t i n g u i s h e d . Because of the number of v a r i a b l e s required no adequate 



_ i 6 e -

Ts, Pa 
7 

Ca Su 1 
Gd, 0 

2 Na-Gd A Ed 

AI 
M 

7 
R 

0 
G,Ec Mg-R Anth 

1 0 
Na 

Fi<?. 5.10. An extended composional space f o r c a l c i f e r o u s , a l k a l i 
and Mg s u b s t i t u t e d amphiboles. 
Abbreviations are the same as F i g . 5«1 w i t h the f o l l o w i n g a d d i t i o n 
Anth a n t h o p h y l l i t e , Gd g e d r i t e , Na-Gd soda g e d r i l e , Mg-R magnesio-
r i c h t e r i t e , and ( ? ) f o r the unnamed compositions. 

The volume i s enclosed w i t h i n a cube. 
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three dimensional r e p r e s e n t a t i o n has been found t o show the v a r i a t i o n 
2+ 2+ 2+ + between the c a l c i f e r o u s , a l k a l i , Fe , tog , Mn and L i s u b s t i t u t e d 

amphiboles. 
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6 . B A S I C .-lTOMIC FORMULAal OF ANALYSES I N THE AMFH] ? O L E DATA F I L E . . 

Using KIWDaTA5j (Appendix *+)} atomic formulae, basic atomic 
formulae and values of (Na* + A l ) - (Na + A l ') were c a l c u l a t e d f o r 
a l l 2650 analyses i n the amphibole data f i l e , using both 2 3 ( 0 ) and 
2h(Q) r e c a l c u l a t i o n bases 0 When charge balance i s achieved the value 

A Y 7 Z 

f o r (Na + A l ) _ (Na L + A l ) should be zero. I n p r a c t i c e (when 
d e a l i n g w i t h r e a l analyses) t h i s i s u n l i k e l y to be s t r i c t l y the case 
and i t i s t h e r e f o r e necessary to de f i n e l i m i t s between which analyses 
may be considered as having achieved charge balance. One approach 

-\ v Y 
to t h i s i s to assume t h a t the maximum values f o r Na" , Na""", A l , and 

Z 
A l are r e s p e c t i v e l y 1 . 0 , 2 . 0 , 2 . 0 , and 2 . 0 atoms. A one per cent 

A X Y 7 e r r o r i n each of the Nart, Na , A l or A l groups w i l l lead to a 
compounded e r r o r i n (Naji + A1 Y) - (Na X + A .1 Z ) of ± 0 . 0 ? . Using t h i s 
approach, analyses y i e l d i n g (Na' + A l ) - (Na""" + A l ) outside these 
l i m i t s may be a t t r i b u t e d to e r r o r s e i t h e r i n the a n a l y s i s , the 
a l l o c a t i o n scheme, or the method used i n d e r i v i n g the basic atomic 
formula from the atomic formula. Leake ( 1 9 6 5 a , 1 9 7 D found t h a t 
e r r o r s i n amphibole analyses were commonplace. Histograms of the 
d i s t r i b u t i o n of (Na A + A1 Y) - (Na X + A1 Z) c a l c u l a t e d to 2 3 ( 0 ) , f o r 
analyses i n amphibole compositional space ( A . C . S . ) , defined as Mg < 

0 . 0 5 , and f o r a l l analyses i n both A.C.S. and extended amphibole com­
p o s i t i o n a l space (JEI.A.C.S.) are i l l u s t r a t e d i n Figs 6.1a and 6 . 1 b 

r e s p e c t i v e l y . Both d i s t r i b u t i o n s are e s s e n t i a l l y the same and i n d i c a t 
t h a t approximate charge balance i s the norm i n the amphibole analyses 
r e c a l c u l a t e d using MINDATA5. However only 60 and 67 per cent of 
analyses r e s p e c t i v e l y f a l l w i t h i n + 0 . 0 7 . Examination of both 
d i s t r i b u t i o n s suggests t h a t a less r i g o r o u s l i m i t of + 0 . 1 5 might be 
a more r e a l i s t i c c r i t e r i o n of charge balance as 75 and 77 per cent 
of analyses f a l l w i t h i n t h i s l a r g e r l i m i t . 
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F i e . 6 . 1 . Histograms of (Na A + A l ) - (Na X - A1 Z) ca l c u l a t e d 
t o 23(0) f o r ( a ) amphiboles i n amphibole compo­
s i t i o n a l space and (b) amphibole compositional 
space plus extended amphibole compositional space. 
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I t i s suggested t h a t the p o s i t i v e skewness of the 
d i s t r i b u t i o n s and the unreasonably larg e d e v i a t i o n from zero f o r a 
small number of analyses may be a t t r i b u t e d to a n a l y t i c a l e r r o r . 
P o s i t i v e skewness i s to be expected as a r e s u l t of the dependence, 
of the Y on the Z group and the A on the X group i n the c a l c u l a t i o n 
of the atomic formula, so t h a t e r r o r s w i l l tend t o accumulate i n 
Na"̂  and A l ~ . 

A comparison between the charge balance achieved by using 
a 2 3 ( 0 ) and 2 1 + ( 0 ) r e c a l c u l a t i o n base was undertaken. Figs 6 .2a,b 
give to the base 2 3 ( 0 ) and 2 U ( 0 ) r e s p e c t i v e l y , the d i s t r i b u t i o n of 

A y X Z (Na + A l ) - (Na + A l ) f o r those amphiboles i n A.C.S. w i t h e i t h e r 
+ 

H 2 0 , F or CI determined. Figs 6 .3a,b give the same f o r amphiboles i n 
A.C.S. plus E.A.C.S. The 2 3 ( 0 ) d i s t r i b u t i o n s , Figs 6 . 2 a , 6 . 3 a are 
s i m i l a r to those i l l u s t r a t e d i n Figs 6 . 1 a,b and show a marked 
co n c e n t r a t i o n (7*+ - 75 per cent) of analyses w i t h i n + 0 . 1 5 . However 
when r e c a l c u l a t e d to 2 U ( 0 ) the p r o p o r t i o n a t t a i n i n g charge balance i s 
reduced to approximately 50 per cent and i n a d d i t i o n i n the case of 
F i g . 6 . 3 b a Targe number of analyses ( i n t o t a l 3 8 0 ) have (Na A + A1 Y) 

X Z 
- (Na + A l ' ) i n excess of 1 . 0 . 

The f a i l u r e of approximately one h a l f of the amphiboles to 
a t t a i n charge balance when c a l c u l a t e d to 2 U ( 0 ) i s d i s q u i e t i n g . 
Examination of those analyses w i t h l a r g e p o s i t i v e d e v i a t i o n s from 
charge balance ( t o 2 U ( 0 ) ) showed t h a t i n many the sum of OH", F~ and 
C I " was less than 2 , 0 „ I n c a l c u l a t i n g the atomic formula and basic 
atomic formula using MINDATA5 hydroxy! group d e f i c i e n c y i s assumed 

2 " 

to be due t o the presence of the oxyamphibole s u b s t i t u t i o n of 0 f o r 
OH". From evidence presented i n Section 5 » 5 » 1 i t was suggested t h a t 
the method used to balance 0 ^ i n the hydroxy! group w i t h Fe , only 
when Fe3 + exceded 0 2 , may not be e n t i r e l y c o r r e c t . This would tend 
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F l g - 6„2 a Histograms of (Na A + A1 Y) - (Na x + A1 Z) f o r amphiboles 
i n amphibole compositional space w i t h e i t h e r H 2 0 + j 

F or CI determined, c a l c u l a t e d to ( a ) 23(0), and 
( b ) 2k{0). 
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Fie. 6«L Histograms of (Na + A l ) - (Na A + Al ) f o r amphiboles 
i n amphibole compositional space plus extended 
amphibole compositional space with either H2O+, F 
or CI determined, calculated to (a) 23(0) and, 
(b) 2lf(0). 
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Z 

to lead to high A l values and may account f o r the strong p o s i t i v e 
skewness observed i n Figs 6 .2b , 6 .3b . By s u b t r a c t i n g the Fe^ + 

2 " ^+ 

consent from those analyses i n which 0 > Fe J i t i s possible to 
determine the e f f e c t of t h i s program f e a t u r e on the d i s t r i b u t i o n of 
(Na A + A1 Y) - (Na X + A1 Z) without reprogramining MIKDATAJ. The 
d i s t r i b u t i o n s -for A.C.S. and A.C.S. plus E.A.C.S. arc given i n Figs 
6,Ua,b r e s p e c t i v e l y . A comparison of the p r o p o r t i o n of analyses 
w i t h i n + 0 .15 i n Figs 6 .2a , 6,^a, and 6 .3b , 6 . ^ i n d i c a t e s only a 
marginal improvement of 2 t o 5 per cent and suggests t h a t f e a t u r e s 
other than t h i s idiosyncracy of MI WD ATA 5 must be invoked to e x p l a i n 
the f a i l u r e of many basic atomic formulae to achieve charge balance 
when c a l c u l a t e d to 2 1 +(0) . 

According t o Leake (1965a) many water determinations 
are lov; because an i n s u f f i c i e n t l y high temperature was n o t , and i s 
s t i l l n o t , being used t o remove a l l the water i n r o u t i n e a n a l y t i c a l 
techniques and f a i l u r e to determine f l u o r i n e or c h l o r i n e w i l l exag­
gerate t h i s d e f i c i e n c y . Where the hydroxy1 s i t e t o t a l i s i n ­
a c c u r a t e l y low the c a l c u l a t e d number of cations i s high and w i t h 
the present a l l o c a t i o n scheme w i l l tend t o accumulate i n Na and 
A l ^ . This may account f o r the p o s i t i v e skewness e x h i b i t e d i n Figs 
6 .2b , 6 .3b , 6 .U . 

While only Figs 6.3a ,b and o.̂ +b are based on the same 
analyses and th e r e f o r e d i r e c t l y comparable i t i s apparent from the 
evidence presented above t h a t when considering l a r g e numbers of 
analyses of mixed a n a l y t i c a l q u a l i t y a 23(0) base i s more l i k e l y t o 
y i e l d balanced bssic atomic formulae than a 2^ (0 ) r e c a l c u l a t i o n base 
(see also Robinson Ross & J a f f e 1971) . For t h i s reason and the f a c t 
t h a t many analyses of amphiboles do not have water, f l u o r i n e or 
c h l o r i n e reported a 23(0) r e c a l c u l a t i o n base has been used 
p r e f e r e n t i a l l y throughout the remainder of t h i s work. However, i t 
must be pointed out t h a t a 23(0) r e c a l c u l a t i o n base assumes t h a t 
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F i g . 6 .U B Histograms of (Na A + A 1 Y ) - (Na X + A 1 Z ) f o r 
amphiboles i n (a) amphibole compositional space 
and (b)~amphibole compositional space plus 
extended amphibole compositional space with either 
K 2

0 + j F or CI determined, calculated to 2^(0) and 
2" 

assuming that f e r r i c i r o n always compensates 0 
i n the hydroxyl group. 
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300 i 

^ 200 

100 ^ 

n 689 
x 0 251 
c r 0 519 

0 07 
0 15 

48%, 
58 7o 

i i I i 

-1.0 -0.5 0 0.5 1.0 >1.0 

( N a A

+ A i y ) - ( N a X

+ A I Z ) 

n 1957 
x 0.366 
c r 0.617 

±0.07 42%, 
t 0.1 5 5 0 % 

- i 1 i i l l i i ' I — i 1 1 1 1—r 3 
-10 0-5 0 0-5 

( N a A * A l Y ) - ( N a X

+ A I 2 ; ) 

10 >1.0 
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OH = 2„0 and Borg (19&7 a) has shown t h a t the b e t t e r agreement 
between the number of atoms i n an atomic formula w i t h t h e o r e t i c a l 
l i m i t s when c a l c u l a t e d to 23(0) may be more apparent than r e a l 
e s p e c i a l l y where an e r r o r i n ^0"*" i s associated w i t h a compensating 
e r r o r i n another oxide. 
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7. TH5J DISTHIFUTION 0? BASIC ATOMIC FOHNUL^K OF NATURAL AMPHTBOIHS 
IN Ai-jFHI?OLE COMe-DSITlQj^.L SPACS ..KD SXTdil-iDED AN? HI POLS 
COMPOSITIONAL SPACE. 

I n the present chapter the d i s t r i b u t i o n w i t h i n amphibole 
compositionDl space and extended araphibole compositional space of 
basic atomic formulae c a l c u l a t e d t o 23(0) f o r n a t u r a l amphiboles w i t h 
e i t h e r F^O+j F or CI determined i s i l l u s t r a t e d and discussed (Section 
7 . 1 . ) . The d i s t r i b u t i o n of basic atomic formulae f o r amphiboles 
from the major jgneous and metamorphic parageneses i s also i l l u s t r a t e d 
( Section 7 .1 ) j however di s c u s s i o n of t h i s aspect of the amphiboles 
i s deferred u n t i l Chapter 8 . Using the observed d i s t r i b u t i o n Lhe 
p o s s i b i l i t y of a solvus or so.lvi w i t h i n amphibole compositional space 
i s considered i n Section 7 . 2 . 

By i n c l u d i n g only those analyses w i t h e i t h e r H2O + , F or CI 
determined the great m a j o r i t y of modern e l e c t r o n microprobe analyses 
are excluded. Only i n s p e c i a l instances where these are of p a r t i c u l a r 
i n t e r e s t have optimum i r o n o x i d a t i o n s t a t e s been estimated, since the 
re p r e s e n t a t i o n of ranges of basic atomic formulae would have added 
f u r t h e r confusion t o the somewhat overcrowded i l l u s t r a t i o n s which 
f o l l o w . 

7 . 1 . The d i s t r i b u t i o n of basic a t o n i c formulae. 

2+ ?+ 

I n order to i n d i c a t e the s u b s t i t u t i o n of Fe f o r Mg and 
F e 3 + f o r A l v i i n the Y and X groups of atomic formulae, the basic 
atomic formulae have been subdivided i n t o f o u r categories based on 
the r a t i o s F e 2 + / ( F e 2 + + H g 2 + ) , and F e 3 + / ( F e 3 + + A l v i ) v i z . 

/ ( F e 2 + + H g 2 + ) F e 3 + / ( F e 3 + + A l v i ) A b b r e v i a t i o n . 

< 0.5 < 0.5 ( M g 2 + , A l v i ) 

< 0.5 > 0,5 ( M g 2 + , F e 3 + ) 
> 0.5 < 0.5 ( F e 2 + , A l v i ) 

> 0.5 > 0.5 ( F e 2 + , F e 3 + ) 

http://so.lv
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To s i m p l i f y the g r a p h i c a l r e p r e s e n t a t i o n of large numbers of 
analyses i n three dimensional A.C.S. and E.A.C.S. both spaces have 
been subdivided i n t o s l i c e s bounded by upper and lower planes normal 

z 
to A l and each 0 .5 u n i t s t h i c k . Four s l i c e s are required f o r each 
space bounded by A l z 0 - 0 . 5 , 0 . 5 - 1.0, 1.0 - 1 . 5 , 1 .5 - 2 o0. An 
a d d i t i o n a l s l i c e has been added to both spaces t o accommodate analyses 
w i t h A l 2.0 - 2 . 5 . Each s l i c e i n A.C.S. i s projected onto a two 
axis p l o t of A l v versus Na x and f o r E.A.C.S. onto Ca x versus Na x. 
The i n t e r s e c t i o n of the upper and lower faces of each s l i c e v;ith the 
boundaries of the appropriate space are i n d i c a t e d by f u l l and broken 
l i n e s r e s p e c t i v e l y . Four p l o t s are given i o r each s l i c e corresponding 
to (Mg 2 +, A l v i ) , ( Mg 2 +, F e 3 + ) , ( F e

2 + , A ] V i ) , and ( F e 2 + , F e 3 + ) sub­
s t i t u t i o n . There are thus 20 two axis p l o t s f o r A.C.S. and E.A.C.S. 
The d i s t r i b u t i o n of basic atomic formulae i s i l l u s t r a t e d i n Figs 
7.1 - 7.20. I t was shown i n Chapter 5 t h a t a l l amphiboles should 
p l o t i n . E.A.C.S. w i t h the amphiboles from A.C.S. i n the plane 1.'r -
Ed - Pa, Ts - Su - M - G, Ec - R. To avoid p l o t t i n g analyses w i t h 
Mg X < 0 .05 t w i c e , amphiboles w i t h L rg x < 0 .05 have been p l o t t e d i n 
A.C.S. and those w i t h Mg*>0 .05 p l o t t e d i n E.A.C.S. The zone 
corresponding t o Mg*<0 ,05 i n E.A.C.S. i s ( v a c a n t ^ t h e r e f o r e ) . 

^ / 

Other views of A.C.S. and E.A.C.S. are given. Amphiboles w i t h 
Ha ^ 0.66 (the choice of the boundary i s discussed below) are 
projected onto two axis p l o t s of A l versus Al^ r f o r A.C.S, (Figs 
7.21, 7.22) and A l z versus Ca x f o r E.A.C.S. (Figs 7.23, 7.2*+). The 
former resemble the p l o t s of the c a l c i f e r o u s amphiboles given by 
Hallimond (I9W3), Sundius (I9U6) and Leake (1962). Basic atomic 
formulae i n A.C.S. are projected onto p l o t s of A l versus Na" (Figs 
7 . 25 , 7,26). L a s t l y those i n E.A.C.S. w i t h Na x ^ 0.66 and Kg x > 1,33 
are p l o t t e d as A 1 Z versus A l y (Figs 7.27, 7.28). 



An attempt has been made to i n d i c a t e , i n a general way, the 
nature 01 the host rock from which amphiboles w i t h balanced basic 
atomic formulae (Chapter 6) were recorded. Amphiboles from igneous 
rocks are shown by closed symbols and those from rnetomorphic rocks 
by open symbols. Further the f o l l o w i n g more s p e c i f i c categories hav 
been recognised:-

Igneous 
t u l t r a b a s i c and u l t r a i a i f i c : - h o r n b l e n d i t e , p y r o x e n i t e , w e b s t e r i t e 

a g r i e g i t e , w h e r l i t e , d u n i t e , p e r i d o t i t e , a n o r t b o s i t e e t c . 
• basic: - t h o l e i i t i c b a s a l t , gabbro, n o ^ i t e , d o l e r i t e , e u c r i t e , 

a l l i v a l i t e e t c . 
(V/here i t i s not been possible to d i s t i n g u i s h between a l k a l i 
o l i v i n e b a s a l t and t h o l e i i t i c b a s a l t hosts from the authors* 
descriptions' the amphiboles have been a r b i t a r i l y included 
i n t h i s c a t e g o r y ) . 

© i n t e r m e d i a t e : - andesite, d i o r i t e , t o n a l i t e , monzonite e t c . 
^ a c i d : - r h y o l i t e , d a c i t e , g r a n i t e , g r a n o d i o r i t e e t c . 
• basic a l k a l i : - a l k a l i o l i v i n e b a s a l t , b a s a n i t e , t e p h r i t e , 

t r a c h y b a s a l t , t r a c h y a n d e s i t e , a l k a l i gabbro, t e s c h e n i t e , 
t h e r a l i t e , l u g a r i t e , s h o n k i n i t e , e s s e x i t e j u r t i t e , i j o l i t e , 
camptonite, monchiquite e t c . 

A a l k a l i : - t r a c h y t e , p h o n o l i t e , s y e n i t e , f o y a i t e , p e r t h o s i t e , 
p u l a s k i t e , m a r i u p o l i t e , c a r b o n a t i t e , f e n i t e e t c . 

X e n o l i t h s have been included w i t h the appropriate rock type and 
xenocrysts f o r want of a b e t t o r method have been included w i t h the 
category of the host rock. 

Metamorphic 

o general metarcorphic assemblages: - t y p i c a l l y metabasalts or 
rnetapelites from r e g i o n a l and contact metamorphic f a c i e s . 

D e c l o g i t e s , 
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A calcareous parageneses: - marbles, limestones, dolomites, skarns. 
x f e r r u g i n i o u s parageneses, 
s ser pent i n i te s, 
•+ unknown p.trageneses. 
. unbalanced basic atomic formula w i t h (Na* + A l ) - (Na^ + A l ) 

> 0.15 (see Chapter 6). 

These categories have been chosen i n order to d i s t i n g u i s h 
amphiboles from rocks w i t h e i t h e r markedly d i f f e r i n g bulk chemistries 
or which have been subjected to d i f f e r e n t p h y s i c a l c o n d i t i o n s d u r i n g 
c r y s t a l l i s a t i o n . The a l l o c a t i o n of an amphibole to one of the above 
categories i s based on the name f o r the host rock used by the o r i g i n a l 
author as included i n r e l a t i o n OCCURRENCE, see Chapter h and Appendix 
9o Consequentialy, i t should be emphasised t h a t the a l l o c a t i o n i s 
based on the rock type the amphibole was reported to occur i n and 
does not normally take i n t o account whether the phase was primary, 
secondary, i n e q u i l i b r i u m e t c . The d i s t r i b u t i o n of basic atomic 
formulae from the above categories i s discussed f u r t h e r i n Chapter 8. 

Where s p e c i f i c analyses have been mentioned i n the t e x t they 
are accompanied by the data base reference number and the name of 
the o r i g i n a l author. The an a l y s i s i s also numbered on the appropriate 
f i g u r e s and the o r i g i n a l data can be located w i t h the aid of Appendix 
8 . 

Considering the la r g e number of points p l o t t e d (975 i n A.C.S. 
and 982 i n E.A.C.S.), the chemical complexity of the amphiboles, the 
YJide range of host rock chemistry and the range of ph y s i c a l c o n d i t i o n s 
d u r i n g c r y s t a l l i s a t i o n , perhaps the most s t r i k i n g aspect of the 
d i s t r i b u t i o n i s the co n c e n t r a t i o n of basic atomic formulae. Araphibole 
are found c l u s t e r e d i n three regions w i t h e i t h e r high Ca , (Ka , L i ) 
or(Fe , Mg , Mn ) i n the X group. 

, x ^ , A major compositional break i n E.A.C.S. between Kg 0 .M- -
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Flea, 7.1 - 7 . 2 0 . Al versus Na for basic atomic formulae 
Y 

i n amphibole compositional space and Ca 
versus Na f o r basic atomic formulae i n 
i n extended amphibole compositional space. 

Z 

Substitution i n the atomic formula and Al 
content are as follo w s : -

IsX 2+ \Mg , A l v l ) A 1 Z 0 - 0.5. 

1*1 F e 2 + ) ti 

z a <Fe 2 +, A l v l ) it 

Z A ( F e 2 + , F e 3 + ) it 

2*1 (Mg 2 +, A l v l ) A 1 Z 0.5 - 1.0 

1A (Mg 2 +, F e 3 + ) ii 

2*2 ( F e 2 + , A l * 1 ) ii 

2*1 / T 1 2+ (Fe , F e 3 + ) u 

2*1 ( M g 2 + , A1 V 1) A1 Z 1.0 - 1.5 
2*io C M g 2 + , F e 3 + ) it 

7,11 ( F e 2 + , A l * 1 ) u 

( F e 2 + , F 9

3 + ) it 

( M g 2 + , A l * 1 ) z 
A l 1.5 - 2,0 

z * i k ( M g 2 + , F e 3 + ) u -

7»i? ( F e 2 + , A l ) II 

7tA6. ( F e 2 + , F e 2 + ) I I 

7 4 7 (Mg ) A l ' 1 ) A 1 Z 2.0 - 2.5 
2*18 ( M g 2 + , F o 2 + ) it 

2*12 ( F e 2 + , A l v l ) II 

2*20 ( F e 2 + , F e 2 + ) u 

The meanings of the symbols are described i n 
the t e x t . The in t e r s e c t i o n of the upper and 
lower faces of each s l i c e w i th the boundaries 
of the appropriate space are indicated by f u l l 
and broken l i n e s respectively. 
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Z Y 
So 7.21 P 7.22. Al versus Al f o r basic atomic formulae i n 

X 
amphibole compositional space with Na ^ 0 , 6 6 . Sub­
s t i t u t i o n in' the basic atomic formula i s as fo l l o w s : -
7.21a. (Mg 2 +, A l V i ) 

7*11*. (Mg 2 +, F e 3 + ) 
7.22a. ( F e 2 + , A l v i ) 

2+ 2 + v 7.22b. (Fe , Fe ) 

Symbols are described i n the t e x t . The short 
bars on Fig 7 o 2 1 a indicate the range of basic atomic 
formulae f o r the apparently co-existing pair of 
electron microprobe analyses-11$$ - 1 1 5 6 , see 
Section 7 o 2 . 1 . The solid and broken l i n e s o u t l i n e 
the l i m i t s of amphibole compositional space wi t h 
Na X - 0 . 0 , and Na X 0 . 6 6 respectively. 
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Fles, 7-2% 7 a2U B Al versus Ca f o r basic atomic formulae i n 
extended amphibole compositional space with Na :̂ 0.66. 
Substitution i n the atomic formulae i s as f o l l o w s : -

7.23a ( M g 2 + A l V i 

2+ „ 3+ ( Mg Fe 
7n2Ua, ( F e 2 + A l v i 

7«2i+b ( F e 2 + F e 3 + 

Symbols are described i n the t e x t . The 
solid l i n e s represent the boundary of extended 
amphibole compositional space. 
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Fies, 7.25T 7.26. Al versus Na f o r basic atomic formulae 
i n amphibole compositional space. Substitution i n 
the atomic formulae are as fo l l o w s : -

7*25a (Mg , A l V i 

7„2?b (Mg 2 +, F e 3 + 

2+ 
A l v i 7.26a (Fe , A l v i 

7,26b ( F e 2 + , 3+ 
Fe 

Symbols are described i n the t e x t . The 
sol i d l i n e indicates the boundary of amphibole 
compositional space. 



CN 

ro < < CO OO<J 

CO CD CN 
LL CO <CN 

CD CO. 

•4 • 
CO 

I — l -a-1— v • 

N CN 

CN 

CD 
(N LL 

o o o n 
8*-

X 

en 

°o 

t • dgoo 

O — Q<J Q CO I OO T • OcPB I I — 

CM N 



215 

BOO 

V X 

ro CD LL 
(N CD 

+o 

+ 
- l o I 1 I I 

N CD 
CN 

CD 

T fN 

CN 
CD LL 

a 

o< 

I — I —' I I 

CM N 



- 2 1 6 -

Figs. 7.27? 7.28. A l z versus A1 Y f o r basic atomic formulae i n 
extended amphibole compositional space with MgX > 1.33, 

Na ^ 0.66. Substitution i n the atomic formulae i s as 
fo l l o w s : -

2+ v i 7.27a. (Mg , Al ) 
7.27b. (Mg 2 +, F e 3 + ) 
7.28a. ( F e 2 + , A l V l ) 
7.28b. ( F e 2 + , F e 3 + ) 

Symbols are described i n the t e x t . The 
so l i d l i n e i s the l i m i t of balanced basic atomic 
formulae with Na X =0.0. 
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1.*+ (Ca + Ma 1.6 - 0.6) separates the FeMgMn from the c a l c i f e r o u s 
and a l k a l i smphiboles. Only f o u r analyses, 356 (CaHlegari & Monese 
197D, 609 (Eskola 191*0, 1990 (Schubert 1969) and 2102 ('.-/eibull 
1896) may be considered as i n t e r m e d i a t e . Of these 2102 w i t h no C3O 
reported must be considered i n f e r i o r and according to Leake (1968) 

358 i s probably impure. The p u r i t y of the remaining analyses i s not 
known. Analyses, 166 and 2560 appear intermediate on F i g . 7.23b but 
t h i s i s on account of t h e i r high Na-'' content, see F i g . 7.2b, 

The major compositional break between the FeHgMn and the 
c a l c i f e r o u s and a l k a l i arnphiboles i s co n s i s t e n t w i t h what i s known 
of r e l e v a n t m i s c i b i l i t y r e l a t i o n s . From experimental studies Cameron 
(1971) demonstrated a two amphibole region between cummingtonite and 
t r e m o l i t e and e x s o l u t i o n t e x t u r e s i n n a t u r a l amphiboles have been 
reported f o r host and lamellae of P or C cummingtonite and t r e m o l i t e 
or a c t i n o l i t e , P or C cummingtonite and 'hornblende 1, P cummingtonite 
and so c a l l e d ' r i e b e c k i t e - t r e m o l i t e ' . (Ross, Papike & Shaw 1969) 

and between Kn cummingtonite and magnesio-arfvedsonite (Robinson, 
J a f f e , Ross & K l e i n 1971). The analysis of host plus cummingtonite 
lamellae of the ' r i e b e c k i t e - t r e m o l i t e ' , 2560 ( K l e i n 1966) i s shown 
on F i g 7«2b where i t p l o t s near r i c h t e r i t e . I n addition., the 
apparently s t a b l e coexistence of separate grains of g e d r i t e and 
hornblende (Stout 1971)» a n t h o p h y l l i t e and 'calcium amphibole 1 

(Robinson, Ross & J a f f e 1971} Stout 1972) probably i n d i c a t e f u r t h e r 
m i s c i b i l i t y r e l a t i o n s h i p s . 

Considering the FeMgMn amphiboles i n greater d e t a i l , Figs 
7.27, 7«28 show t h a t these amphiboles l i e i n a narrow almost s t r a i g h t 
b3nd extending from Anth. t o Gdcfo - Gd^. Thus the coupled 
s u b s t i t u t i o n s of A l y A l z f o r Mg y Si (Anth - Gd) and Na A A l z f o r • Si 
( v e r t i c a l on Figs 7.27, 7.28) are the most important i n the basic 
atomic formulae of n a t u r a l FeMgMn amphiboles. There i s a hia t u s i n 
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the basic atomic formulae near A l 1.0 and t h i s may be connected w i t h 
r e p o r t s of e x s o l u t i o n between g e d r i t e and a n t h o p h y l l i t e (Ross, Papike 
cc Slww 1969; Robinson Ross & J a f f e 1971). S u b s t i t u t i o n s O A l y -
NaA Hg y ( h o r i z o n t a l on Figs 7.27, 7.23) and those i n v o l v i n g Ha X 

are less important when d e s c r i b i n g n a t u r a l FeMgMn amphiboles. Robinson 
Ross & J a f f e (1971) described an almost i d e n t i c a l v a r i a t i o n f o r a 
d i f f e r e n t c o l l e c t i o n of analyses i n c l u d i n g analyses not i n the 
amphibole data f i l e and Rabbit (19>48) noted a gap between low and 
high AI2O3 orthoainphiboles. 

'Within the c a l c i f e r o u s and a l k a l i amphiboles i n A.C.S. and 
the adjacent p o r t i o n of E.A.C.S. analyses are concentrated i n two 
reg i o n s , one v j t h Na" less than 0.6 and the other w i t h Na greater 
than 1.3 separated by an in t e r m e d i a t e r e g i o n i n which analyses are 
less numerous. The m a j o r i t y of a l l amphiboles p l o t i n a zone 
extending from Na x ° ,0 - 0.6 p a r a l l e l to the Tr - Ed - Pa - Ts face 
of A.C.S. and extending i n t o F,. A.C.S. up t o approximately Mg 0.6 

(Ca + Na x loli)<> W i t h i n t h i s zone n a t u r a l amphiboles l i e i n a broad 
band between ( T r ^ S d ^ ) - Pa and Tr - Ts but amphiboles close to 
the v e r t i c e s Ed and Ts are uncommon. Just as i n the FeMgMn amphiboles, 
the most important coupled s u b s t i t u t i o n s i n the basic atomic formulae 
of these calcium r i c h amphiboles i n v o l v e A l y A l z = Mg^Si (Tr - Ts 
on Figs 7.21, 7.22) and N a A A l Z = Si ( v e r t i c a l on Figs 7.21, 7 . 2 2 )with 

Y j\ V 

•Al-ija " t * ^ 2 . ( h o r i z o n t a l ) i n c r e a s i n g i n importance r e l a t i v e to the 
FeMgl-in amphiboles. P r i n c i p a l components a n a l y s i s of Leake's (I960) 
c o l l e c t i o n by Saxena & Ekstrom (1970) also showed the importance of 
these three coupled s u b s t i t u t i o n s i n the c a l c i f e r o u s and subcalciferous 
amphiboles. A number (loO or approximately 8 per ce n t ) of basic 
atomic formulae, i n p a r t i c u l a r from igneous and skarn parageneses, 
have A l i n excess of 2.0 up to an upper l i m i t of 2.5. This can be 
seen from F i g 7.29 which i s a histogram of the A l z content of those 



Fie. 7.29 Histogram of Al i n basic atomic formulae with 
X X Na ^ 0.66 and Mg ^ 0.66 calculated to 23(0) 

f o r those analyses i n the amphibole data f i l e w i t h 
either H 20 +> F or CI determined. 

Symbols are as fo l l o w s : -

[o] met-Rmorphic, host rooks excluding calcareous 
and ferruginous host rocks. 

igneous host rocks. 

metamorphosed calcareous host rocks. 

metamorphosed ferruginous host rocks. 

host rocks, not known. • 
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basic atomic formulae w i t h Na ;̂ 0.66 and Hg :̂ 0.66. I t i s 
apparent from Fig 7.29 t h a t the calcium r i c h amphiholes d i s p l a y a 
bimodal d i s t r i b u t i o n w i t h respect to A l '.''ith modes at 0.0 - 0.1 
and 1.6 - 1.7 and a minimum at 0 ^ - 0.5. Leake (1962) observed 

1++ 
a s i m i l a r bimodal d i s t r i b u t i o n w i t h a minimum at Si 7.1 - 7,^ 

2 2+ ( A l " 0.7 - 0 . 9 ) -in a c o l l e c t i o n of calciferou.s (Ca > 1.5) and 
s u b c s l c i f erous (1 .0 < Ca^ +< 1.5) amphiboles from various parageiv'-ses. 
However i t i s a noteworthy f e a t u r e of F i g 7.29 t h a t the bimodal 
d i s t r i b u t i o n i s not due t o the sum of i n d i v i d u a l bimodal d i s t r i b u t i o n s 
i n each paragenesis. Only amphiboles from calcareous metainorphic 
rocks d i s p l ? y s bimodal d i s t r i b u t i o n . Amphiboles from general 
metanorphic and igneous pangeneses are unimodally d i s t r i b u t e d . The 
low A l 2 mode i s due to amphiboles from calcareous, f e r r u g i n o u s and 
to a lesser extent unknown parageneses. The s i g n i f i c a n c e of t h i s 
w i l l be d e a l t w i t h f u r t h e r i n Section 7.2.1 when possible gaps i n 
A.C.S. w i l l be discussed. 

A t h i r d c o n c e n t r a t i o n of basic atomic formulae occurs w i t h 
Na x > 1.3 and extends between the v e r t i c e s G and Ec (Figs 7.1, 7.2). 

These are almost e x c l u s i v e l y confined to A l ' less than 0.5 but see 
Section 5 A . 1 . Coupled s u b s t i t u t i o n s i n the basic atomic formulae 
which do not i n v o l v e changes i n Ka are i m p o r t a n t , i n p a r t i c u l a r 
• A l y = I i a A Hg y (G to Sc on Figs 7 .1 , 7.2). 

Amphiboles w i t h Ka between 0.6 and 1.3 do occur but are not 
very numerous and i n d i c a t e t h a t coupled s u b s t i t u t i o n s i n v o l v i n g 
Na = Ca are not very common. These in t e r m e d i a t e amphiboles are of 
two types; (1) ( F e 2 + , F e 3 + ) s u b s t i t u t e d basic atomic formulae w i t h A l z 

i n excess of 1.5 which approach Su (Figs 7.16, 7.20, 7.26) and ( i i ) 
( K g 2 + , F e 3 + ) and less conaon (Kg 2 +,A1 V 1) s u b s t i t u t e d basic atomic 
formulae w i t h A l less than approximately 1.0 (Figs 7 . 1 5 7.2, 7.5 ? 

7.6, 7-25). 



- 224-

From the observed d i s t r i b u t i o n of analyses in.A.C.S. i t i s 
apparent th : i t P h i l l i p s ' two f o l d s u b d i v i s i o n 3 t I T 3 X 11 .0 i n t o the 
c a l c i f e r o u s E->nd a l k a l i amphiboles f a i l s t o emphasise the numerical 
s u p e r i o r i t y of basic atomic formulae w i t h Ka' less than 0,6 or 
greater than 1.3 and the r e l a t i v e s c a r c i t y of intermediate ainphiboles. 
I t i s suggested t h a t a three f o l d s u b d i v i s i o n of amohibole como-
o s i t i o n a l space should be adopted with, boundaries a t Na x 0.66 and 
1.33. Amphiboles belonging to each of these groups may be designated 
c a l c i c , soda c a l c i c and a l k a l i r e s p e c t i v e l y . Neither of these 
boundaries coincides w i t h those of sensu do-iln-:nts nomenclature but 
t h i s would be tr u e of any boundary p a r a l l e l to the A l z and A l ^ axes. 
Extended arnphibole compositional space may be subdivided i n a s i m i l a r 
manner co n s i s t e n t v.'ith the observed d i s t r i b u t i o n of ?mphiboles by 
using boundaries a t Mgx 0.66 (Co + Na x 1.33) and Hg X 1.33 (Ca + Na x 

0.66) p a r a l l e l to the A l 7 j a x i s . That p o r t i o n of JS.A.C.S. w i t h Kg x 

^ 0,66 can be f u r t h e r subdivided i n t o c a l c i c , soda c a l c i c and ? l ' : a l i 
amphiboles by extending the boundaries of A.C.S. i n t o S.A.C.S. There­
f o r e the f o l l o w i n g d e f i n i t i o n s of the c a l c i c , soda c a l c i c and a l l i a l i 
amphiboles are suggested: -

c a l c i c , basic atomic formulae w i t h N a x 0 . 6 6 and MgX ^ 0.66. 

soda c a l c i c , basic atomic formulae w i t h TIax 0.66 - 1.33 and ::gX <: 
x O.DO 

a l k a l i , basic atomic formulae w i t h Na" ^ 1.33. 

Those amphiboles wit h Mg x ^ 1 . 3 3 may be termed the FeMgMn amphiboles. 
No s a t i s f a c t o r y term could be found f o r those arnphiboles ( i f any 
r e a l l y e x i s t ) w i t h Kg X 0.66 - 1.33. I n Chapter p i t was noted t h a t the 
concept of the basic atomic formula could be extended to a l l amphibolnr 
by i n c o r p o r a t i n g Pe*1*, Mg , I'm i n X as Ca, L i + i n X as Ha x and L i + 

A 
i n A as Na . By doing t h i s a l l amphiboles can be made to p l o t i n 
amphibole compositional space and by c o n s u l t i n g Table 5«1 can be given 
° .s.e.nsjA dominants name. Obviously the S ^ I T S U domina^nte. name i s of 



l i t t l e revel.?.nce f o r oT.phiooles w i t h extensive Mg" s u b s t i t u t i o n . 
However i t i s suggested thr,fc ssnsu uorolnnnte nomenclature i s of value 
i f applied to the c a l c i c , soda c a l c i c rand a l k a l i amphiboles, t h a t i s 
to those arnphiboles w i t h 3-Ig less than 0 .66. The nomenclature derived 
from the observed d i s t r i b u t i o n of n a t u r a l amphiboles and the sensu 
doninante nomenclature w i l l be used throughout the remainder of t h i s 
work, 

7.2. Possible m i s c i b j l i t y r e l a t i o n s w i t h i n the c a l c i c , soda c a l c i c 
and a l k a l i arnphiboles. 

I n Section 7.1 i t was noted t h a t b?sic atonic formulae of 
c a l c i c , soda c a l c i c and a l k a l i amphiboles were not equally d i s t r i b u t e d 
over A.G.S. and the adjacent p o r t i o n of S.A.C.S. Soda c a l c i c amphibole 
are uncoiamon compared w i t h c a l c i c end a l k a l i amphiboles and c a l c i c 
amphiboles w i t h A l about 0.5 were less common than those w i t h higher 

•7, _ 

and lower A l " . This might be a t t r i b u t e d to sampling bias but t h i s 
seems u n l i k e l y since Sundius (19^6), Deer, Howie & Zussman (1963) 

and Ernst (1968) have each remarked on the s c a r c i t y of soda c a l c i c 
amphiboles and i n a d d i t i o n to Leake (1962), Read (1973) reported a 
gap i n e l e c t r o n microprobe analyses from C e n t r a l and Western Otago 
between A l 0 . 6 - 0 . 9 (Na 0.0) which 'narrowed and e v e n t u a l l y 
disappeared' a t A1Z 0.7 (Ka x 0.U), Graham (197*+) found a gap a t 
Si 7o0 ( A l ' 1.0) i n e l e c t r o n micrprobe analyses from Dalradian 
e p i d i o r i t e s , and Kostyak & Sabolev (I969) found a minimum i n t o t a l 
A l ^ + at 1.0 i n metamorphic amphiboles. 

Three general explanations have been advanced to e x p l a i n one 
or both of these f e a t u r e s , ( i ) the existence of a solvus or s o l v i 
(Sundius 19lr6; Boyd 1959; Ernst 1968), ( i i ) the composition of 
amphibole i n e q u i l i b r i u m w i t h c h l o r i t e i n a metamorphic assemblage 
a l t e r s markedly w i t h small changes i n temperature or pressure 
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(Graham 1971*)* and ( i i i ) the scarcity of analyses r e f l e c t s the 
frequency of occurrence of appropriate conditions (Mottana & Edgar 
1969)e 

I t i s beyond the scope of the present work and the content 
of the amphibole data f i l e to investigate the l a t t e r two hypotheses 
i n any d e t a i l , As f a r as the author i s aware reports of exsolutlon 
textures i n which both the host and exsolved phase are eith e r c a l c i c , 
soda calcic or a l k a l i amphiboles (Klein 1969; Cooper & Lovering 1970; 
Cooper 1972) have not been confirmed. However, a c t i n o l i t e - glauco-
phane, hornblende - galucophane and a c t i n o l i t e - hornblende pairs 
have been reported by a considerable number of workers ( f o r references 
to these see Ernst 1963 , 19685 K l e i n 1969; Cooper & Lovering 1970; 
Ernst at, aj,. 1970; Graham 197*+) and i n t h i s connection i t seemed 
appropriate to compare the composition of amphibole pairs included i n 
r e l a t i o n COEXISTENCE (Chapter Appendix 9) with the observed 
d i s t r i b u t i o n of basic atomic formulae, Such/an approach w i l l not prove 
the existence of a solvus, rather i t w i l l at best indicate whether 
two l i n e s of evidence are consistent with such an i n t e r p r e t a t i o n . I n 
order to r e s t r i c t a t t e n t i o n to amphiboles where equilibrium i s most 
l i k e l y to have been achieved only those pairs i n which the o r i g i n a l 
description e x p l i c i t l y states that discrete grains were seen i n contact 
and separated by o p t i c a l l y and chemically sharp boundaries have been 
used. Where necessary optimum i r o n oxidation states have been 
calculated using the method outlined i n Chapter 3«> 

7c2„lc M l s c l b l l l t y r e l a t i o n s w i t h i n the calcic amphiboles. 

Petrographic observation of sharp, apparently non-gradational, 
contacts between a c t i n o l i t e and blue-green hornblende have been 
reported from rocks of the andalusite - s i l l i m a n l t e facies series 
(Mlyashiro 1958; Shido 1958; Shldo & Miyashlro 1959) and the kyanite -
s i l l i a a n i t e facies series (Cooper & Lovering 1970; Graham 197*+) • The 



change i s commonly taken to indicate the t r a n s i t i o n between the 
greenschist and a l b i t e epidote araphibolite faciea. Miyashiro (1958), 
Shido (1958) and Cooper & Lovering (1970) interpreted these an 
equilibrium features involving a solvus but. Graham (197*+) considered 
th a t non-equilibrium was sore l i k e l y . 

A search of r e l a t i o n COEXISTENCE located a number of calcic 
amphibole pairs but only one was i n apparent equilibrium. These 
were the electron alcroprobe analyses 1155 - 1156 (Klein 1969 assem­
blage 2 - 1 ) from a hornblende a c t l n o l i t e rock, Tsintbolovolo, 
Madagascar. Optimum i r o n oxidation states were estimated f o r the 
pair and the ranges of possible basic atomic formulae are indicated 
by t h i c k bars on F i g . 7*21a. The actual t i e - l i n e must l i e somewhere 
w i t h i n the qu a d r i l a t e r a l outlined by l i n k i n g the ends of the bars. 
I n F i g . 7.21a and Figs 7»30 - 7o31+9 which follow, the lower l e f t and 
upper r i g h t l i m i t s of the bars correspond to the highest and lowest 
reduced i r o n r a t i o s consistent with a balanced basic atomic formula. 

The separation of the basic atomic formulae of the pair with 
A l z 0.30 - 0,36 and 1.08 - 1.21 corresponds closely with that portion 
of the calcic aaphiboles where basic atomic formulae are not very 
numerous (Figs 7«21, 7o23, 7«29) and as such i t i s not Inconsistent 
with the existence of a solvus„ However, the f a c t that only one such 
pair was located, and Figo 7*29 indicates a uniaodal and not biaodal 
d i s t r i b u t i o n of A l z i n amphiboles from non-calcareous parageneses, 
suggests that i f a solvus does ex i s t i t must be either r e s t r i c t e d by, 
or change l o c a t i o n w i t h , changes i n physical and chemical conditions. 
Jasmund & Schafer (1972) syntaesised an amphibole so l i d solution i n 
the Join Tr - Ts between T r 1 0 Q - T r ^ T s ^ ( A l z 0.0 - 1.1) at U50 -
900° c and 2 kb« I n addition Ernst (1972) reported an unbroken range 
of calcic amphlboles with respect to A l z 'without exsolution lamellae 
separate grains or armoring 1 from metabasics and metapelites i n the 
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Sanbagawa (Outer) Metaiaorphic B e l t , Shikoku, Japan which had been 
Metamorphosed under conditions Intermediate between the greenschist 
and glaucophane lawsonite schist facies up to the a l b l t e epidote 
amphibolite facies (Ernst et gj,,. 19705 Ernst 1972). I t i s concluded 
that evidence f o r a solvus i n the calcic aephiboles remains meagre 
and inconclusive 0 

7o2„20 M i s c i b i l i t y r e l a t i o n s between the calcic and a l k a l i amphiboles. 

Turning now to a consideration of the r e l a t i o n s h i p between the 
calcie and a l k a l i aaphiboles. I n many instances where a calcic and 
a l k a l i amphibole are found together t e x t u r a l evidence of non-equilibrium 
has been interpreted i n terms of retrogressive (Brothers 195̂ 5 Borg 
1956) or progressive (Ernst fit a l . 1970, p„ l*+5) aetamorphism. Calcic 
and a l k a l i amphibole pairs i n apparent equilibrium have been described 
independantly from four locat i o n s , ( i ) Ward Creek, Cazedero, C a l i f o r n i a 
(Lee ejb â .. 1966} Himaelberg & Paplke I969; K l e i n 1969), ( i i ) Tiburon 
Peninsula, C a l i f o r n i a ( K l e i n 1969; Ernst et, a^. 1970), ( i i i ) Sanbagawa 
Metamorphic b e l t of Shikoku, Japan (Klein 1969.; Ernst §t, a i . 1970) 
and ( i v ) Knockmoral, Ayrshire (Bloxara & A l l e n 1960; K l e i n 1969)0 
I n a d d i t i o n , K l e i n and Himselberg & Papike have separately reported 
occurrences from the Urals and New Caledonia respectively. Tie l i n e s 
between apparently s t a b i l y coexisting pairs are i l l u s t r a t e d i n plots 
of A l y versus Nax and A 1 Z versus Na x i n Figs 7,30 - 7,33. 

With the exception of the pairs from the Sanbagawa Belt 
(Fig 7«32) the separation of the basic atomic formulae corresponds 
closely to the l i m i t s of those regions of A.C.S. i n which basic atomie 
formulae are uncommon (cf Figs 7.1, 7.2, 7.*S 7.5, 7<>25, 7.26 wit h 
Figs 7,30 - 7,33). This does not prove the existence of a solvus 
but i s consistent w i t h such an i n t e r p r e t a t i o n . 

The t i e l i n e s o f f e r no evidence f o r the extension of a solvus 
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F i e . 7.^0 Apparently co-existing amphibole pairs from Ward 
Creek, Cazedero, C a l i f o r n i a . 

1177 - 1178 Lee et a l . (1966) wet chemical analysis from 
metabasic block (two aruphibole, rauscovite, 
epidote, garnet, sphene, a p a t i t e , r u t i l e ) , spec, 
no. 50-CZ-60. Klein (19&9) and Hlmmelberg & 
Papike (1969) considered the p u r i t y of the 
analysed material was not very ulgh. 

2826 - 2827 Himmelberg & Papike ( 1 9 6 9 ) , r e p l i c a t e electron 
microprobe analysis of 1177- 1178. 

2&2k - 2825 Himmelberg & Papike ( 19&9) , electron microprobe 
analysis of metacarbonate (aragonite, garnet, 
two amphibole, stilpnomelane), spec. no. 
201 - RGC - 59L. 

2830 - 2831 Himmelberg & Papike ( 1969) , electron microprobe 
analysis of metabasic block (two amphibole, 
omphacite, muscovite, epidote, garnet, sphene, 
a p a t i t e , r u t i l e ) , spec. no. 29B-CZ-60. 

1185 - 1186 Klein ( 1969 ) , electron microprobe analysis from 
(omphacite, two amphibole, lawsonite, c h l o r i t e , 
pumpellyite, muscovite, sphene, p y r i t e ) , assemblage 
spec. no. if-U. 
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Fie, 7,11 Apparently co-existing amphibole pairs from the 
Tiburon Peninsula, C a l i f o r n i a . 

I169 - 1170 Klein (I969), electron microprobe analysis from a 
'loose block 1 (epidote, two araphibole, lawsonite, 
sphene, c h l o r i t e , white mica,) spec. no. 3-1o 

1171 - 13.72 Klein (1969), electron microprobe analysis from 
a 'loose block 1 (epidote, garnet, two araphibole, 
omphacite, c h l o r i t e , mica, sphene, r u t i l e , apatite 
pumpellyite), spec. no. 3-2. 

I l 8 l - 1182 K l e i n (I969), electron microrprobe analysis from 
•loose block 1 (garnet, two amphibole, sphene, 
r u t i l e c h l o r i t e ) , spec. no. k-2. 

II87 - 1188 Klein (1969), electron microrprobe analysis from a 
•loose block 1 (garnet, two amphibole, epidote, 
omphacite, c h l o r i t e , pumpellyite, r u t i l e , sphene, 
a p a t i t e ) , spec, no. ^-5. 

28l6 - 2817 Ernst et a^. (1970), wet chemical analysis from 
metabasalt \loose block 1 (two amphibole, aragonite 
white mica, c h l o r i t e , sphene), spec. no. GRS. 
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F l g B 7»^2 n Apparently co-6xisting pairs from the Sanbagawa 
Metaraorphic B e l t , Shikoku, Japan. 

1193 - 119'+ K l e i n ( 1 9 6 9 ) , electron microprobe analysis from 
(two amphibole, piedmont!te, epidote, quartz, 
muscovite, garnet, c h l o r i t e ) s c h i s t , spec. no. 5 -2 . 

1195 - 1196 Klein ( 1 9 6 9 ) , electron microprobe analysis from 
(two amphibole, garnet, muscovite, quartz, 
a p a t i t e , haematite) schist, spec. no. 5-3 . 

Additional electron raicrorprobe analyses of pairs have 
been given by Ernst et &L. ( 1 9 7 0 ) , 28l8 - 2819 (S77B), 
2820 - 2821, (S30G), 2822 - 2823 (S75B) and by Klein 
( 1 9 6 9 ) , 1183 - l l 8*f ( ^ - 3 ) , 1197 - 1198 ( 5 - ^ ) however 
i n none of these i s i t e x p l i c i t l y stated that discrete 
grains are seen i n contact. 
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Fig« 7.H. Apparently co-existing amphibole pairs from various 
l o c a l i t i e s . 

558 - 560 Bloxam & A l l e n ( 1960 ) , wet chemical analyses from 
crossite amphibolite (epidote, two amphibole, 
sphene, a l b i t e , a p a t i t e , garnet), Knockmoral, 
Ayrshire, Bloxam pers. comm. i n Klein (1969) 

suggested that there may be epidote impurity i n 
558. 

U 8 9 - 1190 K l e i n ( I 9 6 9 ) , r e p l i c a t e electron microprobe 
analyses of 558 - 560. 

2828 - 2829 Himmelberg & Papike ( 1969 ) , electron microprobe 
analyses from metachert (quartz, garnet, two 
amphibole, epidote, haematite), New Caledonia, 
spec. no. ^0-C. 

1173 - 117^ Kle i n ( I 9 6 9 ) , electron microrprobe analyses from 
(garnet, omphacite, two amphibole, quartz, mica, 
r u t i l e , sphene, a p a t i t e , z i r c o n ) , assemblage 
Southern Urals, spec. no. 3-3• 
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towards r i c h t e r l t e . 

Apart from the v a r i a t i o n i n Na and A]7 which, can be a t t r i b u t e d 
to the coupled substitutions CaMgy = Nax A l y (Tr - G), and A l y = 
NaAMgy (G - Ee) the basic atomic formulae of the a l l c a l i aaphiboles 

z \ 
are c o n s i s t e n t i n having A l and Na* less than O.J?. A l l have G as the 
dominant component of the basic atomic formulae. The c a l c i c amphiboles 
are more variable especially with respect to A l which ranges between 
0 e 10 and 1.7 l+. The A-site occupancy i s also variable ranging between 
0,0k - 0 , 7 6 . These t y p i c a l l y have Tr as the dominant component of 
the basic atomic formulae, although 2830 and 1189 pass i n t o Pa s,.d. 
at higher reduced i r o n r a t i o s and 1187 i s i n Pa s..̂ ,. at a l l reduced 
i r o n r a t i o s . The pairs from the Sanbagawa Metamorphic B e l t are 
d i f f e r e n t with 119^, 1195, 1196 i n G 3 4 , . and 1193 i n R s 0 i . 

Parageneses i n which these aaphibole pairs occur are varied 
but as the whole rock chemistry and garnet compositions of Klein's 
(1969) analyses are not given i t i s d i f f i c u l t to assign them to 
s p e c i f i c metamorphlc f a d e s . However the f o l l o w i n g very t e n t a t i v e 
facies assignments have been made. 1193 - 119*+, 1195 - 1196, 558 -

560 resemble parageneses of the greenschist facies with the addition 
of a soda calcic or a l k a l i amphibole, 282*+ - 2825, 1185 - 1186, 

U 6 9 - 1170, 28 l6 - 2817 resemble the glauoophane lawsonite schist 
facies of Turner (1968) or the low-temperature blueschlsts of Taylor 
& Coleman ( 1 9 6 9 ) , with the addition of a calcic aiaphibole, and 1177 -

1178, 2830 - 2831 , 1171 - 1172, 1181 - 1182, 1187 - 1188, 2828 - 2829, 

1173 - 1171* resemble the high-temperature blueschists of Taylor & 
Coleman (1969) with the omphaeite bearing assemblages showing a f f i n i t i e s 
to eclogites. Thus these two asphibole assemblages have apparently 
formed under conditions intermediate between the greenschist and 
glaucophane lawsonite schist facies or i n the high-temperature 
blueschists. 
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I f a solvus does e x i s t than the low Al soda calcic 
amphlboles must be either hypersolvus, metestable, inhomogeneous, 
erroneous, or a l t e r n a t i v e l y indicate that the solvus i s r e s t r i c t e d 
s p a t i a l l y i n amphibole compositional space„ I n t h i s connection a l l 

25 

the low A l soda ca l c i c amphiboles with balanced basic atomic 
formulae and ei t h e r H 2 0 + , F or CI determined have been plotted on 
Fig» 7 o 3 ^ with a l l the coexisting pairs f o r comparison. 

The occurrence and composition of the low A l soda ca l c i c 
amphiboles i l l u s t r a t e d i n Figs 7 « 1 - 7 e 2 8 can be divided i n t o two 
broad categories» F i r s t l y , those from high temperature igneous or 
hydrothermal host rocks often associated with c a l c i t e or manganese 
mineralisation, f o r d e t a i l s see Fi g . 7 « > 3 I + e These a l l have Na > 0 , 2 , 

A l y < 1 . 0 8 (except f o r 6 8 2 with NaA O.oV, A l y l . * * 9 ) and A l z < 0 , 7 7 . 

Apart from one amphibole each with Tr, G and Ec as the dominant 
component a l l the others are i n the f i e l d or R sensu dominante. The 
remaining low A l z soda calcic amphiboles i n the amphibole data f i l e 
i n t h i s category ( 1 ) have si m i l a r Na A, A l y and A l z . 

These soda calcic amphiboles may be considered as hypersolvus 
(Ernst 1 9 6 8 ) . A l t e r n a t i v e l y the d i s t r i b u t i o n of these amphiboles 
on the low A l y ( r i c h t e r i t e ) side of the compositional break indicated 
by the amphibole pairs ( F i g . 7*3*0 say indicate that the solvus, i f 
any, does not extend to r i c h t e r i t e . This would also explain why 
m i s c i b i l i t y r e l a t i o n s have not been detected i n the synthesis of 
r i c h t e r i t e by P h i l l i p s & Rowbotham ( 1 9 6 8 ) , Huebner & Papike ( 1 9 7 0 ) , 

Forbes ( 1 9 7 1 ) , Charles ( 1 9 7 2 ) . 

The second smaller category of low A l soda calcic amphiboles 

(1) 365 - 368 Carmichael (1967a),' 2W52, 2^53* 2»+63, 2̂ 66 Kovalenko 

(1968); 157^, Nash,Carmichael & Johnson (1969); 157&, 1579 Nicholls & 
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Fig. 7.^. Composite plot of apparently co-existing amphibole 
pairs and low Al soda calcic amphiboles. The source 
and host rocks of the soda calcic amphiboles are as 
follows: -
Igneous and hydrothermal host rocks © 
hydrothermal veins, 682 (Foshag 1936), 1311, 1313, 2832 
(Larsen 19l+2); manganiferous fsltarns, 1833 (Rondolino 
1936), 2810 (Sundius 19*+6), 1213 (Klein & I t o 1968); 
syenite, 592 (Erdsmannsdorffer 1929); carbonatite, 
21^9 (Sutherland 1969); f e n i t e , 1739 (Perchuk et a l . 

9 
1967); altered uncompha/rite 1319, 1320, 1321 (Larsen 
19^2); v e i n l e t s i n serpentinite (Laudermik & Wood-
f o r 1930); meteorite 2788 (Olsen 1967). 
Metamorphic host rocks o 
eclogites, 107 (omph., gar., amph., rutile,muse), (Banno 
196*0, 385 (omph,, amph,, gar., epidote, quartz, c h l o r i t e , 
muse.) (Coleman et a!,, 1965), 190 (omph,, gar., ampb,, 
r u t i l e , a p a t i t e , quartz) (Binns 1967), 2812 (gar., omph., 
amph., r u t i l e ) (Ernst et a l . 1970); metabasalt, 2203 
(epidote,amph., a l b i t e , c h l o r i t e , muse.) (Iwasaki 1963), 
97 (sphene, a l b i t e , epidote, haematite, c h l o r i t e , quartz, 
amph.) (Banno 196*0, 598 (amph., epidote, c h l o r i t e , mica, 
quartz, sphene, a l b i t e , c a l c i t e ) , 599 (amph., epidote, 
mica, garnet, sphene, a l b i t e , quartz, c h l o r i t e ) (Ernst 
196*0; ironstone, 2562 (specularite, magnesio r i e b e c k i t e , 
cummingtonite, rhodonite) (Klein 1966). 



240 

CM 

/ , • 

I CM 
00 

I I i l l . 1 1 
' . 1 . 1 I /to 

i I J J i t f 

i 

I ' . i . 1 . : 11 / / ' i / I 'I / 

/ 

i I — I I I — 

N CM 

CM 

CM 
I D 

CM 
CO 

V \ s 

I — I 

CM 



-241-

Carmichael (I969); 256M- - 2566, 2570, 2573, 2576, 2579 Woolley et a l . 
(1972); 28^0 - 28^2 Erlank & Finger (1970); 2ln8 Frisch (1970). 

are from metaraorphlc host rocks and have basic atomic formulae with 
A i y > 1.17, A1 Z 0.5 - 1.12 (except 2562 with A l y 0,90, A l z 0.00 
which plots with the f i r s t category) and NaA < 0,^2, see Fi g . 7.31*-
f o r d e t a i l s . As might be expected f o r amphiboles close to the centre 
of amphibole compositional space the dominant component of the basic 
atomic formulae i s varied and includes Tr, Ts, Su, G, but not R s..d.. 
There are four other amphiboles i n the amphibole data f i l e which 
belong to t h i s category. One of these 256l a 'riebeckite - t r e m o l i t e 1 

from an amphibolite facies metamorphosed ironstone (Klein 1969) plots 
w ith analyses of the former category. The remaining three are electron 
microprobe analyses from metabasalts i n the Sanbagawa Bel t of Shifcoku, 
1197, 1198 (Klein 1969) and 2822 (Ernst et 1970). 1197, 1198 
represent zones i n amphibole from a quartz, a l b i t e , c h l o r i t e , amphibole 
stilpnomelane, mica, piedmontite, garnet, sphene assemblage which 
y i e l d basic atomic formulae of NaA 0,30 - 0,53, A l y 0,79 - 1.23, 
A l z 0.66 - 0.78 and NaA 0.03 - 0.1+5, A l y 0,76 - I.36, A1 Z 0.^5 -
0.57 respectively while 2822 which i s mantled by non-equilibrium calcic 
amphibole gave the following basic atomic formulae NaA 0,07 - 0.36, 
A l y 1.29 - 1,98, A 1 Z 0.3»+ - 0A8, 

There are thus twelve amphiboles i n t h i s second category 
which can be considered as intermediate between at least some of the 
apparently stably coexisting pairs (97, 107, 190, 385, 598, 599, 
991, 1197, 1198, 2203, 2812, 2822). The combination of evidence from 
the d i s t r i b u t i o n of basic atomic formulae i n A.C.S. and the adjacent 
portion of E.A.C.S., the close correspondence of the compositional 
gap between amphiboles i n apparent equilibrium w i t h the observed 
d i s t r i b u t i o n , and the presence of only twelve analyses out of 2560 
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i n the araphibole data f i l e which are intermediate i s consistent w i t h 
the existence of a solvus although t h i s probably does not extend to 
r i c h t e r i t e . 

I n t e r p r e t a t i o n of the twelve intermediate analyses i s 
d i f f i c u l t . 2202 (Van der Plas & Hugi I96I; Klein 1969) i s an 
analysis of composite material. Three of the amphiboles from eclogites 
(107 Banno 1961*; I90 Binns 196?; 2812 Ernst et a^0 1970) are 
associated w i t h rocks of the a l b i t e epidote amphibolite f a d e s and 
might conceivably be hypersolvus. The f o u r t h eclogite 385 Coleman 
et aj.,0 1965) was not found i n s i t u . Seven others (97 Banno 196W5 
598, 599 Ernst 196^5 991 Iwasaki 1963; 1197, 1198 K l e i n 19695 2822 
Ernst ejb 1970), are from the Sanbagawa b e l t of Shikoku. I t i s 
tempting to correlate these soda calcic amphiboles with the narrow 
compositional gap i l l u s t r a t e d i n F i g . 7.32 as i n d i c a t i n g the reduction 
or elimination of a solvus under the conditions appropriate to the 
Sanbagawa B e l t . However the non-equilibrium nature of 1197, 1198, 
2822 and the reported 3 to h per cent epidote Impurity i n the analysed 
material of 589, 590 complicates the i n t e r p r e t a t i o n of these analyses. 
I t i s suggested therefore that a solvus does separate the calcic and 
a l k a l i amphiboles under at least some metamorphic conditions but that 
t h i s solvus probably does not extend to r i c h t e r i t e . 
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8. GENERAL FEATURES OF THE BASIC ATOMIC FORMULAE OF AMPHIBOLES FROM 
THE MAJOR IGNEOUS AND METAMQRPHIC PARAGEMESES. 

I n t h i s Chapter the general features and d i s t r i b u t i o n of 
basic atomic formulae from ultramafic - ul t r a b a s i c , basic, I n t e r - , 
mediate, acid, basic a l k a l i and a l k a l i igneous host rocks and 
calcareous, ferruginous, s e r p e n t i n i t e , eclogite and the remaining 
metamorphlc host rocks w i l l be described. I t must be emphasised that 
a l l o c a t i o n of an amphibole to one of these^categor-les i s based on the 
o r i g i n a l author's name f o r the host rock type (Chapters 7). I t 
has only been possible to v e r i f y t h i s and to separate amphiboles 
which are secondary or i n non-equilibrium i n a l i m i t e d number of 
Instances of special significance. Unfortunately amphiboles from 
metabaslcs and metapelites from contact and greenschlst, a l b i t e epidote 
amphibolite, amphibolite, g r a n u l i t e , glaucophane lawsonite schist 
and intermediate facies have not been distinguished. I d e a l l y the 
w r i t e r would have l i k e d to have separated amphiboles from each of the 
major facies but t h i s proved i n p r a c t i c a l . Statements of the meta­
morphlc facies are not always given with analyses of amphiboles and 
i t would have been a considerable task to determine the facies from 
stated mineral assemblages. The ch a r a c t e r i s t i c features of the basic 
atomic formulae of amphiboles from each of the above parageneses are 
discussed below as foll o w s , ultramafic - ultrabaslc Section 8.1.1, 
basic Section 8«1.2, intermediate Section 8.1.3, acid Section 8.1.W, 
basic a l k a l i Section 8.1.5 and a l k a l i Section 8.1.6, Igneous 
parageneses and calcareous Section 8.2.1, ferruginous Section 8.2.2, 
serpentinite Section 8.2.3, eclogite Section 8.2.U and the remaining 
metamorphic parageneses Section 8e2.5» The general features of 
amphiboles from p a r t i c u l a r host rocks and the r e l a t i o n between host 
rock type and amphibole composition i s discussed i n Section 8.3. 

o 2+ 2+ Table 8,1 summarises the nomenclature and extent of Mg - Fe 



8.1. Nomenclature and Mg"' - Fe""", A1 V J" - Fe^ s u b s t i t u t i o n 
i n amphiboles from various igneous and metamorphic host 
rock categories. 

Sensu dominante 
Tr" Ed Pa Ts " Su"~~"R G Ec TP Ks No UNNAMED FeMgMn 
3 - 22 h h - - - - 1 
1 1 1 5 - 7 2 - - - 2 1 

37 k 11 

6 
3 

12 
8 

12 
5 
1 

3 
1 

9 

3 
26 
1 

1 

31 

3 
18 

22 22 

1+ 
17 
1 

3 

26 26 

2 
6 
2 
21 

8 1 
15 2 

k 

18 
1 
k 

1 
1 

21 31 27 - - 5 7 2 
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- - 27 1 7 - 5 6 1 2 2 
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72 1 ljk 81 33 7 13 25 1 2U 6 3 
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and Al - Fe s u b s t i t u t i o n i n those amphiboles i n the amphibole data 
f i l e with either Ĥ O*-? F or CI determined and y i e l d i n g balanced basic 
atomic formulae. Sensu dominante names f o r the c a l c i c , soda calcic 
and a l k a l i amphiboles, as defined i n Chapter 7, were obtained with 
the aid of Table 5«1« Where i t was not possible to obtain a sensu 
dominante name f o r a c a l c i c , soda calcic or a l k a l i amphibole the 
analysis has been entered under the column headed 'No'. Kaersutites 
as defined i n Section 5 < > 5 o l , were separated and are shown as the 
column head 'Ks'• 

8.1. Amphiboles from Igneous host rocks„ 

From an inspection of Figs 7»1 - 7»28 and Table 8.1 i t can 
be seen that the great majority of amphiboles from igneous host rocks 
are either c a l c i c , soda calcic or a l k a l i amphiboles. Only three 
analyses, two cummingtonites and one grunerlte p l o t i n the FeMgMn 
amphiboles. Since the remaining analyses have Mg less than 0.66 and 
are either c a l c i c , soda calcic or a l k a l i amphiboles i t i s possible to 
i l l u s t r a t e the v a r i a t i o n i n Al , A l y , and Na i n the basic atomic 
formulae i n terms of two axis plots of A l versus Na x and A l z versus 

y 
A l e This has been done f o r each of the six igneous host rock 
categories, Figs 8.1 - 8.6. The d i s t r i b u t i o n s d i f f e r from Figs 7.21, 

y 
7.22 i n the i n c l u s i o n of basic atomic formula with Mg up to 0.66. 

Considering each of the categories i n t u r n . 

8.1.1. Ultramafic - u l t r a b a s i c . (Table 8.1, F i g . 8.1). 

With two exceptions, 1311 and 1313$ both i n R s.g.., which 
are r e p l i c a t e analyses of amphibole i n a pyroxenite adjacent to a 
hydrothermal vein (Larsen 1938, 19^2) a l l the remaining amphiboles 
from ultramafic - ultrabasic host rocks are c a l c i c . A l z and A l y 

range between l i m i t s of 0.2 to 2.W, and 0.0 to 2.0 respectively. 
There are only seven analyses with Aidless than l . * t « I n terms of 



-2/,8_ 

* X 
Figs. 8,1 - 8.6 Al versus Na f o r c a l c i c , soda calcic and Z Y a l k a l i amphiboles and Al versus Al f o r calcic 

amphiboles from ultramafic - ultrabaslc (8.1), 
basic (8.2), intermediate (8.3), acid (S, 1*), 
basic a l k a l i ( 8 . 5 ) , and a l k a l i (8.6) igneous host 
rocks. Substitutions i n the atomic formulae are 
indicated as f o l l o w s : -

F e 2 + / ( F e 2 + + Mg 2 +) Fe 2 +/(F© 2 + + A l V i ) Abbrev. Symbol. 
£ 0 . 5 ^ 0 . 5 ( M g 2 + , A l v i ) O 

0 . 5 > 0 . 5 (Mg 2 +,Fe 2 +) © 
2+ v i v 

> 0 . 5 ^ 0 . 5 (Fe ,A1 ) A 
> 0 . 5 > 0 . 5 (Fe 2 +,Fe 3 +) & 
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sengu dominante nomenclature, amphiboles from u l t r a m a f i c - u l t r a b a s i c 
host rocks belong predominantly t o Pa s,od,0 and le s s commonly to Su, 
Ts, and Tr s.d.. I n a d d i t i o n , there are three k a e r s u t i t e s and a 
si n g l e a n a l y s i s , 1622 (Onuki 19^3) i n the f i e l d of Ed s,&. The . 
f o u r analyses from Tr S.&., *+78 (Du R i e t z 1935)> 1^00 (Lukac 1935), 

lk62 (Mikoia & Sahama 1936), 181+5 (Ross 1929) are a l l secondary a f t e r 
pyroxene or o l i v i n e . A l l basic atomic formulae are e i t h e r (Mg , 
A l v i ) or ( M g 2 + , F e 3 + ) s u b s t i t u t e d . 

8 . 1 . 2 . B a s i c . (Table 8 . 1 . F i g . 8 . 2 ) . 

With the exception of one cummingtonlte, 2838, ( S a v o l a h t i 
1966) a l l amphiboles from basic igneous host rocks are c a l c i c . A l 
and A l ^ range between 0 .2 t o 2 .5 and 0.1 t o 1.8 r e s p e c t i v e l y . With 

z 
f i v e exceptions A l i s i n excess of 1 .0 . The analyses are e q u a l l y 
d i s t r i b u t e d between the f i e l d s of Pa and Ts £.d. w i t h l e s s common 
Tr and Su s,,^. There are also three k a e r s u t i t e s . The f i v e analyses 
w i t h A 1 Z l e s s than 1 .0 , 839 (Henry), 1028 (Kanisawa I 9 6 M , 1783 

(Ramachandra 1937)> 1835 (Rose & Fromme 1932), 2355 (Yosyimura 19*+0) 

a l l i n the f i e l d o t Tr s.d. are secondary. There are no analyses i n 
Ed £.d. Basic atomic formulae are predominantly, but no e x c l u s i v e l y , 
( M g 2 + , A l V i ) and (Mg 2 +, F e 3 + ) s u b s t i t u t e d . 
8 . 1 . 3 . I n t e r m e d i a t e . (Table 8 .1 , F i g . 8 . 3 ) . 

A l l the amphiboles from i n t e r m e d i a t e igneous host rocks are 
c a l c i c . A l z and A l y range between 0 .6 t o 2 . 2 . and 0 .3 t o 1.7 

r e s p e c t i v e l y . The analyses are almost e q u a l l y d i s t r i b u t e d between 
the f i e l d s of Tr, Pa and Ts s,.d. w i t h some i n Su s..d. There are no 
k a e r s u t i t e s or analyses w i t h Ed as the dominant component. Basic 
atomic formulae are predominantly (Mg , Fe J ) and le s s commonly 
(Mg , A l v i ) , ( F e 2 + , F e 3 + ) s u b s t i t u t e d . I n c o n t r a s t to the preceding 

"5+ V i 
categories F a J excedes A l i n the m a j o r i t y of inst a n c e s . 



8.1.1*. A c i d . (Table 801« F i g . 8,»0. 

Apart from ono cunimingtonite, 302 (Buckley & W i l k l n s 1971) 

and one g r u n e r i t e , 101'+ (Bowen & Schalrer 1935) a l l remaining amph-
i b o l e s from acid igneous host rocks are e i t h e r c a l c i c , soda c a l c i c 

z v 
or a l k a l i . Taking the c a l c i c amphiboles f i r s t , A l , A l , range 
between 0.W t o 2 0 1 and 0.2 t o 1.7 r e s p e c t i v e l y and the analyses are 
d i s t r i b u t e d between Pa, Ts and Tr se±. There are no analyses i n Ed 
or Su s,.d,. and no k a e r s u t i t e s * The basic atomic formulae are 

2+ 3+ 2+ c h a r a c t e r i s t i c a l l y (Mg , Fe ) or (Fe ' Fe ) s u b s t i t u t e d w i t h 
2+ "\+ 

(Fe , Fe ) basic atomic formulae concentrated i n Pa £.d[. 
Z n . y 

The soda c a l c i c and a l k a l i amphiboles have AK0.M-, A l 
0 .8 - 2.1 and belong t o Ec and G s,.^. The A s i t e occupancy ranges 
from 0.11 t o 1 .16. With two exceptions a l l the basic atomic formulae 

2+ "*+ 
are (Fe , Fe^ ) s u b s t i t u t e d . The two exceptions which are both 

2+ "\+ 
(Mg , Fe ) s u b s t i t u t e d are i n the f i e l d of G s,.cL. 

8 . 1 . 5 . Basic a l k a l i . (Table 8 . 1 , F i g . 8 . 5 ) . 

The b u l k of amphiboles from basic a l k a l i host r o c k s , t h a t i s 
from b a s a n i t e s , t r a c h y a n d e s i t e s , t r a c h y b a s a l t s , camptonites, 
monchlquites, l u g a r i t e s , essexites e t c . form a d i s c r e t e group of 
c a l c i c amphiboles w i t h A l z i n excess of 1.7 and high but v a r i a b l e 
A l ^ (0 .8 - 2 . 1 ) . The m a j o r i t y of such amphlboles are k a e r s u s i t e s , 
the remainder a l s o occur i n the f i e l d s of Pa and Su s^.d. C a l c i c 

z 
amphiboles w i t h lower A l which are from a l k a l i gabbros l6 l+3, 

(Onuki & Tlba 196*0 and type sho n k i n i t e s 1017, 1018 ( B l y t h & 
Lambert 1970) have e i t h e r Tr of Ts as the dominant component of the 
basic atomic formula. Soda c a l c i c amphiboles 1319, 1320 i n R s_,4. 

and 132i i n Ec s..^. are r e p l i c a t e analyses from an a l t e r e d un-

compahgrite (Lar sen I938 , 19^2)o The a l k a l i amphlbole 2258 (Vlasov 
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ot, a l . 1966) i n Ec s_.d,. i s from an u r t i t e , L i t e the araphiboles from 
u l t r a m a f i c - u l t r a b a s i c host rocks the basic atomic formulae are 

(Mg 2 +, F e
3 + ) and (Mg 2 +, A l v i ) s u b s t i t u t e d . 

8 . 1 . 6 . A l k a l i . (Table 8 , 1 . F i g 8 . 6 ) . 

Amphiboles from a l k a l i igneous host rocks form two d i s c r e t e 
groups, ( i ) those w i t h A l z i n excess of 1 .6 i n c l u d i n g both c a l c i c , 
and soda c a l c i c amphiboles, and ( i i ) those w i t h A 1 J less than 0.9 

from the c a l c i c , soda c a l c i c and a l k a l i awphiboles. Amphiboles from 
the former category are predominantly Pa s,.d.. w i t h l e s s common Su, 
Ts s_. d. and k a e r s u t i t e s , and are t y p i c a l l y ( F e 2 + , Fe^ +) s u b s t i t u t e d . 

Amphiboles from the low A l z category f a l l predominantly i n the 
f i e l d of Ec s,.^. and less commonly G, R,Tr and M s,.d. The m i y a s h i r o i t e , 
22kl (Volkov e t aj^. 1962) has been discussed p r e v i o u s l y ( S e c t i o n 5 . ^ . 1 ) . 

The three low A l c a l c i c amphiboles, 868 from a nepheline s y e n i t e 
(Heron 192*+), 2356 from a druss i n syenite (Zambonini 1905) and 2563 

from a f e n i t i s e d q u a r t z l t e (Woolley e t a l . 1970) are a l l i n Tr s_.d. 
592 from a sye n i t e (Erdsmannsdorffer 1929) i s the f o u r t h Tr £.d. 
Basic atomic formulae of the low A l z category are v a r i o u s l y ( M g 2 +, 
F e 3 + ) , ( F e 2 + , F e 3 + ) , (Mg 2 +, A l v i ) and ( F 6 2 h , A l v i ) s u b s t i t u t e d . 

8 . 2 . Amphiboles from metamorphlc host rocks. 

The basic atomic formulae of amphiboles from metamorphlc 
host rocks are both more numerous and more v a r i e d than those from 
igneous occurrences. 

8 . 2 . 1 , Calcareous metamorphlc host rocks. 

I n s p e c t i o n of Figs 7e l - 7.28 and Table 8 0 1 suggests» as might 
be expected, t h a t most amphiboles from calcareous metamorphic pangen­
eses are c a l c i c . For c l a r i t y the c a l c i c amphiboles have been included 
on one f i g u r e . I n s p e c t i o n of F i g . 8.7 shows t h a t c a l c i c amphiboles 
from marbles and skarns form two groups, one near t r e m o l i t e which i s 
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calcareous host r o c k s . Symbols are the same as F i g s . 

8.1 - 8.6. 



2+ v i 2+ 3+ 
c h a r a c t e r i s t i c a l l y (Mg , A l ) or (Mg , Fe ) s u b s t i t u t e d and the 

2+ 2+ v i 3+ 
second near par g a s i t e which i s more v a r i e d i n Mg -Fe and A l -Fe 
s u b s t i t u t i o n o Only seven c a l c i c amphiboles, numbered on F i g . 8.7 do 
not p l o t e i t h e r i n Tr or Pa s.d. One of these, 319, (Buerger 1927) 

i n Ts s.d. w i t h o u t K 2 0 or Na 2° m u s t b e c o n s i d e r e d i n f e r i o r . The 
remaining s i x , "2329 ( W i n c h e l l 1 9 3 D » and i t s r e p l i c a t e a n a l y s i s , 
131+9 (Leake 1962) from E g a n v i l l e , 1280 (Kreutz 1908), 1300 ( L a i t i k a r i 
1920) from Pargas, l6^+ (Palache 1935) from S t e r l i n g H i l l , New Jersey, 
and 1277 (Kreutz 1908) from R u s s e l l , New York a l l i n Ed s.d. appear 
t o be s a t i s f a c t o r y . 

Not a l l the amphiboles from calcareous parageneses are c a l c i c 
Also included i n Figs 7.1 - 7.28 are three soda c a l c i c amphiboles 
from manganiferous skarns (1833, Rondolino 1936; 2810 Sundlus 19^6; 

1213 K l e i n & I t o 1968) and three a l k a l i amphiboles (1316, 1317, 1318 

Larsen 1938) f?om carbonate bodies associated w i t h a l k a l i igneous rocks 
(Larsen 1938, 19^2). The f i r s t three l i e i n the f i e l d s of T r , R and 
G s.d. r e s p e c t i v e l y and the l a t t e r three are a l l i n Ec s,,±, D r y s d a l l 
& Newton (1960) have described an asb e s t i f o r m amphibole associated 
w i t h dolomite from Lusaka, Zambia, but both the analyses of the 
m a t e r i a l , *+82, ^83, f a i l e d t o give a balanced basic atomic f o r m u l a . 
I f amphiboles from c a l c i t e bearing hydrothermal veins are Included 
there are a f u r t h e r three soda c a l c i c amphiboles i n Figs - 7 .28. 

These are 1311, 1313» (Larsen 1938), which were included i n the 
u l t r a m a f i c - u l t r a b a s i c category on Figs 7.1 - 7.28 and Table 8 .1 , 

2832 (Larsen 19^2) i n R s.d. and 682 (Foshag 1936) w i t h G as the 
dominant component. 

8.2 .2* Ferruginous metamorphlc host r o c k 9 . 

f e r r u g i n o u s 
From Figs 7.1 - 7.28 i t can be seen t h a t amphiboles from / 

metamorphic parageneses p l o t i n the FeMgMn, c a l c i c or a l k a l i amphiboles 
FeMgMn amphiboles a l l have low A l z ( < 0 .10) and d i s p l a y v a r y i n g 



2+ 2+ 

degrees of Fe , Mg s u b s t i t u t i o n . A l l are apparently monocllnic 
and t h e r e f o r e are cummingtonite - g r u n e r i t e s . The c a l c i c amphiboles 
a l l p l o t i n the f i e l d of Tr s.d. (Table 8 .1) and w i t h a s i n g l e 

2+ 2+ exception, 582 (Bonniscben 1969), have Mg i n excess of Fe . This 
a n a l y s i s also d i f f e r s i n having an A l z of 0 .77; a l l the other 

z 
t r e m o l i t e s from ironstones have A l le s s than 0 .30 . The a l k a l i 

2+ 3+ 
amphiboles are (Fe , Fe ) s u b s t i t u t e d and p l o t close to G. There 

2+ 3+ 

i s i n a d d i t i o n a s i n g l e (Mg , Fe ) s u b s t i t u t e d soda c a l c i c amphibole 
2562 ( K l e i n 1966) i n G s,.d. This and 266 l , also from an ir o n s t o n e 
but which does not give a balanced basic atomic formula, have been 
discussed i n Section 7<>2. 

Recently a considerable number of a d d i t i o n a l analyses l a c k i n g 
H 2 0 + > F or CI have been published (Mueller I96O; Krank 196l; 
Bonnischen 19695 Annersten & Ekstrbm 1971) . Examination of these 
analyses does not markedly a f f e c t the above statements except t h a t 
the range of A l z i n the c a l c i c amphiboles i s increased t o 1.21 by 581, 

(Bonnischen 1969). 

8.2.3o S e r p e n t i n i t e metamorphic host r o c k s . 

Very l i t t l e can be said regarding amphiboles from serpent-
i n i t e s as there are only s i x included i n Figs 7ol - 7 » 2 8 . Four of 

Z v 
these are c a l c i c w i t h a wide range of A l (O.Mt - I . 9 U ) and A l y (0.^2 

1.00) and p l o t i n the f i e l d s of Tr, and Pa (Table 8 . 1 ) . There i s 
one soda c a l c i c amphibole, 13^1 (Laudermilk & Woodford 1930) , which 
was o r i g i n a l l y considered t o be orthorhombic but was l a t e r shown by 
Rabbit (191+8) t o be monoclinic. There i s a l s o a s i n g l e FeMgMn 
amphibole which i s apparently orthorhombic and p l o t s close t o Anth. 

2+ v l 
As might be expected a l l are (Mg , A l ) s u b s t i t u t e d . 

I n the data base as a whole there were only a f u r t h e r s i x 
analyses from s e r p e n t i n i t e s and these were e i t h e r FeMgMn or c a l c i c 
amphiboles. 
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8.2.1+. E c l o g l t e s . 

I n s p e c t i o n of Figs 7.1 - 7.28 and Table 8,1 shows t h a t basic 
atomic formulae of a.mphiboles from e c l o g i t e host rocks w h i l e 
c h a r a c t e r i s t i c a l l y (Mg 2 +, A l v i ) or ( M g 2 + t F e 3 + ) s u b s t i t u t e d are v a r i e d 
i n composition and Include examples from the c a l c i c , soda c a l c i c and 
a l k a l i amphiboles i n the f i e l d s of Pa, Ts, Su, T r , G £ . 4 . and one 
k a e r s u t i t e . The possible s i g n i f i c a n c e of t h i s observed v a r i a t i o n 
i s discussed i n Section 8 . 3 , 6 . 

8 , 2 . 5 . Remaining metamorphic host rocks. 

Included i n t h i s l a r g e category ar6 those amphiboles from 
contact and r e g i o n a l metamorphlc f a c i e s other than ' e c l o g i t e 1 , 
calcareous, f e r r u g i n o u s or s e r p e n t i n i t e host r o c k s . 

As might be expected the basic atomic formulae of amphiboles 
from such d i v e r s e occurrences are h i g h l y v a r i e d and Includ e examples 
from the c a l c i c , soda c a l c i c and a l k a l i , FeMgMn and unnamed regions 
of amphibole compositional space and extended amphibole compositional 
space (Figs 7.1 - 7.28, Table 8 . 1 ) . By f a r the l a r g e s t p r o p o r t i o n of 
these analyses are c a l c i c w i t h a pronounced maximum a t A l z 1.6 (Figs 
7.21 - 7 .2k % 7 . 2 9 ) . These are subsiduary concentrations near G ( F i g 
7.1) and i n the FeMgMn amphiboles (Figs 7.27, 7 .28 ) . 

I n terms of sejigu. dominance nomenclatura amphiboles from such 
metamorphic host rocks are predominantly i n the f i e l d s of Ts, Pa, and 
Tr w i t h fewer analyses i n G, Ed, Su, and M &.<2.. I n c o n t r a s t t o 
the basic atomic formulae of amphiboles from igneous rocks there are 
a number of apparently r e l i a b l e analyses i n Ed s,,d. but none w i t h R or 
Ec as the dominant component, and no k a e r s u t i t e s , 

The c a l c i c , soda c a l c i c and a l k a l i amphiboles are c h a r a c t e r ­
i s t i c a l l y ( M g 2 + , A1 V I ) or ( M g 2 + , Fe3"1") s u b s t i t u t e d . This i s p a r t i c -



n f\ *"> 

u l a r l y evident i n the case of the low A l c a l c i c amphiboles i n the 
2+ 2+ 

f i e l d s of Tr and Ed s,.d. where Mg excedes Fe i n almost every 
i n s t a n c e . However, f e r r o u s s u b s t i t u t e d amphiboles are not e n t i r e l y 

2+ v i 2+ ^+ absent w i t h (Fe , A l ) and (Fe , Fe J ) s u b s t i t u t i o n being found 
concentrated I n the f i e l d s of Ts and Pa s_.d. r e s p e c t i v e l y . L a s t l y 
amphiboles i n the FeMgMn and unnamed r e g i o n of extended amphibole 
compositional space are s i m i l a r l y ( M g 2 +, A l v i ) or (Mg 2 +, Fe^ +) 
s u b s t i t u t e d . 

8 . 3 . Discussion of the observed r e l a t i o n s h i p s between amphlbole 
composition and mode of occurrence. 

From the preceding d e s c r i p t i o n of the d i s t r i b u t i o n of basic 
atomic formulae i l l u s t r a t e d i n Figs 7.1 - 7o28 i t i s apparent t h a t 
when considered together amphiboles from igneous and metamorphic host 
rocks are d i s t i n c t i v e i n a number of aspects. Thus f o r example, 
igneous amphiboles w i t h edenlte as the dominant component or p l o t t i n g 
i n the FeMgMn amphiboles are uncommon compared w i t h amphiboles from 
metamorphic host r o c k s , w h i l e the reverse s i t u a t i o n a p p l i e s to R, 
Ec js.d,. and k a e r s u t i t e . A f t e r a l l o w i n g f o r the f a c t t h a t some of 
these f e a t u r e s may be r e l a t e d t o sampling b i a s i n the i l l u s t r a t e d 
analyses a number of t e n t a t i v e suggestions are made below which may 
e x p l a i n these observed d i f f e r e n c e s . F u r t h e r an attempt i s made t o 
e x p l a i n q u a l i t a t i v e l y the e x t e n t of v a r i a t i o n e x h i b i t e d by amphiboles 
w i t h i n s i n g l e amphibole host rock categories and between r e l a t e d 
c a t e g o r i e s . 

8 . 3 . 1 . FeMgMn amphiboles from Igneous host rocks. 

Perhaps the most s t r i k i n g d i f f e r e n c e between the observed 
d i s t r i b u t i o n of amphiboles from igneous and metamorphic host rocks 
i s the apparent s c a r c i t y of igneous FeMgMn amphiboles. Only three are 
i l l u s t r a t e d i n Figs 7 . 1 - 7o28. Of these 2838 ( S a v o l a h t i 1966) occurs 
as a l a t e stage a l t e r a t i o n product of orthopyroxene i n a gabbro w h i l e 



101** (Bowen & Schairer 1935) "which i s from a f a y a l i t e bearing g r a n i t e 
pegmatite may have formed by l a t e stage r e a c t i o n between quartz and 
f a y a l i t e (Ernst 1968) e The t h i r d FeMgMn amphibole, 302 (Buckley & 
W i l k i n s 197D occurred as phenocrysts i n r y h o l i t e pumice b r e c c i a . , 
I n a d d i t i o n t o these analyses cummingtonite has been recorded from 
basic igneous rocks where i t i s secondary a f t e r orthopyroxene and 
f r e q u e n t l y associated w i t h a c a l c i c amphibole (Deer 1935; Nockclds 
19^1; S e i t s a a r i 1952; Shido 1958). More r e c e n t l y the occurrence 
of phenocrysts of cummingtonile plus c a l c i c amphibole i n r h y o l i t e and 
d a c i t e lavas has been recognised (Kuno 1938; K l e i n 1968; Ewarfc 
et a l . 1971, 1975)-

Schurmann (1968) found t h a t the upper thermal s t a b i l i t y of 
amphibole i n the j o i n cummingtonite - g r u n e r i t e a t 1 kb ranged from 
595° C t o greater than 660° C« This r e l a t i v e l y low upper s t a b i l i t y 
may account i n p a r t f o r the apparent s c a r c i t y of primary Igneous 
cummingtonite - g r u n e r i t e . This i s c o n s i s t e n t w i t h the observations 
of Ewart e t â _. (1975) who found t h a t of the mafic phenocryst 
assemblages from the Taupo r y h o l i t e s , those w i t h cummingtonite had 
the lowest o q u i l i b r a t i o n temperatures i n the range 725 - 755° C a t 
1 - 3 k b 0 The presence of o l i v i n e plus quartz as the high temperature 
assemblage eq u i v a l e n t t o g r u n e r i t e (Schurmann 1968) i s a l s o c o n s i s t e n t 
w i t h the petrographic o bservation t h a t g r u n e r i t e from Rockport Mass. 
(Bowen & Schairer 1935) formed by r e a c t i o n between o l i v i n e and quartz. 
I t i s suggested t h e r e f o r e t h a t the r e l a t i v e s c a r c i t y of primary igneous 
cummingtonite - g r u n e r i t e s r e f l e c t s the r e l a t i v e l y low thermal 
s t a b i l i t y of the s e r i e s . A s i m i l a r e x p l a n a t i o n may account f o r the 
apparent l a c k of primary g e d r i t e ( H i n r i c h s en 1968) but not anthophy-
l l l t e (Greenwood 1963). Presumably i n the case of a n t h o p h y l l i t e , and 
f o r t h a t matter cummingtonite and g e d r i t e , f a c t o r s such as host magma 
composition, P H 2 q a n c^ the Qase w i t h which the mineral can be i d e n t i f i e d 
are important i n e x p l a i n i n g the apparent absence of such amphiboles 
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from igneous rocks« 

8 . 3 . 2 . Igneous amphiboles w i t h edenite as the dominant component 

With one exception there are no Igneous amphiboles i l l u s t r a t e d 
i n Figs 7<>1 - 7o28 near edenite or w i t h Ed as the dominant component 
of the basic atomic formula (Table 8 . 1 ) . While i t i s possible t h a t 
t h i s may be a t t r i b u t e d t o a bias i n sampling i t i s worthy of note 
t h a t Leake (1971) noted a s i m i l a r f e a t u r e i n an independent c o l l e c t i o n 
of analyses. However, i n s p e c t i o n of Table 8.1 shows t h a t araphiboles 
w i t h Ed as the dominant component are found i n calcareous and general 
metamorphic parageneses but are also absent from e c l o g i t e s . The 
s t a b i l i t y f i e l d r o f edenite and f e r r o - e d e n i t e have n o t , as f a r as the 
author i s aware, been determined, although edenite and f e r r o - e d e n i t e 
have been synthesised a t 850° C, 2 kb and 600° C, 3 kb r e s p e c t i v e l y 
( C o l v i l l e e t al„. 1966), Leake (1971) considered t h a t the absence of 
igneous amphiboles near edenite and f e r r o - e d e n i t e could be a t t r i b u t e d 
t o a r a t h e r low thermal s t a b i l i t y of both phases. The evidence 
presented here of the almost complete l a c k of such compositions from 
igneous and e c l o g i t e parageneses i s not i n c o n s i s t e n t w i t h such an 
i n t e r p r e t a t i o n . 

8 . 3 . 3 . K a e r s u t l t e . 

I n s p e c t i o n of Table 8.1 shows t h a t k a e r s u t i t e i s almost 
e x c l u s i v e l y confined t o igneous parageneses. The sole exception, 
2305 (White e t §2,. 1972) i s from an ' e c l o g i t e ' nodule associated w i t h 
the n e p h e l i n i t e b r e c c i a , Kakanui, New Zealand. Taking the e n t i r e 
amphibole data f i l e a f u r t h e r f i v e k a e r s u t i t s s from ' e c l o g i t e 1 

paragenese were l o c a t e d . Two of these were also from Kakanui, lV+2, 

Ikkh (Mason 1968a,b) and three were from Lherz i n France, l*+93 

(Mottana Edgar I 9 6 9 ) , 2399, 2*4-00 (Conquere 1971) where they occur i n 
dykes or layered d i f f e r e n t i a t e s i n l h e r z o l i t e . Only three other 



amphiboles w i t h T i i n excess of 0 .5 atoms i n the amphibole data f i l e 
were reported from raetamorphic host rocks. Two of these, 1565, 1566 

(Naldu 195*0 were considered t o be i n f e r i o r analyses and d i d not comply 
w i t h the d e f i n i t i o n of k a e r s u t i t e , see Section 5 .5«1« The t h i r d . 
a n a l y s i s , 650 (Fabrles 1963) which i s from an am p h i b o l i t e , w h i l e 
complying w i t h the d e f i n i t i o n of k a e r s u t i t e i s suspect i n not 

2+ 

achieving charge balance and has 0.^8 atoms of Ca i n the A - s i t e . 
Thus w i t h the exception of those from ' e c l o g i t e s ' the remaining 
k a e r s u t i t e s i n the araphibole data f i l e f o r which paragenese are known 
are a l l from igneous rocks. 

Of the igneous k a e r s u t i t e s , 850, 851 and 855 (Hermes 1970) 

which occurred i n a two pyroxene gabbro and 2662 which c r y s t a l l i s e d 
from o l i v i n e t h o l e i i t e s t a r t i n g m a t e r i a l (Holloway & Burnham 1972) 

are e x c e p t i o n a l i n being from t h o l e i i t i c rock types. A l l f o u r are 
e l e c t r o n microprobe analyses w i t h T i only marginaly i n excess of 
0 .5 atoms and a l l i r o n reported as FeO which tends t o exaggerate 
the numerical value f o r the c a t i o n s i n c l u d i n g T i ^ * (see Chapter 3 ) . 

Closer examination of the mode of occurrence of the remaining 
k a e r s u t i t e s allows three broad categories t o be recognised. 

(1 ) A l k a l i r i c h , s i l i c a undersaturated, o f t e n f e l d s p a t h o i d a l 
p l u t o n i c igneous rocks i n c l u d i n g , t e s c h e n i t e (Aoki 1963), 

l u g a r i t e (Howie 1963), a l k a l i gabbro ( F r i s c h 1970; V a l i q u e t t e 
& Archambault 1970; Borley e t a^o 1971; Ridley 1971), 

e s s e x i t e (Adams 1903} H a r r i n g t o n 1903; B a n c r o f t & Howard 1923) 

m i n v e r i t e (Kempe 1968), l h e r z i t e (Conquere 1971), camptonite, 
monchlquite ( K a i s e r ; Campbell & Schenk 1950; Vincent 1953)> 

s y e n i t e , p u l a s k i t e (Maurltz 1911; Wolff 1929; Streckeisen 
195^; Bose 1963; Perchuk et ai.. 1967; F r i s c h 1970), 

monzonite, monzodiorlte (Novotny 19^9; Yagi 1953; F r i s c h 
1970; Valiquetu& Archambault 1970). 
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(2) Phenocrysts i n a l k a l i r i c h s i l i c a undersaturated e x t r u s i v e rocks 
i n c l u d i n g , t r a c h y b a s a l t , trachyandesite (Harumoto 1933; 

Kawano 193^; W i l k i n s o n 196 l ; Aoki 1963; Uchimuzu 1966), 

p h o n o l i t e (Borley e t a l . 1971) and a number from u n s p e c i f i e d 
basic rock types (Schneider 1891| Washington & Wright 1908; 

Tomita 1962$ Borley e t a l . 1971). 

(3) Xenocrysts and x e n o l l t h s i n rocks o f the former two c a t e g o r i e s , 
i n c l u d i n g xenocrysts (Aoki 1963; Wise 1966; Mason 1968a; 

Binns I9695 Aoki 1970; Best 1970), gabbroic ( p l a g l o c l a s e 
b e a r i n g ) x e n o l i t h s , (Aoki 1959; LeMaitre 1969; Aoki 1970; 

Best 1970), u l t r a b a s i c (combinatior.3 of the phases amphibole, 
clinopyroxene, o l i v i n e , s p i n e l , r a r e orthopyroxene) x e n o l i t h s 
( P r i s c h & Schminke 1969; Aoki 1970; Best 1970; Prina & Nehru 
1970; Borley §t â ,. 1971; Laughlin e t aj,. 1971) and sye n i t e 
x e n o l i t h s (Borley e t a l . 1971). 

. I t i s apparent t h e r e f o r e t h a t k a e r s u t i t e , i n c l u d i n g those from 
• e c l o g i t e s 1 are confined t o , or associated w i t h , s i l i c a undersaturated, 
o f t e n a l k a l i r i c h and f e l d s p a t h o i d a l p l u t o n l c or e x t r u s i v e igneous 
parageneses. With the data a v a i l a b l e i t has not been poss i b l e t o 
de f i n e those c r i t e r i a which determine the occurrence of k a e r s u t i t e 
although i t i s evident from the observed occurrences t h a t a p p r o p r i a t e 
p h y s i c a l c o n d i t i o n s are not a t t a i n e d d u r i n g r e g i o n a l or contact 
metamorphism except i n some e c l o g i t e s themselves associated w i t h 
igneous r o c k s . I n t h i s connection i t i s of I n t e r e s t t o note t h a t 
unpublished experimental work by T u t h i l l and I r v i n g quoted i n Kesson 
& P r i c e (1972) suggested t h a t k a e r s u t i t e occurred both as a subsolidus 
phase and coexisted w i t h melt i n basic a l t a l i compositions under 
hydrous c o n d i t i o n s a t 25 - 30 kb. Yagi e t a^. (1969) i n d i c a t e d t h a t 
k a e r s u t i t e was st a b l e between 1 atm and 30 kb. 



8 . 3 . ^ . Metamorphic amphiboles w i t h r i c h t e r i t e and eckermannita as. 
the dominant component. 

Compared w i t h amphiboles from igneous parageneses those from 
inotamorphic parageneses show a smaller p r o p o r t i o n of amphiboles w i t h 
e i t h e r R or Ec as the dominant component of the basic atomic formula. 
Of the metamorp.hic amphiboles included i n Table 8 . 1 , R and Ec s,.d.. 

are confined t o calcareous and s e r p e n t i n i t e parageneses, although the 
s e r p e n t i n l t e r i c h t e r i t e ( 1 3 J + 1 Laudermilk & Woodford 1 9 3 0 ) occurred 
i n a hydrothermal v e i n . A search of the e n t i r e amphibole data f i l e 
f o r R and Ec s.=c[. from other than calcareous metamorphic parageneses 
located only one f u r t h e r r i c h t e r i t e ( 1 1 9 3 » K l e i n 1 9 6 9 ) and two 
eckermannites (1180, K l e i n 1 9 6 9 ; 2 2 3 7 Palache 1 8 9 ^)» The r i c h t e r i t e 
has been discussed p r e v i o u s l y i n Section 7 o 2 0 l . H 8 0 i s an e l e c t r o n 
microprobe a n a l y s i s . R e c a l c u l a t i o n of an optimum i r o n o x i d a t i o n 
s t a t e moves the basic atomic formula i n t o G s.d. f o r reduced i r o n 
r a t i o s l ess than 0 o 8 . The second eckermannite was re-analysed by 
Borg (1967b) as 2 0 9 and p l o t s i n G £.d. There would appear t h e r e f o r e 
t o be no r e l i a b l e analyses i n the amphibole data f i l e from a non-
calcareous metamorphic paragenesis w j t h Ec as the dominant component. 

The reason f o r the s c a r c i t y or absence of amphiboles w i t h R 
or Ec as the dominant component from these non-calcareous parageneses 
i s normally a t t r i b u t e d t o the unusual chemical requirements of these 
amphiboles ( P h i l l i p s & Rowbotham 1 9 6 8 ) , This i s emphasised by the 
high thermal s t a b i l i t y of r i c h t e r i t e , f e r r o - r i c h t e r i t e (Charles 1 9 7 2 ) 

and eckmermannite ( P h i l l i p s & Rowbotham 1 9 6 8 ) . 

8 . 3 < > 5 o V a r i a t i o n i n composition of igneous amphlboles w i t h mode 
of occurrence. 

z 
While the range of A l i n the c a l c i c amphiboles i n each of 

the s i x igneous host rock categories i s l a r g e the lower l i m i t decreases 
s t e a d i l y i n passing from u l t r a m a f i c - u l t r a b a s l c through basic and 



i n t e r m e d i a t e t o acid igneous r o c k s . This i s also apparent i n the 
i n c r e a s i n g number of analyses i n Tr j s . ^ . (Table 8 . 1 ) . Leake (1971), 

f o l l o w i n g Harry (1950) i n t e r p r e t a t e d the v a r i a t i o n i n A l z ( A l i v ) of 
amphiboles from igneous rocks as r e f l e c t i n g t h e i r temperature of 

i v 
c r y s t a l l i s a t i o n , . However, the high A l i n amphiboles from basic 
a l k a l i and a l k a l i parageneses suggests t h a t the v a r i a t i o n i s also 
r e l a t e d t o the a v a i l a b i l i t y of s i l i c a i n the magma. This does not 

i v 
imply t h a t A l i s independant of temperature but r a t h e r t h a t 
v a r i a t i o n due t o temperature i s l i k e l y t o be most important i n 
amphiboles c r y s t a l l i s e d from s i m i l a r b u l k compositions over a rangs 
of p h y s i c a l c o n d i t i o n s as i n the case of metamorphic r o c k s . 

Experimental phase e q u i l i b r i a s tudies of pargasite (Boyd 19595 

Holloway 1973) , f e r r o - p a r g a s i t e ( G i l b e r t 1966) and f e r r i - p a r g a s i t e 
(Semet 1973) showed t h a t under appropriate chemical and f 0 2 c o n d i t i o n s 
a l l t h ree amphiboles were s t a b l e a t magmatic temperatures. I n the 
presence of excess S10 2 the s t a b i l i t y of pa r g a s i t e and f e r r o - p a r g a s i t e 
were found t o be markedly reduced and because of the presence of 
o l i v i n e and nepheline, both undersaturated w i t h respect t o s i l i c a , 
i n the high temperature assemblage of f e r r l - p a r g a s i t e the a d d i t i o n of 
S i 0 2 should lower the thermal s t a b i l i t y of t h i s amphlbole a l s o . I t i s 
of i n t e r e s t t o note t h e r e f o r e t h a t ( M g 2 + , A l v i ) , ( M g 2 + , F e 3 + ) and 

2+ v i 
(Fe » A l ) s u b s t i t u t e d amphiboles w i t h Pa as the dominant component 
occur most abundantly i n u l t r a m a f i c - u l t r a b a s i c , b a s i c , i n t e r medi a t e 
and basic a l k a l i host rocks and only r e l a t i v e l y I n f r e q u e n t l y i n acid 
and a l k a l i igneous host rocks where amphiboles w i t h Pa as the dominant 

2+ 3 + 

component are t y p i c a l l y (Fe , Fe ) s u b s t i t u t e d (Table 8 . 1 ) . I t i s 
suggested t h e r e f o r e t h a t f e r r i - f e r r o - p a r g a s i t e ( h a s t i n g s i t e ) may be 
st a b l e i n the presence of excess Si02«> 

Factors other than the a v a i l i b i l i t y of s i l i c a must be invoked 
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z 

to e x p l a i n the low and high A l amphiboles from acid and a l k a l i igneous 
host rockso The r a t i o of aluminium t o a l k a l i s i s probably i m p o r t a n t . 
Thus i f t i t a n i u m i s absent a l l amphiboles p l o t t i n g on the high Na 
side of a plane through T r, Ed, M, G i n amphibole compositional space 
are p e r a l k a l i n e i r r e s p e c t i v e of f e r r i c - i r o n s u b s t i t u t i o n f o r A l v * 
and those on the high Na side of the plane through T r , Ed, Su, Ts^ Q 

v i 3 + z G^Q can be p e r a l k a l i n e i f A l i s replaced by Fe . A l l the low A l 
soda c a l c i c and a l k a l i amphiboles from acid and a l k a l i parageneses 
as w e l l as the c a l c i c amphiboles 868, 2563 f a l l i n these regions of 
amphibole compositional space. 

As i n the other mafic s i l i c a t e s the amphiboles show the 
2+ 0 

replacement of Mg by Fe'- i n passing from u l t r a m a f i c - u l t r a b a s i c to 
acid and basic a l k a l i t o a l k a l i rock types. At the same time A l ^ + 

v l 3+ i s reduced and A l i s p r o g r e s s i v e l y replaced by Fe probably i n 
response t o decreasing A l ^ + content and i n c r e a s i n g water and hence 

i r o n o x i d a t i o n s t a t e i n the magma. 

8 . 3 » 6 . V a r i a t i o n i n composition of metamorphic amphiboles w i t h 
mode of occurrence. 

Without a knowledge of host rock composition and metaraorphic 
f a c i e s very l i t t l e can be i n f e r r e d regarding the r e l a t i o n s h i p between 
amphibole composition and mode of occurrence. 

The bimodal d i s t r i b u t i o n of c a l c i c amphiboles from calcareous 
host rocks i s s i m i l a r t o those recognised by Hallimond (19*0) and 
Leake (1968, 1971)o Hallimond considered t h a t araphiboles near t r e m o l i t 
formed by isochemical metamorphism of impure limestones w h i l e the 
fo r m a t i o n of those near par g a s i t e involved the i n t r o d u c t i o n of 
a l k a l i e s . 

I n Section Q.2.ky amphiboles from e c l o g i t e s were found to be 

h i g h l y v a r i a b l e i n composition. This i s perhaps s u r p r i s i n g from a 
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rock type which has been given metamorphic f a c i e s s t a t u s (Turner 1968), 

although the commonly observed r e t r o g r e s s i o n of e c l o g i t e s may be 
important i n t h i s r e s pect. Because of t h i s observed v a r i a t i o n and 
the r e l a t i v e l y small number of analyses involved a more d e t a i l e d study 
of e c l o g i t e amphiboles was undertaken. The sta t u s of the names 
b a r r o i s i t e and c a r j f l n t h i n e used f r e q u e n t l y f o r amphiboles from 
e c l o g i t e s i s also discussed. 

E c l o g i t e s may be d e f i n e d , i n a non-genetic way, as rocks of 
2+ 2+ 

b a s a l t i c composition, c o n s i s t i n g of e s s e n t i a l Mg -Fe garnet plus 
clinopyroxene (Lovering & White 1969) . Other primary phases which 
can occur i n c l u d e amphibole, e p i d o t e , k y a n i t e , quartz, orthopyroxene 
and r u t i l e . Primary p l a g i o c l a s e i s normally excluded (Green & Ring-
wood 1967; Winkler 1967 but c f Coleman et a l . 1965). E c l o g i t e s 
tend t o occur i n small bodies associated w i t h , and o f t e n t e c t o n i c a l l y 
emplaced w i t h i n , metamorphic rocks of di v e r s e c h a r a c t e r . Coleman 
et aX„ (1965) subdivided e c l o g i t e occurrences i n t o three categories 
( i ) as i n c l u s i o n s i n k i m b e r l i t e s , b a s a l t s or l a y e r s i n u l t r a m a f i c 
rocks - Type A, ( i i ) as bands of lenses i n migmatite gneiss t e r r a i n s 
- Type B and ( i l l ) bands or lenses associated w i t h glaucophane bearing 
s c h i s t s - Type C. They found t h a t the pyrope content of garnet and 
to a l e s s e r extent the j a d e i t e content of pyroxene v a r i e d system­
a t i c a l l y between e c l o g i t e s of types A through B t o C. Coleman et a l . 
a t t r i b u t e d t h i s v a r i a t i o n i n phase chemistry t o d i f f e r i n g p h y s i c a l 
c o n d i t i o n s d u r i n g e c l o g i t e f o r m a t i o n r a t h e r than t o v a r i a t i o n i n rock 
bulk chemistry and suggested t h a t e c l o g i t e s could form over a wide 
range of pressure and temperature c o n d i t i o n s . E x t r a p o l a t i o n of 
experimental evidence of Green & Ringwood (19&7) suggested t h a t 
under anhydrous c o n d i t i o n s the b a s a l t - e c l o g i t e t r a n s f o r m a t i o n can 
occur under c o n d i t i o n s of the glaucophane la w s o n i t e s c h i s t , a l b l t e 
epidote amphibolite and amphi b o l i t e f a c i e s . F i e l d evidence of 
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l n t e r l a y e r e d e c l o g i t e and high temperature b l u e s c h i s t s (Coleman 
ejt aj^o 1965) and e c l o g i t e and a l b i t e epidote amphibolite f a c i e s 
rocks (Morgan 1970) lends support t o the theory of m u l t i p l e o r i g i n 
of e c l o g i t e s . 

Mottana & Edgar (I969) showed t h a t the A l v i and A l i v contents 
of amphiboles from e c l o g l t e s were v a r i a b l e and t h i s they suggested 
r e f l e c t e d v a r i a t i o n of pressure and temperature of c r y s t a l l i s a t i o n 
r e s p e c t i v e l y . However, there are a number of d i s q u i e t i n g f e a t u r e s of 
the data used by Mottana and Edgar. For example they included analyses 
which the o r i g i n a l author e x p l i c i t l y stated were secondary ( S a h l s t e i n 
1935; Alderman 1936; Bearth 1959; Borg 1967b), an a n a l y s i s which 
occurred as: a xenocryst and not i n an e c l o g i t e (Dickey 1968), and 
analyses from p l a g i o c l a s e bearing assemblages (Knorring & Kennedy 
1958; L i v i n g s t o n e 1967). 

Because of the v a r i a t i o n i n basic atomic formulae of amphiboles 
from e c l o g i t e s observed i n Figs 7ol - 7«28 and the s i g n i f i c a n c e of 
v a r i a t i o n s i n compositions of primary minerals i n e c l o g i t e s w i t h 
respect t o mode of occurrence, a search of the complete amphibole 
data f i l e f o r analyses from ' e c l o g i t e s ' , ' a m p h i b o l i t i c e c l o g i t e s ' , and 
other garnet pyroxene assemblages such as 'garnet p y r o x e n i t e s • , 'garnet 
a r i e g i t e s 1 , 'garnet w e b s t e r l t e s 1 was undertaken. As f a r as p o s s i b l e , 
analyses located i n t h i s way were subdivided i n t o f o u r c a t e g o r i e s . 

(1) I n c l u s i o n s i n k i m b e r l i t e , basic a l k a l i lavas or t u f f s , and lens6s 
i n u l t r a m a f i c - u l t r a b a s i c i n t r u s i o n s . 

(2) Associated w i t h metamorphic rocks belonging to the amphibolite 
and g r a n u l i t e f a c i e s . 

(3) Associated w i t h metamorphic rocks belonging to the a l b i t e epidote 
amphibolite f a c i e s . 

(*0 Associated w i t h glaucophane bearing s c h i s t s . 
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Groups 1, (2 and 3) and h correspond r e s p e c t i v e l y t o type A, 
B and C e c l o g i t e s of Coleman ejb al.. (1965). Amphiboles from each 
group were f u r t h e r subdivided i n t o those which apparently coexisted 
w i t h garnet and clinpyroxene and were primary and those which were 
secondary,. I n a d d i t i o n assemblages w i t h i n t e r s t i t i a l p l a g i o c l a s e 
have been separated. L a s t l y , amphiboles where there was i n s u f f i c i e n t 
i n f o r m a t i o n i n the o r i g i n a l reference t o a l l o c a t e t o one of the above 
groups or t o determine whether primary or not have been included i n 
a f i f t h group, 

Basic atomic formula A l z verus Na x f o r c a l c i c , soda c a l c i c 
and a l k a l i and A1 Z veyhis A l y f o r c a l c i c amphiboles from e c l o g i t o s are 
i l l u s t r a t e d i n F i g 8 0 8, where the source of the data i s also given. 
Where app r o p r i a t e optimum i r o n o x i d a t i o n s t a t e s have been c a l c u l a t e d 
and thes6 are shown as bars l i n k i n g a p p r o p r i a t e symbols. 

I t i s apparent from F i g 8„8 t h a t the v a r i a t i o n i n composition 
of amphiboles from e c l o g i t e s can not wholly be a t t r i b u t e d t o 
r e t r o g r e s s i o n . Apparently primary amphiboles i n c l u d e examples from 
the c a l c i c , soda c a l c i c and a l k a l i amphibole groups and show a strong 
r e l a t i o n t o the mode of occurrence of the e c l o g i t e . Secondary 
amphiboles show a le s s w e l l categorised d i s t r i b u t i o n . 

Primary amphiboles t y p i c a l of group 1 occurrences are c a l c i c 
w i t h A1 Z >1 0 8 (except f o r 2800 (Sbido 1959), 2813 (Ernst e t a l . 1970) 

both from the Higashi-akaishi-yama p e r i d o t i t e , Shikoku) and have e i t h e r 
Pa or Su as the dominant component. The t i t a n i u m content i s v a r i a b l e . 
Three, 56l (Bloxam & A l l e n 1960), 2800, 2813 ( E r n s t et a l . 1970) have 

T i < 0.1 atoms w h i l e the remainder a l l have T i >0.35 atoms and 
in c l u d e s i x k a e r s u t i t e s , three from Kakanui (lM+2, ikkh Mason (1968a,b), 
2305 White e t a l . 1972) ) and three from Lherz (1^93 Mottona & Edgar 
I969) , 2399, 2*+00 (Conquere I971) ) . 
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Z x 
F i g . 8.8, A l versus Na f o r c a l c i c , soda c a l c i c and a l k a l i 

(a) z Y amphiboles/and A l versus A l f o r c a l c i c amphiboles 
(b) from e c l o g i t e s o 

Group (1) 

Primary • 2800, Shido (1959); 5&1, Bloxam & A l l e n (1960); 

lM+2, lM+lf, Mason (1968a,b); 1390, 1391 Levering & White (1969); 

1 ^ , Mottana & Edgar U969); 2813, Ernst et 31 . (1970); 2395, 

Meyer & Brookins (197D; 2305, White et §1 .(1972). 

Plagioclase bearing (?) 1^93, Mottana & Edgar (1969); 2399, 

2^00, Conquere (1971). 

Group (2) 

Primary © 191, K o r i t n i g (19^0); l 6 l l , 0'Hara (1960); 2*+21, 

0'Hara & Mercy (I963); 2397, Mottana, Church & Edgar (1968);1^95, 

1^96, Mottana & Edgar Q969); 2228, Velde et. §1 .(1970); 299, 

B r y h i n i & G r i f f i n (1971). 

Secondary o 1972, S a h l s t e i n (1935); 2, Alderman (1936); 8^3, 

H e r i t s c h & Kahler (1960); 2307, 2309, 2310, 2312, 231lS Wilkstrom 
(1970). 

Plagioclase bearing <§) 1382, Livingstone (1967); 1^91, 1^97, 

Mottana & Edgar (I969) . 

Group (3) 

Primary • 107 Banno {196h); 190 Binns (1967); 2812, 

28l>+, 2815, Ernst et. s i . (1970); 1H70 - 1^73, Morgan (1970). 

Group 0*) 
Primary A 2789, Chesnokov (1960); 385, Coleman e t §1.(1965) 

Secondary A l*+2, Bearth (1959)» 206, 207, Borg (1967b). 

Group (5) * 

832, Hezner (1903)*, 1279, Kreutz (1908)*, 3, Sskola (1921); 23^5, 

Wolff (19^2); 5^8, Daniels (1956); 8lf5, 8^6, H e r i t s c h , P a u l l t s c h 
Wa'litzi (1957); 8Mt, Heritscb. & Kahler (I96O); 1LUH, Machatchski 
& W a l i t z i (1963). 
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Amphiboles from group 2 occurrences are calcic with A l 1.0 -

1.9 and have either Pa and less commonly Ts as the dominant component. 
The group 3 amphiboles are calcic and soda calcic w i t h Al < 1.3 and 
with either Tr of Ts as the dominant component„ Titanium i n both 
these groups i s less than 0.25 atoms. 

Lastly, there are only two apparently primary amphiboles from 
group h occurrences• These are 38? (Coleman et ai.196!?) a soda 
calcic amphibole w i t h Ts as the dominant component and 2789 (Chesnokov 
I96O) an a l k a l i amphibole close to G, The l a t t e r comes from a garnet, 
emphacite, amphibole, epidote, quartz, muscovite, r u t l l e assemblage 
which with other •eclogite' assemblages of garnet, amphibole, 
omphacite, glaucophane, actinollte,and r u t i l e reported by Chesnokov 
(1960) from the same region closely resemble the high-temperature 
blueschists of Taylor & Coleman (19&9) s o m Q o f which, f o r example, 
2830 » 2831, 1171 - 1172 contained c a l c i c and a l k a l i amphibola pairs, 
see Section 7 ° 2 . 2 0 

A pl o t of A l i v verus A l v i i s given i n F i g . 8,9 from which i t 
can be seen that the differences between the primary amphiboles from 
d i f f e r i n g modes of occurrence i s maintained. I t i s tempting to 
correlate the v a r i a t i o n of A l * v and A l v * w i t h the temperature 
and pressure of c r y s t a l l i s a t i o n and to i n t e r p r e t the v a r i a t i o n of 
A l * v and to a lesser extent A l v * i n primary amphiboles as evidence 
of a range of temperatures and less obviously pressure during eclogite 
formation. Such an i n t e r p r e t a t i o n i s supported by the decrease i n 
A l i v from Type 1 through 2 to 3 and h occurrences. 

l v v i 

I n d e t a i l i t i s d i f f i c u l t to defend the use of A l and Al 
as indicators of temperature and pressure since t h e i r values depend 
both on the t o t a l A1 20^ and S i 0 2 i n the mineral analysis and i n d i r e c t l y 
the composition of the host rock. The presence of a solvus between 
the calcic and a l k a l i amphiboles would, i f present, also complicate 
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F i g . 8.9. Al versus A l v l i n amphiboles from eclogites. Symbols 
and source of the data i s the same as Fig. 8.8. 
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the i n t e r p r e t a t i o n . However, the large and systematic v a r i a t i o n of 
basic atomic formulae of primary amphiboles from eclogites i n terms 
of the mode of occurrence of the eclogites themselves, coupled with 
s i m i l a r relationships reported f o r the garnets and clinopyroxenes, 

ex 

i s consistent with eclogites having formed over' range of temperatures 
and pressures.-

The present study does not answer the question of whether 
eclogites and amphibole bearing eclogites associated with rocks of 
various metamorphic facies,formed under the same pressure and 
temperature conditions as the rocks they are included i n , t u t possibly 
with less water available (Taylor & Coleman 1969), or whether they 
represent d i f f e r e n t temperature and pressure conditions (Turner 1968)G 

The v a r i e t a l names carinthlne and b a r r o i s i t e have been used 
f o r amphiboles from eclogites, i n p a r t i c u l a r those from type 2 and 3 

occurrences. K o r i t n i g (19^0) and Binns (19&7) suggested that both 
terms should be r e s t r i c t e d to amphiboles from e c l o g i t e s e To the 
present w r i t e r there i s no reason f o r using these names since i t 
seems u n j u s t i f i e d to r e s t r i c t a name to amphiboles from a single 
paragenesls, especially as the amphiboles from that paragenesis 
are remarkably varied. 
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9 e SUMMARY AND CONCLUSIONS. 

The variable composition and the occurrence of amphiboles i n 
rocks belonging to a wide range of igneous and metamorphic parageneses 
makes the group p o t e n t i a l l y very valuable i n I n t e r p r e t i n g the conditions 
under which t h e i r host rocks formed. Despite the large number of 
chemical analyses available f o r the amphiboles no such understanding 
has as yet emerged (Chapter 1 ) . Three major factors have contributed 
to t h i s s i t u a t i o n . F i r s t l y , the d i f f i c u l t y i n deriving accurate atomic 
formulae from chemical analyses which stems from ( i ) the often 
incomplete nature of analyses, ( i i j the presence of essential 0E~9 

F or CI" i n the structure, ( i l l ) the large number of a l t e r n a t i v e 
crystallographic sites or groups of s i t o s , and ( i v ) the p o s s i b i l i t y 
of order - disorder with temperature of c r y s t a l l i s a t i o n . Secondly, 
the chemical complexity of the amphibole group which i s re f l e c t e d i n 
the profusion of named amphibole v a r i e t i e s . Lastly, there i s a lack 
of knowledge concerning the o v e r a l l chemical v a r i a t i o n exhibited by 
the group. 

The aim of the present work has been to resolve these out-
standing problems of amphibole mineralogy i n order to r e l a t e , a l b e i t 
i n a very general way, amphibole composition and mode of occurrence. 
I n order to achieve t h i s a computer program to calculate atomic 
formulae and basic atomic formulae was w r i t t e n (Chapter 2) and a 
method devised to estimate the i r o n oxidation state i n an analysis 
where t h i s i s unknown (Chapter 3)» A simple graphical representation 
and r a t i o n a l nomenclature was devised f o r the amphiboles (Chapter 5) 

and used with a large computer data f i l e of analyses (Chapter h) to 
demonstrate the o v e r a l l chemistry of the group (Chapter 7) and the 
relat i o n s h i p between amphibole composition and mode of occurrence 
(Chapter 8 ) . The res u l t s drawn from t h i s study and the conclusions 
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drawn from them are summarised b r i e f l y i n the present Chapter. 

9 . 1 o Calculation of atomic formulae, basic atomic formulae and 
comparison of the 23(0) and 2^(0) r e c a l c u l a t i o n bases. 

9 . 1 . 1 . A l l o c a t i o n scheme. 

An available computer program MINDATA3, w r i t t e n by R. P h i l l i p s , 
was evaluated by comparing the d i s t r i b u t i o n of cations between groups 
of s i t e s calculated from a chemical analysis alone with published 
experimentally determined cation d i s t r i b u t i o n s f o r the same analyses. 
The e x i s t i n g a l l o c a t i o n scheme was found not to be e n t i r e l y s a t i s ­
factory (Section 2 . 1 ) . S t a r t i n g from published experimentally 
determined s i t e populations (Appendix 3) and assuming that the observed 
ordering of cations between groups of sit e s r e f l e c t e d the preference 
of cations f o r groups of sit e s an amended a l l o c a t i o n scheme vas 
devised (Section 2.2). This was extended (Section 2 .3) to include 
ad d i t i o n a l i o n i c species by f u r t h e r assuming that cations of similar 
i o n i c radius and charge would, i f present, occupy similar co­
ordination polyhedra. The derived a l l o c a t i o n scheme (Section 2.1+) 
was Incorporated i n t o a computer program e n t i t l e d MINDATA5 (Appendix h) 

To evaluate the a l l o c a t i o n scheme calculated group populations were 
again compared with published experimentally determined cation d i s ­
t r i b u t i o n s . Evidence presented i n Section 2 .5 of values near zero 
f o r the s t a t i s t i c s x, cr and ixi f o r Sa, Sb, Sc, and Sd which 
measured the difference between the calculated and experimentally 
determined group populations, plus evidence that with only seven 
exceptions values f o r Sb, Sd were consistently lower than those 
calculated using MINDATA3 was taken as i n d i c a t i n g the superiority 
of the a l l o c a t i o n scheme i n MI1IDATA5 over that of MIND ATA 3 . 

For most purposes an atomic formula at group l e v e l i s s a t i s ­
f a c t o r y . This greatly s i m p l i f i e s the ca l c u l a t i o n of the atomic 
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formulae since i t i s becoming increasingly apparent (Section 2 „ 5 ) that 
v a r i a t i o n of ordering of cations between the s i t e s forming a group 
may i n part be a t t r i b u t e d to v a r i a t i o n i n physical conditions during 
c r y s t a l l i s a t i o n , , I n a d d i t i o n , Ghose & Weidner ( 1 9 7 2 ) and S e l f e r t ' 
& Virgo ( 1 9 7 * 0 have reported experimental thermally induced v a r i a t i o n 

2 + 2 + ~ 

i n Mg , Fe ordering between the X and Y groups of cummingtonite 
and anthophyllite respectively. The a d d i t i o n a l v a r i a t i o n i n terms 
of Sb and Sd introduced by heating and subsequent quenching was 
found (Section 2 , 5 ) to be of similar magnitude to the dlscrepencies 
between tue experimentally determined and calculated group pop­
ulations noted above. However, i t was considered u n l i k e l y that such 
large v a r i a t i o n s i n ordering would be retained i n more slowly cooled 
natural amphiboles and i t was suggested that thermally Induced v a r i a ­
t i o n of ordering between groups was small compared w i t h the remaining 
discrepancies between experimentally determined and calculated site 

populations and could be neglected therefore. 
I n the l i g h t of future X-ray, Mossbauer and infrar e d s i t e 

population determinations i t may be possible to r e f i n e f u r t h e r the 
a l l o c a t i o n scheme incorporated i n MIKDATA5. I t may be possible to 
devise an a l l o c a t i o n scheme f o r d i s t r i b u t i n g cations between 
i n d i v i d u a l s i t e s i f a clearer understanding of the factors governing 
the d i s t r i b u t i o n of cations between non-equivalent s i t e s i n a s i l i c a t e 
l a t t i c e i s forthcoming. I n t h i s connection l a t t i c e energy calculations 
assuming various e l e c t r o s t a t i c models have met with some success i n 
predicting F e 2 +, Mg 2 + d i s t r i b u t i o n s between non-equivalent sites i n 
a number of ferromagnesian s i l i c a t e s (Burns 1 9 7 0 ; Ohashi & Burnham 
1 9 7 2 ; Wood & Strens 1 9 6 9 ) . 

9 o l . 2 „ Basic atomic formulae. 

Atomic formulae to 2 3 ( 0 ) and where appropriate 2 ^ ( 0 ) were 
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calculated f o r 2650 analyses contained i n the amphibole data f i l e 
(see Chapter h)m S i m p l i f i e d , or basic atomic formulae, were derived 
from the atomic formulae of these analyses using the method of 
P h i l l i p s & Layton (196U) incorporated i n t o MINDATA5. Provided the 
analysis i s accurate and the methods used i n deriving the atomic and 
basic atomic formulae are correct the basic atomic charge balance 
equality (Na A + A1 Y) = (Ha x + A1 Z) should apply. I n Chapter 6 i t 
was demonstrated f o r the f i r s t time that approximate charge balance 
i s achieved i n the majority of analyses. Following P h i l l i p s ' (1963) 

suggestion that i n an accurate analysis the calculated group 
occupancies should be w i t h i n 1 per cent of the number of l a t t i c e 

A V X Z positions i n the s t r u c t u r a l formula, (Na + A l 1 ) - (Na + A l ) should 
be less than t 0.07. Some 60 - 67 per cent of analyses, calculated 
to 23(0), f a l l w i t h i n these l i m i t s and t h i s rises to 75 - 77 per cent 
I f a wider range of * 0.15 corresponding to an error of approximately 
2 per cent i s allowed. This l a t t e r value was taken as defining a 
balanced basic atomic formula. The achievement of charge balance 
i n a large proportion of analyses does not prove the general 
a p p l i c a b i l i t y of the a l l o c a t i o n scheme, nor the method used i n 
deriving the basic atomic formula, but i t i s not inconsistent with 
such an i n t e r p r e t a t i o n . 

I t might be expected that i n any large c o l l e c t i o n of analyses 
basic atomic formulae f a i l i n g to achieve charge balance should be 
evenly d i s t r i b u t e d with respect to o v e r a l l chemistry. However, the 
d i s t r i b u t i o n of basic atomic formulae calculated to 23(0) over 
amphibole and extended amphibole compositional space i l l u s t r a t e d i n 
Figs 7.1 - 7.28 showed that analyses with (Na A + A1 Y) - (Na X + A1 Z) 

+ z i n excess of - 0.15 were concentrated i n t o the low Al portion of 
both spaces. A caref u l check was made of the t r a n s c r i p t i o n of these 
analyses and of the atomic formulae i n order to t r y and f i n d any 
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common features which may explain the discrepencies. However none 
V_ V 

were found. An error i n the a l l o c a t i o n scheme a f f e c t i n g oxyamphiboles 
(calculated to 2^(0)) was found i n Chapter 5« This i s discussed below. 
Section 9 .1e3« 

9«1.3» Comparison of the 23(0) and 2*+(0) recalculablon bases. 

Taking only those analyses with either H2O+, F or CI determined 
the extent of charge balance i n basic atomic formulae calculated to 
23(0) and 2*+(0) were compared i n Chapter 6. When calculated to 2^(0) 

between 38 - *f6 and k$ - $6 per cent had (Na A + A1 Y) - (Na X + A1 Z) 
less than - 0.07 and - 0.15 respectively compared with values of 
60 - 63 and 7k - 75 per cent of the same analyses to 23 (0 ) . Inspectior 
of the mora highly unbalanced basic atomic formulae revealed that 
many had 0H*° + P" + C I " less than 2 o 0 and suggested that e i t h e r the 
method used i n MINDATA5 f o r balancing 0 2 i n oxyamphiboles was i n ­
correct or a l t e r n a t i v e l y that water and f l u o r i n e determinations i n a 
considerable number of analyses were suspect. 

P h i l l i p s (1963) suggested that O2 i n the hydroxyl group was 
balanced solely by Fe according to the s u b s t i t u t i o n Fe3 + + 0 = 

F e 2 + + 0H"« This P h i l l i p s incorporated i n t o MINDATA3, reducing Fe^ + 

2™" 
by an amount equal to the 0 s u b s t i t u t i o n , but only when Fe3 + equalled 

2™ 
or exceeded 0 0 For want of any evidence to the contrary t h i s logic 
was also incorporated i n t o MINDATA5 (Chapter 2 ) . 

Examination of the t i t a n l f e r o u s amphiboles (Section 5 .5 .1 ) 

showed a negative l i n e a r r e l a t i o n s h i p between i r o n oxidation state 
and 0H°" + P" + C l " content consistent with the experimentally observed 
oxidation reaction F e 3 + + 0 2 + = F e 2 + + 0H~ (Yagi et a l . 1969). 
I n t e r e s t i n g l y , i n only three of the kaersutites was s u f f i c i e n t f e r r i c 

0" 

i r o n available to balance the 0 Present. This was not because there 
was i n s u f f i c i e n t i r o n a v a i l a b l e , nor did i t seem l i k e l y to be due to 



undetermined F or CI, or indicate a l t e r n a t i v e charge balancing 
W+ 2 ?+ 

substitutions of the type T i + 0 = T i + 0H~. This feature 
could however be a t t r i b u t e d to inaccurate, i . e . low, water determin­
a t i o n (cf Leake 1965a). 

I n any_case i t was apparent that the charge balancing 
3+ 2" s u b s t i t u t i o n should be made even when Fe I s less than 0 and so 

i n Chapter 6 the amount of f e r r i c i r o n involved i n such analyses 
7 A 

was deducted from the value f o r Al'4' and new d i s t r i b u t i o n s of Na + 
A1 Y) - (Na A + A1 Z) calculated. There was only a marginal improvement 
of 2 and h psr csnt w i t h i n - 0.07 and = 0.15 respectively. I t 
would appear therefore that when considering large nucbers of 
amphiboles of mixed a n a l y t i c a l q u a l i t y that a rec a l c u l a t i o n base to 
23(0) i s more l i k e l y to y i e l d balanced basic atomic formulae than a 
2^(0) r e c a l c u l a t i o n base. 
9©2 0- Estimation of the i r o n oxidation state i n electron microprobe 

analyses of amphiboles. 

I n order to estimate the i r o n oxidation state i n electron 
microprobe analyses a method was devised i n Chapter 3 which involved 
varying the F6203 and FeO content of an analysis ( t o t a l i r o n constant) 
u n t i l the basic atomic formula equality i s achieved. 

9.2.1 . Theoretical atomic formulae with known oxidation states. 
+ lf+ 

S tarting from a number of L i and T i free atomic formulae 
with known oxidation states i t was shown (Section 3.1)» a f t e r f i r s t 
converting a l l i r o n to equivalent FeO and neglecting water, that the 
i r o n oxidation state (or reduced i r o n r a t i o ) consistent with (Na A 

+ A l ) = (Na + Al ) can be either unique, or a l t e r n a t i v e l y show a 
li m i t e d or complete range of values (Fig. 3-D. I n each Instance 
the estimated reduced i r o n r a t i o equalled or included the o r i g i n a l 
•correct' r a t i o . I n order to explain these differences the der i v a t i o n 



of basic atomic formulae was considered i n greater d e t a i l (Section 
3 o l . l ) and a notation developed (Section 3 , 1 . 2 ) to describe the 
v a r i a t i o n i n the components of basic atomic formulae with varying 
reduced i r o n ratio„ Using the notation i t was shown (Section 3 , 1 * 3 ) 

A Y 
that the range of reduced i r o n r a t i o s f o r which (Na + A l ) equals 
(Ua X + A1 Z) varied systematically w i t h the l o c a t i o n of atomic formulae 
i n amphibole compositional space 0 I t was found that f o r most basic 

A Y X Z atomic formulae, (Na + A l ) equals (Na + Al ) f o r a l l reduced i r o n 
r a t i o s . I t wa3 apparent therefore that the method I n i t s simplest 
form would be unsuitable f o r estimating the i r o n oxidation state i n 
a l l but a few special instances. By assuming that the s u b s t i t u t i o n 
2 ] ? e 3 + + • = 3Fe 2 + was inappropriate i t was found that L i + , T i ^ 4 " 

+ k+ 

free (Section 3 . 1 . 3 ) and L i , TI bearing (Section 3.1o L0 t h e o r e t i c a l 
atomic formulae yielded either unique or l i m i t e d ranges of reduced 
i r o n r a t i o s i n each instance equal to or including the o r i g i n a l r a t i o 
(Fig 3 o l , 3 * 3 ) » Further t h i s applied to a l l portions of amphibole 
compositional space. The sole exception was analysis 2 0 (Fig 3 . 3 ) 

i n which the s u b s t i t u t i o n a c t u a l l y was present (Table 3 . 2 ) , The 
range of reduced i r o n r a t i o s could be l i m i t e d f u r t h e r I n some instances 
by applying a number of c r y s t a l chemical constraints (Fig 3 . 1 , 3 . 3 ) . 

I t i s apparent therefore that U3ing the equality of the basic 
atomic formula and where appropriate assuming the s u b s t i t u t i o n 
2Fe + • = 3Fe i s not applicable and applying c r y s t a l chemical 
constraints an accurate although frequently non-unique estimate of 
the i r o n oxidation state can be made. When compared with a l t e r n a t i v e 
stoichiometric estimates (Section 3 . 1 « 5 ) only the cation base Y + Z = 
1 3 (ZpM = 1 3 , Stout 1 9 7 2 ) was at a l l s a t i s f a c t o r y , but t h i s unlike 
the basic atomic formula method i s l i m i t e d to amphiboles with f u l l Y 
group occupancy. Both methods are r e s t r i c t e d to amphiboles w i t h i n 

•+• 2 + 

amphibole compositional space v i z , Na + Ca i n ^ 1 , 9 5 atoms (see 
Chapter 5 ) « 
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9 o 2 0 2 0 Actual analyses w i t h known oxidation states, 

A number of hydroxy amphiboles with known oxidation states 
and with basic atomic formula (Na A + A1 Y) « (Na X + A1 Z) less than 

- 0 , 0 1 were taken at random from the amphibole data f i l e . Estimates 
of the i r o n oxidation state ( i n terms of reduced i r o n r a t i o ) were 
made f o r these analyses using both the basic atomic formulae and 
stoichiometric methods and compared with the actual value (Section 
3 o 2 ) s While the r e s u l t i n g range of reduced i r o n r a t i o s did not i n 
general coincide uniquely w i t h the o r i g i n a l value they were consistent 
w i t h i t , (Fig 3 o 6 ) . I n contrast none of the stoichiometric bases 
yielded accurate or consistent r e s u l t s (Fig 3 . 7 ) s the X F M = 1 3 b a s e 

giving oxidation states which were too low (more ferrous r i c h ) than 
the actual value© 

I t may be argued that by choosing analyses with basic 
(Na A + A1 Y) « (Na x + A1 Z) less than £ 0 e 0 1 an unrepresentative sample 
was taken, cf Chapter 6 , However, inspection of Figs 3 , 1 , 3 , 3 , shows 
that taking the value of t 0 . 1 5 as I n d i c a t i n g charge balance does not 
markedly a f f e c t the resultant range of reduced i r o n r a t i o s because 

A Y " X Z 
of the generally steep negative slope i n (Na + A l ) - (Na + A l ) 

- 2+ 
when the s u b s t i t u t i o n 2RJ + + • = 3R i s neglected. I t would appear 
that the basic atomic formula method, while not y i e l d i n g unique 
re s u l t s i s as good as, and probably superior, to a l t e r n a t i v e stoich­
iometric estimates of the i r o n oxidation state. The method wa3 
applied successfully to a number of apparently coexisting amphibole 
pairs i n Chapter 7 9 and i n Chapter 8 . One i n t e r e s t i n g c o r a l l a r y 

A Y 
of the range of reduced i r o n r a t i o s over which (Na + A l ) equals 

X Z 
(Na + A l ) i s that the existence of a balanced basic atomic formula 
i n an electron microprobe analysis with a l l i r o n reported as FeO 
(reduced i r o n r a t i o = l e 0 ) does not necessarily mean that there i s 
t r i v i a l Fe 2 0 3present. 
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9 o 3 » The atnphibole data f i l e . . 

Bearing i n mind the large and ra p i d l y expanding volumes of 
data relevant to the amphiboles (Fig 1 . 2 ) the need f o r a v e r s a t i l e 
computer data base capable of storing a comprehensive range of 
information i n a form as close to the o r i g i n a l as pussible was en­
visaged (Chapter *+). To t h i s end various data base strategies were 
consideredo Available vector (FORTRAN and PL/I) and tree (PL / 1 ) 

data base strategies were found to suffer from the disadvantages of 
data dopendance and large scale data redundancy (Section U 0 1 ) 0 I n 
order to reduce, although not eliminate, these drawbacks a data base 
was devised i n which storage space was not allocated unless a response 
was ac t u a l l y present and any tree organisation could be used without 
a l t e r i n g the loading program (LOAD: Appendix 5) or the query program 
(QUSRY; Appendix 5)«> The main disadvantages of the data base were 
that i t was not p a r t i c u l a r l y e f f i c i e n t i n time and the method of 
adding data to LOAD was somewhat tedious 0 Both features could have 
been improved but a working prototype data base (Notley 1 9 7 2 ) involving 
a r e l a t i o n a l model of data (Codd 1 9 7 0 ; 1 9 7 1 ) was kindly made available 
f o r the use by the w r i t e r i n 1 9 7 2 . 

The r e l a t i o n a l model of data which involved storing data i n 
the form of r e l a t i o n s (data tables with unique rows i n which row 
ordering i s immaterial) was found to be admirably suited f o r storing 
the contents of the amphibole data f i l e . As f a r as the author i s 
aware t h i s i s the f i r s t use of the r e l a t i o n a l model i n the geological 
sciences although from the examples given i n section * + . 1 3 i t i s 
apparent that the model has great p o t e n t i a l i n coping w i t h the often 
complex s p a t i a l and temporal i n t e r - r e l a t i o n s h i p s present i n many 
aspects of geological information (cf Dixon 1 9 7 0 ) . 

Queries of the data base involve simple set operations (App­

endix 6 ) and complete data independence i s achieved (Roper, Osman & 
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Knight 1 9 7 3)» By a judicious choice of re l a t i o n s data redundancy 
can be reduced and i f necessary a l i m i t e d degree of hiera r c h i c a l 
s t r u c t u r i n g can be maintained (Se&tlon H^). The amphibole data 
f i l e implemented using the r e l a t i o n a l model of data was used 
extensively i n assessing amphibole c l a s s i f i c a t i o n (Chapter 5)» 
charact e r i s t i c s of basic atomic formulae (Chapter 6), the d i s t r i b u t i o n 
of basic atomic formulae (Chapter 7 ) and the r e l a t i o n between host 
rock and amphibole composition (Chapter 8 ) 0 The e f f i c i e n c y of the 
p a r t i c u l a r implementation of the r e l a t i o n a l model used here has been 
the subject of a study by Osmann ( 1 9 7*0. The amphibole data f i l e , 
i n the form of punched cards grouped by re l a t i o n s and organised as 
described i n Appendix 7 i s lodged w i t h Mr. R„ P h i l l i p s , Dept» 
Geological Sciences, Univ, of Durham, 

During data v a l l d i f i c a t i o n i t was noted that published 
a n a l y t i c a l and i n p a r t i c u l a r o p t i c a l data concerning aciphiboles were 
frequently i n t e r n a l l y inconsistent. 

9 A 0 C l a s s i f i c a t i o n and nomenclature of the amphiboles. 

I n Chapter 1 P h i l l i p s ' (I966) derivation of amphibole 
compositional space as a graphical representation and means of class­
i f y i n g the calcium and sodium r i c h amphiboles was described. Compared 
with a l t e r n a t i v e three dimensional representations proposed by Fabries 
( 1 9 6 6 ) and Leake ( 1 9 6 8 ) amphibole compositional space was found to be 
superior i n a number of aspects while the two dimensional represent­
ations of Hallimond ( 1 9 ^ 3 ) , Winchell ( 1 9 ^ 5 ) , Miyashiro ( 1 9 5 7 ) , Boyd 
( 1 9 5 9 ) and Leake ( 1 9 6 8 ) can be considered as views of l i m i t e d portions 
of the space (Section 5 * 1 )<> 

P h i l l i p s subdivision of amphibole compositional space i n t o 
nine sensu extensu, regions, each named a f t e r an apex or 'end member' 
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and each corresponding to regions i n which greater than 5 0 per cent 
of an 'end member' component was present was found to be unsatis­
fac t o r y * The regions did not i n every instance correspond to greater 
than 5 0 per cent of an 'end member' component or to regions i n which 
an 'end member1 was dominant. An a l t e r n a t i v e subdivision was devised 
(Section 5 » 2 ) i n which amphibole compositional space was subdivided 
i n t o nine regions i n which each of the 'end members' were respectively 
the dominant component of the basic atomic formulae p l o t t i n g w i t h i n 
the region. These were termed sejigu dominante regions, see Fig 5 « 6 

and Table 5 « 1 « I t i s suggested that the concept of the dominant 
component i s i n t r i n s i c a l l y more valuable than a nomenclature based on 
previous usage(cf Miyashiro 1 9 5 7 ) Leake 1 9 6 8 ) or a number of cubic 
c e l l s (cf tohittaker 1 9 6 8 ) . Sensu djpmlnanfre nomenclature was used 
extensively i n Chapters 7 and 8 „ 

I t i s sometimes advantageous to be able to describe a b?sic 
atomic formula as a l i n e a r combination of 'end member' components. 
Because there are more than four vertices i n three dimensional araphiboL 
compositional space i t i s possible to derive a l t e r n a t i v e equivalent 
combinations f o r other than 'end members' themselves. I t was 
suggested (Section 5 « 3 ) that where such a combination i s required the 
'end member' combination with the maximum proportion of the sensu 
dominante component present should normally be used or where t h i s 
i s not unique that with the smaller number of components. To achieve 
t h i s Table 5 e 2 of equivalent 'end member1 combinations was given. 
Table 5 » 2 can also be used to maximise other than the sensu dominante 
component as f o r example when considering amphiboles near a binary 
j o i n between 'end members'. I n deriving the .sa&sn dominante 
nomenclature the Na , Mg , Al substituted 'end members' of P h i l l i p s 
& Layton ( 1 9 6 U ) and P h i l l i p s (I966) were retained. Two of these, 
miyashiroite and sundiuslte have been discredited as amphibole names 
(Fleischer 1 9 6 5 ; 1 9 6 6 ) since neither had been synthesised or reported 



as the dominant component of any natural ainphibole* A search 
of the amphibole data f i l e located 6 amphiboles i n M sensu dominante, 
of which 5 were i n M sensu extenso and 1 1 5 amphiboles i n Su sensu 
dominante of which 1 5 were i n Su sensu. extenso (Section 5 . l O « While 
most showed V a r i o u s degrees of ferrous, f e r r i c i r o n s u b s t i t u t i o n f o r 

o+ v i 
Mg~ and Al i t was suggested that because basic atomic formulas 
of natural amphiboles did occur with NaCaNaMg^AlgSi^AlgO^OH),) a n ( 3 

NaNa^-lg^Al^ipAl 0 2 2 ( 0 H ) 2 as the dominant component and i n excess of 
5 0 per cent there were strong grounds f o r r e t a i n i n g sundiusite and 
miyashiroite as 'end member* names. This i s simila r to the prosenL 
use of tschermakite and allows a l l the 'end members' to be named 
a f t e r Na +, Mg 2 +, A l 3 + substituted amphiboles. 

Since the nomenclature of amphibole compositional space was 
based e n t i r e l y on Na +, Mg 2 +, A l ^ + 'end members', i t i s possible to 
Indicate the extent of geologicaly important substitutions such as 
F e 2 + f o r Mg 2 + and Fe^ + f o r A l v i i n a consistent manner by qua l i f y i n g 
the sensu dominante name with appropriate a d j e c t i v a l prefixes (Section 
5 o 5 ) . Thus two amphiboles w i t h Mg 2 + > Fe 2 + , F e 3 + > A l v i and Fe > Kg2' 
Fe > A l v i both with Pa as the dominant component of the basic atomic 
formula would be termed f e r r i Pa sensu domlnante and f e r r o f e r r l Pa 
sensu dominante respectively. A similar approach can be applied to 
other s u b s t i t u t i n g ions provided the ro l e of the s u b s t i t u t i n g ion i s 
known. The t i t a n i f e r o u s amphiboles were considered separately i n 
Section 5 » 5 o l . A l l the apparently r e l i a b l e analyses with T i ^ 0 . 5 

+ U+ atoms and H 2 0 , F or CI determined and almost a l l those with T i ^ 0 . 5 

i n the amphibole data f i l e were found to be similar with A 1 Z > 1 . 5 » 

A l Y > l o 0 , N a X < 0 . 5 , N a A > 0 P 5 (Ca + N a > l , 3 3 ) . I n view of t h i s i t 
was considered appropriate to use kaersutite f o r such analyses i n 
addition to t h e i r sens.u dominante nomenclature. 



I n order to d i s t i n g u i s h basic atomic formulae of the calcic 
2 + p+ 2 + amphiboles from those with Mg , Fe or Mn i n the X group an 

extended form of the basic atomic formula was devised (Section 5 o 6 ) . 
7 Y Y X This had four independant variables (Al , Al"" NaA, Ca or Mg ) and 'a 

f u r t h e r six extreme basic atomic formulae were possible. Three of 
these were found to correspond to previously named amphiboles, anth« 
o p h y l l i t e , gedrite, magnesio-richterite and a fo u r t h one (Na l^Mgi,. 

A l Si^Al 0 2 2 ^ 0 H ^ 2 ^
 w a s n a m e d soda=gedrite a f t e r i t was found that 

natural amphiboles occurred with greater than 5 0 per cent of the 
component present,, The most successful three dimensional represent­
ati o n i n v o l v i n g three out of the four variables of the extended basic 
atomic formula was termed extended amphibole compositional space 
(Fig 5 » 1 0 ) » Since only three variables were used i n d i v i d u a l points 
represent more than one basic atomic formula and while the 'end 
members' of amphibole compositional space and the additional s i x 
extreme compositions do not a l l correspond to vertices of the space. 
Because of t h i s no attempt was made to subdivide the space i n t o sensu 
dominante regions. From the observed d i s t r i b u t i o n of basic atomic 
formulae i n extended amphibole compositional space (Chapter 7 ) a 

X X Y 
three f o l d subdivision at Mg 0 . 6 6 (Ca + Na 1 . 3 3 ) , MgA

 1 , 3 3 (Ca + 
NaA

 0 * 6 6 ) appeared appropriate. Amphiboles w i t h Mg i n excess of 1 . 3 3 

were termed FeMgMn amphiboles, those with Mg less than 0 . 6 6 were 
v 

f u r t h e r subdivided at Na 0 , 6 6 and 1 . 3 3 . These three subdivisions 
and the corresponding three of amphibole compositional space were 

Y 
termed i n order of increasing Na the c a l c i c , soda calcic and a l k a l i 
amphiboles. The remaining zone of extended amphibole compositional 
space with Mg 0 . 6 6 - 1 . 3 3 was unnamed. I t was suggested that sensu 
dominante nomenclature could be extended to c a l c i c , soda calcic and 
a l k a l i amphiboles, that i s those w i t h MgX up to 0 . 6 6 atoms. 

Two axis plots of views of both amphibole compositional space 



and extended amphibole compositional space were used to show the genera! 
d i s t r i b u t i o n of natural amphiboles (Chapter 7 ) and the re l a t i o n s h i p 
between amphibole composition and host rock, type (Chapter 8 ) 0 

9 . 5 . D i s t r i b u t i o n of basic atomic formulae„ 

The d i s t r i b u t i o n of basic atomic formulae over amphibole and 
extended amphibole compositional space was i l l u s t r a t e d i n Chapter 7 

(Figs 7 o l - 7 . 2 8)„ Despite the diverse modes of occurrence and large 
number of analyses used i t was found that balanced basic atomic 
formulae of natural amphiboles plotted predominantly i n either the 
c a l c i c , a l k a l i or FeMgMn groups and were less common and almost 
completely absent i n the soda calcic and unnamed amphibole groups 
respectively. The observed d i s t r i b u t i o n i s consistent with what i s 
known of m i s c i b i l i t y r e l a t i o n s between the FeMgMn - ca l c i c and FeMgMn 
- a l k a l i amphiboles from experimental evidence (Cameron 1 9 7 1 ) and 
exsolution phenomena i n n a t u r a l l y occurring amphibolas (Ross, Papike 
& Shaw 1 9 6 9 ? Robinson et a],.. 1 9 7 1 )• A number of workers (Sundius 
1 9 ^ 6 j Boyd 1 9 5 9 ? Ernst 1 9 6 8 ) have a t t r i b u t e d the r e l a t i v e infrequency 
of soda calcic amphiboles to a m i s c i b i l i t y gap,, As f a r as the author 
i s aware reports of exsolution textures i n which both host and exsolved 
phases were either c a l c i c , soda calcic or a l k a l i amphiboles have not 
been confirmed, (see Section 7 . 2 ) , however pairs of calcic or a l k a l i 
and less commonly soda calcic amphiboles i n apparent t e x t u r a l and 
chemical equilibrium have been reported from a small number of 
l o c a l i t i e s , (see Section 7 0 2 . 2 ) < > 

Comparison of the d i s t r i b u t i o n of basic atomic formulae of 
such pairs contained i n the amphibole data f i l e w i t h the d i s t r i b u t i o n 
of basic atomic formulae (cf Figs 7 . 1 , 7 . 2 , 7 A , 7 . 5 , 7 . 2 5 , 7 . 2 6 with 
7 . 3 0 - 7 . 3 3 ) showed that with the exception of those pairs from the 
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Sanbagawa Metamorphic Belt (Fig 7 * 3 2 ) the separation corresponded 
to the l i r a i t 3 of the soda calcic amphiboles. Further with the 
exceptions above the apparently coexisting pairs had either Tr, G 
or Pa but not R or Su as the dominant components of the basic atomic 
formulae and t h e i r t i e l i n e s did not extend towards r i c h t e r i t e or 

Z 7 to high A l values. I n contrast inspection of the low Al soda calcic 
amphiboles showed that the majority were from igneous or hydrothermal 
parageneses, t y p i c a l l y with R as the dominant component, and lay 
on the r i c h t e r i t e side of the t i e l i n e s . The metamorphic amphiboles o 
the other hand were much less numerous but included only twelve analys 
i n the f i e l d s of Tr, Ts, Su and G s.od.0 which could be considered 
intermediate between at least some of the pairs and i n addition two 
R S n d _ a The combination of evidence from the r e l a t i v e infrequency of 
soda calcic compared with calcic and a l k a l i amphiboles, the existence 
of calcic =» a l k a l i amphibole pairs i n apparent equilibrium and the 
presence of only 1 2 out of 2 6 ^ 0 analyses which are intermediate was 
considered consistent w i t h , although not proof o f , a solvus between 
the calcic and a l k a l i amphiboles. The lo c a t i o n of the proposed solvus 
l i e s between Tr - G and Pa - G but there way no evidence f o r i t s 
extension towards r i c h t e r i t e or sundiuslte. Tentative facies assign­
ments fo r the pairs suggested conditions of formation intermediate 
between those of the greenschist and glaucophane lawsonite schist 
facies or the high temperature blueschist facies while there was some 
evidence that under the conditions of the Sanbagawa Metamorphic Belt 
the solvus was eith e r reduced or absent. I t i s apparent therefore 
that there i s a need f o r experimental work to be undertaken i n the 
j o i n Tr - G to provide evidence regarding the existence of the 
postulated solvus and to determine the pressure and temperature over 
which t h i s may e x i s t . Such information would be p o t e n t i a l l y valuable 
i n i n t e r p r e t a t i n g the physical conditions metamorphic rocks i n t e r ­
mediate between the greenschist, glaucophane lawsonite s c h i s t , and 



high temperature blueschist facies formed under. 
2 

A hiatus i n the Al of the calcic amphiboles and the existence 
of ' a c t i n o l i t e ' - 'hornblende' pairs has been interpretated by a . 
number of workers as evidence of a solvus w i t h i n the calcic amphiboles, 

2 

(Section 7 < > 2 . 1 ) . A bimodal d i s t r i b u t i o n of A l i n calcic amphiboles 
was observed (Fig. 7 * 2 9 ) with maxima at 0 . 0 - 0 . 1 and 1 . 6 - 1 . 7 and a 
minimum at OA - 0 „ 5 , while a search of the amphibole data f i l e located 

7 
only one apparently coexisting pair with values f o r Al which straddled 
the observed minimum,(Fig 7 . 2 1 ) . However, i t was suggested that 
since there was only a single pair and only c a l c i c amphiboles from 

2 

calcareous host rocks showed a bimodal d i s t r i b u t i o n of Al ( F i g , 7 . 2 9 ) 

that the solvus, i f i t existed must be r e s t r i c t e d . Jasmund & Sohafer 
( 1 9 7 2 ) and Ernst ( 1 9 7 2 ) f a i l e d to f i n d evidence f o r a solvus i n an 
experimental study of the j o i n Tr - Ts and i n natural amphibolea from 
the Sanbagawa Metamorphic Belt respectively. I t was concluded 
t e n t a t i v e l y that evidence f o r a solvus was inconclusive. 
9 . 6 . General features of basic atomic formulae of amphiboles from 

various igneous and metamorphic parageneses. 
Using the o r i g i n a l authors name for the host rock as contained 

i n r e l a t i o n OCCURRENCE (Chapter Appendix 9 ) the d i s t r i b u t i o n of 
basic atomic formulae i n amphibole compositional space and extended 
amphibole compositional space, the extent of Mg 2 + - Fe 2 +, A l V i - Fe'^+ 

s u b s t i t u t i o n i n the atomic formulae, and the nomenclature of amphiboles 
i n a number of igneous (Section 8 . 1 ) and metamorphic (Section 8 . 2 ) 

host rock categories were described f o r amphiboles i n the amphibole 
data f i l e w i t h balanced basic atomic formulae and either H 2 0 » F or CI 
determined. Despite the l i m i t a t i o n s imposed by using the o r i g i n a l 
authors nomenclature and the i m p r a c t i c a l i t y , i n most instances, of 
separating amphiboles i n equilibrium from those which were not i n 
equilibrium, i t was found that the d i s t r i b u t i o n and nomenclature of 



amphiboles from i n d i v i d u a l host rock categories was distinctive„ 

Perhaps the most s t r i k i n g d i s t i n c t i o n s viere between amphlboles 
from igneous and those from metamorphic host rock categories ( f o r 
d e f i n i t i o n s of these categories see Section 7 o l ) . Igneous amphiboles 
i n Ed and the FeMgMn amphiboles were found to be uncommon 
compared wi t h amphiboles from metamorphic rocks. The reverse s i t u a t i o n 
applied to R, Ec js.d., and kaer s u t i t e . The p o s s i b i l i t y that these 
d i s t i n c t i o n s could be a t t r i b u t e d , at least i n part, to bias i n sampling 
was not ruled out altogether. However, searches of the e n t i r e amphibole 
data f i l e and the previous recognition of some of the d i s t i n c t i v e 
features tended to reduce t h i s p o s s i b i l i t y . The observed d i s t r i b u t i o n s 
and where appropriate published experimental data on amphibole s t a b i l i t y 
were used to support t e n t a t i v e suggestions as to the more important 
factors c o n t r o l l i n g specific d i s t r i b u t i o n s . 

Only three FeMgMn amphiboles from igneous host rocks were 
i l l u s t r a t e d i n Figs 7 o l - 7<>28 , They were a l l cummingtonite - grunerite, 
The apparent scarcity cf such amphiboles i n igneous rocks was at t r i b u t e d 
(Section 8 , 3 , 1 ) to the r e l a t i v e l y low thermal s t a b i l i t y of cumming-
to n l t e - grunerite (Schurmann 1 9 6 8 ) , This i s consistent with the 
observed occurrence of cummingtonite - grunerite as a secondary mineral 
a f t e r ô t ho pyroxene, as a l a t e stage reaction product of o l i v i n e and 
quartz and as low temperature phenocrysts i n acid extrusives. The 
absence of gedrite but not anthophyllite may be explained i n a similar 
manner. Additional factors such as magma composition, i n p a r t i c u l a r 

2 + 

the presence of Ca , may have an important bearing on the r e l a t i v e 
scarcity of igneous FeMgMn amphiboles. 

The complete lack of edenitic amphiboles from igneous host 
rocks and the scarcity of Ed s_,d,, from such paragenese was a t t r i b u t e d 
(Section 8 , 3 , 2 ) to a postulated low thermal s t a b i l i t y of edenite and 
ferroedenlte. This suggestion i s speculative since, as f a r as the 
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w r i t e r i s aware, the s t a b i l i t y of edenite and ferroedenite have not 
been determined experimentally, 

Kaersutites (as defined i n Section 5 < > 5 . 1 ) were found (Section 
8 o 3 „ 3 ) to be almost exclusively confinec! to igneous host rocks, i n 
par t i c u l a r s i l i c a undersaturated, often a l k a l i r i c h feldspathoidal 
parageneses. Only a single metamorphic ka e r s u t i t e , from an ec l o g i t e , 
was found i n the i l l u s t r a t e d analyses (Table 8 0 1 ) 0 Examination of 
the e n t i r e amphibole data f i l e located a number of fu r t h e r apparently 
r e l i a b l e analyses from eclogites but none form other metamorphic 
host rocks. I t was not possible to define the factors necessary f o r 
the c r y s t a l l i s a t i o n of kaersutite. However, the apparently complete 
absence from metamorphic rocks formed under normal regional and 
contact metamorphic facies regimes and the association of the eclogite 
kaersutites with igneous rocks suggested that somewhat extreme 
conditions not normally found during metamorphism were required f o r 
kaersutite to c r y s t a l l i s e i n natural assemblages. 

I n contrast amphiboles w i t h R or Ec as the dominant component 
of the basic atomic formula were found to be f a i r l y common i n igneous 
and calcareous host rocks, but absent, or at least extremely rare i n 
the remaining metamorphic host categories (Section 8 . 3 o W ) o Following 
P h i l l i p s & Rowbotham ( 1 9 6 8 ) t h i s feature of t h e i r d i s t r i b u t i o n was 
at t r i b u t e d to the peculiar chemical requirement of both amphiboles 
although the presence of a solvus i n the v i c i n i t y of r i c h t e r i t e may 
also be s i g n i f i c a n t * 

Igneous rocks were subdivided i n t o s i x categories, ultramafic 
- u l t r a b a s i c , b a 3 l c , intermediate, acid, basic a l k a l i , and a l k a l i . 
The d i s t r i b u t i o n of basic atomic formulae, v a r i a t i o n i n nomenclature 

? + 2 + v i 3 + and extent of Mg -Fe , Al - Fe s u b s t i t u t i o n were found to 
show gradational changes between the categories. I n passing from 
ultrabasic - ul t r a m a f i c , through basic and intermediate to acid host 



rocks a gradual decrease i n the lower l i m i t of Al (increase i n 
SI1*"*") was found f o r calcic amphiboles. This was a t t r i b u t e d to the 
a v a i l a b i l i t y of s i l i c a i n the magma rather than due to the temp­
erature of c r y s t a l l i s a t i o n (cf Harry 1 9 5 0 ; Leake 1 9 7 1)» since the 
calc i c amphiboles of the basic a l k a l i and a l k a l i host rocks also 

i v *++ 
showed high Al. (low Si ) contents. As i n the other mafic s i l i c a t e s 
the amphiboles showed the s u b s t i t u t i o n of Mg2+ by F e 2 + i n passing from 
ultramafic - ultr a b a s i c to acid and basic a l k a l i to a l k a l i host rocks. 
Aluminium was reduced and substituted by f e r r i c i r o n probably i n 
response to decreasing A1 J a v a i l a b i l i t y and increasing water and 
hence i r o n oxidation state i n the magma. 

Since i t was not possible to subdivide metamorphic amphiboles 
i n terms of facies and host rock composition very l i t t l e could be 
inf e r r e d regarding the v a r i a t i o n of amphibole composition with 
metamorphic grade. However, amphiboles from eclogites were found 
(Section 8 . 3 . 6 ) to be more varied than might be expected from a rock 
type which has been given metamorphic facies status. While some of 
the v a r i a t i o n may be a t t r i b u t e d to retrogression the recognition by 
Coleman et a^. ( 1 9 6 5 ) that garnet and to a lesser extent pyroxene 
composition varied systematically with the mode of occurrence of 
eclogite prompted a closer examination of the v a r i a t i o n exhibited by 
the amphibolesv 

Amphlboles from rocks complying to a non-genetic d e f i n i t i o n of 
eclogite were separated from the araphlbole data f i l e . Four modes of 
occurrence were recognised, ( i ) inclusions i n kimberlite and u l t r a -
basic bodies, ( i l ) associated with rocks belonging to the amphlbolite 
and granulite f a c i e s , ( i l l ) associated with rocks belonging to the 
a l b i t e epidote amphibolite f a c i e s , and ( i v ) associated with 

Z X" 
glaucophane bearing schists. Plots of Al versus Na f o r the c a l c i c , 

2 y 

soda calcic and a l k a l i amphiboles and Al verus A l for the calcic 
amphiboles (Fig 8 . 8 ) showed that primary amphiboles from plagioclase 



free assemblages wore not only varied i n composition but the compos­
i t i o n varied systematically with the mode of occurrence. Secondary 
amphiboles displayed a less we l l defined d i s t r i b u t i o n . I t was 
suggested (Section 0.3.6) that the large and systematic v a r i a t i o n -
exhibited by the basic atomic formulae of primary amphiboles from 
eclogites i n terms of t h e i r mode of occurrence coupled with the 
rel a t i o n s h i p reported f o r the garnets and pyroxenes (Coleman et a l . 
I965) was consistent with eclogites having formed over a range of 
temperatures and pressures. The composition of primary amphibole 
may prove to be an important diagnostic feature of the mode of 
occurrence of eclogite. 

9 . 6 , Concluding remarks. 

This work has demonstrated the f e a s i b i l i t y of using a large 
c o l l e c t i o n of analyses and a number of graphical representations 
based on the simplifying concept of the basic atomic formula to 
summarise i n a convenient way the chemical v a r i a t i o n exhibited by 
natural amphiboles. The a b i l i t y tc summarise what i s probably a 
s i g n i f i c a n t proportion of the published chemical analyses of amphiboles 
has led to a clearer understanding of the oustanding problems of 
amphibole mineralogy. The existence of s o l v i w i t h i n the amphibole 
group were confirmed and inferred from the non-random d i s t r i b u t i o n of 
analyses w i t h i n amphibole compositional space and extended amphibole 
compositional space. By o u t l i n i n g the v a r i a t i o n exhibited by the 
amphiboles from a number of host rock categories i t was possible to 
make tent a t i v e suggestions as to the factors c o n t r o l l i n g amphibole 
composition i n specific environments. Further, using the observed 
d i s t r i b u t i o n i t was possible to focus a t t e n t i o n both on those comp­
os i t i o n s which appear commonly and those which are uncommon i n specific 
host rocks and to relate a d d i t i o n a l analyses to a body of information 

concerning amphiboles from similar rock types or amphiboles of similar 
composition. 
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APPENDI5C 1. 

STRUCTURE AHP SITE NOMENCLATURE OF THE AHPHIBOLES. 

The basic s t r u c t u r e of the amphiboles c o n s i s t s of two s i l i c a t e 
chains, F i g . A l . l a , c r o s s - l i n k e d t o form a band of approximately 

i 

hexagonally arranged SiO^ t e t r a h e d r a , F i g . A l . l b . The band extends i n ­
f i n i t e l y along the.c a x i s . There are equal numbers of two d i s t i n c t 
t e t r a h e d r a l l y co-ordinated s i t e s designated T l and T 2 . T l i s co­
ordinated t o three b r i d g i n g oxygens plus one non-bridging oxygen and i s 
smaller a .id mors n e a r l y r e g u l a r than T2 which i s co-ordinated t o two 
b r i d g i n g end two non-bridging oxygens, I n d e t a i l the chains are kinked 
such t h a t the angle 05 - 06 - 05 i s less than 180°, as i n F i g 0 A l . i b . 
C o l l e c t i v e l y these t e t r a h e d r a l l y co-ordinated s i t e s from p a r t of the 
Z group of c a t i o n s . An a d d i t i o n a l anion 03, the h y d r o x y l , occupies 
the centre of each hexagon. Viewed p a r a l l e l t o the c a x i s , the non-
b r i d g i n g oxygeno plus 03 l i e approximately i n a plane, as do the Z 
group c a t i o n s and the non-bridging oxygens, see F i g , A l . l c , 

The s i l i c a t e bands are arranged i n l a y e r s p a r a l l e l t o (100). 

Along the b ax i s the bands a l t e r n a t e along a*(the normal to (100)), t o 
form l a y e r s . Layers are i n t u r n stacked along a w i t h n o n - b r i d g i i i g 
oxygens p o i n t i n g a l t e r n a t i v e l y towards and away from each o t h e r , F i g . 
A 1 . 2 . 

Layers of s i l i c a t e bands are held i n place by c a t i o n s . Five 
of these i n three s t r u c t u r a l l y d i s t i n c t s i t e s , two i n M2, two i n Ml 
and one i n M3, are co-ordinated t o the inward p o i n t i n g non-bridging 
oxygens and 03« Each of the ca t i o n s i s i n s i x f o l d c o - o r d i n a t i o n . 
This i s accomplished by the displacement of the s i l i c a t e bands above 
and below the cati o n s by a stagger of approximately c / 3 . Six non-
b r i d g i n g oxygens form the c o - o r d i n a t i o n polyhedra around M2, but the 
Ml and M3 s i t e s are co-ordinated t o f o u r non-bridging oxygens and two 

hydroxyls i n els, and trans c o n f i g u r a t i o n r e s p e c t i v e l y . The f i v e c a t i o n 
s i t e s are r e f e r r e d t o c o l l e c t i v e l y as the Y group. 
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Fjg» A l . l . S i t e nomenclature of the s i l i c a t e c h a i n i n the 
amphibole s t r u c t u r e . Co-ordinates of the io n s 
were taken from an X-ray refinement of g r u n e r i t a 
(Finger 1969). 

Q c a t i o n s , o anions0 
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Stacking of the s i l i c a t e bands i n the monoclinic 
amphibole g r u n e r i t e . The co-ordinates of the 
ions were taken from Finger (1969)• 

@ c a t i o n , o anion • unoccupied A s i t e s 
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One apex of both the upper and lower t r i a n g u l a r faces of the 
Y. group c o - o r d i n a t i o n polyhedra i s o r i e n t a t e d towards e i t h e r +c or 
-Co Gibbs (1966) and Papike & Ross (1970) d e f i n e a p o s i t i v e l y 
o r i e n t a t e d c a t i o n s t r i p as one i n which the lower t r i a n g u l a r face i s 
o r i e n t a t e d towards +c and conversly a negative s t r i p has one apex 
of the lower face p o i n t i n g towards -c. 

P e r i p h e r a l to the Y group c a t i o n s t r i p the M!+ c a t i o n s i t e s are 
co-ordinated t o a l t e r n a t i v e l y o r i e n t a t e d s i l i c a t e bands and serve t o 
hold the l a y e r s t o g e t h e r . Depending upon the i o n i c r a d i u s of the 
c a t i o n , the s i t e may be i n i r r e g u l a r 6,7 or 8 f o l d c o - o r d i n a t i o n . 
To accomplish t h i s , displacement or d i s t o r t i o n of the s i l i c a t e bands 
i s introduced„ The two s i t e s are normally r e f e r r e d to as the X 
group„ 

L a s t l y , the A s i t e s s i t u a t e d a t the back of the s i l i c a t e bands 
may, or may net be occupied. When occupied the s i t e i s i n 10 - 12 

f o l d c o - o r d i n a t i o n i n the clinoamphiboles or i n 6 f o l d c o - o r d i n a t i o n 
i n g e d r i t e (Papike & Ross 1970). 

W i t h i n the clinoamphibole h a l f u n i t c o l l there are one A, 
two M*+, M2, Ml, one M3, f o u r T l , T 2 , twe 03 and twenty oxygen s i t e s . 
The general s t r u c t u r a l formula can be w r i t t e n as 

V l \ Y5 h °22 ( 0 H > 2 . 

This b r i e f d e s c r i p t i o n r e f e r s to the clinoamphiboles. A number 
of s t r u c t u r a l m o d i f i c a t i o n s l e a d i n g t o d i f f e r e n t space group symmetries 
have been recognised. By f a r the m a j o r i t y of clinoaraphiboles belong 
t o the space group C2/m or i t s geometrical e q u i v a l e n t I2/m (Whittaker 
& Zussman 1961). I n these the c a t i o n s t r i p s are a l l s i m i l a r i l y 
o r i e n t a t e d and are co-ordinated t o two i d e n t i c a l s i l i c a t e bands, F i g , 
A1.3a . 
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F i g B Chain d i s t o r t i o n and c a t i o n s t r i p o r i e n t a t i o n 
i n araphiboles belonging t o tli o C2/M, Pnma, Pnmn 
and P24/M space groups, a f t e r Papilie & Ross ( 1 9 7 0 ) , 
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The clinoamphibole s t r u c t u r e t y p e , ' c l i n o - a n t h o p h y l l i t e ' 

or p r i m i t i v e cummingtonite, was f i r s t recognised as an exsolved phase 

i n t r e m o l i t e by Bown ( 1 9 6 5 ) . Papike, Ross & Clark (1969) showed t h a t 
the amphibole belonged t o the space group P2j_/ai. Apparently both 

2+ 2+ 

Ca and Mg occupy the M*+ s i t e s simultaneously. To b r i n g about 
the ohserved c o - o r d i n a t i o n of the s i t e s the s i l i c a t e bands above 
and below the c a t i o n s t r i p d i s t o r t independantly forming two d i s t i n c t 
bands designated A, B on F i g A l 0 3 d 0 The c o - o r d i n a t i o n i s such as t o 
b r i n g 7 oxygens (02A,02B,01-fA,OlfB 506A,o6B,0 5A) i n t o close p r o x i m i t y 
to Hkt P r i m i t i v e cummingtonite i n v e r t s t o C2/m camtningtonite at 
temperatures above h-0°C ( P r e w i t t , Papike & Ross 1 9 7 0 ) 0 

Orthorhombic amphiboles, a n t h o p h y l l i t e (Warren & Modell 19305 

Finger 1 9 7 0 a ,b), g e d r i t e (Paike & Ross 1970) and h o l m q u l s t i t e ( V/hittak 
19695 Finger & Ohashi 197 1*) have been assigned to the space group 
Pnma8 Like the P 2 J ( / M cuirimingtonite the s i l i c a t e bands above and below 
the c a t i o n s t r i p d i s t o r t independantly i n order to co-ordinate the 
small Mg or L i c ations i n Hke However, u n l i k e P2,/M curamingtonito 
the o r i e n t a t i o n of the c a t i o n s t r i p a l t e r n a t e s , see F i g . A l « 3 b o An 
i n v e r s i o n from a n t h o p h y l l i t e t o e i t h e r C 2 / m o r P 2 i / m cummingtonite, 
would i n v o l v e a major rearrangement of the c o n s t i t u e n t i o n s . 

Protoamphibole, a Mg 2 +, L i + amphibole. synthesised by Gibbs, 
Bloss & S h e l l (1960) and i n v e s t i g a t e d by Gibbs (1969) i s also 
orthorhombic belonging to space group Pnmn„ Unlike the other o r t h o r ­
hombic amphiboles there e x i s t s only one type of s i l i c a t e band ( F i g . 
A1.3c). 

L a s t l y , Moore (1969) has described a unique P b 2 + , B e 2 + r i c h 
clinoamphibole, j o e s m i t h i t e . B e 2 + i s completely ordered i n t o one 
of the t e t r a h e d r a l l y co-ordinated c a t i o n s i t e s of the s i l i c a t e band 
causing the l o s s of the m i r r o r symmetry plane. The amphibole belongs 

t o space group P2/a. 



APPENDIX 2. GENERAL ACCOUNT OF THE METHODS USED TO DETERM1NE SITE 
POPULATIONS OF AMPHIBOLES. 

A b r i e f account of the methods by which published experimentally 
determined s i t e populations have been obtained i s given below s and • 
the r e l a t i v e m e r i t s of the techniques are discussed. 

Ao2 . 1 o X-ray d i f f r a c t i o n , , 

The phenomenon of X-ray d i f f r a c t i o n i n v o l v e s the s c a t t e r i n g 
of X-rays by regions of high e l e c t r o n d e n s i t y ( h i g h s c a t t e r i n g f a c t o r s ) 
corresponding t o the l o c a t i o n of atoms or ions i n the c r y s t a l s t r u c t u r e . 
Analysis of these regions of high e l e c t r o n d e n s i t y may i n t u r n be 
r e l a t e d t o the number of e l e c t r o n s i n the i o n occupying the s t r u c t u r a l 
s i t e . I n t h i s way the l o c a t i o n of ions w i t h markedly d i f f e r e n t 
e l e c t r o n d e n s i t y may be i n f e r r e d . 

U n f o r t u n a t e l y using e l e c t r o n d e n s i t y c o n s i d e r a t i o n s alone i t 
remains d i f f i c u l t and sometimes impossible to d i s t i n g u i s h between ions 
w i t h s i m i l a r s c a t t e r i n g f a c t o r s or numbers of e l e c t r o n s , f o r example 
( F e 2 + , Mn2+, T i ^ ) , (Mg* +, A l 3 + , S i * + , N a + ) , and between ions of the 

5 + 2+ 
same element i n d i f f e r e n t o x i d a t i o n s t a t e s (Fe° , Fe ) o Despite 
these d i f f i c u l t i e s a number of authors have made estimates of s i t e 
populations of i n d i v i d u a l ions included i n the above groups. This 
has been done by comparing the l e n g t h of the bonds between the unknown 
c a t i o n species and the surrounding anion polyhedron w i t h the bond 
lengths i n d i v i d u a l ions are known t o make i n other c o - o r d i n a t i o n poly-
hedra. By e x t r a p o l a t i o n between such extremes estimates of the 

3+ 3+ 
d i s t r i b u t i o n of A l , Fe i n the Y group have been made (Whittaker 
1 9 * + 9; Papike & Clark 1 9 6 8 ; M i t c h e l l e t a l . 1 9 7 1 ) , F e 2 + , Mn 2 + i n the 

2+ 3+ 
Y group (Papike, Ross & Clark 1 9 ^ 9 ) , Fe , Fe J i n the Y group (Moore 

*t+ 3+ 
1 9 6 9 ) and Si , Al. i n the Z group ( P a p i k e , Ross & Clark 1 9 6 9 } Papike 
& Ross 1 9 7 0 ; Kitamura & Tokonami 1 9 7 1 ; Hawthorne & Grundy 1973a,b). 
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Such analyses have not been undertaken f o r every published X-ray 
s i t e p o p u l a t i o n . 

A 2 o 2 0 I n f r a r e d spectroscopy. 

Burns ( 1 9 6 5 ) demonstrated t h a t i n hydroxyl bearing mii.erals 
d i f f e r e n t cation" species co-ordinated t o the h y d r o x y l , a l t e r e d the 
strength of the 0 - K bond„ Q u a l i t a t i v e l y , the stronger the c a t i o n -
oxygen bond the weaker the 0 - H bond. This v a r i a t i o n i n s t r e n g t h of 
the 0 - H bond causes s l i g h t a l t e r n a t i o n s i n the frequency of the 
hydroxyl fundamental band i n the i n f r a r e d 0 

Using a high r e s o l u t i o n i n f r a r e d spectrometer the hydroxyl 
fundamental band can be resolved i n t o a number of abs o r p t i o n peaks 
corresponding to d i f f e r e n t c a t i o n - hydroxy1 combinations. I n the 
case of the amphiboles only c a t i o n species present i n the two Ml and 
si n g l e M3 s i t e s are co-ordinated to the h y d r o x y l . Provided the s p e c i f i c 
c a t i o n - OH combination can be paired w i t h the absorption peak and 
the i n t e n s i t y of the peak r e l a t e d to the importance of the c a t i o n -
OH combination, s i t e populations f o r the 2M1 and M3 s i t e s may be made. 
By s u b t r a c t i o n from an atomic f o r m u l a , populations f o r the M2 or 
M2 + Hk s i t e s may be c a l c u l a t e d . 

I n the simplest cases i n which the 2H1, M 3 s i t e s are occupied 
by two cations (Fe , Mg ) fo u r a h s o r p t i o n peaks have been recognised. 
This i ncludes such compositions as t r e m o l i t e - a c t i n o l i t e (Burns & 
Strens 1 9 6 6 ; Burns & Greaves 1 9 7 1)» cummingtonite - g r u n e r i t e (Burns 
& Strens 1 9 6 6 ; Buckley & Wi l k i n s 1 9 7 1 ) and a n t h o p h y l l i t e ( B a n c r o f t , 
Burns, Maddock & Strens 1 9 6 6 ) . More numerous peaks have been found i n 
the a l k a l i amphiboles i n which Mg 2 +, Fe 2 +» Fe^ +, and A l v l are possible 
occupants of the Ml and M 3 s i t e s ( B a n c r o f t & Burns 1 9 ^ 9 5 Ernst & Wai 
1 9 7 0 ) o Peak assignments have been given by the above authors. I t 
should be noted however t h a t e r r o r s i n peak assignments have been made 



- 3 5 9 -

(Burns & Greaves 1971, p. 2031). 

An estimate of the s i t e p o p u l a t i o n of the Ml, M3 s i t e s may 
be made from the r e l a t i v e i n t e n s i t y of the absor p t i o n peaks. Early 
published r e s u l t s were based on peak height as a measure of the 
r e l a t i v e importance of c a t i o n combinations ( B a n c r o f t , Burns, Haddock 
& Strens 1966; Burns & Strens I966; Burn? & Prentice I968; Bancroft 
& Burns 19&9). Later workers (Burns & Law 1970| W i l k i n s 1970) 

demonstrated t h a t the r e l a t i v e i n t e n s i t i e s of the peaks were more 
accurate i f c a l c u l a t e d from peak areas. 

U n f o r t u n a t e l y not a l l a b s o r p t i o n peaks are non-overlapping, 
This leads to peak broadening and d i f f i c u l t i e s i n e s t i m a t i n g s i t e 
p o p u l a t i o n s . Strens i n Bancroft & Burns (19&9) found the c a l c u l a t e d 
Fe 2 +» Mg 2 + p o p u l a t i o n of the Ml, M3 s i t e s o f t e n exceeded the F e 2 + +• 

2+ 
Mg content of the amphibole. This may be explained by the a d d i t i o n 

2+ 

of overlapping a b s o r p t i o n peaks, possibly from Mn (Burns & Greaves 

1971). 

L a s t l y , Burns & Law (1970) have suggested t h a t peak i n t e n s i t y 
may not be d i r e c t l y r e l a t e d to the p r o p o r t i o n of the c a t i o n combinations 
present as had pre v i o u s l y been assumed. Absorption peak i n t e n s i t y may 
be dependant upon the c a t i o n species present, thus the peak areas f o r 

2+ 2+ 

3Fe and 3Mg i n the same s i t e s need not be equal. The r e s u l t of 
t h i s e f f e c t on p r e v i o u s l y published s i t e populations has not been 
evaluated. 
A2.3. Mossbauer spectroscopy. 

it 
Mossbauer spectroscopy makes use of the ab s o r p t i o n of gamma 

it 
rays by a s o l i d absorber, discovered by R.L. Mossbauer i n 1957 

11 

(Mossbauer 1958). By moving the gamma ray source r e l a t i v e t o the 

absorber the energy of the emitted gamma rays can be a l t e r e d by the 

Doppler e f f e c t . I f the absorption of gamma rays i s measured d u r i n g 



II the movement of the source r e l a t i v e t o the absorber a Mossbauer 
spectrum i s b u i l t up. For a d e t a i l e d d i s c u s s i o n of the method see 
Ba n c r o f t , Burns & Maddock (1967a,b). 

While the Mossbauer e f f e c t has been observed f o r a l a r g e • 

number of i s o t o p e s , from a g e o l o g i c a l p o i n t of view, only t h a t shown 
by ^?Fe has been widely s t u d i e d . Both f e r r o u s and f e r r i c i r o n species 

it 

give r i s e t o a Mossbauer spectrum of two a b s o r p t i o n peaks, - a doublet. 
The p o s i t i o n of the peaks, i n d i c a t e d by the chemical isomer s h i f t 
( C . I . or § ) , and the separation of the doublets from t h e i r m i dpoints, 
the quadruple s p l i t t i n g (Q-S. or A ) , can be r e l a t e d t o measures 
of the e l e c t r o n d e n s i t y and to the asymmetry of the e l e c t r i c f i e l d 
about the nucleus r e s p e c t i v e l y . Estimates of i r o n o x i d a t i o n s t a t e , 
e l e c t r o n i c c o n f i g u r a t i o n , c o - o r d i n a t i o n number, and the symmetry of 
the enclosing c o - o r d i n a t i o n polyhedron can be made. Provided the 
i n t e n s i t i e s of the absor p t i o n peaks can be r e l a t e d t o the absolute 
number of i r o n c a t i o n s occupying s p e c i f i c s i t e s and the peaks them­
selves accur a t e l y assigned to c a t i o n s , s i t e populations may be 
calculated„ 

ti 
The Mossbauer spectra of cummingtonite - g r u n e r i t e ( B a n c r o f t , 

Burns & Haddock 1967a,b; Hafner & Ghose 1971; Ghose & Weidner 1972) 

and a n t h o p h y l l i t e ( B a n c r o f t , Burns & Maddock 1967b; B a n c r o f t , Maddock, 
Burns & Strens 1966; S i e f e r t & V i r g o 197*+) are e s s e n t i a l l y the same, 
c o n s i s t i n g of two doublets assigned t o f e r r o u s i r o n i n the s t r u c t u r a l l y 

2+ 
d i s t i n c t (MM-), (M2,M1,M3) s i t e s . S i t e populations f o r Fe among the 
X and Y groups can be c a l c u l a t e d . An accuracy of - 0.02 atoms has 
been claimed f o r the procedure (Hafner & Ghose 1971)« 

u 
Mossbauer spectra of the remaining amphibole compositions 

have been i n t e r p r e t e d i n terms of the d i s t r i b u t i o n of f e r r o u s i r o n 
between the s i t e s i n the Y group, i r o n being absent i n the X group. 
Two doublets assigned t o (M2), (M1,M3) have been found i n t r e m o l i t e -
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a c t i n o l i t e ( B a n c r o f t , Burns & Haddock. 1967b). Later workers have 
11 

been able t o resolve the Mossbauer spectra i n t o three doublets 
2+ 

assigned t o Fe ' i n the M2,M1, M3 s i t e s (Burns & Greaves 1971; 

Greaves, Burns & Bancroft 1971). 

Work on the a l k a l i amphiboles i n the s e r i e s glaucophane -
ferroglaucophane - ferroferrj.glaucophane - ferriglaucophane ( W h i t f i e l d 
& Freeman 1967; B a n c r o f t , Burns & Stone 1968; Bancroft & Burns I969; 

Ernst & Wai 1970) has revealed three d o u b l e t s . The doublets have been 
assigned t o F e 2 + i n Ml, F e 2 + i n (M2,M3) and Fe3+ i n M2. Ernst & Wai 
(1970) have i n t e r p r e t e d the s i n g l e . f a r r l c doublet as evidence f o r the 
or d e r i n g of a l l f e r r i c i r o n i n t o the M2 s i t e s and the l a c k of a t h i r d 

2+ 
f e r r o u s doublet as evidence f o r the absence of Fe from M2. However, 
three f e r r o u s doublets have been resolved f o r a magnesioriebeckite by 
Bancroft & Burns (I969). 

I n terms of the present study Mossbauer spectroscopy can 
y i e l d s i t e populations f o r F e 2 + i n the X and Y groups and Fe^ + i n the 
Y group. A l a r g e number of s i t e populations derived from Mossbauer 
spectroscopy arc* included i n Appendix 3» 
A2.!+. Comparison of X-ray d i f f r a c t i o n , I n f r a r e d and Mossbauer 

spectroscopy. 
Included i n the published s i t e populations i n Appendix 3 are 

a number of analyses i n which s i t e populations have been determined 
11 

independantly by X-ray d i f f r a c t i o n , i n f r a r e d or Mossbauer spectroscopy. 
U n f o r t u n a t e l y , the r e s u l t a n t s i t e populations are not i n a l l cases 
i d e n t i c a l * Without a 'co r r e c t * standard from which s i t e populations 
determined by d i f f e r i n g techniques can be compared a somewhat a r b i t a r y 
choice has t o be made between r e s u l t s . 

I n s e c t i o n A2.2 d i f f i c u l t i e s i n h e r e n t i n i n f r a r e d spectros­

copy were o u t l i n e d . Burns & Greaves (1971) have discussed the 
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ii 
r e l a t i v e m e r i t s of i n f r a r e d and Mossbauer spectroscopy i n analysing 
s i t e populations of tl i e t r e m o l i t e - a c t i n o l i t e s e r i e s . The l a t t e r 
technique was found to be s u p e r i o r . I n terms of the present study, 

it 

Mossbauer spectroscopy can y i e l d s i t e populations r e l e v a n t at group' 
l e v e l and has been used i n preference t o i n f r a r e d spectroscopy 
wherever a p p r o p r i a t e , 

A comparison of the s i t e p o p u l a t i o n of f e r r o u s i r o n c a l c u l a t e d 
it 

from X-ray d i f f r a c t i o n and Mossbauer spectroscopy has been made f o r 
t r e m o l i t e (Burns & Greaves 1971) and cummingtonite Hafner & Ghose 1971). 

Both techniques y i e l d e d e s s e n t i a l l y s i m i l a r s i t e p o p u l a t i o n s , Wherever 
appr o p r i a t e X-ray s i t e populations have been given preference i n 
Appendix 3, Only i n X-ray d i f f r a c t i o n has i t proved possible to 

recognise a l a r g e number of cations d i s t r i b u t e d between the A, X, Y 
it 

and Z groups» For the remaining analyses Mossbauer or a combination of 
i» 

Mossbauer plus i n f r a r e d s i t e populations have been chosen i n preference 
t o those c a l c u l a t e d from i n f r a r e d spectroscopy alone. 
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T able A 5 . 1 . Pub l i shed experli-.ier.-bc.lly determined and c a l c u l a t e d 
cat ior. d i s t r i b u t i o n s . 

2 

3 

5 

m Group 
Experiment a l l y 
d et e m i n e d v II7D AT k 3 
va lue 24(0) 

I'UTI) A'P ft 3 
23(C) 

n o AT A 5 
- 4(0) 

Iill.D. 
23(< 

F e 2 + X 1.41 1.76 1.84 1.76 1.84 
F e 2 + Y 0 . 8 0 0,52 0.46 o, 52 0 .4 5 

F e 2 + X 1.39 0.00 0.00 1. 68 I.67 
P e 2 + Y 0.24 1. 6 8 1 . 6 7 0.00 c.co 

7- 2 + 

A 0.70 1 .9 2 1 . 8 8 O.64 C.60 
,.2 + Y 4.03 2.56 3.59 4 . 8 5 4-C7 

S i * 4 Z e.oo 7.84 7 . 8 2 7 . 8 4 7.8 2 

17 a + A 0.52 0.31 c. 51 0.32 0 . 5 1 

T e 2 + X 1.30 1 .74 1.92 1.74 1.93 
K g 2 4 X 0 . 6 2 0.00 O . C O 0.00 O.00 

C a 2 + X 0 . 04 0 . 0 4 0.04 0.04 0.04 
*Ta+ X 0 . 0 2 0.22 0.03 0 . 22 C.C3 
F e 2 4 Y 1.23 0 . 7 8 0 . 6 2 0 . 7 8 0.62 
I l g 2 4 Y . 2.41 2 .97 3.00 2.97 3.00 
A l * 4 Y 1 .36 1. 22 1. 36 1.24 1. 36 
S i * 4 Z 5.96 5 . 8 7 5.95 5 . 8 7 5.95 
Al5 + Z 2.04 2.13 2 . 0 5 2.03 2.05 

Ka + A 0.34 0 . 4 8 0 . 44 0 . 4 8 0.45 
Fe X 0 . 8 4 O . C O 0.00 1 . 1 7 1.15 
H E " 4 X 1 . 1 0 2.17 1.94 1.00 0.79 
C a 2 4 X 0.04 0.00 0.00 0.00 0 . 0 3 

I T a 4 A 0 . 0 2 0.00 0.00 O . C O 0.03 
P e 2 4 C.42 2.23 2 . 2 1 0.06 0 . C 6 

http://experli-.ier.-bc.lly


6 

7 

8 

9 

10 

l i 

12 

r g 2 + 

A l 5 + 

Y 

Y 

3.38 
1.20 

2.4 2 

1.35 
2. 58 
1.21 

3.58 

1.35 
3.73 
1.21 

Z 6.24 6. 34 6.2/;. 6.34 6.24 
Al3 + Z 1.76 1.66 1.76 1.66 1.76 

Ce. 2tE + C . 0/| 0.00 0.00 0.00 0.00 
X 0.10 0. 64 0.62 0.00 0.00 

L i + 1 .80 0.00 0.00 1.79 1.79 
X C O 6 0.03 0.0 3 0.0 3 0.03 

r c 2 + Y 1.66 1 .12 1. 14 1.76 1.75 
F e 2 + Y 1.50 0.25 0.24 1. 39 1.41 
A l 5 + Y 1.84 1.04 1.04 1.02 

L i + A 0.95 0.00 0.00 0.65 0.70 
L i + X 0. 50 0.00 0.00 0. 55 0.50 

r.e 2 X 1.50 2.65 2.7c 1.45 1. 50 
r_g 2 Y 5.00 3.80 3.79 5.00 5.00 

P e 2 + X 1.70 - 2.13 — 1.92 
I , e 2 + Y 1.95 — 1.82 — 2.02 

Pe2"*- X 1.46 — 2,23 — 2.05 
F e 2 + Y 1.00 - 0.43 — 0. 61 

Pe ?- + X 1.74 — 1.87 — 1.87 
Y 3.40 — 3.39 — 3.39 

F e 2 + V 1 .80 — I.69 — I.69 

F e 2 4 - Y 3.75 — 3 .01 — 3.81 

F e 2 + X 1.80 - 1.74 — 1.74 
p e2 + Y 4.87 — 4.8 5 — 4.85 

' ? G 2 + X I.67 — 1. 58 1. 58 
F e 2 + Y 4 .28 — 4. 22 — 4 .22 

Pe2-H A 1.86 1.72 1. 61 
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F e Y — A . 31 — 4.42 

1 5 - 2-1- 0.05 0.00 0.00 0.00 0.00 

F e 2 + X 1.9 7 1.96 1.9 5 1.96 1.95 

• - 2+ Y 0.87 o.77 0.77 G.77 0.77 

„ 2+ F e y 4.13 i\ 01- f. 4«2 3 /'I.22 4.23 

X 1.90 2.16 2.10 2.16 2.10 

y 5.40 5. a 5.42 5.41 3.42 

v e ^ + -r £.00 1.91 1.91 1.91 1.91 

F(-32+ Y 3.40 5.49 3.49 5-48 3.49 

18 , 
F e 2 ' ' - 1.72 - 1 0 82 - 1.68 

F e 2 + y 5.25 — 3.10 — 5.24 

1 9 F e 2 + 
•<."" 1.72 — 1.72 — 1.72 

Fe ? -+ y 5.6o — 5.56 — 3.56 

20 
F e 2 + V 

A 1.74 — 1.63 — 1.51 

F c 2 + X 2.15 — 2.15 — 2.24 

21 
F e 2 + X 1.70 — 1.73 — 1. 52 

2+ 
I'e y 2.90 — 2.77 — 2.99 

2 2 24- X 1.78 1.55 — 1.55 

Fe2+ i 3.85 — 3.94 — 5.94 

2 5 2+- X 1.78 1.89 1.90 1.C9 1.90 

I'e2"1" Y 2.60 2.65 2.63 2.63 2.65 

24 
X 1.75 1 .60 1.9! 1.67 1.73 

y 2.66 2.50 2.44 2.63 2.57 

X 1 .80 — 1.48 — 1.54 

y 4.55 — 4.51 — 4.65 

26 , -?„2+" a.1 e X 1. 68 1.99 1.95 1.99 1.95 



Y 2.20 2.17 2.20 2.17 2. 20 

2 7 2+ X 1.47 2.16 1.06 2.04 1.74 
F e 2 4 - Y 2.16 1.30 1. 61 1. 50 1.73 

F e '-^ V 1. 58 1.7 5 1.75 
F e 2 + Y 1.50 — 1. 36 — 1.56 

2 9 . 2+ F e ^ X 1.74 1.70 1.70 
F e 2 + Y 3.05 — 3.0 5 — 3.05 

5 0 2+ F e ^ X 1.58 1.86 1.86 1.53 1. 53 
F e 2 + Y 1.95 I.65 1. 2.02 2.02 

* \ 24 Fe ' 1 X 1.23 1. 55 1. 55 1.39 1. 39 

i : £

2 ^ V A 0.10 0.00 0.00 0.00 0 .G0 

•»r A 0.35 0.35 0.35 0.35 0. 55 

1*2+ X 0.16 0.00 0.00 0.16 0.16 

F e 2 + Y 0 .81 0. 56 0.56 0.71 0.7? 
Y 3.95 4.05 4.0 5 4 . 05 4.05 

F e 5 + Y 0.14 0.19 0.19 0.1? 0.19 
Y 0.05 0.00 0.00 0.00 0.00 

X 1.74 — L. 52 1.34 
P e 2 4 Y 1.75 — 1.74 — 1.92 

3 5 2 + V A 1.60 1.74 1.57 
P e 2 + Y 1.6o — 1.48 — 1.65 

3 4 2+ X 1.74 1. 68 1.51 

i.:e2+ X 0.26 — 0.00 — 0.00 
F e 2 + Y 0.50 — 0.78 — 0.94 

Y 4.42 — 4.0 5 — 4.0 5 

35 
Fe2 + X 1.70 1.79 1.79 1.7S 1.79 

F e 2 + Y 1.6o 1,57 1.57 1.57 1.57 
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36 
? e2 + v 1.74 1. 54 _ 

*\r _i_ 2.55 — 2.59 — 

37 2 + 

1.70 — 1. 61 

Pe2 + Y 3« 35 - 3.26 — 

V 1.06 — 0. 00 — 

r e 2 " 1 - Y C . 20 — 1.22 — 

X I.65 1.60 

Y 0 .8 2 — 0.67 — 

40 
Pe2 + X 0.37 0.00 0.00 0.c6 

F e 2 4 " Y 1 .08 1. 35 1.35 1.29 

/ ! l 2 + •y 
j i. 0 .18 0 .18 0 .10 0.1C 

l ! a + X 0.02 0.07 0.o7 0.07 
X 1.56 1.67 1.74 1.67 

X 0 .18 0.00 0.00 0.00 
-- 2 + X 0.06 0.00 0.00 0.00 

2+ Y 4.14 4. 10 4 * 13 4.10 
2+ 

Fe J 0.37 0.54 0.55 0.54 

Y 0.49 0.35 0.29 0.55 

42 
X 0.02 0.00 0.00 0.00 

2+ X 0.98 0.00 0.00 0.96 

lug X 0.56 1.58 1.55 0.62 
. ^ 2 + X 0. 38 0.36 0. 36 0.36 

X 0.06 0.06 0.06 0.06 
7 - 2+ Y 5.00 4.03 4.0 3 4.99 

F e 2 Y O.65 0.09 — 

''4 
C a 2 + X 1.76 1.74 1.73 1.74 
],n2 + X 0 .16 0.23 0.15 0.24 

1.54 

9 RO 

1. 50 

3.36 

1.22 

OoOO 

1 .88 

0.67 

0. 07 
1. 28 

0 .18 

0.07 

1.74 

0.00 

0.00 

4.13 

0.55 

0.29 

0.00 

0.96 

0.60 

0.36 

0.06 

4.99 

0 .09 

1.73 

0.15 
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X 0.08 0 .02 0 o l G 0 .02 

Y 1 .08 1.9 5 1.94 1.95 
<-+ 

Y 2.72 2 .53 2 .52 2; 53 

F e ^ Y 0 . 32 0. 31 0 . 38 0 . 3 1 

A l 3 + Y 0 . 04 0 o l 3 0.00 C . 1 3 

Si4 + Z 7 .68 7.76 7 . 7 1 7 .76 

Z 0 . 32 0 . 24 0 . 29 O .24 

45 
Fe2 + i r 

1 1 .80 — 1 . 59 

46 
F e 2 + X 0.00 0 . 23 0 . 27 0 . 23 

F e 2 + Y 2.86 2.6/; 2 .62 2 .64 

47 
Fe2 + X 0.00 0 . 07 0 . 0 5 0.08 

Y 0 . 7 3 O069 0 . 7 1 O.69 

/;8 
F e 2 + Y 2.15 _ 1.94 

F e ^ Y 2.01 1.91 

50 
F e 2 + Y 1.45 1 .27 

51 
Pe2 + X 0.00 0.14 

F e 2 + Y 2 . 40 — 2 .29 

X 0.00 O .06 

F e 2 + Y 0.48 — 0 . 4 5 

53 
Fe2 + Y 0 . 8 5 — 0.40 

Fe2 + Y o ' 7 5 
• 

0 . 38 0 , 3 6 0 .65 

55 , 
Ca2 + X 1 .90 1.75 1.88 1.78 

l T a + X 0.10 O.CO 0 . 05 0.00 

r , 2 + Y 5 .00 4 . 9 1 4 .97 4 . 9 1 

56 . 
L £ 2 + Y 3 .50 5.48 3 .48 3 .48 

F e 2 + Y 0.56 0 . 60 O .60 0 .55 

0.10 

1.94 
n r. n 

0 . 56 

0.00 

7 . 7 1 

0 . 29 

1.59 

C . 2 7 

2 . 62 

0 . 0 6 

0 . 71 

1.94 

1 .91 

1 . 26 

0.14 

2 . 29 

0 . 0 6 

0 . 4 5 

0 .40 

O .63 

1.88 

0 .05 

4 .97 

3.48 

0 . 60 
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57 

.4 + 
T i ' Y 0 . 0G 0 . 06 0 . 06 0 . 06 0.06 

Al-> Y 0. 16 0. 1/| 0.16 0. 1G 0 .16 

Pe3 + Y Oo72 0 . 72 c . 7 2 0 . 72 0 . 72 

o 4-
Ca'- •\r A 2.00 2.00 2 .00 2 .00 1.9 5 

Y 3. 33 3.20 3 . 28 5.29 3.23 

Fe2 + Y 1.10 1 .09 1 .09 l . C ? 1 .04 
7.4-

Al- ' Y 0 . 6 0 0 . 59 0 . 59 0 .59 0 .59 

2 + Fe^ Y 1. 36 1 .06 1 .09 1 .06 1 .09 

lTa + A 0 .60 0 .47 0 .4 6 0 . 47 0 . 46 

K+ A 0 . 40 0 .30 0. 3ti 0. 38 0. 38 

Ca2 + •\t 1 .63 1 . 6 1 1 . 6 1 1.61 1 . 6 1 

Na+ X 0. 26 0 .39 0 . 59 0. 59 0 .39 
2 + F e ^ Y 1 . 35 1 . 4 1 1 .56 1. 37 1. 36 

- 2 + Y 2.78 2 .81 2 .61 2.81 2.81 

T i 4 + Y 0. 48 0 .49 0.48 0.48 0 . 43 

Al3 + Y 0. 38 0 .28 0. 28 0 .28 0 . 27 

Z 2 .04 2.11 2.11 2.11 2.11 

) 2 + Y 2 . 64 2 . 5 1 2. gO 2.51 2. 50 

2 + F e ^ Y 0.67 1.01 1.01 1.01 1.01 

F e ^ Y 0 , 4 2 0 .47 0 . 47 0 .47 0 .47 

Y 0 . 1 5 0 . 15 0 . 1 5 0 . 1 5 0 . 15 

A l 5 + Y 0.91 0 . 86 0.85 0 . 86 0.84 

L p 02 + Y 4 . 5 1 4 .47 4 .47 4 .47 4 .47 

Fe5 + Y 0 . 49 0.48 0.48 0.48 0.48 

A 1.00 1.02 1 .07 1 .03 1 .05 

Ca2 + X 1.00 1 .09 1 . 06 1 .09 1 .06 

Ea+ X 1 . 00 0 . 60 0 .73 0. 6o 0 . 73 

F e 2 + Y 0 . 29 0 .29 0 .08 0 . 29 0 .08 

+ T 4.55 4.27 4.49 4 . 5 5 4.49 
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T i 4 + 
y 0 .17 0 . 38 0.37 O o ? o 0.37 

p + 
Y 0 . 0 1 — — — — 

».+ A 1.00 1 . 0 8 1.09 1 . 0 8 1.09 

C a 2 + X 0 .90 0.90 0.90 0.90 0.90 

X 1 . 0 2 0.97 0 .97 0 .97 O .96 

F e ^ X 0 . 0 8 0.13 0 .13 0 . 1 5 0.13 

T-c2 + -' *e> y 3.41 3.45 3.4 5 3.45 3.45 

Y 1.59 1.55 1.55 1. 55 

W + 
A 1.00 I c C O 1.00 1.00 1.00 

X X.'OC 1.00 l.oo 1.C0 1.C0 

J T „ + V 
J\ 1.00 1.00 1.00 1.00 1.00 

Y 5.00 5.00 5,00 5.00 5.00 

I T a + A 0 .75 0.67 0 .37 0 . 6 1 0.57 

K + A 0 .2 5 0.25 0 .25 0 .25 0 . ; 5 

C a ^ X 1.72 1.72 1. 67 1.72 1.67 

X 0. 11 0.00 0 . 0 0 0 .0c coo 

F e ^ X 0 .05 0.00 0 .00 0.00 0.00 

T i 4 + X 0.0 2 0.00 0.00 0 .0c 0.00 

X 0 . 0 2 0.22 0.00 0 .22 0.00 

A l 3 + X 0 . 0 2 0.00 0.00 0 . 0 0 0.00 

i : g 2 + Y 2 . 3 2 2.40 2.33 2.40 2.33 

A13 + y 0.47 0.49 0.22 0.48 0.22 

Fe3 + 
Y 0.99 1.05 1 . 0 1 1.05 1 . 0 1 

Pe2 + Y 0 . 5 9 0.41 0 . 6 1 0.41 0 . 6 1 

T i 4 + Y 0 . 6 J 0.66 0 .65 0 . 6 6 0 .65 

S i 4 + z 5; 76 5.74 5.56 5.74 5. 56 

A l 3 4 z 2.24 2 . 2 6 2.44 2 . 26 2.44 

A 0. 54 0.54 0 . 38 C . 5 4 0 . 58 

K + A 0 .43 0 . 4 5 0 .42 0 .43 0 .42 

C a 2 + 

X 1.92 1.86 1 . 8 6 1.86 1 , 8 6 
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F e 3 X 0 .02 0.00 0.00 0„00 0.00 

X 0 .02 0 .14 0.00 0.14 O.CO 

Y 1.03 1.06 1.03 1.06 1.0 3 

,,,.2+ Y 3.00 5.05 5.09 3.05 3.09 

Y 0.37 0.37 o . n 0.37 C o l l 

T i 4 + Y 0 . 51 0 . 52 0 . 50 0. 52 0 .50 

Z 5.60 5.08 5--70 5.08 5.70 

A l - ' Z 2.12 2.12 C 0 J\J 2.12 2. 30 

' 2+ Ca X 1,8 6 1.86 1.07 1.06 1.07 

i : a + V 
y\ 0.10 0.00 0 .13 0.00 0 .13 

I : B 2 + 
"V 
A 0 .02 0.00 O . u O 0.00 0.00 

X 0.02 C O O 0.00 0 .00 0.00 

F o 2 + Y 2.10 2.01 2.13 2.01 2.13 

r - s 2 + Y 1. 20 1.23 1. 22 1.2 3 1. 22 

A l 5 + Y 1. 50 1. 32 1.29 1.37 1. 30 

F e ? 4 " Y 0. 30 o. 30 0. 50 0. 30 0.30 

T i 4 + 

Y 0.10 0.10 0.10 0.10 0.10 

S i ^ + Z 6.00 6.05 6.00 6 .C5 6.00 

Z 2.00 1.95 2.00 1.95 2.00 

X 0.74 0.00 0.00 0 20 
• 

0.21 

C o 2 Y 4.02 5.20 5. 20 5.00 5.00 

K a + X 1.26 2.00 2. or l . S C :..79 

? C a 2 + A 0 . 60 1. 30 1.54 0 .61 0.81 

Pt>2 + A 0.00 0.00 0.00 0.40 0,40 

Ca2 + X 2.00 1.60 1.57 2.00 2.00 

M g 2 + Y 2.46 2.73 2.75 2.46 2./ r6 

F e 5 + Y 2.13 1.07 1.07 1. 69 1.69 

F c 2 + Y 0.71 0.39 0 .37 0 .71 0.71 

S i 4 + Z 6.00 6.70 6.73 6.00 6.00 

B e 2 + Z 2.00 0.00 o.co 2.01 2.01 

70 



7 o 3 + Y 1 . C 2 1.96 1.92 1.97 1.92 

71 
F e 2 + X 0.00 0.00 0.00 0 . 0 0 0 . 0 0 

.. 2 + 

J-g X o.co o . c c o.co 0 . 0 0 0 . 0 0 

F e F e ^ Y 2.76 2 . 7 8 2 . 8 0 2 . 7 G 2 . 8 0 

Y 1.93 1.92 1.9 3 1 . 9 2 1 . 9 3 

i : E

2 + Y 0 , 50 0 . 30 0 . 30 0.30 0.30 

F e ^ Y 2. 50 2.A6 2.49 2 . / : 6 2.49 
3+ Y 2.00 2.09 2.10 2 . 1 3 2.17 

73 „ + 

F e ' 1 Y 2 . 2 C 2.52 2. 51 2 . 52 2.51 

F e 5 + Y 1.57 1.63 1.63 I . 6 3 1.63 

7 V 2 + 
F G 

Y 2.5y 2.93 2.30 2 . S 3 2.90 

F e ^ Y 2 . 1 0 2 . 0 2 3 . 59 1 . 9 2 1 .54 

Y 0.00 0.00 0 „ 0 5 0 . 0 0 0 . 0 6 

F e 5 + Y 2.23 2 . 34 2.30 2 . 34 2 . 29 

Y O .GS 1 . 0 2 1.04 1 . 0 2 1 . 0 4 

F e 2 + Y 2 . 0 1 1 . 8 5 1 . 8 8 1 . 8 5 l . e e 

P e ' + Y 2 . 1 0 2.06 2 . 1 0 2 . 0 6 2.09 

77 2 + 
Y 1.11 0 . 7 5 0 .71 0 . 7 5 c . 7 i 

Y 1.31 1. 56 1 . 5 8 1 . 56 1 . 5 8 

7 8 n4-
F e 2 + Y 1.22 I . 2 4 1.17 I . 2 4 1.17 

F e 5 + Y 0 . G 0 0 . 8 5 0 . 8 5 0 . 8 5 0 .85 

F e 2 Y 1.36 1.43 1.4<i 1 . 4 4 1 . 44 

F e 5 + Y 0. 51 0.46 0 .46 O.46 O.46 

8 0 . 
F e 2 + Y 1.19 I . 2 3 1.23 J-. £• J I . 2 3 

F e 5 + Y 1.15 1.15 1.15 1 . 1 5 1.15 

8 1 



8 2 

84 

F e 2 + y 1 . 5 5 1 .4 ' . 1.4': 1 . 4 4 1.44 

3 + 

Y 0 . 2 6 0.17 0 . 1 7 0 . 1 7 0 . 1 7 

F e 2 + 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 o.co 

V j. 1 . 57 1 . 60 1 . 60 1.60 1.60 

F e 2 Y 0 . 7 6 0.4 3 0 .6"; 0 . 4 ? 0 .63 

Y 1 . 66 1 . 8 8 1 .79 1 . 8 8 1.79 

v 1 . 50 J-o •VJ 1 . 59 1 . 58 1. 59 

X 0 . 1 5 0 . 0 0 0 . 0 0 0 . 0 0 0.00 

2 + A 0 . 1 7 0 . 1 7 0 . 1 " 0 . 1 7 0.17 
i 

j . - i j X 0 . 2 5 0 . 0 0 0 . 0 0 0 .0c 0 . 0 0 

H G 2 + Y 2 . 0 2 3.05 5.05 5.0 5 5.05 

F e Y 2 . 1 4 1 . 9 5 1 . 94 1.94 1.94 

Y 0 . 0 2 0 . 0 0 0 . 0 0 0.00 0 .0c 

X 0 . 0 0 0 . 0 8 0 . 0 0 0 . 0 9 0.00 

F e 2 + Y 1 . 1 1 1 . 0 5 1 . 1 2 1.04 1 . 1 2 

X i ; 9 6 1 . 8 0 1 . 8 0 1 . 8 0 1 . 8 0 

2 + 

X 0 . 0 4 0 . 2 0 o .?o 0 . 2 0 0. 20 

2-t" 
i - e Y 2 . 5 9 2 . 5 8 2 . 3 7 2. 38 2.57 

F e 2 " 1 " Y 0 . 6 1 0 . 7 0 0.69 0.70 O .69 

Fo5 + Y 0 . 1 8 0 . 2 0 0.30 0 . 2 0 0.30 

A l ? + Y 1 . 0 2 1 . 6 5 1 . 5 5 1 . 6 6 1.53 

Z 8 . 0 0 7 . 9 1 7 . 8 8 7.91 7 . 8 8 
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APPENDIX h. ~' 

DESCRIPTION AND L I 3 T I I I G OF THE ALLOCATION PROGRAM MINDATA5. 

Program Func t i o n . 

S t a r t i n g from a chemical a n a l y s i s MINDATA5 may be used to 
c a l c u l a t e an atomic formula f o r an amphibole, assuming an anion base 
of 2'4 or 23 oxygens. The ions are a l l o c a t e d t o groups of s i t e s using 
an a l l o c a t i o n schsme derived from published s i t e populations determined 

it 

by X-ray d i f f r a c t i o n i n f r a r e d or Mossbauer spectroscopy (Chapter 2 ) . 
I n a d d i t i o n , MINDATA5 c a l c u l a t e s a 'basic atomic formula' ( P h i l l i p s 
& Lay to n 196*+) and c l a s s i f i e s the ana l y s i s i n accordance w i t h the 
aensu extenso nomenclature of P h i l l i p s (1966). 

I f r e quired an estimate of the i r o n o x i d a t i o n s t a t e may be 
ca l c u l a t e d f o r those analyses i n which only t o t a l i r o n , as e i t h e r 
e q u i v a l e n t FeO or Fe203? has been determined. The e s t i m a t i o n i s 
accomplished by v a r y i n g the r a t i o F e 2 + / ( F e 2 + + Fe^ +) ( t o t a l i r o n 
constant) u n t i l the basic atomic formula c o n d i t i o n 

(a) ' Na A + A 1 Y = Na X + A 1 Z 

i s achieved. The 
method i s only a p p l i c a b l e t o c a l c i f e r o u s and a l k a l i amphiboles, t h a t 
i s amphiboles l y i n g w i t h i n amphibole compositional space. I t can be 
shown t h e o r e t i c a l l y t h a t the r e s u l t a n t range of i r o n o x i d a t i o n states 
f o r which the basic atomic formula c o n d i t i o n a p p l i e s v a r i e s system­
a t i c a l l y over amphibole compositional space. U n f o r t u n a t e l y , f o r the 
great m a j o r i t y of compositions i n amphibole compositional space the 
range of i n d i c a t e d i r o n o x i d a t i o n states i s e i t h e r extensive or 
complete, see Chapter 3 . However, by applying f u r t h e r c o n s t r a i n t s 
such as ( i ) S i must be less than 8.08atoms, ( i i ) Ca i n X le s s than 
2.02atoras, ( i i i ) sum of the A s i t e less than 1.01 atom, ( i v ) t h a t the 

3+ p+ 
s u b s t i t u t i o n 2Fe = • = 3Fe i s not a p p l i c a b l e , i n which case the 

A Y 

amount of f e r r i c i r o n concerned can be added t o the sum of Wa + A l 
and w i l l i n most cases render the two sides of c o n d i t i o n (a) unequal, 
i t i s normally possible t o r e s t r i c t the i r o n o x i d a t i o n s t a t e 



a f f e c t i v e l y i f t h i s was not possible from the basic atomic formula 

alone. 

Data I n p u t . 

Data i n p u t i s i n the form of PL/1 data d i r e c t e d statements. 
For each separate amphibole a n a l y s i s , a t i t l e , the name and values 
f o r the oxides are i n p u t i n any o r d e r 0 The t i t l e i s i n the genera] 
form 

TITLE = 'Any combination of numerals or l e t t e r s making up the 
i d e n t i f i c a t i o n of the specimen up to a maximum of 
1750 c h a r a c t e r s . The t i t l e must be enclosed i n 
qu o t a t i o n marks and followed by a comma. Quotation 
marks w i t h i n the t i t l e should be avoided or i f present 
must be doubled up i , e , M . This complete d e s c r i p t i o n i s 
a v a l i d t i t l e . 1 , 

the oxides are i n the general form 
oxide name = value,' e.g 0 SI02 = *+5°67, 

Each oxide i s separated from the f o l l o w i n g oxides by a comma. When 
the l a s t data item f o r each a n a l y s i s i s reached, a semicolon replaces 
the comma. A d d i t i o n a l analyses can then f o l l o w . There i s no need t o 
mark the completion of the data 

e.g. TITLE = 'AMPHIBOLE TAKEN FROM BLOGGS (I98O), THERE ARE 

CALCITE IMPURITIES REPORTED 0SI02=56 .78 , AL203 = 23.0956, 

FEO=6.89, F=2„5; SI02 = 1+5,89, A1203 = 0 . 0 9 , 

TITLE = '567' , FE0= 5.3^, - ; 

Data i n p u t i s r e s t r i c t e d t o the f o l l o w i n g oxides i n bbe 
present implementation of MIMDATA5, 

SI02-, P205 , A1203 , CR203 , FE203 , V203 , FEO , MNO , ZNO , COO , 
NIO , MGO , LI20 , ZR02 , TI02 , CAO , BAO , SRO , NA20 , K20 , H20P , 
H20H , F , CL , C02 , S , CUO , CDO , PBO , BEO , B203. 



Oxides of a d d i t i o n a l elements or d i f f e r i n g oxides of the above elements 
w i l l not be included i n the c a l c u l a t i o n of the atomic formula and 
any of the processing. A t t e n t i o n i s drawn t o the symbols used f o r 
water, H20P and H20M l o r H 20+ and H 2 0 - r e s p e c t i v e l y . The a n a l y t i c a l 
t o t a l can bo i n p u t as TOTAL, 

The above d e s c r i p t i o n r e f e r s to analyses i n which no 
estimates of the i r o n o x i d a t i o n s t a t e i s t o be undertaken.. I f an 
estimate i s req u i r e d the process i s i n i t i a t e d by the command 

PROBE = 'YES1, 

This must be included w i t h the data f o r each a n a l y s i s f o r which an 
estimate i s r e q u i r e d . The d e f a u l t i s not to make an estimate. This 
can be followed by f u r t h e r o p t i o n a l parameters which d e f i n e the l i m i t s 
of the i r o n o x i d a t i o n s t a t e t o be i n v e s t i g a t e d and the increment size 

2+ 
used. These parameters are i n terms of the reduced i r o n r a t i o (Fe 
x 100) / (Fe2"*" + F e 3 + ) see Chapter 3« Hence the value 100 i s a l l i r o n 
as FeO and 0 a l l i r o n as Fe 2 03 . Three parameters are used 

LBOUWD = va l u e , UPBOUND = va l u e , STEP = val u e , 
r e f e r r i n g to the lo v e r l i m i t (most o x i d i s e d ) , upper l i m i t (most 
reduced) and the increment size r e s p e c t i v e l y . The paramaters d e f a u l t 
t o LBOUND = 20, UPBOUND = 100, STEP = 10, For most purposes the best 
choice of c o n d i t i o n s has been found t o be LBOUND = 20, UPBOUND = 95, 

(because UPBOUND = 100 i s the same as the 23 oxygen atomic formula i f 
a l l i r o n was quoted as FeO i n i t i a l l y ) and STEP = 1 0 , 

example of i n p u t 

PROBE = 'YES1, LBOUND = 30, UPBOUND = 95, STEP = 5, TITLE = 
'IRON OXIDATION ESTIMATION', 

SI02 = 56.78, AL203 = 3.0, F30 = 2^.97, J 

Implementation. 

Program MINDATA5 r e q u i r e s two exbernal PL/1 subroutines 
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t o bo compiled separately and l i n k e d a t e x e c u t i o n . The subroutines 
are e n t i t l e d AXYZ and ATOMIC, and are l i s t e d below. 
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APPENDIX 5. 
D A T A B A S E T - ' K O G R A M S L O A D AND Q U E R Y . 

The computer programs w r i t t e n by the author i n PL/1 t o 
act as a v e r s a t i l e data base f o r the amphibole data f i l e are described 
belowo 

A5.1. LOAD: Program F u n c t i o n , 

Program LOAD i s used to load data, which has a h i e r a r c h i c a l 
or t r e e o r g a n i s a t i o n , s e q u e n t i a l l y , onto a f i l e . I n order t o make the 
program independent of the s p e c i f i c h i e r a r c h i c a l o r g a n i s a t i o n i n use 
at any time the o r g a n i s a t i o n i s i n p u t as data r a t h e r than defined 
w i t h i n the program. The o r g a n i s a t i o n i s defined by inputting f o r each 
elementary l e v e l and node i n a n - l e v e l t r e e , n-1 l e v e l numbers, the 
name of the elementary l e v e l or node and the mode of the possible 
response i f any, see Chapter h f o r d e t a i l s . Where a l t e r n a t i v e names 
f o r nodes or elementary l e v e l s are required these also can be i n p u t . 
Once the o r g a n i s a t i o n has been i n p u t data f o l l o w s . Data i n p u t i s 
s i m i l a r t o PL/1 'data d i r e c t e d * i n p u t , w i t h each item of data (response) 
c o n s i s t i n g of three parts ( i ) the reference number of the o b j e c t t o 
which the response r e f e r s , ( i i ) the name of the elementary l e v e l to 
which data i s t o be d i r e c t e d and ( i i i ) the response i t s e l f . The 
elementary l e v e l name i s matched w i t h the possible elementary l e v e l 
names or t h e i r a l t e r n a t i v e s and replaced by an i n t e g e r compounded 
from the a p p r o p r i a t e n-1 l e v e l numbers. Each response i s then 
entered s e q u e n t i a l l y onto a l i n e f i l e as f o u r items, ( i ) the number of 
the o b j e c t , ( i i ) the compounded l e v e l number, ( i i i ) the mode and ( i v ) 
the response. 
Data I n p u t . 

Three i n t e g e r s , NL the number of l e v e l s i n the t r e e , NE the 
t o t a l number of elementary l e v e l s and nodes i n the t r e e and NQ the 
t o t a l number of a l t e r n a t i v e names f o r elementary l e v e l s and nodes are 

i n p u t i n i t i a l l y . Data i n p u t i s l i s t d i r e c t e d , t h a t i s , each number i s 
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separated from tho f o l l o w i n g by an i n t e r v e n i n g blank or comma. When 
there are no a l t e r n a t i v e names, NQ must s t i l l be i n p u t as 0. 

C h a r a c t e r i s t i c s of the h i e r a r c h i c a l o r g a n i s a t i o n are i n p u t 
n e x t . For each of the NE elementary l e v e l s and nodes, the n-1 l e v e l 
numbers, t h e i r names and data modes are read, i n the above order, from 
a l i n e f i l e C. I n p u t i s l i s t d i r e c t e d . The l e v e l numbers and the 
mode are i n t e g e r s , the name i s a character s t r i n g w i t h a maximum 
l e n g t h of 25 characters* The name must be enclosed i n q u o t a t i o n marks 
but may con s i s t of any combination of alphanumeric characters w i t h the 
r e s t r i c t i o n t h a t an i n t e r n a l q u o t a t i o n mark must be double. Modes f o r 
responses are coded as f o l l o w s , 0 f o r a node, 1 character s t r i n g , 
2 i n t e g a r , 3 f l o a t i n g p o i n t number. Thus i n a f o u r l e v e l t r e e the 
f o l l o w i n g i s a v a l i d e n t r y f o r an elementary l e v e l : - 2,3,0, 'H0STR0CK1 

Where there are a l t e r n a t i v e names f o r elementary l e v e l s , then 
f o r each of the NQ a l t e r n a t i v e s the f o l l o w i n g i s i n p u t , n-1 l e v e l 
numbers, and the a l t e r n a t i v e name. I n p u t i s again l i s t d i r e c t e d and 
subject to the same r e s t r i c t i o n s as above. I f HOST i s an abbreviated 
a l t e r n a t i v e f o r H0STR0CK then t h i s would be i n p u t as :- 2,3,0 'HOST', . 

L a s t l y the data t o be stored i s i n p u t . For each response an 
in t e g a r i d e n t i f i e r of the corresponding o b j e c t , the name of the 
elementary l e v e l ( p r o p e r t y ) the response r e f e r s t o and the response 
i t s e l f are i n p u t . I n p u t i s l i s t d i r e c t e d , e.g. 1 , 'HOST', 'AMPHIBOLITE 
1, ,SI02', 56,71+> e t c . The name must be t h a t of an elementary l e v e l 
or i t s a l t e r n a t i v e s . There i s no need to mark the end of the data-. 

Implementation. 

LOAD, w r i t t e n i n PL/1, req u i r e s two f i l e s . F i l e C i s 
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used to store the data o r g a n i s a t i o n and f i l e STORE i s used t o store 
the data. Both are re q u i r e d by the QUERY program see A5.2. 
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A 5 o 2 . QUERYs Program Fun c t i o n . 

Program QUERY i s used to set a query of data loaded 
s e q u e n t i a l l y onto a l i n e f i l e by LOAD. The query i t s e l f , i n the 
form of a modified PL/1 *IF statement* and the names of those 
elementary l e v e l s f o r which responses are re q u i r e d i f the query i s 
found to be ' t r u e 1 are read i n as data. I n t h i s way the program i s 
independant of the p a r t i c u l a r query and data o r g a n i s a t i o n . 

Data I n p u t . 

For each query f o u r i n t e g e r s are i n p u t i n i t i a l l y . NL the 
number of l e v e l s i n the h i e r a r c h i c a l s t r u c t u r e , M the number of 
separate l o g i c a l comparisons i n the query, NO the number of elementary 
l e v e l s f o r which data i s required to be out p u t , and MAX a value equal 
t o , or greater than, the number of obje c t s c u r r e n t l y i n the data f i l e . 
Data i n p u t i s l i s t d i r e c t e d . This i s followed by the query. For 
example i f the data i s organised as Table h9l a query f o r the 
l i t e r a t u r e source of those amphiboles named k a e r s u t i t e or w i t h Ti02 
greater than 10 weight per cent i s given by s -

1 NAME1 » = ' 1 'KAERSUTITE1 'OR' »TI02« '>' 3 10.0 
'AUTHOR' 1 1AUTHORINITIALS' 1 'DATE1 2 'JOURNAL' 1 

The f i r s t l i n e as w r i t t e n above defines the l o g i c of the query and i s 
of the general form 

•PROPERTY' 'COMPARISON' DATA MODE 'CRITICAL RESPONSE' 'LOGICAL 
. . . OPERATOR' 

'PROPERTY' 'COMPARISON' DATA MODE 'CRITICAL RESPONSE' ( e t c ) 

whore 
PROPERTY i s the name of any elementary l e v e l i n the h i e r a r c h i c a l 

s t r u c t u r e , 
COMPARISON i s one of the f o l l o w i n g 
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l = ' equal t o t~^~l not equal t o 
, > l greater than '~,>l not greater than 
'<* less than ," ,< l not l e s s than 

DATA MODE i s the mode of the property 
1 character s t r i n g 2 i n t e g e r 
3 f l o a t i n g p o i n t number, 

CRITICAL RE.SP0NSE i s the c r i t i c a l value of the response to be t e s t e d , 
LOGICAL OPERATOR e i t h e r 'AND1 or '0R«„ 

I n i n t e r p r e t i n g the l o g i c of the query the program works from l e f t t o 
r i g h t . No parantheses are allowed. 

The second part of the query c o n s i s t s of a l i s t of the names 
and data modes of elementary l e v e l s f o r which data i s t o be output i f 
the query i s ' t r u e ' . These are i n p u t i n the general form 

'PROPERTY' DATA MODE 

Implementation 
QUERY, w r i t t e n i n PL/1, r e q u i r e s two l i n e f i l e s C and 

STORE (see LOAD), and an e x t e r n a l subroutine TRANS. 



Table a5.2. L i s t i n g of proc 'J'Cj-i QUrRY 
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Manipulation of data i n the form of r e l a t i o n s may be 
undertaken by the set operations union, i n t e r s e c t i o n , d i f f e r e n c e , 
s e l e c t i o n , j o i n and p r o j e c t i o n * The r e s u l t of applying each of 
these operations to a r e l a t i o n , or r e l a t i o n s , i s a f u r t h e r r e l a t i o n , 
A simple explanation of the operations i s given below along w i t h 
examples (Table A6„l) i n v o l v i n g r e l a t i o n s c o n t a i n i n g imaginary 
i n f o r m a t i o n about the authors of a number of s c i e n t i f i c a r t i c l e s . 
For a more d e t a i l e d d i s c u s s i o n see Codd (1970) and Notley (1972). 

union - Forms an unpurged union of two r e l a t i o n s both of the same 
degree. The c a r d i n a l i t y of the r e s u l t a n t r e l a t i o n i s the 
sum of t h a t of the two r e l a t i o n s . D u p l i c a t i o n of tu p l e s i s 
not removed, e.g. the union of SENIOR-AUTHOR and OTHER-AUTHORS 
y i e l d s AUTHORS. 

I n t e r s e c t i o n - Forms a new r e l a t i o n of a l l the tu p l e s common to two 
r e l a t i o n s both of the same degree, e.g. the i n t e r s e c t i o n of 
SENIOR-AUTHOR w i t h AUTHORS i s SENIOR-AUTHOR. 

Di f f e r e n c e - Forms a new r e l a t i o n of a l l the t u p l e s of one r e l a t i o n 
which are not common t o two r e l a t i o n s both of the same degree, 
e.g. the d i f f e r e n c e of SENIOR-AUTHOR w i t h AUTHORS i s OTHER-
AUTHORS. 

S e l e c t i o n - Removes from a r e l a t i o n a l l those t u p l e s f o r which some 
l o g i c a l f i l t e r i s f a l s e and leaves a r e l a t i o n of those t u p l e s 
f o r which the f i l t e r i s t r u e , e.g. a s e l e c t i o n of AUTHORS w i t h 
the f i l t e r DATA = 1930 leaves YEAR. 

J o i n - Concatenates the t u p l e s of two r e l a t i o n s ( o f the same or 
d i f f e r e n t degrees) about a common domain, e.g. the j o i n 
between SENIOR-AUTHOR and OTHER-AUTHORS about domain REF 
# produces JOINT-AUTHORS. 

P r o j e c t i o n - Forms a new r e l a t i o n c o n s i s t i n g of some of the domains 
of another r e l a t i o n . Duplicated tupes are e l i m i n a t e d , e.g. 
REFERENCE i s one of the p r o j e c t i o n s of JOINT-AUTHORS. 



TA31.IL A6.1. Examples of set op e r a t i o n s . 

SENIOR-AUTHOR CHEF 4 - . , NAME, DATE) 

1 A 1930 

2 B 1960 

3 n 1970 

»+ D 1952 

OTHER-AUTHORS (REF 4 , NAME, DATE) 
1 C 1930 

2 E 1960 

AUTHORS (REF + , NAME, DATE) 
1 A 1930 

2 B 1960 

3 C 1970 

»+ D 1952 

1 C 1930 

2 E 1960 

YEAR ( R S F + , NAME, DATE) 
1 A 1930 

1 C 1930 

JOINT AUTHORS (RZ F + 1 , NAME 1, DATE 1, REF 4 ^ 2, NAME2, DATE2) 
1 A 1930 1 C D930 

2 B 1960 2 E 1960 

REFERENCE (NAME 1, NAME 2, DATE) 
A C 1930 

B E 1960 



APPENDIX 7. 

DATA CHARACTERISTICS OF RELATIONS IN THE AMPHIBOLK DATA BASE. 

Data modes are abbreviated as f o l l o v / s : -

1 character s t r i n g , 
2 i n t e g e r , 
3 f l o a t i n g p o i n t number. 
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APPEMDIX. 8 

SO'JKCE oj? DATA I_N THJC A Hi-HI BOLE DATA FILE 

A systematic search of the j o u r n a l s a v a i l a b l e i n the Geology 
s e c t i o n of the U n i v e r s i t y of Durham Science L i b r a r y was made f o r 
a r t i c l e s published a f t e r 1900 c o n t a i n i n g a 'major element chemical 
a n a l y s i s ' of an amphibole. Reference to a l l such a r t i c l e s was kept on 
a card f i l e . I n a d d i t i o n to these, a r t i c l e s mentioned i n Deer, 
Howie & Zussman (1963) and Leake (1968) or r e f e r r e d to i n an a r t i c l e 
already i n the card f i l e were added. I n a l ] 10 52 references were 
o b t a i n e d e The card f i l e i s lodged w i t h Mr. R, P h i l l i p s , Dept. Geol­
o g i c a l Sciences, Univ. Durham. Such a c o l l e c t i o n i s by no means 
exhaustive and i s biased towards English language j o u r n a l s . 

A r t i c l e s r e f e r r e d t o i n the card f . i l e were searched system­
a t i c a l l y f o r r e l e v a n t i n f o r m a t i o n . Wherever possible the author's 
data was tr a n s c r i b e d d i r e c t l y from the o r i g i n a l source. V/here t h i s 
was not possible data was taken from a secondary source, i n p a r t i c u l a r 
Leake (I968). 

A complete l i s t of the source of the analyses i s given i n 
Table A8.1 and i n Table A80?. the s i l i c a content and the name and 
value of the next l a r g e s t oxide i n each a n a l y s i s i s given. These can 
be used together to loc a t e the o r i g i n a l i n f o r m a t i o n f o r any s p e c i f i c 
amphibole i n the data f i l e . 

I n a l l 2205 e n t r i e s taken from 65*+ primary sources have 
been included i n the data f i l e . I n a d d i t i o n , 6̂ 8 e n t r i e s from 
secondary sources have also been included and represent about 23 per 
cent of the t o t a l of 2853 e n t r i e s . These e n t r i e s from secondary 
sources have i n t u r n been obtained from U05 primary sources. The 
t o t a l of 2853 e n t r i e s includes data f o r 2650 d i f f e r e n t amphiboles, the 
remaining 203 e n t r i e s represent a d d i t i o n a l data published separately 
concerning one of the amphiboles i n the data f i l e . 

I t i s probably t r u e t o say t h a t t h i s c o l l e c t i o n of data 



represents only a small f r a c t i o n of the t o t a l data a v a i l a b l e 
concerning amphiboles. A d d i t i o n a l data i s to be found i n non-
English language j o u r n a l s and unpublished sources. The a d d i t i o n of 
extra data to the data f i l e i s a simple but time consuming o p e r a t i o n . 
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APPENDIX 9. 

CONVENTIONS USED IN TRANSCRIBING THE DATA IN THE AMPHIBOLE DATA FILE. 

The aim of t h i s Appendix i s t o describe how i n f o r m a t i o n 
has been t r a n s c r i b e d so t h a t f u r t h e r users can maintain u n i f o r m i t y 
i n data extension and a t the same time reduce possible misunderstand­
ings when asking queries of the data f i l e . A complete l i s t of 
r e l a t i o n and domain names i s given i n Appendix 7» 

1 . R e l a t i o n REFERENCE. 

REFERENCE (REF. NO., AUTHOR , AL'THORINITIALS , ANALYST , 
ANALYSTINITIALS , DATE , REFERENCE , VOLUME) 

Contains i n f o r m a t i o n r e l a t i n g t o the o r i g i n a l l i t e r a t u r e 
reference from which the amphibole a n a l y s i s was obtained. Normally 
a l l the r e l e v a n t i n f o r m a t i o n can be contained i n one t u p l e . I f 
there i s more than one author responsible f o r an a r t i c l e a t u p l e i s 
formed f o r each of the authors i n t u r n as i f each was the sole author. 
The same REF.NO. i s used f o r each t u p l e concerned. I n t h i s way i t i s 
possible t o query the data base f o r an author and o b t a i n i n f o r m a t i o n 
of a l l those references i n which he i s senior or j o i n t author. There 
i s no way of i d e n t i f y i n g the senior author. 

1.1. AUTHOR. 

The authors surname. 
Conventions. 

Because of a P l / 1 character s t r i n g r e s t r i c t i o n apostrophes 
i n surnames have been removed, O'Hare becomes OHARE. Spaces i n 
names such as VAN DER PLAS are maintained as s i n g l e blanks. 

1.2. AUTHORINITIA LS. 

The author's i n i t i a l s . 

Conventions, 

Each i n i t i a l i s f o l lowed by a f u l l stop. Abbreviations such 

as 'JR.1 have been i n c l u d e d . 
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1.3. ANALYST 

The surname of the a n a l y s t . 
Convention. 

As 1.1. 
1.1+. A N A L Y S T 1 N I T I A L S . 

The analyst's i n i t i a l s . 
Conventions. 

As 1.2. 
1.^. DATE. 

The year of p u b l i c a t i o n of the reference. 
Convention. 

No d i f f e r e n c e i s made between several a r t i c l e s w r i t t e n by 
the same author i n one year. 
1.6, REFERENCE. 

The t i t l e of the j o u r n a l or book from which the data was 
taken. 

Convention. 
Journals are quoted i n t h e i r standard abbreviated form. 

Each abbreviated word i s followed by a f u l l stop and i f ap p r o p r i a t e 
a blank. Non-abbreviated words are separated by a blank. The 
complete f i e l d was l e f t blank i f the data was taken from a secondary 
source. When the o r i g i n a l source has been consulted t h i s domain i s 
completed. The o r i g i n a l source can be also found w i t h the help of 
Appendix 8, 
1.7. VOLUME. 

The volume and page numbers of the a r t i c l e i s entered here. 
I n a d d i t i o n f o r those references i n which there i s more than a s i n g l e 
author the surnames of the a d d i t i o n a l j o i n t authors are i n c l u d e d . 

Conventions. 
The volume number i s abbreviated t o 'V.' and the page 



numbers as 'P.1) followed w i t h o u t i n t e r v e n i n g blanks by the number. 
I n those cases i n which there i s more than one author, the page and 
volume numbers are followed by an i n t e r v e n i n g blank and the word 
'WITH' (abbreviated t o 'W'), an i n t e r v e n i n g blank, and then the 
authors i n i t i a l s and surname. References w i t h f o u r or more authors 
have been denoted by the form 'WITH OTHERS'. 
2. R e l a t i o n ANALYSIS. 

ANALYSIS ( KEF.NO. , KEF.CODE. ) 
Contains the code number or character s t r i n g used by the 

author t o i d e n t i f y an a n a l y s i s . 
Convention. 

I d e n t i f i c a t i o n codes c o n t a i n i n g gaps of undefined l e n g t h 
have been encoded as s i n g l e blanks. 
3. R e l a t i o n l-IINSRALNAME. 

MINERALNAME ( REF.NO. , NAME ) 
Contains the name used by the author f o r the m i n e r a l . The 

term 'amphibole' has been considered a v a l i d response. 
Convention. 

E n g l i s h s p e l l i n g has been used throughout, provided there 
i s no ambiguitv. 
k. R e l a t i o n GFJOGRAPHY. 

GEOGRAPHY ( REF.NO. , COUNTRY , COUNTY , LOCALITY ) 
Geographical i n f o r m a t i o n has been entered under three 

domains. U n f o r t u n a t e l y t h i s r e p r e s e n t a t i o n sadly underates the 
i n f o r m a t i o n present i n many cases. For example, a l l combinations of 
g e o - p o l i t i c a l , physiographic, geographic d i v i s i o n s are possi b l e both 
i n the l i t e r a t u r e source and as possible r e t r i e v a l c r i t e r i a . Despite 
t h i s disadvantage, i n f o r m a t i o n described i n terms of three domains 
i s s u f f i c i e n t f o r most queries. 



k . l . COUNTRY. 
The name of the country. 

Convention. 
The English s p e l l i n g f o r the country has been used. 

Abbreviations were r e s t r i c t e d to 'U.S.A.1 and 'U.S.S.R.' Where the 
name or boundaries of a country have changed w i t h time the name i n 
the o r i g i n a l source has been used, 
U.2. COUNTY. 

Contains a l a r g e scale geographic or physiographic sub­
d i v i s i o n of the country of o r i g i n . This i n c l u d e s such regions as 
's t a t e s ' , 'counties', 'provinces', 'areas', ' p e r f e c t u r e s ' , 'mountains' 
e t c . 

Conventions. 
The names of the regions are entered w i t h o u t being followed 

by t h e i r s t a t u s except i n the case of Japanese 'perfectures' (Rbbrev-
i a t e d to 'PERFECT') or physiographic r e g i o n s . 
I f . 3 . LOCALITY. 

The exact l o c a l i t y from which the amphibole v/as c o l l e c t e d . 
Conventions. 

None. 
5*. R e l a t i o n OCCURRENCE. 

OCCURRENCE ( REF.NO. , ROCKKAKE ) 
Contains the rocktype i n which the amphibole was found. 

Conventions. 
No attempt was made to systmatise the responses or to 

apply any c l a s s i f i c a t i o n . M a t e r i a l s which have been synthesised are 
encoded as 'SYNTHETIC and those which have been heated are encoded 
as 'HEATED'. 
6. R e l a t i o n OPTICS. 

OPTICS ( REF.NO. , ALPHA , ALPHAERROR , BETA , BETAERROR, 



GAMMA , GAMMAERROR , 2V , DISPERSION , ORIENTATION , O.A.P. , 
DELTA , DELTAERROR , EXT. L. ) 

Contains the o p t i c a l p r o p e r t i e s of amphiboles determined 
e i t h e r i n sodium or white l i g h t . 

Conventions. 
A l l Greek l e t t e r ? are encoded as t h e i r word equivalences. 

The symbol ' ^ ' j meaning an angle, has been replaced by 

6.1. ALPHA , BETA , GAMMA. 

The r e f r a c t i v e i n d i c e s f o r the three p r i n c i p a l r e f r a c t i v e 
i n d i c e s • 

Convention. 
The r e f r a c t i v e index i s quoted to the number of decimal 

places used by the author. During t r a n s c r i p t i o n the f o l l o w i n g 
equivalences of (Bloss 1966, p. 151) have been recognised, 

a = N = Np = Nx = nX = X = Na = Nx = Nl 
|3 = N = Nm = Ny = nY = Y = Nb = Ny = N2 

Y = N = Ng = Nz = nZ = Z = Nc = Nz = N3 

6 . 2 . ALPHAERRGR , BETAERROR , GAMMAERROR. 

Contains the e r r o r i n de t e r m i n a t i o n of the r e f r a c t i v e 
i n d i c e s . 

Convention. 
Where an e r r o r i s quoted i n the form t 0,001, t h i s i s 

encoded as 0,001. 

6 . 2 . 2V. 

Contains the sig n and value of the o p t i c a x i a l angle. 
S u r p r i s i n g l y o f t e n both pieces of i n f o r m a t i o n are not given. 

Convention. 
2V i s entered as the value of the o p t i c a x i a l angle preceeded 

by i t s s i g n . I f the o p t i c a x i a l angle i s given i n terms of a 
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p r i n c i p a l r e f r a c t i v e index the f o l l o w i n g equivalences are recognised. 

2VQ = 2Vx -• -ve, 
2Vy = 2Vz = +ve. 

Because i t i s possible t o describe the o p t i c a x i a l angle r e l a t i v e 

to one p r i n c i p a l r e f r a c t i v e index i r r e s p e c t i v e of sign the f o l l o w i n g 

coding sequence has been followed :-

a) i f the sign and value arc given enter d i r e c t l y . 
b ) I f the 2V and d i r e c t i o n i n terms of p r i n c i p a l r e f r a c t i v e index, 

enter the sign as appropriate to the r e f r a c t i v e index, e.g. 
2 V a =U0 = -1+0, 2VQ = 100 = -100 not +80. 

c) i f no sign i s given then d e f a u l t the sig n to neg a t i v e . The 
v a l i d i t y of t h i s C3n then be checked on data v a l i d i f i c a t i o n , 
see Section k,k, 

d) i f only the sig n i s given then no entry i s made. 

Where e x p l i c i t l y stated 2V i s entered i n preference t o 2E. 

DISPERSION. 

Convention. 
V a l i d responses are of the type •V=R',IV>RI, 'R<V or 

•NONE1, where R stands f o r red and V f o r v i o l e t . 

O p t i c a l O r i e n t a t i o n , , i n c l u d i n g domains O.A.P. , EXT. L. , 
ORIENTATION. 

To comply w i t h the h a b i t of d e s c r i b i n g the o r i e n t a t i o n of 
the p r i n c i p a l r e f r a c t i v e i n d i c e s w i t h respect to the c r y s t a l l o g r a p h i c 
axes i n terms of ( i ) the o r i e n t a t i o n of the o p t i c a x i a l plane, ( i i ) 
the e x t i n c t i o n angle between a r e f r a c t i v e index and a c r y s t a l l o g r a p h i c 
a x i s , and ( i i i ) the p a r a l l e l i s m of p r i n c i p a l r e f r a c t i v e i n d i c e s and 
c r y s t a l l o g r a p h i c axes, three domains O.A.P., EXT. L., and ORIENTATION 
have been used. I t should be noted t h a t i n some instances there 
e x i s t s more than one unique method of d e f i n i n g the o r i e n t a t i o n of the 
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i n d i c a t r i x . Thus f o r an orthorhombic atnphibole X = Q Y = p 
defines the same o r i e n t a t i o n as Z =y, O.A.P. = 0 1 0 „ A l l three 
domains should be considered together. 

6.60 ORIENTATION. 
The p a r a l l e l i s m of p r i n c i p a l r e f r a c t i v e i n d i c e s and 

c r y s t a l l o g r a p h i c axes i s included here. 
Convention. 

Coded i n the manner used by the author, 

6 » 7 c O.A.P. 

The d i r e c t i o n of the o p t i c a x i a l plane. 
Convention. 

A response given s o l e l y i n terms of the K i l l e r s i n d i c e s 
f o r a plane ' 0 1 0 ' s i g n i f i e s t h a t the O.A.P. l i e s p a r a l l e l to the ( 0 1 0 ) 

plane. I f the O.A.P. i s given as perpendicular to a d i r e c t i o n i t i s 
coded as 'PERP 0 1 0 « . 

6 . 9 0 DELTA , DELTAERROR. 

Contains the b i r e f r i n g e n c e and i t s e r r o r of d e t e r m i n a t i o n . 
Conventions. 

As 6 . 1 , 6 0 2 o 

6 . 9 . EXTINCTION 
Contains the e x t i n c t i o n angle between a stated p r i n c i p a l 

r e f r a c t i v e index and a c r y s t a l l o g r a p h i c a x i s . 
Conventions. 

The authors form i s used except t h a t the symbol f o r an 
angle \* i s replaced by 

7 . R e l a t i o n PLBOCHROISM. 

PLEOCHROISM ( REF.NO., FORMULA, X, Y, Z) 
Under t h i s heading are grouped the o p t i c a l e f f e c t s produced 

by a b s o r p t i o n . For most amphiboles the angle between the p r i n c i p a l 
d i r e c t i o n s of the i n d i c a t r i x and the three a b s o r p t i o n axes X, Y and Z, 



i s small and can be neglected, Unless e x p l i c i t l y stated to the 
cont r a r y i t has been assumed t h a t the X, Y, Z, and Q , j3 

pleochroic schemes are synonomous. I f i t i s e x p l i c i t l y stated t o 
the contrary t h a t the axes are not p a r a l l e l the values f o r X, Y, Z,' 
have been used. 

7 d o FORMULA. 

The absorption formula where e x p l i c i t l y s t a t e d . 

Conventions. 
The formula i s w r i t t e n i n terms of the axes X, Y, Z each 

separated by one of the comparisons '< J, 

7 « 2 o X j Y j Z • 

The pleochroic scheme along the three p r i n c i p a l d i r e c t i o n s . 
Conventions. 

The colour as used by the author i s encoded. I n f o r e i g n 
l i t e r a t u r e the English e q u i v a l e n t of the colours has been used. 

8. R e l a t i o n COLOUR. 

COLOUR ( REF.NO. , COLOUR ) 

The colour of the mine r a l i n r e f l e c t e d l i g h t . 
Convention. 

As 7 . 2 . 

9 . R e l a t i o n CHEMISTRY. 

CHEMISTRY ( REF.NO. , OXIDE , VALUE ) . 

Contains the major elements of a chemical a n a l y s i s . 

9 . 1 . OXIDE. 

The oxide name i s encoded i n the form used by the author. 
This may in c l u d e somewhat unusual o x i d a t i o n states of m u l t i v a l e n t 
atoms f o r example T i 2 0 ^ Terras such as SUM, TOTAL or 0--F, 0=CL are 
also included . 

9 . 2 . VALUE. 



The val u e , i n weight par cent, of the major element. 

Conventions. 
The number of deimal places i n the o r i g i n a l a n a l y s i s 

has been r e t a i n e d as an i n d i c a t i o n of the accuracy of the analysis'*, 
D e t e c t i o n l i m i t s given i n the f o r t n > 0 , 0 1 , < 0,01 e t c . have been 
encoded as the number i t s e l f e.g. 0.01. Non-numeric responses such 
as 'n.det', 'n.d.', 1 t r ' have a l l been ignored and no response entered, 

10, R e l a t i o n TRACE. 

TRACE ( REF.N0. , ELEMENT , VALUE ) 
Consists of the name and value f o r ' t h e trace elements. 

A tr a c e element i s d i s t i n g u i s h e d from a major element only i n having 
ppm as u n i t s of measurement. 

10.1 ELEMENT. 

The name of the element. 

10.2 VALUE. 

The amount i n ppm of the trace element present. 

1 1 . R e l a t i o n TECHNIQUE. 

TECHNIQUE ( REF.N0. , EXAMINATION , ANALYTICAL-METHOD ) 

Contains i n f o r m a t i o n concerning the experimental techniques 
used to i n v e s t i g a t e the specimen plus other u s e f u l notes concerning 
contaminants e t c . 

11.1. EXAMINATION. 

Experimental techniques which have been applied to the 
specimen but the r e s u l t s of which would not enter the data f i l e 
anywhere e l s e . 

Conventions. 

A number of standard responses have been entered f o r t h i s 
f i e l d , these i n c l u d e 'X-RAY1, 'INFRARED', 'M0SS3AUER1, the l a t t e r two 



have been abbreviated to 'IR 1. and 'MOSS1, f o r those specimens f o r 
which more than one technique i s recorded. X-RAY implie s a s i t e 
p opulation study. D.T.A. i s used as the a b b r e v i a t i o n f o r D i f f e r e n t i a l 
Thermal A n a l y s i s . 

1 1 . 2 o ANALYTICAL-METHOD. 

The a n a l y t i c a l technique as applied to the specimen, plus 
any u s e f u l notes are included here* 

1 2 , R e l a t i o n PHYSICAL. 
PHYSICAL ( REF.NO. , PROPERTY , VALUE) 

Contains the p h y s i c a l p r o p e r t i e s , S p e c i f i c G r a v i t y , 
Density, and Hardness. 

1 2 . 1 . PROPERTY. 

The name of the p h y s i c a l p r o p e r t y . 

Conventions, 

The conventional form of the p r o p e r t i e s are '3.G.1 f o r s p e c i f i c 
g r a v i t y , and 'HARDNESS1 and 'DENSITY'. 

1 0 . 2 , VALUE. 

The value taken by the ph y s i c a l p r o p e r t y . 

Conventions. 
Only the observed, not the c a l c u l a t e d , value f o r the s p e c i f i c 

g r a v i t y or de n s i t y have been encoded. The number of decimal places 
as used i n the o r i g i n a l source has been maintained as an i n d i c a t i o n 
of accuracy. Where a range of values f o r the hardness exi s t e d the 
mean value has been entered. 

. 1 3 . R e l a t i o n STRUCTURE. 
STRUCTURE ( REF.NO. , CELL PARAMETER, VALUE, ERROR ) 

Contains i n f o r m a t i o n r e l e v a n t t o the u n i t c e l l . The space 
group of the u n i t c e l l , where given, i s t o be found i n r e l a t i o n 
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SYMMETRY. 

1 3 , 1 . CELLHAKAMfiTER. 

Name of the u n i t c e l l parameters e.g. A, B, C, BETA, 
VOLUME. 

1 3*2." VALUE The numerical value f o r the c e l l parameters. 

Conventions. 

The authors number of decimal places i s r e t a i n e d as an 
i n d i c a t i o n of accuracy. Angles are quoted only i n decimal degrees. 
The value f o r the beta angle has been taken d i r e c t l y from the 
o r i g i n a l source. At times beta has been used f o r both the acute and 
obtuse angle, 

1 3 . 3 . ERROR. 

The e x p l i c i t l y described e r r o r i n determining the c e l l 

parameter. 

Conventions. 

See 6 o 2 . 

Ik. R e l a t i o n SYMMETRY. 

SYMMETRY ( REF.NO, , SYMMETRY ) . 

Describes the space group symmetry i f t h i s e x p l i c i t l y given. 

1 5 O R e l a t i o n COEXISTENCE. 

COEXISTENCE ( REF.NO. , OTHER-HEP. NO, ) 

A cross-linkage between two, or more, specimens which 
e i t h e r c o e x i s t or show e x s o l u t i o n r e l a t i o n s h i p s . 

Conventions, 

Before the li n k a g e i s made there must e x i s t d e f i n i t e 
evidence t h a t e i t h e r of the above c o n d i t i o n s h o l d . A d e s c r i p t i o n of 
two specimens by d i f f e r e n t authors from the same ' l o c a l i t y 1 i s not 
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taken as s u f f i c i e n t evidence of coexistence. The entry i s i n t;he 
form of the two reference numbers w i t h the numbers a l t e r n a t i v e l y i n 
each domain, thus i f specimens ,7896 coexisted two tu p l e s would 
be entered c o n t a i n i n g r e s p e c t i v e l y 1 + 5 6 7 , 7 3 9 6 and 7 8 9 6 , H 5 6 7 , 

1 6 , R e l a t i o n EXTRA. 

EXTRA ( KEF.MO. , OTHER-REF.WO. ) 

A cross-linkage between two, or more, separate pieces of 
i n f o r m a t i o n published from d i f f e r e n t 'references 1 r e l a t i n g t o the 
same amphibole specimen. 

Conventions. 

D e s c r i p t i o n of m a t e r i a l colHected from the same l o c a l i t y 
and assumed to represent i d e n t i c a l m a t e r i a l as used i n some previous 
i n v e s t i g a t i o n has been excluded. The r e l a t i o n i s constructed as 
COEXISTENCE. 
1 7 . R e l a t i o n REDETERMINATION. 

REDETERMINATION ( REF.NO. , OTHER-REF. NO. ) 

A crosslinkage between two, or more, analyses of the same 
specimen by the same or d i f f e r e n t authors. 

Conventions. 

The r e l a t i o n i s constructed as COEXISTENCE. 


