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ABSTRACT 

Grenada i s the southernmost v o l c a n i c i s l a n d o f the 

L e s s e r A n t i l l e s . A s e r i e s of v o l c a n i c c e n t r e s ranging from 

P l i o c e n e to Recent i n age a r e p r e s e n t o v e r l y i n g a f o l d e d 

Lower t o Middle T e r t i a r y v o l cano-sedimentary f o r m a t i o n . 

E r u p t i o n s of s i l i c a - u n d e r s a t u r a t e d a l k a l i b a s a l t and p i c r i t e 

magmas have o c c u r r e d r e p e a t e d l y d u r i n g the e v o l u t i o n of t h e s e 

c e n t r e s . C a l c - a l k a l i n e a n d e s i t e s and d a c i t e s show a c l o s e 

f i e l d a s s o c i a t i o n w i t h the b a s a l t s and p i c r i t e s . R ecent 

a c t i v i t y on the i s l a n d has been e x p l o s i v e i n n a t u r e . 

A model of v a r i a b l e volumes of Upper Mantle p a r t i a l 

m e l t i n g i s proposed to account f o r the d i v e r s i t y of major, 

t r a c e and Rare E a r t h element compositions and s t r o n t i u m i s o t o p e 

r a t i o s o f the b a s a l t s and p i c r i t e s . Geochemical, p e t r o g r a p h i c 

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

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

i s a t i o n p r o c e s s e s . I n a d d i t i o n the ch e m i c a l compositions and 

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

the d i v e r s e compositions of the p a r e n t a l b a s a l t magmas. 

The petrography and mineralogy of the a n d e s i t e s and d a c i t e s 

i s s i m i l a r to c a l c - a l k a l i n e s u i t e s elsewhere i n the a r c . Some 

of the b a s a l t s and p i c r i t e s c o n t a i n abundant o l i v i n e and s e c t o r 

and o s c i l l a t o r y zoned c l i n o p y r o x e n e p h e n o c r y s t s . I n some 

b a s a l t s , p h e n ocryst amphibole i s p r e s e n t . 

An o r i g i n by p a r t i a l m e l t i n g of an Upper Mantle ^ e r i c o t i t e 

s o u r c e i s proposed. A l t e r n a t i v e s o u r c e s a r e examiner; but p a r t i a l 

i 



m e l t i n g o f a subducted l i t h o s p h e r i c p l a t e does not appear t o 

be a s i g n i f i c a n t p e t r o g e n e t i c p r o c e s s i n Grenada. 

F r a c t i o n a l c r y s t a l l i s a t i o n of o l i v i n e , c l i n o p y r o x e n e and 

s p i n e l i s main l y r e s p o n s i b l e f o r the development o f a normal 

c a l c - a l k a l i n e t r e n d towards i n c r e a s i n g s i l i c a - s a t u r a t i o n i n 

the magmas. Subsequent c r y s t a l l i s a t i o n of p l a g i o c l a s e 

f e l d s p a r and then amphibole i s a l s o important i n the development 

of a t r e n d towards s i l i c a - r a t h e r than a l k a l i - e n r i c h m e n t i n 

the r e s i d u a l m e l t s . 

The s i g n i f i c a n t f e a t u r e o f the Grenada v u l c a n i c i t y i s 

the o c c u r r e n c e w i t h i n a r e s t r i c t e d geographic range of magmas 

of c o n t r a s t e d geochemical c h a r a c t e r i s t i c s . The l o c a l v o l c a n i c 

and t e c t o n i c h i s t o r y of the southern p a r t of the L e s s e r A n t i l l e s 

i s l a n d a r c a r e probably the most important f a c t o r s i n the 

development of t h e s e unusual c h a r a c t e r i s t i c s . 
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INTRODUCTION 

The i s l a n d o f Grenada i s t h e southernmost v o l c a n i c 

i s l a n d o f t h e L e s s e r A n t i l l e s i s l a n d a r c ( F i g . l ) . T h i s 

study i s based on t h e r e s u l t s of two f i e l d seasons s p e n t 

on the i s l a n d c o m p r i s i n g a t o t a l o f 20 weeks d u r i n g 1971 

and 1972. R e c o n n a i s s a n c e - s t y l e mapping o f t h e s e p a r a t e 

v o l c a n i c c e n t r e s and a s y n t h e s i s o f t h e v o l c a n i c h i s t o r y 

of the i s l a n d was completed. Rocks d a t e d by K-Ar methods 

by Dr. J. B r i d e n and Dr. D. Rex (Leeds U n i v e r s i t y ) ( F i g . 1 2 ) 

were used t o determine the a b s o l u t e ages o f some of t h e s e 

c e n t r e s . 

L a b o r a t o r y study o f the samples was c a r r i e d out m a i n l y 

a t Durham U n i v e r s i t y . Some e x p e r i m e n t a l s t u d i e s were 

completed a t the Grant I n s t i t u t e of Geology, Edinburgh 

(Cawthorn et a l . , 1973). Rare E a r t h element and s t r o n t i u m 

i s o t o p e r a t i o s were determined a t t h e Department o f Geology 

and Mineralogy, Oxford U n i v e r s i t y (O'Nions et a l . i n MS). 

973 J 9 OCT 1973 
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F i g . 1 

Map of the L e s s e r A n t i l l e s i s l a n d a r c . 
( A f t e r Robson and Tomblin, 1966). 



2 

~~? 
60»W 

Pu»rto 
Rico 

^ f c . Virgin Is. 

Aves 

100 mles 

i r 
100 200 km 

^p;Anguilla 
(3 

o Saba 
<̂ St Eustatius 

Q^St Kitts 
•ONevis 

^ B a r b u d a 

Antigua 

^Montserrat 

Guadeloupe 

O Mane Galante 

Yj Dominica 

Martinique 

St. Lucia 

16*N-4 

U°hH 

£ j St. Vincent 

* Bar 

a 

^ G R E N A D A 

obago 

Venezuela 10°NH 



3 

CHAPTER 1 

THE DURHAM DEPARTMENT OF GEOLOGICAL SCIENCES RESEARCH PROGRAM 

IN THE WEST INDIES 

A program of r e s e a r c h i n t o the problems of i s l a n d a r c 

vo l c a n o l o g y , p e t r o l o g y and geochemistry was i n i t i a t e d i n 1960 

by the l a t e P r o f e s s o r L.R. Wager and Dr. G.M. Brown of Oxford 

U n i v e r s i t y t o g e t h e r w i t h Dr. G.R. Robson of the S e i s m i c R e s e a r c h 

U n i t , U n i v e r s i t y of West I n d i e s , T r i n i d a d . 

R e g i o n a l S t u d i e s of S t . K i t t s ( B a k e r , 1 9 6 3 ) , S t . L u c i a 

(Tomblin, 1964) and Mo n t s e r r a t (Rea, 1970) were c a r r i e d out by 

r e s e a r c h s t u d e n t s a t Oxford t o g e t h e r w i t h a p e t r o l o g i c a l and 

m i n e r a l o g i c a l e x a mination of the p l u t o n i c b l o c k s of the S o u f r i e r e 

v o l c a n o ( S t . V i n c e n t ) by Lewi s ( 1 9 6 4 ) . 

The program o f r e s e a r c h has c o n t i n u e d under the l e a d e r s h i p of 

P r o f e s s o r G.M. Brown a t Durham U n i v e r s i t y where t h i s study of t h e 

v o l c a n i c geology of Grenada has been completed. I n a d d i t i o n , 

Mr. E.B. C u r r a n has s t u d i e d a s p e c t s of the ferrom a g n e s i a n m i n e r a l 

assemblages of S t . K i t t s , M o n t s e r r a t , S t . L u c i a and S t . V i n c e n t 

and Mr. K.J.A. W i l l s has completed a r e g i o n a l study of southern 

Dominica, and i s c u r r e n t l y engaged i n an i n t e r - i s l a n d comparison 

of the p l u t o n i c b l o c k s . 

A program of g e o p h y s i c a l r e s e a r c h i n the E a s t e r n C a r i b b e a n 

i s i n p r o g r e s s under P r o f e s s o r M.H.P. B o t t (Department of G e o l o g i c a l 

S c i e n c e s , Durham) and the r e s u l t s of t h e s e s t u d i e s combined w i t h 

d a t a o b t a i n e d by g e o l o g i c a l i n v e s t i g a t i o n s of t h e i s l a n d s of the 

L e s s e r A n t i l l e s may h o p e f u l l y l e a d t o an i n t e g r a t e d a n a l y s i s o f 

th e e v o l u t i o n of the i s l a n d a r c . 



Bathymetry of the E a s t e r n C a r i b b e a n r e g i o n . 
( A f t e r Hess, 1966). 
Submarine contour i n t e r v a l every 1C0O fathoms 
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CHAPTER 2 

REGIONAL SETTING OF THE LESSER ANTILLES ISLAND ARC 

The L e s s e r A n t i l l e s i s l a n d a r c forms an a r c u a t e r i d g e 

s e p a r a t i n g the C a r i b b e a n Sea t o the west from the A t l a n t i c Ocean 

on the e a s t . The main f e a t u r e s of the submarine bathymetry a r e 

shown i n F i g . 2 and the d i v i s i o n of the C a r i b b e a n i n t o a s e r i e s 

o f r i d g e s and b a s i n s can be seen. The o v e r a l l c r u s t a l s t r u c t u r e 

i s a t y p i c a l o f normal o c e a n i c c r u s t but comparable t o t h a t found 

i n many a r e a s of the w e s t e r n P a c i f i c (Edgar e t a l . , 1971). I n 

g e n e r a l the c r u s t i s t h i c k e r w i t h a d d i t i o n a l l a y e r s of i n t e r m e d i a t e 

v e l o c i t y i n comparison w i t h o c e a n i c c r u s t ( F i g . 3 ) . 

The t h e o r y of p l a t e t e c t o n i c s ( I s a c k s e t a l . . 1968) s u g g e s t s 

t h a t the C a r i b b e a n forms an i s o l a t e d l i t h o s p h e r i c p l a t e between 

the A m e r i c a s , Cocos and Nazca P l a t e s ( F i g . 4 ) . S e i s m i c e v i d e n c e 

suggests t h a t d i f f e r e n t types of s t r u c t u r a l boundary form the 

margins of the C a r i b b e a n P l a t e (Molnar and Sykes, 1969; Tomblin, 

1971). Along the n o r t h e r n margin (Cayman Trough - Puerto R i c o 

T r e n c h ) t h e r e i s t r a n s f o r m f a u l t i n g . A c t i v e under t h r u s t i n g of t h e 

Cocos P l a t e beneath t h e Middle America a r c and the Americas P l a t e 

beneath t he L e s s e r A n t i l l e s a r c forms the w e s t e r n and e a s t e r n 

b o u n d a r i e s r e s p e c t i v e l y . The r e l a t i o n s h i p of the C a r i b b e a n and 

Americas P l a t e s a l o n g the s o u t h e r n margin i s more complex. 

A l t e r n a t i v e models of temporary absence o f movement and hinge 

f a u l t i n g have been proposed ( B a l l e t a l . . 1969; Molnar and Sykes, 

1969; B a l l and H a r r i s o n , 1970; Tomblin, 1971). 

The v o l c a n i c r i d g e of the L e s s e r A n t i l l e s extends northwards 



F i g . 3 

Comparison of the v e l o c i t y s t r u c t u r e of C a r i b b e a n b a s i n s 
and r i d g e s w i t h t h o s e of c o n t i n e n t s and ocean b a s i n s . 
( A f t e r Edgar e t a l . 1971). 
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F i g . 4 

P l a t e t e c t o n i c map o f the Middle Americas r e g i o n . 
( A f t e r Molnar and S y k e s , 1969). 

B o l d arrows show d i r e c t i o n of motion of the p l a t e s 
r e l a t i v e to the Americas P l a t e . F i n e arrows show 
p o s s i b l e d i r e c t i o n of r e l a t i v e p l a t e motion a t 
bo u n d a r i e s . 
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from the continental slope of South America to the Anegada Trough. 

v£ast of the a r c , a depth of 3300 m i s att a i n e d i n the Grenada 

Trough wL „n i s i s o l a t e d from the Venezuela Basin by the north-

south s t r i k i n g Aves Ridge. One of the c h a r a c t e r i s t i c f eatures of 

i s l a n d a r c s , a deep f r o n t a l trench, i s only present east of the 

northern h a l f of the Lesser A n t i l l e s . However, the b e l t of negative 

gr a v i t y anomaly associated with the Puerto Rico Trench continues 

southwards along the deformed sediments of the Barbados Ridge 

(Chase and Bunce, 1969) before b i f u r c a t i n g nearer the South 

American continent ( F i g . 5 ) . Major submarine features (sc a r p s 

and troughs) transverse to the a x i s of the Lesser A n t i l l e s have 

been recognised. Fink (1972) has suggested that transverse 

f a u l t i n g north of Dominica has taken place and Westbrook (Ph.D. 

t h e s i s , Durham, i n prep'n) has recognised a transverse t e c t o n i c 

lineament east of S t . Lu c i a on the b a s i s of bathymetric, g r a v i t y 

and magnetic evidence. I t i s suggested that some d i f f e r e n t i a l 

movement of segments of the a r c may have taken place (Fink, 1972). 

The Lesser A n t i l l e s have been divided into the Limestone and 

Volcanic Caribbees on the b a s i s of the prominent surface rock 

exposure i n the i s l a n d s north of Dominica (e.g. Martin-Kaye, 1969). 

The exposed basement of the Limestone Caribbees i s formed of Lower 

T e r t i a r y (Eocene to Oligocene) c a l c - a l k a l i n e v o l c a n i c s (Christman, 

1953; Martin-Kaye, 1969). Erosion, truncation and l a t e Oligocene-

e a r l y Miocene transgression followed with deposition of a t h i n 

sequence of shallow-water marine f a c i e s u n i t s . I n the l a t e Miocene, 

t h i s part of the arc was u p l i f t e d with minor f a u l t i n g and folding. 



F i g . 5 

Location of possible axes of v o l c a n i c a c t i v i t y ( a f t e r 
Martin-Kaye, 1969) and of the maximum negative g r a v i t y 
anomaly ( a f t e r Sigurdsson et a l . . 1973). 
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I n the Volcanic Caribbees to the south of and including 

Dominica, l a t e Miocene to Recent c a l c - a l k a l i n e v o l c a n i c s are 

exposed. At the southern end of the arc i n Grenada and the 

Grenadines, the Lower T e r t i a r y h i s t o r y appears to be s i m i l a r to 

the Limestone Caribbees (Martin-Kaye, 1969). However, i n the 

Volcanic Caribbees north of Dominica, only t h e Late Miocene to 

Recent volcanism appears to be present. Thus, i n general two 

major periods of v u l c a n i c i t y appear to have formed the Lesser 

A n t i l l e s i s l a n d arc. The a x i s of the Miocene to Recent a c t i v i t y 

appears to have migrated westwards i n the north but i n the south 

t h e centres of T e r t i a r y and Quaternary volcanism appear to 

coincide ( F i g . 5 ). The periods of vo l c a n i c a c t i v i t y may be 

r e l a t e d to the major changes occurring i n the spreading rate of 

the Mid-Atlantic Ridge and r e s u l t a n t changes i n r e l a t i v e v e l o c i t y 

of c o l l i s i o n of the Caribbean and Americas P l a t e s (Vogt et a l . . 1969). 

Thus the Lesser A n t i l l e s appear to be predominantly of T e r t i a r y 

o r i g i n , but the discovery of a l a t e J u r a s s i c (142 m.y.) v o l c a n i c 

sequence on Desirade, east of Guadeloupe (Fink, 1968) may i n d i c a t e 

s t r u c t u r a l c ontinuity of the northern h a l f of the arc at l e a s t , 

with the Greater A n t i l l e s . 

At present, the s e i s m i c i t y of the Lesser A n t i l l e s suggests 

that the depth to the Benioff zone centre i s shallower at the 

southern end of the arc (115 km beneath Grenada) than further 

north (160 km beneath Dominica). I n addition the dip of the 

Benioff zone i s steeper (50°) i n the north than i n the south (30°). 

The configuration of the seismic zone beneath Grenada i s shown 

i n F i g . 6 . The r e l a t i v e v e l o c i t y of c o l l i s i o n of the Caribbean 



Fig.6 

Cross s e c t i o n perpendicular to the southern Lesser 
A n t i l l e s showing f o c i i of l a r g e r earthquakes with 
epicentres between 11° and 14°N projected onto a 
s i n g l e plane orientated N69°W-S69°E. 
(After Sigurdsson et a l . . 1973). 

S o l i d c i r c l e events were located by ISC computations. 
Open c i r c l e events located by Seismic Research Unit, 
Tr i n i d a d . 
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and Americas P l a t e s has been e s t i m a t e d as below 2.0 an yr 

(Molnar and Sykes, 1969). 

Recent syntheses o f t h e g e o l o g i c a l h i s t o r y o f t h e 

Caribbean tend t o be i n agreement o n l y over the c o m p l e x i t i e s 

i n v o l v e d (e.g. Freeland and D i e t z , 1971; M a l f a i t and Dinkelman, 1972; 

Meyerhoff and Meyerhoff, 1972). I t i s apparent t h a t t h e area has 

been t e c t o n i c a l l y a c t i v e a t l e a s t s i n ce t h e J u r a s s i c b u t t i e 

Cretaceous ages determined i n r o c k samples o b t a i n e d from th.» Beata 

Ridge (Fox e t a l . , 1970) and i n sediments on t h e Caribbean f l o o r 

( P u r r e t t , 1971 ) suggest t h a t the f o r m a t i o n o f the Caribbean 

P l a t e i t s e l f was a Cretaceous event, and l e n d support t o t h e 

h y p o t h e s i s o f Edgar e t a l . (1971) t h a t the area has been an 

i s o l a t e d s t r u c t u r a l u n i t s i n c e t h e n . 

Refinements o f t h e i n t e r p r e t a t i o n o f the e v o l u t i o n o f t h e 

Caribbean must r e s u l t i n f u t u r e from t h e c u r r e n t volume o f 

i n t e r e s t and research i n t h e r e g i o n . 
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CHAPTER 3 

GRENADA - GENERAL BACKGROUND 

The i s l a n d of Grenada was discovered by Columbus i n 1498. 

The name i s probably derived from an a n g l i c i s e d corruption of 

the area i n southern Spain. The climate i s t r o p i c a l and a 

comparatively dry season may occur between January and May. 

The average annual temperature i s 27°C. Average annual r a i n f a l l 

i n the mountainous i n t e r i o r i s 150 inches per annum but diminishes 

towards the coasts and a r i d southwestern peninsula. 

The o r i g i n a l inhabitants were Carib Amerindians. I n i t i a l 

European c o l o n i s a t i o n was pr i m a r i l y by the French but a l t e r n a t e d 

between B r i t i s h and French possession according to peace t r e a t y 

settlements. After 1783 however, the B r i t i s h remained i n co n t r o l . 

I n 1795, a year-long s l a v e r e b e l l i o n , l e d by one J u l i e n Fedon 

took possession of p r a c t i c a l l y the whole i s l a n d but was f i n a l l y 

defeated by an expeditionary force. The population has g r e a t l y 

expanded i n recent years and i s now approximately 100,000. 

Slavery was abolished i n 1838 and sugar was gradually 

replaced by cocoa and nutmegs. Subsequently, other spices such 

as cloves, bay and cinnamon were s u c c e s s f u l l y introduced. I n 

1955, the nutmeg industry was devastated by Hurricane Janet and 

bananas were sub s t i t u t e d as a cash crop. The return to f u l l 

maturity of replanted nutmegs w i l l prove invaluable during the 

present decline of the banana industry. Apart from a g r i c u l t u r e , 

the other major source of income for the i s l a n d i s tourism. 
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CHAPTER 4 

GRENADA - GEOLOGICAL BACKGROUND 

4;1 Previous work 

The i s l a n d of Grenada has not been e x t e n s i v e l y studied 

previous to the present i n v e s t i g a t i o n . The e a r l i e s t account 

was by Harrison (1896) who noted the dominantly v o l c a n i c nature, 

and l i s t e d the f i r s t chemical analyses of the s i l i c a - u n d e r s a t u r a t e d 

b a s a l t s occurring on t h i s i s l a n d . E a r l e (1923) commented on the 

folded Lower T e r t i a r y basement, noting the presence of gypsum i n 

some horizons. The unusual hourglass-2oned, augite-phyric b a s a l t s 

and what would now be termed cumulus plutonic blocks were a l s o 

recognised. 

The Lower T e r t i a r y basement was more extensi v e l y studied 

by Martin-Kaye (1956-61). I n a s e r i e s of re p o r t s , the s t r a t i -

graphic r e l a t i o n s h i p s and age determinations by means of t h e i r 

contained f o s s i l fauna are described. A b r i e f account of the 

overlying v o l c a n i c s i s given by Robson and Tomblin (1966), where 

mention i s made of the unusually b a s i c nature of the v o l c a n i c i t y . 

A number of the explosion c r a t e r s i n d i c a t e d on the geological map 

presented i n t h i s account (Robson and Tomblin, 1966 ) have 

been shown by the author's field-work to be m i s i d e n t i f i c a t i o n s 

of other topographic f e a t u r e s . 

Grenada was a l s o v i s i t e d by Drs. J.G. Holland (Durham 

U n i v e r s i t y ) and J.F. Tomblin (U.W.I., Trinidad) i n the course 

of a geochemical sampling project i n the Lesser A n t i l l e s , 

supervised by Professor G.M. Brown (Durham). The author i s 

g r a t e f u l for access to t h i s data during the present study. 
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4 : 2 V o l c a n i c A c t i v i t y 

There have been no erupted v o l c a n i c s i n h i s t o r i c a l time 

reportoc i i o m the i s l a n d of Grenada. Anderson and F l e t t ( 1903 ) 

dismiss the eruptions of sulphurous vapours w i t h i n the harbour 

of St. George 1s the c a p i t a l , in 1867 and 1 9 0 2 , as being over-

dramatised phenomena as s o c i a t e d with t i d a l waves generated by 

eruptions elsewhere i n the Lesser A n t i l l e s . The only i n d i c a t i o n s 

of volcanic a c t i v i t y are the presence of numerous hot s p r i n g s , 

e s p e c i a l l y i n the v i c i n i t y of Mt. S t . Catherine. 

Eight kilometres to the north of Grenada ( F i g . 7 ) i s one 

of the most frequently a c t i v e volcanoes of the Lesser A n t i l l e s . 

I t i s submarine but named Kick-em-Jenny a f t e r the prominent, 

c o n i c a l , andesite-dome rock, 5 km to the north-east. Robson and 

Tomblin ( 196€> ) report an eruption i n 1939 when s o l i d products 

were ej e c t e d above sea l e v e l , and seismic events centred on the 

volcano i n 1943 , 1 9 5 3 , 1965 and 1966. A s i m i l a r event took place 

i n 1972 ( J . Shepherd, pers.comm.). A survey of t h i s volcano, 

supervised by Drs. H. Sigurdsson and J . Shepherd (U.W.I.) aboard 

H.M.S. Hekla i n 1 9 7 2 , revealed a submarine cone of diameter 100 m 

at a depth of 200 m below sea l e v e l . 

4 ; 3 Physiography and bathymetry 

The i s l a n d of Grenada i s roughly oval i n shape, elongated i n 

a northeast-southwest d i r e c t i o n . I t i s approximately 33 km i n 

length by 20 km i n width, and 300 sq. km i n area. The general 

topography i s rugged, r i s i n g to a maximum height of 910 m at the 

summit of Mt. S t . Catherine. A chain of mountains s t r i k e s nearly 



Fig.7 

Bath y m e t r i c map o f Kick-em-Jenny volcano. 
( A f t e r Robson and l o m b l i n , 1966). 
Probable l o c a t i o n o f cone i s i n d i c a t e d by 
Submarine contour i n t e r v a l shown i n fathoms. 



16 

61° 35 ' 6 1 W 

1/21 

/ 
in 

o KICK-EM 
JENNY 0 ROCK / • 

( ( 

^ / s ^ D E R< 
THE 

SISTERS 
ISLE DE RONDE 5o 

\ 

ISLE DE 
CAILLE 

1 / 1 5 ' 

GRENADA 



8 

Surface Geology o f Grenada. 
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the length of the i s l a n d but i s o f f s e t towards the western coast. 

From north to south, t h i s high ground i s composed of the massiis 

of Mt. Catherine (910 m), Mt. Granby - Fedon's Camp (835 m) 

and South East Mountain - S i n a i ~ Mt. Maitland (780 m) ( F i g . $ ) . 

The i s l a n d i s asymmetric i n p r o f i l e ( e a s t - w e s t ) ; the western 

side being considerably steeper and more indented by deep v a l l e y s 

than the eastern. Geological exposure i s consequently b e t t e r on 

the west. The submarine bathymetry shows that the contrast i n 

slope i s maintained offshore ( F i g . 9 ). On the Caribbean s i d e 

of the i s l a n d (west), a depth of 2500 m i s at t a i n e d i n the 

Grenada Trough within 40 km. An extensive area of shallow ( 40 m) 

submarine banks extends to the east for 10 km, the bottom p r o f i l e 

steepens further east, and a depth of 2000 m i s reached i n the 

Tobago Trough. This asymmetric p r o f i l e seems to be generally 

true of the other major vo l c a n i c i s l a n d s i n the L e s s e r A n t i l l e s 

as f a r north as Guadeloupe. I t i s s i g n i f i c a n t that the older 

(pre-Miocene) and younger arcs diverge further north (Martin-Kaye, 

1969). The post-Miocene v o l c a n i c i s l a n d s of Montserrat, S t . K i t t s , 

S t . E u s t a t i u s and Saba are more regular i n p r o f i l e both t e r r e s t r i a l 

and submarine. I t i s p o s s i b l e that the westward s h i f t of the 

a x i s of v o l c a n i c a c t i v i t y i n the southern part of the arc was not 

so pronounced, and the observed p r o f i l e s are due to the s t r u c t u r a l 

i n f l u e n c e of older v o l c a n i c products to the east ( F i g . 5 ) . 

To the south and south-west of Grenada, there i s another 

extensive area of shallow submarine banks extending f or 20 km. 

The depth does increase further south but i s not greater than 

870 m between Grenada and T r i n i d a d ( F i g . 2 ) . The indented 



Fig.9 

Submarine bathymetry o f t h e southern Lesser A n t i l l e s ; 
submarine contours and i n d i v i d u a l depths a r e i n d i c a t e d 
i n metres. (Adapted from A d m i r a l t y c h a r t s ) . Note r i d g e 
e x t e n d i n g o f f shore westwards from M o l i n i e r e P o i n t i n 
southern Grenada. 
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southern c o a s t l i n e o f Grenada appears t o r e p r e s e n t t h e r e c e n t 

drowning o f a r i d g e - v a l l e y topography. The r i d g e s are f l a t -

topped cvi o n l y 10 m above s e a - l e v e l and i n l a n d s l o p e g e n t l y 

upwards on a graded p r o f i l e . I n a d d i t i o n , t h e i n l e t s a r e s h a l l o w 

and sediment d e p o s i t i o n i s t a k i n g place f o r m i n g areas o f swamps. 

Thus t h e c o a s t l i n e form appears t o be due t o a r e c e n t , s l i g h t 

r e l a t i v e u p l i f t of the land. This movement was probably d i f f e r ­

e n t i a l , because o t h e r p a r t s o f t h e c o a s t l i n e o f t h e i s l a n d do 

not d i s p l a y these f e a t u r e s . M a c i n t y r e (1972) has suggested t h a t 

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

the Quaternary, have been a major f a c t o r i n producing c o r a l r e e f s 

i n the Eastern Caribbean. I n p a r t i c u l a r , i t seems p o s s i b l e t h a t 

the widespread s h e l f - r e e f c o l o n i e s e s t a b l i s h e d on the marine 

bank t o the east o f Grenada and the Grenadines were i n i t i a t e d 

b e f o r e t h e Holocene t r a n s g r e s s i o n o f 8,000 years B.P. Thus i t 

appears t h a t t h e f o r m a t i o n o f t h e present c o a s t l i n e and submarine 

bathymetry o f Grenada i s t h e r e s u l t o f a combination o f l o c a l 

t e c t o n i c , sedimentary and s t r u c t u r a l c o n d i t i o n s t o g e t h e r w i t h 

more widespread changes i n s e a - l e v e l . 

Apart from these g e n e r a l f e a t u r e s of submarine bathymetry, 

o n l y the e x i s t e n c e o f a r i d g e e x t e n d i n g o f f s h o r e from M o l i n i e r e 

P o i n t on the west coast need be no t e d ( F i g . 9 ) . This p r o b a b l y 

r e p r e s e n t s t h e submarine c o n t i n u a t i o n o f l a v a f l o w s t h a t a r e 

a s s o c i a t e d w i t h t h e Mt. M a i t l a n d - Mt. M o r i t z v o l c a n i c c e n t r e . 

4:4 Geophysical i n v e s t i g a t i o n s 

A g r a v i t y survey o f the i s l a n d has been completed by 

Andrew, Masson-Smith and Robson (1970). I n p r e f e r e n c e t o t h e 



10 

Bouguer Anomaly Map o f Grenada. 
( A f t e r Andrew et a L . 1970). 
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p u b l i s h e d i s o s t a t i c anomaly map, a Bouguer anomaly map by t h e 

same authors i s adapted here ( F i g . 1 0 ) . This r e p r e s e n t s more 

c l e a r l y .^e c o n t r a s t s i n c r u s t a l d e n s i t i e s o f t h e i s l a n d . 

Notable f e a t u r e s are the coin c i d e n c e o f t h e Mt. M a i t l a n d -

Mt. M o r i t z c e n t r e , mentioned above, w i t h one o f the pronounced 

areas o f h i g h g r a v i t y anomaly. There i s an e x t e n s i v e area o f h i g h , 

p o s i t i v e g r a v i t y anomaly ex t e n d i n g northwards from t h i s c e n t r e 

towards the Mt. Granby - Fedon's Camp and Mt. St. C a t h e r i n e 

c e n t r e s . A s i m i l a r correspondence may be observed between t h e 

N o r t h e r n Domes c e n t r e and another h i g h . The Lake A n t o i n e c e n t r e , 

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

d e p o s i t s , corresponds w i t h t h e g r a v i t y low i n the n o r t h - e a s t o f 

the i s l a n d . 
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CHAPTER 5 

THE GEOLOGICAL HISTORY OF GRENADA I 

5:1 Notea on Mapping and Nomenclature o f F i e l d U n i t s 

During f i e l d mapping, a study o f the v o l c a n i c e v o l u t i o n 

o f t h e m o r p h o l o g i c a l l y best p r e s e r v e d c e n t r e , Mt. S t . C a t h e r i n e , 

was i n i t i a l l y undertaken. However, e x t e n s i v e v e g e t a t i o n cover 

p r e v e n t e d t h e co m p l e t i o n o f a comprehensive s y n t h e s i s o f the 

e r u p t i v e h i s t o r y , and consequently the scope o f the p r o j e c t was 

broadened t o i n c l u d e the whole of Grenada. Reconnaissance-style 

mapping i n d i c a t e d s e v e r a l c e n t r e s on the i s l a n d , and by a com­

p a r a t i v e study o f these i t was hoped t h a t a more g e n e r a l view 

o f t h e n a t u r e o f t h e v u l c a n i c i t y of t h e i s l a n d c o u l d be o b t a i n e d . 

The r e l a t i v e l y subdued topography and hence reduced r a i n f a l l o f 

the nearby Grenadine i s l a n d s combine t o p r o v i d e e x c e l l e n t geo­

l o g i c a l exposures. V i s i t s t o these i s l a n d s , a p a r t from e x t e n d i n g 

th e range o f samples c o l l e c t e d were u s e f u l i n c l a r i f y i n g some o f 

the g e o l o g i c a l processes o c c u r r i n g on Grenada i t s e l f . 

I t became apparent d u r i n g geochemical and p e t r o g r a p h i c 

i n v e s t i g a t i o n s o f t h e Grenada s u i t e o f v o l c a n i c rocks t h a t an 

unusual v a r i e t y o f g e n e t i c a l l y r e l a t e d r o c k types were p r e s e n t . 

F u r t h e r d i s c u s s i o n i s presented l a t e r , but i n order t o a v o i d an 

o v e r - c o m p l i c a t e d nomenclature f o r d e s c r i b i n g f i e l d o ccurrences, 

a c l a s s i f i c a t i o n based p r i m a r i l y on a r b i t r a r y d i v i s i o n s a c c o r d i n g 

t o s i l i c a w eight percentage i s used. Obvious m i n e r a l o g i c a l 

f e a t u r e s i n hand specimen, such as the abundance o f o l i v i n e or 

c l i n o p y r o x e n e a r e then added as p r e f i x e s t o the a p p r o p r i a t e names. 

The d i v i s i o n s used are based on those r e c e n t l y proposed by 
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Middlemost (1973). These d i f f e r s l i g h t l y from those used by 

Rea (1970) and p r e v i o u s workers i n t h e Lesser A n t i l l e s based 

on the v i s i o n s proposed by Robson and Tomblin 1966. A 

comparison o f t h e two schemes i s g i v e n below ( F i g . H )• The 

advantages o f t h e new boundaries are the s l i g h t s h i f t t o lower 

weight percentages o f s i l i c a . I n view o f the abundance of 

b a s a l t s and a n d e s i t e s on t h e i s l a n d o f Grenada, t h i s i s u s e f u l 

f o r d e s c r i p t i v e purposes. 

adapted 
U l t r a b a s i c B a s a l t A n d e s i t e D a c i t e R h y o l i t e from 

Middlemost 
45 535 62 70 ( 1 9 7 3 ) ' 
* * - i \ • weight % s i l i c a 

55 63 
B a s a l t A n d e s i t e D a c i t e 

adapted 
from 
Robson and 
Tomblin (1966) 

F i g u r e 11. A comparison o f c l a s s d i v i s i o n s used i n 
the present study w i t h those proposed by 
Robson and Tomblin (1966). 

5:2 Primary Rock u n i t s 

5; 2:1 Lava Flows and Domes 

Most o f t h e b a s a l t l a v a f l o w s on Grenada may be d e s c r i b e d 

by the terms aa or b l o c k f l o w s (Macdonald, 1972). They c o n s i s t 

u s u a l l y o f a p l a t y or columnar j o i n t e d , massive i n t e r i o r u n d e r l a i n 

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

mechanical g r i n d i n g o f t h e same f l o w . T o t a l t h i c k n e s s e s o f 

i n d i v i d u a l f l o w s may range up t o 20 m but are g e n e r a l l y l e s s 

than 5 m t h i c k . 

Numerous a n d e s i t e l a v a f l o w s e x i s t on the i s l a n d . These are 



TABLE 1 

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

25 

Size o f fragments 
average diameter 

C o n d i t i o n on 
e j e c t i o n 

Name o f 
fragments 

Greater than 
about 60 mm 

p l a s t i c or 
s o l i d 

bomb 

Between 3 and 
60 mm 

l i q u i d or 
s o l i d 

s c o r i a 

Less than about 
3 ram 

l i q u i d or 
s o l i d 

ash 
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d i f f i c u l t to c h a r a c t e r i s e by any current, general d e s c r i p t i v e 

term. As i n aa and block flows, l a y e r s of autobrecciated 

material 3 few metres t h i c k are present above and below massive 

i n t e r i o r s . However, maximum thicknesses of these i n t e r i o r s may 

be up to 100 m. Thus the r a t i o s of thickness of rubble l a y e r 

to massive i n t e r i o r i s u n l i k e that of t y p i c a l aa or block flows. 

Some andesite flows are qui t e extensive up to 2 or 3 km i n length. 

Most tend to be shorter and i t i s probable that there i s a complete 

gradation between these flows and domes. Domes are formed by the 

extrusion of numerous short, t h i c k viscous flows or s o l i d and 

sem i - s o l i d m a t e r i a l . The d i s i n t e g r a t i o n of the f l a n k s of these 

domes produces scree mantling the s o l i d rock. In some instances 

i t may be d i f f i c u l t to determine whether a p a r t i c u l a r rock u n i t 

i s a flow or dome. 

5; 2:2 Fraqmental Deposits 

Primary fragmental deposits i n Grenada are e i t h e r p yroclast 

f a l l or py r o c l a s t flow m a t e r i a l (Robson and Tomblin, 1966 ) . 

Pyroclast f a l l deposits are formed by fragments s e t t l i n g more or 

l e s s v e r t i c a l l y from the a i r above, mantling the underlying 

topography. The deposits are often w e l l sorted, v e r t i c a l l y and 

l a t e r a l l y s i n c e larger fragments f a l l f a s t e r and nearer to vents. 

Repeated explosions may give r i s e to sequences containing many 

coarse to f i n e graded u n i t s , though v a r i a t i o n s i n force of eruption 

may cause i n v e r s i o n s of s i z e grading. A c l a s s i f i c a t i o n of f a l l 

deposits based on a r b i t r a r y d i v i s i o n s of s i z e of fragments has 

been followed (Table l ) , ( F i s h e r , 1961). 
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Pyroclast flows transport m a t e r i a l l a t e r a l l y and downwards 

from the eruptive vent i n a d i r e c t i o n g e n e r a l l y c o n t r o l l e d by 

the p r e - e x i s t i n g drainage pattern. Macdonald ( 1972 ) describes 

the r e s u l t i n g deposit as "a mixture of f i n e l y p u l v e r i s e d rock 

m a t e r i a l (ash) with angular blocks of rock ranging up to s e v e r a l 

yards i n diameter and often many fragments of pumice. The great 

turbulence i n the avalanche prevents any great degree of s o r t i n g 

of the m a t e r i a l " . 

5:3 Secondary Rock Units 

Any mountainous topography i n the t r o p i c s w i l l generate 

considerable r e l i e f r a i n f a l l . A c h a r a c t e r i s t i c f eature of 

Grenadian geology i s the large surface area of the i s l a n d 

occupied by secondary or reworked v o l c a n i c d e t r i t u s ( F i g . 8 ). 

The e f f e c t of the heavy r a i n f a l l on loosely consolidated mountain 

slopes composed of primary fragmental deposits i s to i n i t i a t e 

renewed movement. The eruption of the S o u f r i e r e volcano, St.Vincent 

i n 1902 provided examples of the processes envisaged. Anderson and 

F i e t t (1903) observed that on the higher ground of the volcano, 

most of the ash f a l l had been washed away a few months a f t e r the 

eruption. This erosion was p a r t l y a r e s u l t of the p r e c i p i t a t i o n 

a s s o c i a t e d with the a c t u a l eruption but mainly due to subsequent 

r a i n f a l l . Anderson (1908) returned to S t . Vincent to examine the 

changes that had occurred i n the f i v e - y e a r period a f t e r the 

eruption. S t a b i l i s a t i o n of slopes had only taken place by r e -

c o l o n i s i n g vegetation where the 1902 ash had been removed. 

Pyroclast flows t o t a l l y destroy plant l i f e , and ash f a l l s have 

only s l i g h t l y l e s s e f f e c t . The s t a b i l i s a t i o n of primary deposits 



by revegetation i s r e l a t e d to the type of devastation, a l t i t u d e 

and proximity to sources of new plants (Howard, 1962). Apparently 

a complete vegetation cover may be decades i n returning to a 

devastated area. 

The pyroclast flows a s s o c i a t e d with the eruption of 1902 

had followed the deep r i v e r v a l l e y s draining the slopes. Anderson 

(1908) found that these flows were being a c t i v e l y reworked by the 

r i v e r s , with deposition of sands, gravels and conglomerates and 

transport of much of the m a t e r i a l into the sea. The extent of 

t h i s reworking v a r i e s according to the amounts of m a t e r i a l and 

the distance i t i s transported by f l u v i a t i l e a c t i o n . Heavy r a i n 

on unconsolidated slopes may i n i t i a t e movement of vast amounts 

of m a t e r i a l as mudflows. The e j e c t i o n of the c r a t e r lake of the 

Sou f r i e r e i n 1902 gave r i s e to a mudflow composed of older 

m a t e r i a l on the mountain f l a n k s . Macdonald ( 1972 ) c i t e s the 

descent of pyroclast flows i n t o streams as another possible 

i n i t i a t i v e cause. The r e s u l t i n g deposits of reworking range 

from a chaotic mass of unsorted blocks to f i n e l y graded and 

indurated sands, s i l t s and c l a y s . Thus i t may be d i f f i c u l t to 

d i s t i n g u i s h p a r t i c u l a r exposures as primary or secondary fragmental 

deposits. 

5;4 Discussion of the geological map 

The v a r i e t y of volcanic and geomorphologic processes occurring 

on the i s l a n d combine to cr e a t e a complex outcrop d i s t r i b u t i o n 

( F i g . 8 ) . The main r e s t r i c t i o n on d e t a i l e d mapping of t h i s 

d i s t r i b u t i o n i s the vegetation cover. I n some c l i f f exposures a 

r e l a t i v e l y p r e c i s e s t r a t i g r a p h y has been determined, but u s u a l l y 
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L o c a l i t y map of age dated (K-Ar) Grenadan v o l c a n i c 
rOCkS. ( P_3«* ( i e ^ r M ^ e ^ Uj t>r T" frr.'^cn > . D C e x ) 

Numbers prefixed with x 1 s r e f e r to U.W.I, c o l l e c t i o n 
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t h i s cannot be traced inland. Roadcuts may r e v e a l t h i n a i r f a l l 
sequences,but d i f f e r e n t i a l weathering and absence of c o r r e l a t a b l e 
horizons prevents t h e i r a t t r i b u t i o n to a d e f i n i t e locus or period 
of a c t i v i t y . The i s o l a t i o n of exposures, and e s s e n t i a l l y l i n e a r 
nature of d i s t r i b u t i o n of lava and p y r o c l a s t flows adds to the 
uncertainty i n determining sequences of eruption at c e n t r e s . 

Most of the prominent ridges of the i s l a n d owe t h e i r e x i s t e n c e 

to the r e s i s t a n t nature of massive, capping flows. Often i t i s 

only p o s s i b l e to suggest the presence of a lava or p y r o c l a s t flow 

by the predominance of unusually massive and unweathered appearance 

of a p a r t i c u l a r type of block. The depth of weathering, which can 

be tens of metres, i s then a problem on the higher ground both from 

a recognition and sampling point of view. An abundance of a wide 

v a r i e t y of angular and rounded, heterogeneous fragments suggests 

the presence of mudflow or reworked v o l c a n i c deposit. I n general, 

the i d e n t i f i c a t i o n of a deposit as primary or secondary depends 

on the degree and type of s o r t i n g displayed, homogeneity of con­

s t i t u e n t s and where v i s i b l e the l a t e r a l c o n t i n u i t y of the u n i t . 

A determination o f centre of a c t i v i t y i s u s u a l l y based on 

the r a d i a l d i s t r i b u t i o n of l a v a flows. Often the proximal ends 

of these have been eroded i n the higher pa r t s of the i s l a n d , l eaving 

butt-ending escarpments. This obscures the exact l o c a t i o n of t h e i r 

o r i g i n a l source, but a general estimate i s p o s s i b l e . The degree 

of dissection of a centre i s an approximate i n d i c a t o r of age, and 

combined w i t h the K-Ar age dates ( F i g . 12 ) , the following table 

of the probable order of a c t i v i t y of the v o l c a n i c centres of 

Grenada has been constructed (Table 2 ) . 
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TABLE 2 

Probable order o f a c t i v i t y of the 
v o l c a n i c centres o f Grenada 

Centre 

Explosion c r a t e r s 

Mt.St.Catherine 

M t.Gr anby-Fedon 1s 
Camp 

S i n a i - M t . M a i t l a n d -
M t . M o r t i z 

South East Mountain 

Southwest Grenada 

N o r t h e r n Domes 

probable p e r i o d 
of a c t i v i t y 

io? - 1000 yrs? 

?50,000 yrs-20,000 y r s 

? t~5*?50,000 y r s 

2-1 myrs 

?2 myrs 

about 4 t o 3 myrs 

? 4 myrs 
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CHAPTER 6 

THE GEOLOGICAL HISTORY OF GRENADA I I 

6:1 Eocene t o Miocene 

The post-Miocene v o l c a n i c s o f Grenada are u n d e r l a i n by a 

t e c t o n i c a l l y d i s t u r b e d s e r i e s o f volcano-sedimentary r o c k u n i t s 

r a n g i n g from Eocene t o Miocene i n age. No p r e - T e r t i a r y h o r i z o n s 

have been d i s c o v e r e d . Martin-Kaye ( 1969 ) has proposed t h a t 

t h e well-bedded sequences o f calcareous s h a l e s , s i l t s t o n e s and 

sandstones exposed i n the n o r t h e r n h a l f o f the i s l a n d , be c a l l e d 

the T u f t o n H a l l Formation a f t e r t h e t y p e l o c a l i t y on t h e e s t a t e 

o f t h a t name ( F i g . 13 ) . The f o r a m i n i f e r a l fauna c o n t a i n e d 

w i t h i n t h e shale h o r i z o n s i n p a r t i c u l a r , have been dated as Upper 

Eocene t o Lower Oligocene i n age. Tuffaceous h o r i z o n s are present 

w i t h i n t h e Formation and become more prominent i n s t r a t a o f Lower 

Oligocene age. T h i n l i m e s t o n e lenses a r e a l s o o c c a s i o n a l l y 

p r e s e n t . Limestone o f a more massive c h a r a c t e r i s exposed a t 

Tempe Parnassus and Hope Va l e i n the south o f the i s l a n d . The 

c o n t a i n e d f o s s i l s suggest ages o f Oligocene and Miocene r e s p e c t ­

i v e l y . Fig.13 i s a l o c a l i t y map o f a l l recorded Lower and 

M i d d l e T e r t i a r y outcrops o f t h e i s l a n d . 

D e s p i t e t h e wide age-range o f these r o c k u n i t s , t h e l a c k o f 

exposure has prevented the c o m p l e t i o n o f a more exact s t r a t i g r a p h i c 

d i s c r i p t i o n . Almost a l l o f t h e outcrops are f o l d e d or f a u l t e d . The 

e s t i m a t e d t h i c k n e s s o f t h e T u f t o n H a l l Formation i s a t l e a s t 300 m 

( M a r t i n - K a y e , 1969 ) b u t s i n c e n e i t h e r base nor t o p o f t h e s t r a t a 

i s seen, the t o t a l t h i c k n e s s may w e l l be i n excess of 1000 m. 



Fig.13 

Lower and M i d d l e T e r t i a r y o utcrops of" Grenada. 
Outcrops i n b l a c k shading. The Eocene-Oligocene 
volcano-sedimentary f o r m a t i o n i s named a f t e r the 
type l o c a l i t y on T u f t o n H a l l E s t a t e . Outcrops 
o f Oligocene and Mlibcene limestone are l a b e l l e d 
L s t . 
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Tufton Hall 4 KM 
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P l a t e 1 

Folded and f a u l t e d T u f t o n H a l l Formation near P a l m i s t e 

P l a t e 2 

Neptunean dyke o f angular igneous rock fragments i n t h e 
T u f t o n H a l l . Formation, I r v i n s Bay. 



Lb 



P l a t e 3 

Folded dyke o f c l i n o p y r o x e n e - p h y r i c b a s a l t i n south 
w e s t e r l y d i p p i n g T u f t o n H a l l Formation, Levera Bay. 

P l a t e 4 

Unfolded c l i n o p y r o x e n e - p h y r i c b a s a l t dyke c u t t i n g 
a s o u t h - w e s t e r l y d i p p i n g sequence o f T u f t o n H a l l 
Formation shales and s i l t s , Grenada Bay. 
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T h r u s t f a u l t i n g and boudinage f e a t u r e s a r e p a r t i c u l a r l y w e l l 

developed on t h e n o r t h coast o f t h e i s l a n d a t Levera and Laurant 

Bays. I n g e n e r a l t h e T u f t o n H a l l Formation i s g e n t l y f o l d e d about 

predominantly east-west s t r i k i n g f o l d axes. However t h e i n t e n s i t y 

o f the f o l d i n g v a r i e s c o n s i d e r a b l y ( P l a t e 1 ) and o c c a s i o n a l 

n o r t h - s o u t h s t r i k i n g f o l d s a r e a l s o observed. I n t h e Levera Bay 

area t h e r e are Neptunean dykes c o n t a i n i n g b a s a l t i c and a n d e s i t i c 

rocks o f a v a r i e t y o f shapes and co m p o s i t i o n s , t o g e t h e r w i t h 

fragments o f l o c a l l y d e r i v e d T u f t o n H a l l Formation i n a f i n e ­

g r a i n e d sandy m a t r i x ( P l a t e 2 ) . A l s o c r o s s - c u t t i n g t h e bedding 

of t h e sediments, but f o l d e d t o g e t h e r w i t h i t are igneous dykes o f 

pyroxene-phyric* b a s a l t ( P l a t e 3 ) . These dykes are u n f o r t u n a t e l y 

t o o weathered t o p e r m i t p e t r o l o g i c a l s t u d i e s or age d e t e r m i n a t i o n s 

t o be made, but r e l i c t h o u r g l a s s zoning can be d i s t i n g u i s h e d i n 

t h e pyroxenes. 

I n t h i n s e c t i o n , the prominent f e a t u r e s o f these sedimentary 

u n i t s are t h e abundance o f d e t r i t a l carbonate fragments, m i c r o -

f o s s i l s and t h e carbonate cement. M i n e r a l s o f v o l c a n i c o r i g i n i n 

v a r y i n g stages o f p r e s e r v a t i o n o f form and degree o f a l t e r a t i o n 

are a l s o p r e s e n t . C h a r a c t e r i s t i c o f post-Miocene v o l c a n i c a c t i v i t y 

a r e lavas c o n t a i n i n g abundant o s c i l l a t o r y and hourglass-zoned 

c l i n o p y r o x e n e s . Chemical f e a t u r e s w i l l be d e s c r i b e d i n more d e t a i l , 

b u t i t i s im p o r t a n t t o note s i m i l a r pyroxenes a r e a l s o p r e s e n t i n 

th e pre-Miocene T u f t o n H a l l Formation. O s c i l l a t o r y - z o n e d p l a g i o -

c l a s e f e l d s p a r s and brown amphiboles ( p r o b a b l y b a s a l t i c hornblendes) 

are a l s o common. 

* c a l c i c a u g i t e s 



37 

I t i s apparent from the presence of allochthonous v o l c a n i c 

minerals and tuffaceous horizons that igneous a c t i v i t y was 

already taking place i n the Eocene and probably continued i n t o 

the Oligocene. Tuffaceous horizons of s i m i l a r age have been 

reported from Carriacou, 40 km north of Grenada (Robinson and 

Jung, 1972). The evidence of the folded dyke and v o l c a n i c 

minerals w i t h i n the Tufton H a l l Formation shows that igneous 

a c t i v i t y preceeded at l e a s t one period of deformation. An un­

folded pyroxene-phyric b a s a l t dyke however, i s exposed at the 

south end of Grenada Bay ( F i g . 14 ) c u t t i n g a southwesterly 

dipping sequence of the Tufton H a l l Formation ( P l a t e 4 ) . 

Martin-Kaye ( 1969 ) has suggested at l e a s t two phases of 

deformation took place. The f i r s t occurred i n the Oligocene and 

the second within the Miocene. I t appears that v o l c a n i c a c t i v i t y 

of c a l c - a l k a l i n e a f f i n i t i e s was occurring i n the region throughout 

t h i s period. 

The term f l y s c h has previously been used to describe the 

Tufton H a l l Formation (Martin-Kaye, 1969 )• The Alpine 

connotation of t h i s term with the c r e a t i o n and contemporaneous 

erosion of a nearby mountain b e l t may not be true i n the l o c a l 

context. Unlike the Scotland Formation of Barbados, a l s o of 

Eocene age, there does not appear to be a s i g n i f i c a n t proportion 

of metamorphic minerals w i t h i n the Grenada Formation. The 

d e r i v a t i o n of these metamorphic minerals has been a t t r i b u t e d 

to a source i n South America. I t seems p o s s i b l e that sedimentary 

deposits, s i m i l a r i n general nature to the Tufton H a l l Formation, 

may be forming offshore of the v o l c a n i c a r c at the present time. 



Fig.14 

Outcrop and l o c a l i t y map o f n o r t h e r n Grenada. 
Key as f o r Fig.? page 18 
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The general east-west s t r i k e of the f o l d axes suggests a 

north-south oriented p r i n c i p a l s t r e s s . This may be due however, 

to a l o c a l rather than regional s t r e s s f i e l d , s i n c e the i n t e n s i t y 

of deformation v a r i e s g r e a t l y and i s completely absent i n 

Carriacou (Robinson and Jung, 1972 )• A p o s s i b l e cause may be 

gra v i t y s l i d i n g due to u p l i f t on the fl a n k s of a vo l c a n i c massif. 

A s i m i l a r general o r i g i n for the deformation of the Barbados 

Scotland Formation has been proposed by Daviess (1972). The 

Neptunean dykes of north Grenada however, were probably created 

by post-Miocene f r a c t u r i n g of the Tufton H a l l Formation allowing 

the i n c l u s i o n of overlying v o l c a n i c rocks, rather than deformation 

occurring during the general folding. 

The importance of the Lower and Middle T e r t i a r y basement of 

Grenada i s the evidence of e a r l y igneous a c t i v i t y i n the a r c . 

I n addition, the post-Miocene v o l c a n i c s are f u l l y represented 

overlying t h i s basement. Elsewhere i n the a c t i v e a r c , such 

exposure i s not generally a v a i l a b l e * The r e p e t i t i o n s of the 

v a r i a b l e geochemistry occurring on Grenada s i n c e the Miocene 

are thus w e l l exposed. A d e s c r i p t i o n of t h i s a c t i v i t y f o l l o w s , 

i n i t i a l l y i n terms of the f i e l d geology of the vo l c a n i c centres. 

6;2 The Northern Domes Centre 

The Northern Domes centre l i e s a t the northern end of Grenada 

( F i g . 8 ) . Although the summits of the domes are prominent above 

the surrounding t e r r a i n , the maximum height i s only 280 m. The 

area c o n s i s t s of two main areas of dome outcrop, approximately 

4 sq. km i n t o t a l extent. A c r a t e r i s no longer present, although 
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the c i r c u l a r d i s t r i b u t i o n of the andesite domes of Mt. William, 

Mt. Rodney and Mt. Alexander suggests the possible massive i n ­

f i l l i n g of a p r e - e x i s t i n g c r a t e r . Lava flows are observed on 

the coast dipping northwards as though derived from a source now 

occupied by these domes. I n t e r - l a y e r e d flows with reworked and 

primary pyroclast f a l l are a l s o exposed with a s i m i l a r dip, north 

of Mt. William. The range of rock compositions present i s from 

b a s a l t to d a c i t e . Most of the domes are weathered, but a recent 

f r e s h exposure at L i t t l e David has revealed a v e r t i c a l l y l i n e a t e d 

hornblende andesite. The amphiboles are apparently oriented i n 

the d i r e c t i o n of flow or extrusion of the dome. The h i s t o r y of 

the centre i s much obscured by the mantle of derived reworked 

v o l c a n i c d e t r i t u s . However, i t appears that l o c a l eruptions of 

b a s a l t and andesite l a v a s , interspersed with periods of explosive 

a c t i v i t y culminated with the i n t r u s i o n of the now remnant domes. 

Probably much of the scree that mantled the massive rock of these 

domes has been removed by the subsequent erosion. 

Separated geographically from t h i s area of dome outcrop i s 

the Levera H i l l 'centre 1. Compositional s i m i l a r i t i e s and advanced 

s t a t e of weathering suggests the constituent v o l c a n i c u n i t s belong 

to the same general period of a c t i v i t y . Levera H i l l i t s e l f i s a 

hornblende andesite dome surrounded by the remnants of a pyroxene-

phyric b a s a l t flow. On the northern f l a n k s of t h i s h i l l , two 

smaller domes are exposed at H e l v e l l y n and Dead Man's H i l l 

( F i g . 14). • T n ^ H e l v e l l y n dome has intruded the Tufton H a l l 

Formation, which i s generally exposed surrounding the Northern 

Domes centre. On the northwest margin of H e l v e l l y n at s e a - l e v e l , 



b r e c c i a t e d Tufton H a l l fragments are caught up i n a matrix of 

the intruding andesite ( P l a t e 5 ). Towards the core of the 

dome, the rock becomes more massive grading i n t o a t y p i c a l 

j o i n t e d hornblende andesite ( P l a t e 6 ). 

I n I r v i n s Bay, north of Helv e l l y n and Dead Man's H i l l , a 

b r e c c i a composed of angular b a s a l t i c and a n d e s i t i c fragments, 

together with blocks of Tufton H a l l Formation i s exposed. A 

pyroxene-phyric b a s a l t dyke has intruded the b r e c c i a , and a l s o 

appears to be a prominent component of the b r e c c i a . On the 

southern slope of Levera H i l l , a s i m i l a r b r e c c i a i s exposed, 

underlying the numerous blocks of pyroxene-phyric b a s a l t strewn 

over the ground surface. No massive lava i s present, so i t i s 

probable that the o r i g i n a l flow was blocky i n nature. 

The l o c a l sequence of events appears to have been the i n i t i a l 

e x t rusion of a v a r i e t y of b a s a l t and andesite l a v a s , subsequently 

intruded by the domes of Helv e l l y n and Dead Man's H i l l causing 

l o c a l b r e c c i a t i o n . Renewed a c t i v i t y with extrusion of the 

pyroxene-phyric b a s a l t flows culminated i n the extrusion of the 

Levera H i l l Dome i t s e l f , causing b r e c c i a t i o n around the fl a n k s and 

intermixing of the previously erupted rock u n i t s . 

Examination of the Bouguer gr a v i t y anomaly map ( F i g . 10 ) 

r e v e a l s an area of high p o s i t i v e anomaly trending northeastwards 

away from the Northern Domes centre. Levera I s l a n d i s another 

dome andesite s i t u a t e d 200 m offshore i n t h i s d i r e c t i o n ( P l a t e 7 ) 

I t probably represents a c t i v i t y a s s o c i a t e d with t h i s centre. The 

d i s t r i b u t i o n of lava flows and domes around Levera H i l l suggests 



P l a t e 5 

B r e c c i a o f a n d e s i t e domes fragments and T u f t o n H a l l 
Formation northwest o f H e l v e l l y n dome. 

P l a t e 6 

M a s s i v e l y j o i n t e d a n d e s i t e f o r m i n g t h e dome o f H e l v e l l y n 
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the eruptive source was l o c a l . Compositional d i f f e r e n c e s 

( d i s c u s s e d l a t e r ) between the domes of Levera I s l a n d and 

Levera H i l l suggest that the former i s r e l a t e d to a d i f f e r e n t 

centre of a c t i v i t y . The p o s i t i v e anomaly may represent denser 

c r u s t a l rocks, connected with t h i s concealed a c t i v i t y . The 

subdued topography south of the Northern Domes centre c o n s i s t s 

predominantly of reworked v o l c a n i c s with occasional primary 

a i r f a l l horizons. The constituents of these beds are probably 

derived from centres both to the north and south. The area was 

sampled extens i v e l y but no consistent stratigraphy was discovered. 

Pleistocene limestones are exposed at an e l e v a t i o n of 100 m on 

Mt. Alexander. This u p l i f t of the area has i n i t i a t e d renewed 

erosion both of the massive rock u n i t s and reworked horizons. 

6:3 Southwest Grenada 

The f l a t - l y i n g t e r r a i n of southwest Grenada i s composed of 

reworked v o l c a n i c d e t r i t u s i n t e r l a y e r e d with b a s a l t l a v a flows. 

The maximum height of the area i s approximately 200 m, and the 

lack of d i s s e c t i o n has probably concealed the existence of some 

l a v a flows ( F i g . 15 for l o c a l i t y map). Despite the r e l a t i v e 

a r i d i t y of t h i s part of the i s l a n d , many of the flows are deeply 

weathered. Some were o r i g i n a l l y columnar j o i n t e d but have 

suffered spheroidal weathering ( P l a t e 9 ) . Fresh samples have 

been dated at 3.7 to 3.5 m.y. ( J . Briden, pers. comm.) and so 

i n d i c a t e v o l c a n i c a c t i v i t y i n the area during the Pliocene. 

Unfortunately l a v a flows and reworked deposits derived from the 

younger (1.6 to 1.4 m.y.) Sinai-Mt.Mait land-Mt.Moritz centre 

o v e r l i e much of the area, p a r t i c u l a r l y i n the north. T h i s has 



Plate 7 

Levera I s l a n d andesite dome. 

Plate 8 

Spheroidally weathered and columnar-jointed clinopyroxene-
phyric lava flow, Grand Anse. 
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F i g . 15 

Outcrop and l o c a l i t y map of southern Grenada. 
Key as for Fig.fc page 16 
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P l a t e 9 

P r i c k l y Point b a s a l t plug o v e r l a i n by secondary 
fragmental deposits. 

P l a t e 10 
Cumulus-block bearing conglomerates and gravels 
unconformably overlying f i n e r reworked v o l c a n i c s at 
P r i c k l y Point. 
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probably obscured the source of the older deposits. I t i s thus 

d i f f i c u l t to determine with any confidence the l o c a l v o l c a n i c 

h i s t o r y . 

At the southernmost t i p of Grenada i s P r i c k l y Point. This 

headland has proved more r e s i s t a n t to erosion due to the presence 

of a b a s a l t plug ( P l a t e 9 ) . The plug i s mantled by a sequence 

of reworked vo l c a n i c d e t r i t u s . This appears to represent two 

major periods of deposition. The older s e r i e s i s more f i n e ­

grained, of s i l t and c l a y grade, and contains fragments of 

a n d e s i t i c pumice and occasional non-carbonised plant fragments. 

Following a period of erosion and channelling of the upper surface 

of t h i s s e r i e s , a more coarse grained v o l c a n i c conglomerate was 

deposited ( P l a t e 10 ). A prominent component of t h i s sequence i s 

cumulus plutonic blocks composed of v a r i a b l e proportions of 

amphibole, clinopyroxene ,spinel and p l a g i o c l a s e f e l d s p a r . Towards 

the e a s t , t h i s sequence i s frequently displayed i n c o a s t a l c l i f f 

s e c t i o n s , but the coarser horizon gradually obscures the under­

l y i n g u n i t . Beyond Westerhall Point ( F i g . 15 ) , although reworked 

m a t e r i a l i s prominent i n c l i f f sections and roadcuts, i t i s l i k e l y 

that most of the d e t r i t u s has been derived from the South East 

Mountain centre to the north ( F i g . 15 ) . 

The reworked u n i t s of southwest Grenada d i s p l a y the 

c h a r a c t e r i s t i c f e a t u r e s of secondary fragmental deposits. On 

occasions current bedding and channelling i s observed ( P l a t e 11 ) . 

The coarser beds are composed of a v a r i e t y of rock fragments of 

b a s a l t i c , a n d e s i t i c and d a c i t i c composition. At Canoe Bay ( F i g . 15) 

at the southwest t i p of the i s l a n d , f a i r l y continuous l a t e r a l beds 



Plate 11 

Channelling and current-bedding i n reworked v o l c a n i c s 
near Hope Vale, Southwest Grenada. 

Plate 12 

Large s c a l e current-bedding i n reworked vo l c a n i c deposits, 
Canoe Bay. 
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of reworked m a t e r i a l are exposed ( P l a t e 12 ) . On some bedding 

s u r f a c e s , h o r i z o n t a l sheets of c a l c i t e are present. These a re 

often traversed by ramifying worm c a s t s and pos s i b l y represent 

periods of marine exposure. I t i s l i k e l y that the area has 

been submerged on occasions and that some marine deposition has 

taken place. S l i g h t r e l a t i v e o s c i l l a t i o n s i n sea l e v e l were 

i n f e r r e d previously ( see Section 4:3 ) from the indented nature 

of the c o a s t l i n e . 

Although i t has not proved p o s s i b l e to determine the source 

of the lava flows and reworked deposits, i t i s evident that the 

range of composition of included fragments i s equivalent to the 

b e t t e r exposed, younger centres of a c t i v i t y . 

6:4 The South East Mountain centre 

The South East Mountain i s probably another Pliocene centre 

of v o l c a n i c a c t i v i t y though no ages have so f a r been determined. 

This estimate of the age i s based on the advanced s t a t e of erosion 

and weathering of the constituent v o l c a n i c s . The topography i s 

dominated by a ridge extending southwards from South East Mountain 

(780 m) towards Mt. Lebanon (700 m) ( F i g . 15 ) . 

I n general the area i s composed of andesite and b a s a l t 

flows that r a d i a t e from South East Mountain i t s e l f . The d i s t a l 

ends of these flows o v e r l i e and appear to pass i n t o reworked 

v o l c a n i c d e t r i t u s . T h i s m a t e r i a l forms a c o a s t a l sheet approx­

imately 2 km wide that i s continuous around the southern and 

eastern coasts of Grenada. 
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At i n d i v i d u a l contacts between lava flows and reworked 

v o l c a n i c s , often the only i n d i c a t i o n that a s o l i d flow was 

once present i s the bright red l a t e r i t i c s o i l . T h i s c o n t r a s t s 

markedly with the grey weathering appearance of the reworked 

v o l c a n i c s . The l a t e r i t i c s o i l seems to be the ultimate weathering 

product of the la v a flows. A l l stages of d i s i n t e g r a t i o n can be 

traced from s o l i d flow, through spheroidally weathered s h e l l s and 

r e l i c t decomposing boulders to t h i n s o i l . 

I t was apparent i n the f i e l d that both b a s a l t i c and a n d e s i t i c 

compositions were present as lava flows, but the complex i n t e r ­

mixing and weathered s t a t e of many of the flows prevented mean­

i n g f u l d i f f e r e n t i a t i o n on the map. Only the broad d i s t r i b u t i o n 

of rock types could be determined. However, the range of com­

pos i t i o n s present i s from b a s a l t to d a c i t e , although i n t h i s 

centre there appears to be a predominance of ba s a l t compositions 

at s urface. 

The northern and northeastern ridges of South East Mountain 

are mostly capped by pyroxene-phyric b a s a l t l a v a flows. Some of 

these extend for at l e a s t 2 km towards Richmond ( F i g . 15 ) . The 

summit of Mt. Lebanon and the surrounding slopes appear to be a 

weathered andesite dome. An andesite lava flow forms the southern 

ridge of Mt. Lebanon about 1 km i n length. An extensive f i e l d of 

angular andesite boulders i s present i n the v i c i n i t y of Munich 

( F i g . 15 ) suggesting the former presence of another flow. 

6:5 S i n a i - Mt. Maitland - Mt. Morit2 centre 

The topography of t h i s centre i s r e l a t i v e l y subdued, though 



P l a t e 13 

Columnar-jointed u l t r a b a s i c l a v a flow, Mt. Gay. 

P l a t e 14 

Northern scarp face of S i n a i - Mt. Maitland from 
Richmond. 
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nevertheless many of the rock u n i t s are discontinuous. I t i s 

divided i n t o two main areas by the S t . Johns River which flows 

from northeast to southwest dividing Mt. Maitland from Mt. Meritz 

( F i g . 8 ). The highest ground i s i n the v i c i n i t y of Mt. S i n a i 

(765 m) and decreases i n elevation westwards. The dominant 

d i r e c t i o n s of lava flow are a l s o westwards, since the mass of 

South East Mountain probably blocked a l t e r n a t i v e flow paths. 

Lava flows from Mt. Moritz and Mt. Maitland have been dated at 

1.6 to 0.95 m.y. ( J . Briden pers. comm.). 

Most of the surface outcrop of t h i s centre i s dominated by 

lava flows of b a s a l t i c composition. No andesite flows or domes 

were discovered, although a n d e s i t i c and d a c i t i c fragments were 

c o l l e c t e d from reworked volcanics inter layered with some of the 

flows. One of the few u l t r a b a s i c lava flows of the i s l a n d i s 

exposed at Mt. Gay, 1 km north of St. George's ( F i g . 15 ) . The 

flow has baked the underlying pyr©elastic deposit, and both 

massive and fragmental material displays columnar j o i n t i n g 

( P l a t e 1 3). 

I t i s possible that the trend of the St. Johns r i v e r has 

been determined p a r t l y by f a u l t i n g . The steep northern faces 

of Mt. Maitland and S i n a i may represent eroded f a u l t scarps 

( P l a t e 14 ). Martin-Kaye ( 1969 ) has suggested that the 

location of the explosion c r a t e r s of St. George's, Grand Etang 

and Lake Antoine was co n t r o l l e d by northeast-southeast f a u l t i n g 

( F i g . 17 ) . The trend of t h i s proposed disturbance i s i n the 

same o r i e n t a t i o n and i n the same l o c a t i o n as the f a u l t i n g 



P l a t e 15 

The Southern Annandale F a l l s formed of southerly 
dipping Tufton H a l l Formation. 

Pla t e 16 

Indurated reworked v o l c a n i c s at Snug Corner, west 
of Annandale F a l l s . 
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P l a t e 17 

Sheared and j o i n t e d clinopyroxene-phyric l a v a flows, 
Flamingo Bay. 
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suggested here. Further support for the hypothesis of l o c a l 

f a u l t i n g may be found i n the exposure of Lower and Middle T e r t i a r y 

basement rocks i n the St. Johns v a l l e y . 

The southern Annandale F a l l s , at an a l t i t u d e of 200 m, 5 km 

northeast of St. George's ( F i g . 15 ) , are composed of southeasterly 

dipping shales and s i l t s of the Tufton H a l l Formation ( P l a t e 15 ) . 

Part of the outcrop i s e x t e n s i v e l y sheared and b r e c c i a t e d . Large 

blocks of shales and s i l t s t o n e s a r e incorporated i n a matrix of 

more calcareous l i t h o l o g y . At Tempe P a r n a s s u s , 1 km east of 

S t . George's, blocks of Oligocene l i m e s t o n e are exposed at an 

a l t i t u d e of 50 ra. Apparently overlying t h i s Lower and Middle 

T e r t i a r y basement are indurated reworked v o l c a n i c s . These are 

w e l l exposed at Snug Corner, 1 km southwest of Annandale F a l l s 

( P l a t e 16 ) . These v o l c a n i c s are probably a s s o c i a t e d with the 

same general period of a c t i v i t y a s Southwest Grenada. 

Thus i t appears that u p l i f t of the basement has taken place 

i n the St. Johns v a l l e y . This may be a s s o c i a t e d with f a u l t i n g 

both before and a f t e r the a c t i v i t y of the Mt. Maitland centre, 

and i s i n d e t a i l u n l i k e l y to be simple movement along a s i n g l e 

f a u l t . 

On the coast of Flamingo and Dragon Bays a s e r i e s of b a s a l t 

flows i s exposed ( F i g . 15 ). M Qst of these flows are massive, 

but one exposure r e v e a l s curious shear planes apparently rep­

resenting continued movement a f t e r s o l i d i f i c a t i o n of some of 

the l a v a ( P l a t e 17 ). I n t h i s area there i s a gradual t r a n s i t i o n 

i n the b a s a l t flows, approximately r e l a t e d to topographic height, 
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from undersaturated to saturated compositions. The t r a n s i t i o n 

appears to be the general case for t h i s centre for the u l t r a -

b a s i c flow at Mt. Gay i s succeeded at greater e l e v a t i o n s on 

Mt. Maitland by pyroxene-phyric lava flows of greater s i l i c a 

content. 

The centre of vo l c a n i c a c t i v i t y appears to have been located 

somewhere i n the v i c i n i t y of Mt. Maitland and S i n a i . A s e r i e s 

of flows and p y r o c l a s t i c deposits of predominantly b a s a l t i c 

composition were erupted i n the Upper Pliocene to Lower Pl e i s t o c e n e 

from t h i s centre. 

6:6 Mt. Granby - Fedon*s Camp centre 

6:6:1 Introduction 

The Mt. Granby-Fedon 1s Camp centre forms the high ground 

i n the middle of the i s l a n d of Grenada ( F i g . 8 ) . I t i s probably 

composed of the products of s e v e r a l eruptive vents that are no 

longer recognisable. However, lava flows r a d i a t e from Mt. Granby 

(720 m) , Fedon's Camp (820 m) and Mt. Qua Qua (760 m), and are 

tr e a t e d i n t h i s account as belonging to a s i n g l e , i f composite 

v o l c a n i c s t r u c t u r e . Some flows have been dated at 0.9 m.y. 

( J . Briden pers. comm.). The dominant d i r e c t i o n of flow of the 

lavas was westwards, where the sea c l i f f s and deep r i v e r v a l l e y s 

expose examples of the repeated eruption of b a s a l t and andesite 

magma. The importance of t h i s volcanic behaviour i s the c y c l i c a l 

nature of the t r a n s i t i o n f rom undersaturated to oversaturated 

compositions. I n general there appears to have been a s h i f t 

southwards i n source o r i g i n of the flows, probably r e f l e c t i n g the 



P l a t e 18 

Current-bedded reworked v o l c a n i c s , Dothan. 

Plate 19 

A n d e s i t i c and b a s a l t i c a i r - f a l l m a t e r i a l , Dothan. 
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migration of the main eruptive vents i n time. In the following 

s e c t i o n s , the more i n t e r e s t i n g f i e l d d e t a i l s are described 

followed by a b r i e f summary of the v o l c a n i c h i s t o r y of the centre. 

The v a r i a t i o n s of chemical composition of the centre w i l l be 

discussed l a t e r (p. 130). 

6;6.2 D e t a i l s of f i e l d exposures 

Reworked p y r o c l a s t i c deposits form an important component 

of the area. The deposits are widespread and appear to represent 

some of the e a r l i e s t a c t i v i t y of the centre. At Dothan, 4 km 

west of Mt. Granby ( F i g . 15 ) , a sea c l i f f 70 m high i s formed 

predominantly of these secondary fragmental deposits. There 

are examples of current bedding on a major s c a l e between u n i t s 

( P l a t e 18 ) and on a f i n e s c a l e w i t h i n a t h i n l a y e r . Graded 

and ungraded beds containing an assortment of d i f f e r e n t s i z e 

fragments of a wide v a r i e t y of composition are present. Grossly 

unsorted heterogeneous m a t e r i a l probably represents mudflow-type 

deposition. Some t h i n horizons that d i s p l a y homogeneity of 

composition and l a t e r a l c o n t i n u i t y appear to be primary a i r f a l l . 

B a s a l t i c ash and a n d e s i t i c pumice horizons are exposed ( P l a t e 1 9 ) . 

Cumulus plutonic blocks are a l s o common i n some beds. The range 

of m i n eralogical composition of these blocks i s s i m i l a r to those 

found i n southwest Grenada. The Dothan c l i f f i s probably the 

eroded remains of an east-west ridge of high ground that d e f l e c t e d 

the younger lavas to the north and south. The more r e s i s t a n t 

nature of these flows has caused an i n v e r s i o n of the topography 

si n c e the Grand Roy r i v e r i s now removing the deposits forming 

the Dothan c l i f f 



P l a t e 20 

Steeply dipping clinopyroxene-phyric lava flows 
overlying autobrecciated m a t e r i a l , Concord. 

Plate 21 
Massive andesite flow, 60 m t h i c k , near Richmond 
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The lava flows probably followed a v a l l e y f l o o r . The 

present base of the flows defines the slope of that f l o o r and 

s i n c e t h i s i s not graded r e l a t i v e to present sea l e v e l , there 

has p o s s i b l y been a r e l a t i v e u p l i f t of the area. Further 

evidence of u p l i f t (of the centre i s the exposure at an a l t i t u d e 

of 530 m, j km south of Mt. Granby, of indurated reworked 

v o l c a n i c s . The degree of s o r t i n g and current bedding displayed 

suggests f l u v i a t i l e deposition. I t seems u n l i k e l y that t h i s 

occurred at the present a l t i t u d e . On the northern margin of the 

centre, the Tufton H a l l Formation i s exposed at a height of 350 m 

at C l o z i e r Bridge, and 300 m on Dougaldston E s t a t e ( F i g . 15 ) . 

Thus i t i s probable that t h i s represents u p l i f t of the area 

s i n c e the deposition of the e a r l y v o l c a n i c s of the centre. 

The b a s a l t lava flows of the centre are often up to 5 km 

i n length. Massive i n t e r i o r s are often columnar j o i n t e d . 

Inland t h i s feature i s not exposed but t y p i c a l aa f e a t u r e s are 

developed. V e s i c u l a r and p l a t y flow u n i t s o v e r l i e and are 

covered by rubble horizons. Often quite steep (25°) dips are 

seen i n the flow u n i t s which probably represent primary depos-

i t i o n a l gradients ( P l a t e 20 ) . Often i n t e r l e a v e d between lavas 

are b a s a l t i c ashes, sometimes baked and reddened by overlying 

flows. The lengths of andesite flows of t h i s centre are com­

parable w i t h b a s a l t flows but thicknesses of up to 70 m are 

present i n the former ( P l a t e 21 ) • 

6:6.3 Volcanic h i s t o r y 

A b r i e f d e s c r i p t i o n of the v o l c a n i c h i s t o r y follows : -
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(1) Ahe e a r l i e s t a c t i v i t y was i n the north a s s o c i a t e d 

with a source near Mt. Granby. A s e r i e s of b a s a l t and andesite 

lavas were erupted together with fragmental p y r o c l a s t i c m a t e r i a l . 

S o l i d flows are preserved near Mt. Nesbit and Palmiste. However, 

much of the area now c o n s i s t s of reworked m a t e r i a l . On high 

ground t h i s i s u s u a l l y mudflow but the l o c a l basement v o l c a n i c s 

are a l l fine-grained, fragmental deposits. 

(2) The eruptive source moved southwards towards the 

v i c i n i t y of Fedon's Camp. A s e r i e s of pyroxene-phyric b a s a l t 

lavas flawed from t h i s source, c o n t r o l l e d i n d i r e c t i o n by the 

eroded topography of the older Mt. Granby v o l c a n i c s . A sequence 

of these l a v a s , greater than 80 m i n t o t a l thickness extended 

down the Grand Roy v a l l e y area. Intervening l a y e r s of b a s a l t i c 

ash show explosive a c t i v i t y was a l s o a s s o c i a t e d with the eruptions. 

(3) After a period of erosion, the character of the com­

positions erupted changed. B a s a l t flows followed by a s e r i e s of 

massive andesite lavas were erupted, p a r t i a l l y obscuring the 

older pyroxene-phyric b a s a l t l a v a s . The eroded andesite lavas 

form the prominent scarp features of the Grand Roy v a l l e y 

( P l a t e 22 ) . 

(4) The locus of source a c t i v i t y moved southwards probably 

somewhere nearer Mt. Qua Qua. Renewed eruptions of pyroxene-

ph y r i c b a s a l t lavas occurred gradually changing to lavas of 

a n d e s i t i c composition. The sequence i s exposed south of the 

Concorde v a l l e y and near Richmond and Brizan. I n f i l l i n g of t h i s 



Plate 23 

The andesite dome forming the summit of Fedon's 
Camp, 
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vent i s probably represented by the a n d e s i t i c and d a c i t i c lava 

flows and domes forming the present summits of Fedon's Camp 

and Mt. Qua Qua (Pla t e 23 ) . 

(5) The f i n a l phase of a c t i v i t y before erosion modified 

the topography of the centre was an outpouring of b a s a l t lava. 

This forms a capping on the western ridges of Mt. Qua Qua. 

6:7 Mt. S t . Catherine centre 

6;7.1 General features of the centre 

The Mt. St. Catherine centre i s the youngest major v o l c a n i c 

s t r u c t u r e on the i s l a n d of Grenada. No age dates have so far 

been obtained but i t i s probably of Pleistocene to Holocene age. 

The centre forms a massif i n the northern h a l f of the i s l a n d 

( P l a t e 24 ). The summit of Mt. St. Catherine at 910 m i s a l s o 

the highest point of the i s l a n d . I t i s s i t u a t e d on the western 

rim of a c r a t e r , approximately 1§ km i n diameter that has been 

breached to the southeast ( F i g . 16 ) . An andesite dome, mantled 

by a boulder scree occupies the centre of the c r a t e r . 

Surrouding Mt.St.Catherine are a number of hot springs 

( F i g . 16 ). Most of these are sulphurous, but none are c u r r e n t l y 

(1972) emitting water at temperatures greater than 50 °C. Table 3 

l i s t s the temperatures of these springs i n 1971-72 and recorded 

temperatures by previous workers. Since the f i r s t records were 

made, there appears to have been a general decrease i n spring 

temperatures. I t i s po s s i b l e that t h i s represents a waning heat 

supply but may be due to unknown v a r i a b l e s such as annual pre-



F i g . 16 

Hot spring l o c a l i t i e s i n northern Grenada. 
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TABLE 3 

Recorded temperatures of Hot Springs 
i n Grenada. 

Numbers refer to l o c a l i t i e s i n F i g . 16. 

I T c • Temperature ( QC) Hot Spring ,•77 1 

and date of measurement 
No. L o c a l i t y 1896 1903 1965 1971 1972 

1 R i v i e r e S a l l e e 31.9 32.0 31.9 

2 Bellevue Mt. 50.0 50.4 

3 Mt.Ellington(2) 3 7 . 5 3 7 . 5 
41.0 3 9 . 7 

4 Tufton H a l l 48 . 9 3 7 . 4 36 . 4 36.0 
(upper) 

5 Tufton H a l l 36 . 5 36.1 

(lower) 

6 Lavez Chaud 3 4 . 7 3 5 . 5 3 5 . 6 

7 Peggy's Whim 4 4 . 4 3 8 . 8 3 9 . 5 3 9 . 4 

Dates from Harrison (1896) , Sapper (1903) and 
Robson and Tomblin (1966). 



c i p i t a t i o n and c y c l i c a l temperatures. S e v e r a l of the springs 

i s s u e f r o ~ massively j o i n t e d igneous rock. However, a blanket 

of sulphurous t u f a obscures the bedrock at R i v i e r e S a l l e e and 

i n Peggy's Whim the basement i s indurated mudflow m a t e r i a l . 

The Tufton H a l l Formation outcrops at s c a t t e r e d l o c a l i t i e s 

around the Mt. St. Catherine centre ( F i g . 1 3 ) . E l e v a t i o n of 

t h i s basement i s believed to have occurred during the evolution 

of the Mt. Granby-Fedon 1s Camp centre, and may have been f u r t h e r 

u p l i f t e d during the a c t i v i t y of Mt. St. Catherine. The e a r l y 

d i s t r i b u t i o n of lava flows as s o c i a t e d with Mt. St. Catherine was 

predominantly eastwards. I t appears that the Tufton Ha l l 

Formation formed an upstanding area i n the west of the i s l a n d 

that i n i t i a l l y d eflected the flows towards the east. As the 

volc a n i c s t r u c t u r e increased i n height, the Tufton H a l l 

Formation was over-ridden by lava and pyroclast flows. 

Unlike the southern centres of a c t i v i t y , there i s a pre­

dominance of a n d e s i t i c and d a c i t i c compositions exposed at 

surface. I n general there does not appear t o have been as many 

r e p e t i t i o n s of the sequence from undersaturated to oversaturated 

composition as i n the Mt. Grariby-Fedon's Camp centre. However, 

the range of compositions i s s i m i l a r and w i l l be disc u s s e d l a t e r 

(p. 130). 

The t e r r a i n below 350 m a l t i t u d e on Mt. St. Catherine i s 

generally covered by a mantle of secondary fragmental deposits. 

The thickness of t h i s m a t e r i a l v a r i e s g r e a t l y but c l i f f s 70 m 



P l a t e 25 

Slump features i n clay-grade, plant-bearing, reworked 
v o l c a n i c deposits, Belmont. 

Plat e 26 

Mudflow deposits on the western summit scarp of 
Mt. S t . Catherine. 
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high are exposed at Waitham and V i c t o r i a on the N 0 r t h e a s t coast 

( F i g . 1 4 ). C h a r a c t e r i s t i c s s i m i l a r to the Dothan c l i f f are 

displayed. At Belmont, 5 km northeast of Mt. S t . Catherine, 

40 m of predominantly fine-grained, reworked ash and pumice i s 

exposed. Many of the beds are of clay grade and d i s p l a y current 

bedding. Some contain non-carbonised plant remains and slump 

features ( P l a t e 2 5 ) . A n d e s i t i c pumice and b a s a l t fragments 

c o l l e c t e d from sequences l i k e t h i s correspond c l o s e l y i n 

composition with m a t e r i a l occurring on the higher ground of 

Mt. St. Catherine. 

On the d i s s e c t e d northern and eastern slopes of the centr e , 

near Plaisance and Montreuil ( F i g . 14 ), outcrops of primary 

a i r f a l l m a t e r i a l , dominantly a n d e s i t i c i n composition are expose* 

Usually t h i s m a t e r i a l has been removed from the higher p a r t s of 

the i s l a n d . These primary deposits are thinly-bedded and 

l a t e r a l l y continuous showing occ a s i o n a l bomb impact f e a t u r e s . 

The source of t h i s m a t e r i a l may have been Mt. St. Catherine or 

the younger explosion c r a t e r s . The a c t i v i t y of the l a t t e r was 

dominantly b a s a l t i c so i t i s more l i k e l y that the source of t h i s 

ash was Mt. St. Catherine. 

The summit region of Mt. St. Catherine appears to be formed 

of deeply weathered a n d e s i t i c l a v a . However, a recent c l i f f 

f a l l to the west of the summit has exposed mudflow m a t e r i a l 

( P l a t e 2 6 ) . I t i s probable that the greater proportion of 

the highest ground of the centre i s formed of these deposits 

s i n c e r e l a t i v e l y f r e s h , massive rock i s r a r e l y exposed. 



6:7:2 Volcanic h i s t o r y of the centre 

A b r i e f account of the evolution of the Mt. S t . Catherine 

centre follows. 

(1) The e a r l i e s t a c t i v i t y was associated with the region 

i n the v i c i n i t y of Pla i s a n c e and Malagon. Only s c a t t e r e d 

exposures of the e a r l y b a s a l t flows are a v a i l a b l e , f or example 

at R i v i e r e S a l l e e and Mt. E l l i n g t o n . The extent of these 

flows was probably o r i g i n a l l y more widespread. More a c i d i c 

l ava flows ranging from andesite to d a c i t e i n composition were 

deposited on top of these e a r l y flows. As the v o l c a n i c p i l e 

grew i n height, a return to undersaturated compositions occurred. 

B a s a l t flows including a s e r i e s of pyroxene-phyric lavas were 

erupted, forming the C r a y f i s h area and flows a l s o to the eas t 

around Peggy's Whim. 

(2) The centre of a c t i v i t y moved southwards, probably near 

to the present c r a t e r of Mt. S t . Catherine. The area to the 

northwest of t h i s centre i s dominated by a t h i c k sequence of 

a n d e s i t i c and d a c i t i c lavas and pyroclast flows, forming the 

St. Marks Mountain and l o c a l bedrock of the r i v e r s . D a c i t i c 

flows are i n f e r r e d to o v e r l i e the Tufton H a l l Formation i n the 

area around Tufton H a l l and B e l a i r e s t a t e s . The Pyroclast flows 

forming the western ridge of Mt. St. Catherine reach the sea 

north of Gouyave. These represent the best preserved, and 

probably most voluminous outpourings of t h i s type of a c t i v i t y 

on Grenada. Contemporary a n d e s i t i c and d a c i t i c flows formed 
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the eastern ridges of the centre above St. Johns and Par a c l e t e . 

The climar of a c t i v i t y was probably the p a r t i a l i n f i l l i n g of 

the c r a t e r by the dome andesite. Explosive a c t i v i t y and 

r e s u l t i n g fragmental deposits probably c o n s t i t u t e d a major 

proportion of the erupted products, but erosion and lack of 

exposure has prevented the c o r r e l a t i o n of t h i s a c t i v i t y with 

the s o l i d flows. 

6;8 Explosion C r a t e r s 

The most recent a c t i v i t y on the i s l a n d has been explosive 

with the development of s e v e r a l small ( < | km diameter) c r a t e r s . 

The d i s t r i b u t i o n of these c r a t e r s i s i l l u s t r a t e d i n F i g . 17 . 

Some are better preserved morphologically than others, but most 

appear to have erupted s i l i c a - u n d e r s a t u r a t e d a l k a l i b a s a l t s c o r i a 

and ash together with a v a r i e t y of basement and wall-rock fragments 

A c r a t e r a s s o c i a t e d with aa lava flows occurs on the i s l a n d of 

l i e de C a i l l e , 7 km north of Grenada. I n general however, l a v a 

flows are not as s o c i a t e d with the recent explosion c r a t e r s . 

The best preserved of these c r a t e r s i s Lake Antoine i n the 

northeast of the i s l a n d ( P l a t e 27 ) . A lake 500 m i n diameter 

occupies the floor of the cr a t e r surrounded by a low rim 60 m 

high of e j e c t e d blocks, s c o r i a and ash. The o v e r a l l morphology i s 

s i m i l a r to Maars ( O i l i e r , 1967 ) and u s u a l l y a s s o c i a t e d with the 

explosive a c t i v i t y of hydrous magma or contact between magma and 

l o c a l groundwater. The nature of the explosive a c t i v i t y of Lake 

Antoine c r a t e r i s w e l l exposed i n c l i f f exposures to the ea s t . 

These exposures are discussed i n some d e t a i l a f t e r a b r i e f summary 



Fig.17 

L o c a l i t y map of explosion c r a t e r s . 



7 4 

ever a 
Pond 

The & 
Punchbowl 

Lake 
Antoine 

Grand 
Etang 

Queens 
Park 

St Georges 

3-



75 

of the other c r a t e r s of Grenada. 

The Punchbowl c r a t e r , 3 km northwest of Lake Antoine i s of 

small diameter (100 m) and remarkably steep-sided. The w a l l s of 

the c r a t e r are up to 30 m high sloping at angles of up to 60°. 

The majority of the ej e c t e d material forming these w a l l s appears 

to be allocthonous wall-rock fragments but weathered b a s a l t i c 

ash i s a l s o present i n places. The twin c r a t e r s of the Grand 

Etang and i t s dry neighbour are s i t u a t e d between the v o l c a n i c 

massifs of Mt. Qua Qua and S i n a i at an a l t i t u d e of 500 m. Most 

of the ash asso c i a t e d with these c r a t e r s has been deeply weathered 

to form a l a t e r i t i c s o i l . Green I s l a n d , one of the t r i o of small 

i s l a n d s o f f the northeast coast of Grenada i s unusual i n that the 

volc a n i c a c t i v i t y has been e n t i r e l y a n d e s i t i c i n composition. A 

sequence of a n d e s i t i c ash and s c o r i a representing s e v e r a l periods 

of explosive a c t i v i t y has been u p l i f t e d and intruded by an a n d e s i t i c 

dome. The dome appears to occupy the s i t e of a c r a t e r which, p r i o r 

to i t s i n f i l l i n g by the dome, erupted s e v e r a l andesite lava flows 

towards the ea s t . Green I s l a n d may be a more recent example of 

the type of a c t i v i t y that formed the c r a t e r of St. Georges. The 

c a p i t a l of Grenada occupies the northern rim of a s e r i e s of c o a l ­

escing explosion c r a t e r s . The weathered appearance of the andesite 

domes forming the h i l l of Fort St. George and F i r e S t a t i o n Point, 

and the weathered fragmental d e p o s i t s surrounding these domes 

suggests the a c t i v i t y preceded the formation of the c r a t e r s des­

c r i b e d above. A better morphologically preserved c r a t e r that 

erupted a l k a l i b a s a l t s c o r i a and ash i s located a t Queens Park 

to the north of St . Georges ( P l a t e 28 ) . The e j e c t a i s being 

quarried for a construction aggregate and i s present i n s c a t t e r e d 



exposures as f a r north as Mt. Moritz. 

Apart from the preserved c r a t e r s , there are l o c a l i s e d 

di?posits of coarse s c o r i a and ash of f r e s h appearance that are 

not a s s o c i a t e d with any recognisable c r a t e r form. The a l k a l i 

b a s a l t composition and unweathered aspect of these deposits 

suggests however, that they are a s s o c i a t e d with the same type 

and period of a c t i v i t y as the c r a t e r s already described. S c a t t e r e d 

exposures of b a s a l t s c o r i a and ash occur at the south end of 

Grand Anse Bay, Plaisance E s t a t e and G r e n v i l l e (see F i g . 15 ). 

The deposits at G r e n v i l l e include small rounded cumulate blocks 

formed of o l i v i n e , clinopyroxene and f e l d s p a r . F i n a l l y , i t i s 

p o s s i b l e that Levera Pond i n the north-east of the i s l a n d occupies 

the f l o o r of another explosion c r a t e r . 

The nature of these primary fracjnental deposits a r e best 

exposed on the north-east coast of Grenada. In general the f a l l 

sequence thickens southwards from Grenada Bay approaching the 

assumed source i n the Lake Antoine c r a t e r . I n addition, the 

maximum s i z e of e j e c t e d blocks a l s o i n c r e a s e s up to 50 cm i n 

diameter. The sequence contains examples of s e v e r a l pulses 

of explosive a c t i v i t y represented by numerous r e p e t i t i o n s of 

size-graded l a y e r s of ash, i n t e r s p e r s e d with l a y e r s of l a r g e r 

s c o r i a and bombs. At the southern end of the High C l i f f Point 

exposure, the e a r l i e s t horizons are predominantly of a l k a l i 

b a s a l t s c o r i a and ash, but rock fragments of a n d e s i t i c 

composition and blocks of pre-consolidated (older ash)are 

a l s o present. Some of the l a y e r s have s u f f e r e d bomb 



P l a t e 28 

The Queens Park e x p l o s i o n c r a t e r . 

Plate 29 

A l k a l i b a s a l t bomb, High C l i f f Point. 
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P l a t e 30 

A s h l s c o r i a , High C l i f f Point. 

Plate 31 

Contorted ash beds, High C l i f f Point. 
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impacts with r e s u l t i n g d i s t o r t i o n of the bedding ( P l a t e 29). 

The f i n e l y size-graded l a y e r s of t h i s sequence grade upwards i n t o 

a much more heterogeneous bed that i s f a u l t e d and slumped. Frag­

ments of a wide range of rock types are present, both rounded and 

angular, often current and c h a o t i c a l l y bedded. This horizon 

grades upwards in t o a t h i n (50cm) a i r f a l l horizon of a l k a l i 

b a s a l t s c o r i a and ash succeeded by a weathered pumiceous andesite 

horizon. The whole of t h i s sequence i s at l e a s t 8 m t h i c k and 

the base i s not seen. I t i s a l s o much cut by f a u l t s and small 

graben-like features are developed. The andesite pumice horizon 

represents a cessation of explosive a c t i v i t y for i t was colonised 

by t r e e s and plants whose roots seam the reddened and weathered 

pumice. Some of the tre e s are preserved as hollow, s i l i c i f i e d 

trunks up to 5 m i n height and 50 cm in diameter. The t r e e s are 

buried by the overlying ash and s c o r i a l a y e r s forming High C l i f f 

Point i t s e l f ( P l a t e 30 ) . Some trees c o l l a p s e d and were buried 

by the i n i t i a l coarse agglomerate and s c o r i a i n a h o r i z o n t a l 

p o s i t i o n , w h i l s t others have remained v e r t i c a l . I n t h i s a i r f a l l 

sequence (40 m t h i c k ) there are a t l e a s t four major horizons con­

t a i n i n g large ( < 50 cms) b a s a l t i c and a n d e s i t i c bombs, i n d i c a t i n g 

periods of more i n t e n s i v e explosions. The s c o r i a and ash l a y e r s 

are probably primary a i r f a l l for the most part s i n c e the t h i n 

laminations ( < 2 cm) are l a t e r a l l y continuous and good s i z e 

grading i s exhibited. However, some u n i t s have undoubtedly 

suffered reworking since sole marking, f o s s i l mudcracking, current 

and contorted bedding i s present ( P l a t e 31 ) . Sheets of carbonate 

are a l s o widespread between some of the ash horizons. These 

contain what appear to be 'worm' c a s t s , suggesting exposure to 



P l a t e 32 

H o r i z o n t a l c a l c i t e sheets c o n t a i n i n g worm casts 
i n t e r l e a v e d w i t h v o l c a n i c ash and s c o r i a , High C l i f f 
P o i n t . 
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AUKrine c o n d i t i o n s ( P l a t e 32 ). However, sans carbonate i s p r e s e n t 

a.;; v e r t i c a l , ramifying sheets p r o b a b l y of f u m a r o l i c n a t u r e due 

t:» p o s t - ^ p o s i t i o n a l m i g r a t i o n o f groundwater through t h e ash 

and s c o r i a . 

Northwards of High C l i f f Point the sequence i s the same but 

the conglomeratic horizon near the base of the High C l i f f Point 

exposure v a r i e s considerably i n thickness. This apparently r e f l e c t 

i n f i l l i n g of a p r e - e x i s t i n g undulating topography, p r i m a r i l y by 

f l u v i a t i l e deposition. Some of the graded and cross-bedding of 

these deposits may be due to base surge phenomena (Moore, 1967). 

Crowe and F i s h e r (1973) have described current bedding due to 

deposition from h o r i z o n t a l l y e j e c t e d p y r o c l a s t i c m a t e r i a l . However, 

many of the depositional features displayed at High C l i f f Point can 

be a t t r i b u t e d to f l u v i a t i l e conditions. 

I t i s apparent that the unconsolidated(nature of t h e ) f r a g -

mental deposits a s s o c i a t e d with these explosion c r a t e r s are r e a d i l y 

erodable. I t i s u n l i k e l y that c r a t e r morphologies are preserved 

for any great length of time. Thus i t i s q u i t e p o s s i b l e that 

explosion c r a t e r s and explosive b a s a l t i c a c t i v i t y have been a 

c h a r a c t e r i s t i c f eature of Grenada v u l c a n i c i t y and are not s o l e l y 

a recent phenomena. 

6:9 Summary of Grenada V u l c a n i c i t y 

The repeated eruptions of s i l i c a - u n d e r s a t u r a t e d b a s a l t 

magma i s the most important feature of the v u l c a n i c i t y of Grenada. 

I n addition there i s an intimate f i e l d r e l a t i o n s h i p with s i l i c a -

s aturated c a l c - a l k a l i n e andesites and d a c i t e s . The geochemical 



a s s o c i a t i o n of b a s a l t i c and c a l c - a l k a l i n e compositions i s d i s ­

cussed i n the following chapters. The most recent a c t i v i t y has 

been the explosive eruption of a l k a l i b a s a l t magma. This confirms 

that the geochemical evolution of the i s l a n d has not been a s i n g l e 

one-way process i n time from undersaturated to oversaturated com­

posi t i o n s but has been repeated many times i n the various v o l c a n i c 

centres. 

The t o t a l volume of erupted v o l c a n i c products appears to be 

considerably l e s s than the other major i s l a n d s of the Lesser 

A n t i l l e s i s l a n d a r c . The undisturbed v o l c a n i c s overlying the 

Lower and Middle T e r t i a r y basement of Grenada are nowhere greater 

than 900 m i n thickness. I n comparison the undisturbed Upper 

T e r t i a r y and Quaternary v o l c a n i c s of Dominica are at l e a s t 1500 m 

i n thickness (K. W i l l s , pers.comm., 1973). This may be d i r e c t l y 

r elevant not only to the problem of volumetric proportions of 

i n d i v i d u a l members of the c a l c - a l k a l i n e rock s u i t e but a l s o to 

the unusual composition of the Grenada b a s a l t i c magmas. These 

aspects are examined i n more d e t a i l i n Chapter 11. 

The presence of some a n d e s i t i c and d a c i t i c p y r o c l a s t flows, 

domes and lava flows although smaller i n t o t a l volume on Grenada 

than elsewhere i n the a r c are s i m i l a r to the erupted products of 

other i s l a n d s i n the Lesser A n t i l l e s , and t y p i c a l of i s l a n d a r c s 

i n general. However, the presence of the undersaturated b a s a l t 

lava flows seem to be a unique feature of the i s l a n d of Grenada 

and the nearby Grenadines. 

Appendix I I I contains a b r i e f a n a l y s i s of the l i k e l i h o o d 
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o f f u t u r e e r u p t i o n s o c c u r r i n g on the i s l a n d and p o s s i b l e danger 

zones f o r po p u l a t e d areas. 



CHAPTER 7 

GEOCHEMISTRY I 

C l a s s i f i c a t i o n o f Volca n i c Rock S e r i e s and the 

P i c r i t e s and B a s a l t s o f Grenada 

7:1 C l a s s i f i c a t i o n of c a l c - a l k a l i n e r o c k s e r i e s 

The o r i g i n a l use of the term ' c a l c - a l k a l i n e rock s e r i e s ' 

(Holmes, 1920; Peacock, 1931) was t o d i s t i n g u i s h those rocks 

c h a r a c t e r i s e d by s i l i c a enrichment r e l a t i v e t o a l k a l i s . I n other 

words t h e gabbros, d i o r i t e s , g r a n o d i o r i t e s and t h e i r v o l c a n i c 

e q u i v a l e n t s t y p i c a l o f a c t i v e c o n t i n e n t a l margins and i s l a n d arcs 

c o u l d be d i s t i n g u i s h e d from f e l d s p a t h o i d a l a l k a l i n e rocks. Sub­

se q u e n t l y , w i t h t h e i d e n t i f i c a t i o n o f the ' t h o l e i i t i c t r e n d ' 

towards iron-enrichment o f magmas (Wager and Deer, 1939), the 

c a l c - a l k a l i n e rock s e r i e s has been d i s t i n g u i s h e d by the l a c k o f 

t h i s magmatic t r e n d . 

The n a t u r e o f the p a r e n t a l magma compositions o f t h e c a l c -

a l k a l i n e r o c k s e r i e s has t o be s t u d i e d i n i t i a l l y i n t h e conte x t 

o f b a s a l t magma c l a s s i f i c a t i o n . Kennedy (1930) and T i l l e y (1950) 

i d e n t i f i e d two 'primary' types o f b a s a l t magma c a l l e d a l k a l i 

o l i v i n e and t h o l e i i t i c r e s p e c t i v e l y . I n g e n e r a l , t h e c a l c -

a l k a l i n e rock s u i t e was regarded as being d e r i v e d by f r a c t i o n a l 

c r y s t a l l i s a t i o n o f t h o l e i i t i c b a s a l t magma. The t h o l e i i t i c and 

c a l c - a l k a l i n e t r e n d s o f d i f f e r e n t i a t i o n may be d i s t i n g u i s h e d by 

means o f an AFM diagram ( a t r i a n g u l a r oxide p l o t o f t o t a l a l k a l i s 

vs t o t a l i r o n vs magnesium). Fenner (1926) regarded t h e t h o l e i i t i c 

t r e n d as the normal f r a c t i o n a t i o n sequence o f t h o l e i i t i c b a s a l t 

magma, w h i l s t Bowen (1928) maintained the c a l c - a l k a l i n e t r e n d was 

more us u a l . 
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Kuno (1950) proposed a t h i r d 'primary' magma c a l l e d 'high-

alumina b a s a l t 9 , which he regarded as the parental magma of the 

c a l c - a l k a l i n e rock s e r i e s . However, Kuno (1968) has a l s o suggested 

that the c a l c - a l k a l i n e trend could be e s t a b l i s h e d during f r a c t i o n a l 

c r y s t a l l i s a t i o n of t h o l e i i t i c magma under conditions of e a r l y pre­

c i p i t a t i o n of magnetite, or by s i a l i c contamination of a l k a l i 

o l i v i n e b a s a l t magma. The zonation of magma types across the 

Japanese v o l c a n i c b e l t i s from t h o l e i i t i c through high-alumina 

to a l k a l i o l i v i n e b a s a l t with i n c r e a s i n g distance from the trench. 

The most voluminous andesites and dac i t e s occur a s s o c i a t e d with 

high-alumina b a s a l t . Wilkinson (1968) a l s o suggested that the 

parental b a s a l t magma of the c a l c - a l k a l i n e rock s u i t e t y p i c a l of 

i s l a n d a r c s and a c t i v e continental margins i s high-alumina b a s a l t . 

However, Jakes and G i l l (1970) have r e s t a t e d the evidence f o r the 

development of a c a l c - a l k a l i n e trend by f r a c t i o n a l c r y s t a l l i s a t i o n 

of t h o l e i i t i c b a s a l t i n i s l a n d a r c s . The voluminous eruptions 

occurring at ea r l y stages i n the evolution of the vo l c a n i c a r c s of 

the south-west P a c i f i c are c h a r a c t e r i s e d by t h o l e i i t i c b a s a l t 

magma and c a l c - a l k a l i n e d e r i v a t i v e s . S i m i l a r i t i e s e x i s t between 

the composition of these t h o l e i i t i c b a s a l t s and 'oceanic t h o l e i i t e ' 

(see p. 249 )• Jakes and G i l l (1970) propose the term ' i s l a n d - a r c 

t h o l e i i t i c s e r i e s ' to d i s t i n g u i s h the type occurrence of the 

former b a s a l t magma. 

Aft e r an extensive review of the geochemical data, I r v i n e 

and Baragar (1971) have suggested a c l a s s i f i c a t i o n of the v o l c a n i c 

rocks that adequately separates rock a s s o c i a t i o n s t y p i c a l of most 

t e c t o n i c environments. I r v i n e and Baragar s p e c i f i c a l l y s t a t e that 
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the scheme i s not designed as a genetic c l a s s i f i c a t i o n , but 

serves to i d e n t i f y the common rock a s s o c i a t i o n s . However, i n the 

following d i s c u s s i o n the discriminant f e a t u r e s proposed i n t h i s 

c l a s s i f i c a t i o n are used to i l l u s t r a t e the gradational nature of 

the b a s a l t i c compositions of the Grenada c a l c - a l k a l i n e rock s e r i e s . 

There i s a considerable v a r i a t i o n i n degree of c r y s t a l l i n i t y 

of the b a s a l t compositions of Grenada ranging from microphyric to 

highly p o r p h y r i t i c . A consistent modal c l a s s i f i c a t i o n i s accord­

i n g l y d i f f i c u l t to apply. Evidence i s presented l a t e r (p. 107 ) 

to show that the p o r p h y r i t i c rocks are representative of l i q u i d 

compositions and not enriched i n p a r t i c u l a r phases by cumulus 

processes. Thus, a generalised normative c l a s s i f i c a t i o n i s pro­

posed i n order to group the compositions for d e s c r i p t i v e purposes, 

and for comparison with other volcanic s u i t e s . 

The analyses of the rocks were completed by X-ray fluorescence, 

by which method t o t a l i r o n only i s determined. D e t a i l s of the 

methods of geochemical a n a l y s i s are contained i n Appendix 1 

During c a l c u l a t i o n of the normative compositions, a f i x e d oxidation 

r a t i o of 1:3 (Fe O^FeO) has been assumed. The l e a s t o x idised 

rocks of Grenada have a s i m i l a r r a t i o (Sigurdsson et a l . , 1973), 

and i t i s suggested that only oxidation processes have been e f f e c t i v e 

near, or at the surfa c e environment. Coombs (1963) employed a 

s i m i l a r oxidation r a t i o i n a normative c l a s s i f i c a t i o n of v o l c a n i c 

rocks. Reduction of reported oxidation s t a t e s by Coombs of 

Fe 0 :FeO to 1:3 produced a much tig h t e r d i s t r i b u t i o n of analyses 

i n the normative p r o j e c t i o n s employed, suggesting oxidation of the 

rocks was responsible for the o r i g i n a l s c a t t e r . The e f f e c t of 



TABLE 4 

Chemical compositions of 'primary' magma 
types i n Japan, a f t e r Kuno (1968) 

BASALT 

SiO 
2 

A 1 2 ° 3 
F e 2 ° 3 
FeO 

MgO 

CaO 

Na O 
2 

K O 
2 

TiO 

P O 2 5 
MnO 

3. T h o l e i i t e 

48.73 

16.53 

3.37 

8.44 

8. 24 

12.25 

1.21 

0. 23 

0.63 

0.10 

0. 29 

High-
2 . . Alumina 

48.10 

16.68 

3.88 

7.75 

8.89 

10.48 

2.51 

0.46 

0.73 

0.15 

0.54 

A l k a l i 
i . O l i v i n e 

47.95 

16.46 

4.40 

5.86 

8.99 

10.46 

2.72 

1.09 

1.09 

0.41 

0. 21 

Total 100.02 100.17 99.64 



higher oxidation s t a t e s i s to move the c a l c u l a t e d normative 

mineralogy towards more saturated compositions. F i g . I . l , 

(Appendix I ) i s a graph i l l u s t r a t i n g the e f f e c t of increasing 

oxidation r a t i o on the amount of normative nepheline i n the 

Grenada b a s a l t s . Even at high oxidation r a t i o s of Fe O :FeO 

of 3:1, nepheline i s s t i l l present i n the norm of the most 

undersaturated compositions. Powder d i f f r a c t i o n a n a l y s i s and 

reconnaissance studies of these compositions with the ele c t r o n 

microprobe, have shown nepheline to be present i n the groundmass 

(see Appendix for methods used). Therefore there i s a l s o modal 

j u s t i f i c a t i o n for c l a s s i f y i n g some of the Grenada b a s a l t s as 

c r i t i c a l l y undersaturated, but i t i s possible that the a r b i t r a r y 

oxidation r a t i o employed does not accu r a t e l y reproduce the p r e c i s e 

oxidation s t a t e of the ba s a l t magmas e x i s t i n g during f r a c t i o n a l 

c r y s t a l l i s a t i o n and evolution of the c a l c - a l k a l i n e s u i t e . 

7:2 C l a s s i f i c a t i o n of the Grenada Rock S e r i e s ; General Aspects 

7:2:1 C a l c - A l k a l i n e vs T h o l e i i t i c s u i t e s 

F i g . 18 i s an AFM diagram showing the compositions from a 

s i n g l e v o l c a n i c centre of Grenada (Mt.Granby-Fedon's Camp c e n t r e ) . 

A s i n g l e centre has been s e l e c t e d for c l a r i t y . The overlap with 

the hypersthenic trend ( c a l c - a l k a l i n e s.s. of Kuno, 1950) i s 

indica t e d , suggesting that the lack of i r o n enrichment i n the 

Grenada s u i t e i s t y p i c a l l y c a l c - a l k a l i n e . The composition of 

magmas i d e n t i f i e d by Kuno (1968) as the primary t h o l e i i t i c , 

high-alumina and a l k a l i o l i v i n e b a s a l t s i n Japan are a l s o 

i n d i c a t e d on t h i s AFM diagram and t h e i r compositions given i n 

f u l l i n Table 4 . 
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A-F-M diagram for the Mt. Granby - Fedon fs Camp 
vol c a n i c s u i t e . 

X = low Sr s e r i e s 
+ = high Sr s e r i e s 

— • = hypersthenic rock s e r i e s of Izu-Hakone 
= p i g e o n i t i c rock s e r i e s of Izu-Hakone 

( a f t e r Kuno 1950). 
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7:2:2 A l k a l i n e vs T h o l e i i t i c b a s a l t 

I t has been customary to d i s t i n g u i s h t h o l e i i t i c and a l k a l i 

o l i v i n e b a s a l t s on the b a s i s of t o t a l a l k a l i contents at equi­

valent s i l i c a weight-percentages. The Grenada b a s a l t i c compos­

i t i o n s ( < 48wt.% SiO ) are plotted i n F i g . 19 , where the 

complete overlap of the div i d i n g l i n e used by Macdonald (1968) 

to d i s t i n g u i s h Hawaiian t h o l e i i t i c and a l k a l i o l i v i n e b a s a l t 

s e r i e s may be seen. Some of the Grenada compositions are un­

doubtedly a l k a l i n e on the b a s i s of modal nepheline and the 

presence of highly aluminous and t i t a n i f e r o u s clinopyroxenes 

(p. 157 ) , together with o l i v i n e , both as a phenocryst and 

groundmass phase. However, the lack of any defined trend 

towards i n c r e a s i n g s i l i c a - u n d e r s a t u r a t i o n , the appearance of 

orthopyroxene and the disappearance of o l i v i n e as a groundmass 

phase d i s t i n g u i s h the Grenada s u i t e from the normal a l k a l i o l i v i n e 

b a s a l t s e r i e s . 

7:2:3 High-Alumina vs T h o l e i i t i c b a s a l t 

The d i s t i n c t i o n between high-alumina and t h o l e i i t i c b a s a l t 

has proved c o n t r o v e r s i a l i n the past. This i s due to the p o s s i b i l i t y 

that the highly p l a g i o c l a s e - p h y r i c b a s a l t s t y p i c a l of i s l a n d a r c s 

represent cumulus-enriched, and accordingly high-alumina compos­

i t i o n s . However, the primary high-alumina b a s a l t of Kuno (1968) 

Table 4 f i s aphyric, and represents a genuine l i q u i d composition. 

Middlemost (1973) has suggested that the d i s t i n c t i o n between 
1 s u b a l k a l i n e ' b a s a l t s may be made when, at a given weight-

percentage t o t a l a l k a l i s , the alumina content exceeds 16 wt.%. 

I n t h i s case the b a s a l t may be termed high alumina. I r v i n e and 



Fig.19 

A l k a l i s - s i l i c a plot of Grenada p i c r i t e s and b a s a l t s . 
The s o l i d l i n e i s MacDonald's (1968) di v i d i n g l i n e 
for Hawaiian t h o l e i i t i c and a l k a l i n e rocks. 
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Baragar (1971) propose that i n a plot of wt.^Al^O^ versus 
x 

normative p l a g i o c l a s e feldspar ( l 0 0 % A n / % (An + Ab + 5/3 Ne)), 
x. 

the high-alumina and t h o l e i i t i c b a s a l t s are generally c l e a r l y 

separated. I n Fig.20 s e l e c t e d analyses of Grenada b a s a l t s are 

presented. The complete overlap between the f i e l d s of high 

alumina and t h o l e i i t i c b a s a l t magma may be observed. I n general 

there i s a tendency amongst the Grenada b a s a l t compositions for 

in c r e a s i n g wt.% A l 0 with i n c r e a s i n g SiO content ( F i g . 27 ) . 
2 3 2 

However, even some of the most b a s i c compositions contain more 

than 16 wt.% A 1
2 ° 3 * I n F i g # 2 0 s h e e t e d analyses from the 

is l a n d s of S t . K i t t s , Montserrat and St. Vincent are a l s o p l o t t e d 

These compositions project into the high-alumina b a s a l t f i e l d . 

Lewis (1971) has shown that the majority of the b a s a l t s of the 

Lesser A n t i l l e s are of high-alumina character. 

The gradational nature of the Grenada b a s a l t compositions 

and the possible l i n k s between b a s a l t magma types are discussed 

i n Chapter 10 . I n order to emphasise fu r t h e r the manner i n 

which the spread of these compositions transgress previous 

c l a s s i f i c a t o r y d i v i s i o n s , s e l e c t e d analyses are presented i n a 

s e r i e s of normative pr o j e c t i o n s i n F i g . 21 # Coombs (1963) 

divided areas of these p r o j e c t i o n s i n t o named f i e l d s and these 

are included for comparison. I n addition the discriminant l i n e s 

proposed by Chayes (1966) to separate ' a l k a l i n e * and 'subalkaline 

b a s a l t s i n the Di-01-Hy p r o j e c t i o n are drawn. The spread of the 

Grenada b a s a l t compositions across a l l of these c l a s s i f i c a t o r y 

boundaries may be observed. 



.20 

Plot of weight % A l 2 ^ 3 v n o r m a t ^ v e p l a g i o c l a s e content 
of s e l e c t e d p i c r i t e and b a s a l t compositions. 
T h o l e i i t i c and c a l c - a l k a l i n e f i e l d s from I r v i n e and 
Baragar (1971). B a s a l t composition of 1 (Montserrat), 
2 ( S t . K i t t s ) and 3 ( S t . Vincent) from Rea (1970), 
Baker (1968) and Lewis (1971) r e s p e c t i v e l y . 
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Fig.21 

Normative compositions of s e l e c t e d p i c r i t e s and 
b a s a l t s projected i n Ni-Di-Hy-01 and Ne-01-Hy-Ab 
diagrams. 

Ne = Nepheline Di = Diopside Hy = Hypersthene 
01 = O l i v i n e Ab = A l b i t e 

Symbols r e f e r to r e l a t i v e degree of 
incompatible t r a c e element enrichment. 

+• = highly enriched 
0 = average 
X = depleted 

Named f i e l d s are a f t e r Coombs (1963). The dashed 
and complete l i n e s are the discriminant functions 
proposed by Chayes (1966) to d i s t i n g u i s h a l k a l i n e 
and subalkaline b a s a l t compositions (su b s c r i p t e d c ) . 
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7:3 C l a s s i f i c a t i o n of the Grenada c a l c - a l k a l i n e s e r i e s 

I t i s necessary for the following d i s c u s s i o n to c l a s s i f y 

the Grenada vo l c a n i c s u i t e so that important fe a t u r e s are st r e s s e d , 

w h i l s t recognising the gradational nature of the compositions. The 

following c l a s s i f i c a t i o n i s proposed: 

p i c r i t e : - contains ^ 25% normative o l i v i n e 
or <45 wt.% S i 0 2 

a l k a l i b a s a l t : - contains normative nepheline 

t r a n s i t i o n a l b asalt:-contains normative o l i v i n e , 
hypersthene and diopside or 
normative hypersthene, diopside 
and quartz where SiO < 53.5 wt.% 

andesite: - contains 53.5 - 62 wt.% SiO 

dacit e : - contains ̂  62 wt.% SiO^ 

During the i n v e s t i g a t i o n of a s u i t e of v o l c a n i c rocks, i t 

i s often customary to describe the petrography of the rocks f i r s t , 

followed by the geochemistry. This i s a l o g i c a l approach where 

the geochemical evolution of the s u i t e has been f a i r l y uniform 

i n time, and c o n s i s t s of a t y p i c a l a s s o c i a t i o n of rock types 

s u i t a b l y described by terms already i n the l i t e r a t u r e . However, 

the Grenada c a l c - a l k a l i n e rock s u i t e i s unusual i n the t r a n s i t i o n 

displayed from undersaturated to s i l i c a - o v e r s a t u r a t e d compositions 

In addition there i s a considerable d i v e r s i t y of composition 

within the b a s a l t i c and p i c r i t i c members of the s u i t e . This 

d i v e r s i t y of composition occurs not only between d i s s i m i l a r 

petrographic types, but a l s o between rock types of s t r i k i n g l y 

s i m i l a r petrography. Thus the d i v e r s i t y of chemical composition i 

discussed f i r s t , s i n c e i t i s e s s e n t i a l to the understanding of the 
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geochemistry of the more evolved members of the v o l c a n i c 

a s s o c i a t i o n . 

I n a previous account (Sigurdsson et a l . , 1973) a more 

exact normative c l a s s i f i c a t i o n based on the work of Green (1969) 

was used. However, i t was discovered that grouping of the com­

positions on the ba s i s of major element chemistry was not so 

s u c c e s s f u l with regard to separation on the b a s i s of t r a c e 

element abundances. The c l a s s i f i c a t i o n proposed i n t h i s account 

i s designed to permit a more c r i t i c a l review of t h i s d i v e r s i t y 

of composition. 

7:4 The Geochemistry of the Grenada P i c r i t e s and B a s a l t s 

I n Table 5 s e l e c t e d analyses of p i c r i t e s , a l k a l i and 

t r a n s i t i o n a l b a s a l t s of the Grenada s u i t e are presented. The 

normative projections of these analyses are given i n F i g . 21 • 

The analyses have been s e l e c t e d from s e v e r a l v o l c a n i c centres 

and l o c a l i t i e s a r e l i s t e d i n Appendix I . The most important 

feature to note of these compositions, apart from the under-

saturated nature of many, i s that w i t h i n a r e s t r i c t e d range of 

major element composition (eg. w i t h i n a SiO range of 3 wt.% i n 

the T a b l e ) , there i s a considerable range of trac e element 

abundances. In the case of Sr and Ce for example, the range 

v a r i e s up to a fa c t o r of 3 or more. The notable feature of the 

abundances of the trac e elements i s the general inverse 

c o r r e l a t i o n between the l e v e l s of 'incompatible 1 and compatible 

t r a c e elements. The incompatible tra c e elements are those not 

incorporated i n large q u a n t i t i e s i n the e a r l y forming mafic 
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s i l i c a t e s and oxi d e s o f b a s i c magmas and i n c l u d e barium, rubidium, 

s t r o n t i u m and the Rare E a r t h elements. These a r e m a i n l y l a r g e 

l i t h o p h i l e c a t i o n s . F i g . 22 i l l u s t r a t e s by means of b i n a r y p l o t s 

the i n v e r s e r e l a t i o n s h i p between t h e s e i n c o m p a t i b l e t r a c e elements 

and t h e compatible element n i c k e l ( i n o l i v i n e ) w i t h i n a r e s t r i c t e d 

s i l i c a wt.% range. Appendix I c o n t a i n s the complete a n a l y s e s o f 

a l l the b a s a l t s used i n the c o n s t r u c t i o n o f these p l o t s . There 

a r e s e v e r a l p o s s i b l e e x p l a n a t i o n s f o r the range of t r a c e element 

abundances observed: 

1) c r y s t a l f r a c t i o n a t i o n p r o c e s s e s of one or more 

m i n e r a l phases 

2) w a l l - r o c k r e a c t i o n w i t h the magma en r o u t e from 

s i t e o f m e l t i n g to the s u r f a c e 

3) cumulus enrichment o f m i n e r a l phases 

4) v a r y i n g degrees of p a r t i a l m e l t i n g o f s o u r c e 

m a t e r i a l 

I n t h e f o l l o w i n g d i s c u s s i o n , t h e b a s a l t s and p i c r i t e s a r e 

assumed to have been generated by p a r t i a l m e l t i n g o f an upper 

mantle p e r i d o t i t e . The rea s o n s f o r p r e f e r r i n g t h i s s ource have 

been s t a t e d ( S i g u r d s s o n e t a l . , 1973; A r c u l u s and C u r r a n , 1972) 

and a r e examined f u r t h e r i n Chapter 10. The s i t e o f m e l t i n g i s 

e s t i m a t e d a t a depth o f ap p r o x i m a t e l y 100 km or 30 kb p r e s s u r e . 

7:4:1 C r y s t a l f r a c t i o n a t i o n 

The important m i n e r a l phases t h a t may have been f r a c t i o n a t e d 

from the Grenada magmas a r e orthopyroxene, c l i n o p y r o x e n e , o l i v i n e , 

s p i n e l , amphibole and p l a g i o c l a s e . At h i g h p r e s s u r e s ( c . 2 5 kb) 



. 22 

P l o t of Ce/Y and Rb v Ni of some Grenadan b a s a l t s 
c o n t a i n i n g l e s s than 48 weight % SiO . 
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w i t h high P H Q , p l a g i o c l a s e i s u n l i k e l y to be a s t a b l e phase 
2 

(Yoder and T i l l e y , 1962). 

Green (1970) has suggested t h a t orthopyroxene f r a c t i o n a t i o n 

i s the main c o n t r o l during the e v o l u t i o n of n e p h e l i n i c r o c k s . 

S i g u r d s s o n e t a l . (1973) examined the p o s s i b i l i t y t h a t orthopyroxene 

f r a c t i o n a t i o n a t h i g h p r e s s u r e (25 kb) was r e s p o n s i b l e f o r a t r e n d 

towards i n c r e a s i n g s i l i c a - u n d e r s a t u r a t i o n o f the Grenada magmas. 

Orthopyroxene c r y s t a l l i s i n g a t p r e s s u r e s of 25 kb w i t h i n the 

Upper Mantle i s l i k e l y to be e n r i c h e d i n MgO and S i ° 2 r e l a t i v e 

to the u n d e r s a t u r a t e d melts under d i s c u s s i o n . The s o l u b i l i t y of 

Al^O^ i n orthopyroxene at t h i s p r e s s u r e however, i s u n l i k e l y to 

exceed 5 wt.% (O'Hara, 1968). I n a d d i t i o n other major components 

of the magma i n c l u d i n g CaO, Na O and K O a r e u n l i k e l y t o have any 

g r e a t s o l u b i l i t y i n orthopyroxene, and d u r i n g f r a c t i o n a t i o n of 

t h i s phase would be p r e f e r e n t i a l l y e n r i c h e d i n the m e l t . I t i s 

p o s s i b l e t o s e l e c t u n d e r s a t u r a t e d compositions of t he Grenada 

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

d e c r e a s e of MgO and SiO^, and i n c r e a s e i n CaO and a l k a l i s w i t h 

i n c r e a s i n g s i l i c a - u n d e r s a t u r a t i o n ( S i g u r d s s o n et a l . , 1973, 

Table 1 ) . However, the alumina content d e c r e a s e s i n the d i r e c t i o n 

of p o s t u l a t e d f r a c t i o n a t i o n . T h i s means t h a t orthopyroxene would 

have to c o n t a i n more than 15.8 wt.% A l O i n order f o r the melt 

to be d e p l e t e d d u r i n g f r a c t i o n a t i o n . A s i m i l a r r e s t r i c t i o n would 

apply i n the c a s e of c l i n o p y r o x e n e i f t h i s phase was a l s o p r e ­

c i p i t a t i n g . O'Hara (1968) has,however, i n d i c a t e d a l i m i t e d 

s o l u b i l i t y o f A l O i n c l i n o p y r o x e n e s ( < 5 wt.%) a t p r e s s u r e s 

of 25 kb. I t seems most u n l i k e l y t h a t the s o l u b i l i t y of A l O 

73 J 9 OCT W73 
LlBRARl 
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i n pyroxenes d u r i n g high p r e s s u r e f r a c t i o n a t i o n o f the Grenada 

u n d e r s a t u r a t e d magmas was s u f f i c i e n t to produce t h e observed 

v a r i a t i o n . However, the range of t r a c e element abundances of 

the s e p i c r i t i c and b a s a l t i c compositions i s a f a r more important 

r e s t r i c t i o n on the p o s s i b l e amounts o f c r y s t a l f r a c t i o n a t i o n . 

G a s t (1968) has shown t h a t " a g i v e n degree of magnitude of 

f r a c t i o n a t i o n between l i q u i d and s o l i d produces much g r e a t e r 

changes i n the r e s i d u a l l i q u i d where c o n c e n t r a t i o n i s i n t o t h e 

c r y s t a l s " . F i g . 23 i l l u s t r a t e s the changes i n c o n c e n t r a t i o n of 

a g i v e n element i n a r e s i d u a l l i q u i d f o r c r y s t a l l i s a t i o n w i t h a 

co n s t a n t p a r t i t i o n c o e f f i c i e n t ( R a y l e i g h d i s t i l l a t i o n model). 

S i n c e we a r e d e a l i n g w i t h a f r a c t i o n a l c r y s t a l l i s a t i o n s i t u a t i o n , 

i t i s p e r m i s s i b l e to apply c a l c u l a t e d p a r t i t i o n c o e f f i c i e n t s t o 

the s u r f a c e e q u i l i b r i u m c o n d i t i o n s p r e v a i l i n g between c r y s t a l and 

melt . I n f a c t , s i n c e the c r y s t a l s a r e l i k e l y t o be zoned, and 

p a r t i t i o n c o e f f i c i e n t s a r e determined between whole c r y s t a l s and 

hos t m a t r i x ( e g . S c h n e t z l e r and P h i l p o t t s , 1970) the c a l c u l a t e d 

p a r t i t i o n c o e f f i c i e n t s a r e l i k e l y t o be s m a l l e r than the a c t u a l 

v a l u e i n the c a s e where an element i s p r e f e r e n t i a l l y e n r i c h e d 

i n t h e mel t . I n a d d i t i o n , A l b a r e d e and B o t t i n g a (1972) have 

examined k i n e t i c d i s e q u i l i b r i u m e f f e c t s i n t r a c e element p a r t i t ­

i o n i n g between p h e n o c r y s t s and host magma, and conclude t h a t 

p a r t i t i o n c o e f f i c i e n t s l e s s than u n i t y ( c o n c e n t r a t i o n i n s o l i d 

l e s s than c o n c e n t r a t i o n i n l i q u i d ) determined by assuming R a y l e i g h 

d i s t i l l a t i o n , a r e g e n e r a l l y s m a l l e r than the a c t u a l p a r t i t i o n 

c o e f f i c i e n t s . 



F i g . 2.1 

L o g a r i t h m i c p l o t of R a y l e i g h c u r v e s f o r f r a c t i o n a l 
c r y s t a l l i z a t i o n . S o l i d l i n e s show change i n 
c o n c e n t r a t i o n o f a g i v e n element i n a r e s i d u a l 
l i q u i d f o r c r y s t a l l i z a t i o n w i t h a c o n s t a n t d i s ­
t r i b u t i o n c o e f f i c i e n t . Dashed l i n e s show changes 
i n r e l a t i v e abundance of two elements as c r y s t a l l ­
i z a t i o n proceeds. 
( A f t e r G a s t , 1968) 
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S c h n e t z l e r and P h i l p o t t s (1970) c a l c u l a t e d the p a r t i t i o n 

c o e f f i c i e n t of Ce between orthopyroxene and l i q u i d as 0.04. I n 

order t o change t h e abundance of Ce by a f a c t o r o f 5 ( t h e observed 

range of the Grenada p i c r i t e s and b a s a l t s ) i t can be seen from 

F i g . 22 t h a t o n ly 20% of the o r i g i n a l melt would remain. F r a c t i o n ­

a t i o n of t h i s amount of orthopyroxene would c o m p l e t e l y a l t e r the 

major element c h e m i s t r y of the r e s i d u a l l i q u i d . I n view of t h e 

p r e v i o u s statements concerning the v a l u e o f the p a r t i t i o n 

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

of Ce between orthopyroxene and melt i s s l i g h t l y l a r g e r . T h i s 

would p l a c e even g r e a t e r r e s t r i c t i o n on the amount of o r t h o ­

pyroxene f r a c t i o n a t i o n r e q u i r e d i n order t o a c h i e v e . t h e range 

o f Ce abundance observed i n the Grenada c o m p o s i t i o n s . 

Ce i s more e f f e c t i v e l y p a r t i t i o n e d w i t h r e s i d u a l m e l t s by 

o l i v i n e f r a c t i o n a t i o n ( S c h n e t z l e r and P h i l p o t t s , 1 9 7 0 ) , but 

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

of the r e s i d u a l melt i n a very d i f f e r e n t s ense from orthopyroxene 

f r a c t i o n a t i o n . F r a c t i o n a t i o n o f o l i v i n e from a b a s a l t i c melt 

c a u s e s a d e c l i n e i n the c o n c e n t r a t i o n o f Ni i n the r e s i d u a l melt 

(eg. H a k l i and Wright, 1967). As G a s t (1968) has s t a t e d , g r e a t 

changes i n the melt a r e p o s s i b l e w i t h c o n c e n t r a t i o n i n t o the 

c r y s t a l s . I t i s p o s s i b l e t h a t p a r t o f the d i v e r s i t y i n abundance 

o f Ni i n the Grenada p i c r i t e s and b a s a l t s i s caused by o l i v i n e 

f r a c t i o n a t i o n . I t seems most probable t h a t the v a r i a t i o n i n Ni 

and MgO f o r s u i t e s from s i n g l e v o l c a n i c c e n t r e s a r e indeed 

e x p l i c a b l e by o l i v i n e f r a c t i o n a t i o n (p. 279 ) • However, Table 5 

shows t h a t some b a s a l t s w i t h h i g h e r s i l i c a c o n t e n t s and lower 



i n c o m p a t i b l e t r a c e element abundances, c o n t a i n higher N i c o n t e n t s 

than compositions of more s i l i c a - u n d e r s a t u r a t e d n a t u r e . I f the 

former compositions were c o n s i s t e n t l y r e l a t e d to the most under-

s a t u r a t e d compositions by o l i v i n e f r a c t i o n a t i o n a l o n e , then the 

c o m p o s i t i o n s should r e f l e c t o l i v i n e removal by lower Ni and h i g h e r 

i n c o m p a t i b l e t r a c e element l e v e l s . 

Cawthorn e t a l . ( 1 9 7 3 ) suggested on the b a s i s of experiments 

conducted a t 5 kb ( P u ~ = P^ ^) on n a t u r a l Grenada compositions 
hi U t O t 
2 

t h a t f r a c t i o n a l c r y s t a l l i s a t i o n o f u n d e r s a t u r a t e d amphibole was 

p r i m a r i l y r e s p o n s i b l e f o r the development of a t r e n d towards 

s i l i c a - s a t u r a t i o n i n the Grenada s u i t e . However, Kesson and 

P r i c e (1972) have r e p o r t e d c o n s i s t e n t l y h i g h K/Rb r a t i o s (1200 

t o 4300) f o r k a e r s u t i t e s from b a s i c a l k a l i n e r o c k s . F r a c t i o n a l 

c r y s t a l l i s a t i o n o f amphibole would r a p i d l y reduce t h e K/Rb r a t i o 

of the r e s i d u a l melt. The study by S i g u r d s s o n et a l . (1973) 

showed t h a t K/Rb r a t i o s i n g e n e r a l i n c r e a s e from the most under-

s a t u r a t e d compositions t o more s i l i c a - r i c h b a s a l t s . T h i s f e a t u r e 

i s a l s o d i s p l a y e d i n the K/Rb r a t i o s of the p i c r i t e s and b a s a l t s 

l i s t e d i n T a b l e 5 . I n a d d i t i o n S c h n e t z l e r and P h i l p o t t s (1970) 

have shown t h a t f r a c t i o n a t i o n o f amphibole s h o u l d r e s u l t i n an 

i n c r e a s e of Ce and marked i n c r e a s e o f C e A r a t i o s i n r e s i d u a l 

m e l t s . The abundance of Ce and v a r i a t i o n i n Ce/Y r a t i o s of the 

Grenada compositions do not c o n s i s t e n t l y d i s p l a y t he expected 

t r e n d s . 

A f u r t h e r c o n t r o l on the a b s o l u t e amount of amphibole 

f r a c t i o n a t i o n p o s s i b l e i s the c o n c e n t r a t i o n of Na^O i n amphibole 

r e l a t i v e t o the m e l t . I n Chapter 9 t h e compositions of c o e x i s t i 
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amphibole and host r o c k a r e examined. I t i s found t h a t amphibole 

f r e q u e n t l y c o n t a i n s h i g h c o n t e n t s o f N a ^ r e l a t i v e t o the h o s t 

rock. L e w i s (1973) has d e s c r i b e d the r e l a t i o n s h i p between cumulus 

amphibole and r e s i d u a l melt from S t . V i n c e n t c o m p o s i t i o n s and has 

r e p o r t e d a s i m i l a r f e a t u r e . The e x p e r i m e n t a l r e s u l t s quoted by 

Cawthorn e t a l . (1973) and Holloway and Burnhara (1972) show a 

tendency f o r Na O t o be g r e a t e r i n amphiboles than the host r o c k 

c o m p o s i t i o n . I n some i n s t a n c e s i t may be p o s s i b l e t o a s c r i b e a 

r e d u c t i o n i n the Na^O content between s e l e c t e d b a s a l t c o m p o s i t i o n s 

of Grenada as being t he r e s u l t o f amphibole f r a c t i o n a t i o n . The 

geochemical parameters d e s c r i b e d above do not permit t h i s p o s s i b i l i t y . 

N e v e r t h e l e s s , i t i s apparent t h a t araphibole i s a major c r y s t a l l i s i n g 

phase i n the Grenada c a l c - a l k a l i n e s u i t e . The p r e s e n c e of amphibole 

i n some b a s a l t i c c o m p o s i t i o n s , and c r y s t a l l i s a t i o n w i t h o l i v i n e and 

c l i n o p y r o x e n e suggest t h a t i t has been s i g n i f i c a n t i n the e v o l u t i o n 

of t he s e r i e s . Amphibole i s a l s o a common phase i n the cumulus 

p l u t o n i c b l o c k s and a n a l y s i s o f i n d i v i d u a l v o l c a n i c c e n t r e s show 

the geochemical t r e n d s e x p e c t e d of amphibole f r a c t i o n a t i o n . However, 

the aim of the p r e s e n t d i s c u s s i o n i s t o i l l u s t r a t e t h a t amphibole i s 

u n l i k e l y to have p l a y e d a major r o l e i n producing the major and 

t r a c e element v a r i a t i o n w i t h i n t h e p i c r i t i c and b a s a l t i c c o m p o s i t i o n s . 

Thus t he g e n e r a l p o i n t i s made t h a t the range of major and 

t r a c e element abundances i n the Grenada c o m p o s i t i o n s i s suc h , t h a t 

the removal o f one or more m a f i c phases i s i n s u f f i c i e n t to e x p l a i n 

c o n s i s t e n t l y t h e observed v a r i a t i o n . However, the v a r i a t i o n of 

major and t r a c e elements w i t h i n s u i t e s b elonging to s e p a r a t e r o c k 

s e r i e s of s i n g l e v o l c a n i c c e n t r e s i s more r e a d i l y e x p l a i n e d by 

c r y s t a l f r a c t i o n a t i o n . T h i s t o p i c i s examined l a t e r but a l t e r n a t i v e 



107 

p o s s i b i l i t i e s f o r producing the element v a r i a t i o n o f the e n t i r e 

b a s a l t i c s u i t e a r e d i s c u s s e d f i r s t . 

7;4;2 Wall-Rock r e a c t i o n 

I t i s p o s s i b l e t h a t t h e v a r i a t i o n i n t r a c e element com­

p o s i t i o n s r e p r e s e n t s s e l e c t i v e w a l l - r o c k c o n t a m i n a t i o n . T h i s 

p r o c e s s has been suggested by Green (197 0) f o r example, i n 

order t o e x p l a i n the abundance of i n c o m p a t i b l e elements i n 

a l k a l i b a s a l t magmas. The e x a c t medium of exchange o f elements 

between w a l l - r o c k and magma i s u n c e r t a i n , but would presumably 

i n v o l v e a f l u i d or melt medium t h a t s e l e c t i v e l y l e a c h e d elements 

from t h e w a l l s of the magma channelways. A c e r t a i n amount of 

he a t would be r e q u i r e d t o melt the w a l l - r o c k c a u s i n g c r y s t a l l ­

i s a t i o n of one or more m i n e r a l phases i n the magma. A f i n i t e 

l e n g t h o f time would be r e q u i r e d i n order t o generate an element 

exchange, d u r i n g which i t i s l i k e l y c r y s t a l f r a c t i o n a t i o n would 

o c c u r . On both counts a more e v o l v e d magma i n terms of major 

element c h e m i s t r y and hi g h e r i n c o m p a t i b l e t r a c e element c o n t e n t s 

would r e s u l t . However, t he p r e c e d i n g d i s c u s s i o n has shown t h a t 

t he c h e m i s t r y o f the Grenada b a s a l t s and p i c r i t e s does not con­

s i s t e n t l y r e f l e c t a t r e n d towards more s i l i c a - s a t u r a t e d (or 

u n d e r s a t u r a t e d ) c o m p o s i t i o n s w i t h h i g h e r i n c o m p a t i b l e t r a c e element 

abundances. Thus, although w a l l - r o c k c o n t a m i n a t i o n may be p a r t l y 

r e s p o n s i b l e f o r the v a r i a t i o n i n t r a c e elements of er u p t e d b a s a l t s , 

t h e c o n t a m i n a t i o n has not been c o n s i s t e n t , and i s t h e r e f o r e not 

e a s i l y d i s c e r n i b l e . 

7;4;3 Cumulus enrichment o f m i n e r a l phases 

The Grenada b a s a l t s c o n t a i n i n g h i g h ( ̂  20%) p r o p o r t i o n s o f 
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modal o l i v i n e u s u a l l y have h i g h N i c o n t e n t s as w e l l . However, 

some com p o s i t i o n s w h i l s t c o n t a i n i n g h i g h modal o l i v i n e , a r e 

c h a r a c t e r i s e d by r e l a t i v e l y low N i c o n t e n t s and h i g h i n c o m p a t i b l e 

t r a c e element abundances. There i s a good c o r r e l a t i o n between 

p o r p h y r i t i c b a s a l t s c o n t a i n i n g abundant modal p l a g i o c l a s e and 

c l i n o p y r o x e n e , and h i g h Sr c o n t e n t s . I n both c a s e s , the l e v e l o f 

t r a c e elements i s r e l a t e d to the i n i t i a l c o n c e n t r a t i o n s i n t h e 

b a s a l t i c l i q u i d and not d i r e c t l y a t t r i b u t a b l e t o the p r e s e n c e 

of cumulus phases. I n the c a s e of h i g h - S r l e v e l s , a n a l y s i s of 

s i n g l e v o l c a n i c c e n t r e s i n d i c a t e s t h a t t h i s f e a t u r e may be 

e x p l a i n e d by c r y s t a l f r a c t i o n a t i o n o f l i q u i d s of o r i g i n a l l y h i g h 

S r c o n t e n t s (p- 300). The smooth t r e n d s of v a r i a t i o n of S r w i t h 

SiO content o f v o l c a n i c s u i t e s o f Grenada suggest l i q u i d l i n e s 

of d e s c e n t . There a r e no d i s c o n t i n u i t i e s i n t h e s e t r e n d s s u g g e s t i v e 

of cumulus enrichment. I n a d d i t i o n , t h e c l i n o p y r o x e n e and p l a g i o ­

c l a s e p h e n o c r y s t s a r e s t r o n g l y zoned, o f t e n i n an o s c i l l a t o r y 

f a s h i o n which i s u n l i k e normal cumulus m i n e r a l phases (Wager and 

Brown, 1968). I n a d d i t i o n , e x p e r i m e n t a l e v i d e n c e i s p r e s e n t e d 

i n F i g . 24 , based on the r e s u l t s of Cawthorn e t a l . ( 1 9 7 3 ) . At 

5 kb ( P H Q = p
t o t ) i the o r d e r of appearance on the l i q u i d u s of some 

examples of Grenada b a s a l t s and p i c r i t e s ( c o m p o s i t i o n s g i v e n i n 

T a b l e 6 ) , i s o l i v i n e f o l l o w e d by c l i n o p y r o x e n e . The appearance 

of t h e s e phases i s w i t h i n a few degrees a t a temperature of 1130°C. 

The p e t r o g r a p h i c d e s c r i p t i o n o f the samples i n v e s t i g a t e d i s g i v e n 

below T a b l e 6. The f e a t u r e to note i s t h a t the order of appearance 

on the l i q u i d u s o f o l i v i n e and c l i n o p y r o x e n e i n c o m p o s i t i o n 158 

o c c u r s a t a temperature 80° below t h a t of the more b a s i c 

c o m p o s i t i o n s , d e s p i t e the predominance of c l i n o p y r o x e n e and 
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TABLE 6 
Major and t r a c e element a n a l y s e s o f a p i c r i t e and b a s a l t s used 
i n t h e e x p e r i m e n t a l study by Cawthorn et a l . (1973) t o g e t h e r 

w i t h a p e t r o g r a p h i c summary. 

No. 483 476 286 158 342 
S i O 

2 
44.70 45.33 46.82 51.98 52.59 

A 1 2 ° 3 14.76 15.22 17.62 19.10 18.73 

F e 2 ° 3 10. 36 10.04 9.52 8.11 8.10 
MgO 11.81 14.66 9.59 5.64 3.93 
CaO 11.99 11.17 11.86 10.09 10.43 
Na O 

2 
3.40 1.72 2. 50 3.00 3.54 

K 0 
2 

1.27 0.53 0.71 0.76 1.43 
TiO 

2 
1.16 0.93 0.89 0.91 0.87 

MnO 0.24 0. 22 0. 22 0.17 0. 18 
S 0.00 0.00 0.00 0.00 0.00 
P o 
2 5 

0.32 0.18 0. 27 0. 23 0. 21 

Ba 640 193 474 214 536 
Nb 25 25 14 16 9 
Zr 176 88 102 94 130 
Y 20 18 16 19 22 
Sr 973 555 829 594 1199 
Rb 40 11 27 18 44 
Zn 81 80 87 74 51 
Cu 128 61 65 140 24 
Ni 29 2 461 260 186 35 
Ce 46 35 52 n. a. 45 

01 = o l i v i n e cpx = c l i n o p y r o x e n e sp = s p i n e l p i = p l a g i o ^ 
c l a s e 

483 p i c r i t e m i c r o p h e n o c r y s t s of o l , cpx, sp, i n a g l a s s y groundmass 
w i t h m i c r o l i t e s o f the same m i n e r a l s p l u s p i . 

476 a l k a l i b a s a l t m i c r o p h e n o c r y s t s of o l , cpx and sp i n a g l a s s y 
groundmass w i t h m i c r o l i t e s o f t h e same m i n e r a l s t o g e t h e r w i t h p i . 

286 a l k a l i b a s a l t p h e n o c r y s t s of zoned o l and cpx i n a v e s i c u l a r 
g l a s s y groundmass w i t h m i c r o p h e n o c r y s t s of o l , cpx, p i and sp. 

158 t r a n s i t i o n a l b a s a l t zoned cpx and m a r g i n a l l y i d d i n g s i t i s e d o l 
p h e n o c r y s t s i n a groundmass dominantly composed of p i l a t h s w i t h 
minor cpx and magnetite. 

342 t r a n s i t i o n a l b a s a l t cpx and p i p h e n o c r y s t s and minor i d d i n g s i t i s e d 
p h e n o c r y s t s i n a v e s i c u l a r groundmass c o n t a i n i n g p i , cpx, m a g n e t i t e 
and : r,tc*T s t i t i a l b i o t i t e . 



q. 24 

C o r r e l a t i o n diagram of s i l i c a t e phase r e l a t i o n s h i p s 
w i t h i n c r e a s i n g s i l i c a - c o n t e n t o f t h e Grenada s u i t e . 
Adapted from Cawthorn e t a l . ( 1 9 7 3 ) . Experiments 
completed under 5 k b - p r e s s u r e w i t h e x c e s s water 
and Ni-NiO b u f f e r . 

01 = O l i v i n e Cpx = C l i n o p y r o x e n e 
Amph = Amphibole P l a g = p l a g i o c l a s e 

G l = g l a s s V = Vapour 
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p l a g i o c l a s e p h e n o c r y s t s of t h i s r o c k . The c o n t r a s t i n g p h y s i c a l 

p r o p e r t i e s o f o l i v i n e and c l i n o p y r o x e n e make i t u n l i k e l y t h a t 

they should have been p r e s e r v e d i n e x a c t l y t h e c o r r e c t p r o p o r t i o n s , 

so t h a t t h e i r order of appearance on the l i q u i d u s i s the same as 

the more b a s i c c o m p o s i t i o n s , l a c k i n g the same abundant p h e n o c r y s t i c 

c l i n o p y r o x e n e and p l a g i o c l a s e . The t r a n s i t i o n a l b a s a l t 342 i s 

dominated by l a r g e o s c i l l a t o r y zoned c l i n o p y r o x e n e and p l a g i o c l a s e 

p h e n o c r y s t s . O l i v i n e i s not observed as a l i q u i d u s phase i n the 

e x p e r i m e n t a l r u n s , and t h e l i q u i d u s temperature of appearance of 

c l i n o p y r o x e n e i s 1050 aC. I f t h i s c o mposition r e p r e s e n t s cumulus 

enrichment of c l i n o p y r o x e n e , the l i q u i d u s temperature of appearance 

o f t h i s phase sho u l d be h i g h e r than i n c o m p o s i t i o n s t r u l y r e p r e s ­

e n t a t i v e o f magmatic l i q u i d s . Thus i t seems from d i f f e r e n t l i n e s 

of e v i d e n c e t h a t t h e geochemical v a r i a t i o n of the Grenada b a s a l t s 

and p i c r i t e s i s not e x p l i c a b l e by cumulus enrichment of phases. 

7:4:4 V a r y i n g Degrees of p a r t i a l m e l t i n g 

The wide range of t r a c e element abundances of the Grenada 

b a s a l t c o m p o s i t i o n s , may be due t o d i f f e r i n g i n i t i a l q u a n t i t i e s of 

p a r t i a l melt of the Upper Mantle source m a t e r i a l . O'Hara (1968) 

has shown t h a t v a r i a t i o n s i n the percentage o f e a r l y p a r t i a l 

m e l t i n g of a p e r i d o t i t e s o u r c e may produce a v a r i a t i o n i n incom­

p a t i b l e t r a c e element abundances of a f a c t o r of 3 w i t h i n 3% t o t a l 

volume of melt. Fig.25 i l l u s t r a t e s the enrichment f a c t o r s 

r e s u l t i n g from m e l t i n g of a p e r i d o t i t e s o u r c e . 

W h i l s t r e c o g n i s i n g t h a t some of the t r a c e element abundances 

o f the Grenada b a s a l t s may have been a f f e c t e d by c r y s t a l l i s a t i o n 

en r o u t e from s o u r c e t o s u r f a c e , i t has a l r e a d y been q u a l i t a t i v e l y 
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V a r i a t i o n s i n p a r t i a l melt composition and enrichment 
f a c t o r s of incompatible elements as the r e s u l t of 
melting of a garnet. 
I h e r z o l i t e . (After O'Hara, 1968). 

F i v e main stages are recognized: 

1) Small amount ( ~ 1%) of p a r t i a l melting between 
temperatures 1 and 2 with extreme enrichment of the 
melt i n incompatible t r a c e elements. 

2) Between temperatures 2 and 3, increase i n volume of 
melt to 5%. Major element concentration strongly 
c o n t r o l l e d by major s o l i d phases present and con­
s i d e r a b l e v a r i a t i o n i n Fe/Mg/Ni, Ca/Na, Al/Cr r a t i o s 
are predicted within a small temperature i n t e r v a l 
( *̂  10°C). A marked d i l u t i o n of incompatible tr a c e 
element concentration takes place so that absolute 
concentrations and r a t i o s to major oxides vary 
r a p i d l y but r a t i o s to each other vary only s l i g h t l y . 

3) Increase i n volume of l i q u i d between temperatures 
3 and 4 to approximately 15%. One of the major 
c r y s t a l l i n e phases (clinopyroxene or garnet) 
disappears. Marked d i l u t i o n up to a factor of 4 
of the incompatible tr a c e elements. 

4) Gradual i n c r e a s e i n volume of l i q u i d with gradual 
d i l u t i o n of incompatible t r a c e elements. Concent­
r a t i o n of MgO, FeO and SiO w i l l increase with 
d i l u t i o n of CaO, A l 2 ° 3 and^a^O leaving r e s i d u a l 
harzburgite mineralogy. 

5) Continuing increase i n volume of l i q u i d and 
d i l u t i o n of tr a c e elements leaving r e s i d u a l 
dunite mineralogy. 



Enrichment factor for incompatible elements 
o o o o o o (N CO 00 I I 

to 
tu 

Q. 

LU 
(0 x 

\— 
in 

0 

LU 0) < LU at 

a- o 

<N 

LU 

— I 
O 
M 
LU 

UJ 

LU 

O O O O O O 
O 00 CO CN 

bu\\)euj \D\\JD6 uo peonpojd pmbi) o/0 



1 

shown that the t o t a l v a r i a t i o n of these t r a c e elements i s 

i n e x p l i c a b l e by f r a c t i o n a t i o n of mafic phases. Thus i t i s 

possible to a f i r s t approximation, to regard the t r a c e element 

abundances as r e f l e c t i n g genuine i n i t i a l v a r i a t i o n i n melt 

composition. 

The Mg-rich end members of the mineral s o l i d - s o l u t i o n s e r i e s 

forming the p e r i d o t i t e Upper Mantle,melt at higher temperatures than 

the F e - r i c h end members. Consequently the i n i t i a l melting (low 

temperature) product w i l l be enriched i n Fe r e l a t i v e to Mg. In 

general, the Grenada b a s a l t i c compositions containing higher 

incompatible t r a c e element abundances are a l s o c h a r a c t e r i s e d by 

higher Fe/Mg r a t i o s (Table 5 ) . This feature i s observed when 

considering compositions w i t h i n a r e s t r i c t e d s i l i c a weight-

percentage range. F r a c t i o n a t i o n of mafic phases e a r l y i n the 

evolution of these magmas w i l l cause a rapid increase i n the 

Fe/Mg r a t i o of the r e s i d u a l melts. Consequently comparison of 

Fe/Mg r a t i o s i s only attempted between broadly s i m i l a r major 

element compositions. 

During increased p a r t i a l melting of the same source m a t e r i a l 

at the same pressure, the FeMg r a t i o s and concentrations of 

incompatible trace elements are reduced i n the melt, and abundance 

of Ni increased. The range of element abundances of the Grenada 

b a s a l t s and p i c r i t e s generally display the v a r i a t i o n predicted by 

a model of v a r i a b l e degrees of p a r t i a l melting. 

P a r t i a l melting at varying depths (pressures) i n the Upper 

Mantle must be regarded as a refinement of the model proposed. 
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I n the case of s i l i c a - u n d e r s a t u r a t e d compositions at pressures of 

approximately 25 kb, O'Hara (1968) and Green (197 0) have shown 

that a greater volume of melt i s required at higher pressures 

i n order to generate a s i m i l a r composition. Consequently the 

greater volume of melt should be l e s s enriched i n incompatible t r a c e 

elements. S i m i l a r volumes of p a r t i a l melt generated at d i f f e r i n g 

depths r e s u l t s i n a melt of greater s i l i c a - u n d e r s a t u r a t i o n at the 

higher pressure, but should possess s i m i l a r t r a c e element abundances. 

In Chapter 10, the petrogenesis of the Grenada magmas i s discussed 

and d e r i v a t i o n by p a r t i a l melting of the Upper Mantle p e r i d o t i t e 

o v e r l y i n g a subducted l i t h o s p h e r i c plate proposed. I t i s most 

probable that melting takes place within a range, rather than at 

a unique pressure. Although the Grenada p i c r i t e s and b a s a l t s vary 

widely i n major and trace element composition, t h i s v a r i a t i o n i s 

not e a s i l y r e c o n c i l e d with consistent d e r i v a t i o n at c l e a r l y 

defined and d i f f e r i n g pressures. 

I n order that the model of v a r i a b l e p a r t i a l melting be t e s t e d 

f u r t h e r , a study of the Rare E a r t h elements of the Grenada s u i t e 

was undertaken (O'Nions et a l . , i n MS). The i o n i c radius of the 

Rare Earth elements decreases with i n c r e a s i n g atomic number, and 

the l i g h t Rare Earths are i n general too large to be e a s i l y 

incorporated into mineral phases f r a c t i o n a t i n g from b a s a l t i c 

l i q u i d s . Consequently the d i s t r i b u t i o n patterns of the Rare E a r t h 

elements are u s e f u l petrogenetic i n d i c a t o r s of f r a c t i o n a t i o n and 

melting processes. Compositions ranging from b a s a l t to d a c i t e 

were s e l e c t e d for determination of complete Rare Earth element 

d i s t r i b u t i o n patterns (CMNions et a l . . i n MS). I n addition, Ce 



TABLE 7 

Major and trace analyses of a l k a l i b a s a l t s 
476 and 239 

*Ce analyses by O'Nions et a l . ( i n MS) 

Sample No. 476 239 

SiO 45.33 49.65 2 
A l O 15.22 17.74 2 3 
Fe 0 10.04 9.14 2 3 
MgO 14.66 5.47 
CaO 11.17 12.41 
Na 0 1.72 3.10 2 
K O 0.53 1.22 2 
TiO 0.93 0.89 

2 
MnO 0.22 0.20 
S 0.18 0.19 
P 2 0 5 0.18 0.19 

Ba 193 471 
Nb 25 8 
Zr 88 95 
Y 18 20 
Sr 555 1305 
Rb 11 17 
Zn 80 62 
Cu 61 149 
Ni 461 40 
Ce* 39.6 33.9 

Petrographic summary and estimated 
mode (% i n brackets) 

476 Microphenocrysts of o l i v i n e (20, clinopyroxene (5) 
and spi n e l (chrome sp. and magnetite)(2) i n a 
glassy groundmass with abundant pl a g i o c l a s e micro-
l i t e s and minute grains of o l i v i n e , clinopyroxene 
and magnetite. 

239 Phenocrysts of clinopyroxene (30) and p l a g i o c l a s e (35) 
up to 2 mm i n length together with o l i v i n e (5) and 
magnetite (5) i n a groundmass composed of plagioclase 
f e l d s p a r , clinopyroxene and magnetite m i c r o l i t e s . 
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and Y were determined by X-ray fluorescence. The geochemical 

behaviour of Y i s s i m i l a r to the heavy Rare Earths (Goldschmidt, 

1954), and the C e A r a t i o i s consequently a good i n d i c a t o r of 

the degree of l i g h t Rare Earth enrichment. 

The enrichment of the Rare Earth elements r e l a t i v e to the 

Leedy chondrite (Masuda et a l . . 1973) of two b a s a l t compositions 

i s given i n F i g . 26 . The compositions of these two b a s a l t s are 

l i s t e d i n Table 7 . The l i g h t Rare Earth element enrichment 

r e l a t i v e to chondrite displayed by these b a s a l t s i s s i m i l a r to 

a l k a l i b a s a l t s from other v o l c a n i c provinces (Gast, 1968). I n 

general, there i s a greater degree of l i g h t Rare Earth enrichment 

i n the a l k a l i b a s a l t (239) containing the higher incompatible 

trac e element abundances. However, the petrography (given i n Table 

7 ) and composition of the a l k a l i b a s a l t 239, i n d i c a t e that i t 

represents a d e r i v a t i v e melt from a more b a s i c composition. 

Consequently, the greater degree of l i g h t Rare Earth enrichment 

r e l a t i v e to the a l k a l i b a s a l t 476 may be due to a higher degree of 

f r a c t i o n a t i o n . In t h i s case, the degree of enrichment may not be 

d i r e c t l y r e l a t e d to a smaller i n i t i a l volume of p a r t i a l melt of 

the Upper Mantle. However, the C e A r a t i o s of the b a s a l t s and 

p i c r i t e s l i s t e d i n Table 5 i n d i c a t e that i n s i m i l a r major element 

compositions, a wide range of l i g h t Rare Earth enrichment e x i s t s . 

I n general the high Ce/Y r a t i o s of the p i c r i t e s and b a s a l t s 

c o r r e l a t e with high incompatible tra c e element abundances. This 

feature i s i n accord with a model of v a r i a b l e i n i t i a l q u a n t i t i e s 

of p a r t i a l melt of the Upper Mantle. The Rare Earth element d i s ­

t r i b u t i o n patterns and C e A r a t i o s of s e l e c t e d andesites and 

d a c i t e s from the Grenada s u i t e have a l s o been determined. The 



Fig.26 

Rare Earth element d i s t r i b u t i o n i n b a s a l t s 
239 and 476. 
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d e t a i l s are discussed l a t e r (p. 148) , but i n general i t i s p o s s i b l e 

to detect degrees of enrichment i n these s i l i c a - s a t u r a t e d compositions 

that r e f l e c t the nature of the parental b a s i c magmas. I n other words 

high incompatible trace element abundances and l i g h t Rare Earth 

enrichment are a s s o c i a t e d with b a s a l t i c compositions of s i m i l a r 

nature. This general feature i s i n accordance with the p r e d i c t i o n s 

of Gast (1968) and F i g . 22 , where i t i s shown that the d i f f e r e n c e s 

i n incompatible trace element abundances cannot be r e a d i l y a l t e r e d 

by f r a c t i o n a t i o n of mafic phases alone from b a s a l t i c l i q u i d s , 

without g r e a t l y a l t e r i n g the character of the r e s i d u a l melts. 

Accordingly the trace element d i s t r i b u t i o n of the Grenada c a l c -

a l k a l i n e s u i t e appears to be r e l a t e d to the d i f f e r e n c e s i n tr a c e 

element abundance generated at the source of melting i n the Upper 

Mantle. 

87 
7:5 Sr /86 r a t i o s of the Grenada C a l c - A l k a l i n e Suite 

87 
The Sr /86 r a t i o s of s e l e c t e d Grenada compositions were 

87 

determined by 0»Nions et a l . ( i n MS). I n Table 8 , the Sr /86 

r a t i o s of a l k a l i b a s a l t s 360 and 239, and t r a n s i t i o n a l b a s a l t s 474, 

479 and 342 are given, together with t h e i r chemical composition. 

The use of the terms a l k a l i and t r a n s i t i o n a l b a s a l t does not imply 

n e c e s s a r i l y that the l a t t e r are derived from the former by f r a c t i o n a l 

c r y s t a l l i s a t i o n . The terms are discussed l a t e r (p . 1 2 5 ) but i t i s 

s t r e s s e d that the a l k a l i b a s a l t s are not e x c l u s i v e l y those with 

high incompatible tr a c e element contents. 
I t can be seen that there are s i g n i f i c a n t d i f f e r e n c e s between 

87 

the extremes of the Sr /86 r a t i o s of the b a s a l t s i n Table 8 . The 

range i s from 0.7043 to 0.7050. The Rb/Sr r a t i o s 9 e r r o r s in deter-



TABLE 8 

Strontium isotope r e s u l t s for b a s a l t s , andesites and a 
dacite of the Grenada c a l c - a l k a l i n e rock suite together 
with major and trace element analyses of the b a s a l t s . 

Sample No. Rock Type Rb/Sr S r 8 ? / 8 6 
Max.Age 

Corrections 

474 T r a n s i t i o n a l 0.021 
basalt 

0.7050ltl2 -2 

360 A l k a l i 
b a s a l t 

0.022 0.704 30-11 -2 

239 A l k a l i 
basalt 

0.013 0.70449-7 -1 

479 T r a n s i t i o n a l 0.098 
basalt 

0.70466-8 -8 

342 T r a n s i t i o n a l 0.037 
basalt 

0.70481-10 -3 

67 

381 

214 

Andesite 

Andesite 

Dacite 

0.077 

0.058 

0.039 

0.70497-8 

0.70461^5 

0. 7054 3 ±12 

-6 

-4 

-3 



TABLE 8 (continued) 

Sample 
No. 474 360 

SiO 
2 

46.50 47.72 
A l O 

2 3 
16.31 15.96 

Fe O 
2 3 

10. 31 10.56 
MgO 13.00 8.01 
CaO 10.50 13.27 
Na O 

2 
1.85 1.96 

K O 
2 

0. 33 1.16 
TiO 

2 
0.88 0.94 

MnO 0. 22 0. 22 
S 0.00 0.00 
P O r 

2 5 
0.09 0.21 

Ba 108 216 
Nb 7 10 
Zr 62 105 
Y 17 18 
Sr 327 1434 
Rb 7 31 
Zn 81 65 
Cu 62 137 
Ni 485 70 
Ce 5 35 
Ce/Y 0.34 1.94 

239 479 342 

49.65 50.69 52.59 
17.74 18. 50 18.73 
9.14 9.17 8.10 
5.47 4.06 3.93 

12.41 11.74 10.43 
3.10 2.60 3.54 
1.22 1. 23 1.43 
0.89 0.94 0.87 
0. 20 0. 23 0.18 
0.00 0.00 0.00 
0.19 0. 25 0. 21 

471 439 526 
8 7 9 

95 97 130 
20 22 22 

1305 1606 1199 
17 10 44 
62 61 51 

149 166 24 
40 23 35 

33.9* n. a. 45 
1.69 2.05 

^ a n a l y s i s by O'Nions et a l . ( i n MS) n.a.=not analysed. 
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minations and the maximum age cor r e c t i o n s are a l s o given i n 
87 

Table 8 . The Rb/Sr r a t i o s are not c o r r e l a t e d with the Sr /86 
87 

r a t i o s and the e r r o r s are within the observed range of Sr /86 
r a t i o s . There are three main a l t e r n a t i v e explanations for the 

87 
di f f e r e n c e s between the Sr /86 r a t i o s of these b a s a l t s . 

1) isotope e q u i l i b r a t i o n with wall-rock 

2) d i f f e r e n c e s imposed by melting of d i f f e r e n t 
parental m a t e r i a l 

3) d i f f e r e n c e s imposed at source of melting 
of s i m i l a r parental m a t e r i a l 

7:5:1 Isotope e q u i l i b r a t i o n 
87 

I t i s pos s i b l e that the higher Sr /86 r a t i o s of some of 

the b a s a l t compositions are due to isotope e q u i l i b r a t i o n or con­

tamination with radiogenic strontium. However the strontium 
content of b a s a l t 474 (327 ppm) i s lower than b a s a l t s of lower 

87 

Sr /86 r a t i o . I n addition the major element geochemistry and 

petrography of b a s a l t 474 are not suggestive of s i g n i f i c a n t s i a l i c 

contamination. The rock i s microphyric containing abundant (20%) 

modal o l i v i n e with small euhedral clinopyroxene phenocrysts, opaque 

oxide granules and p l a g i o c l a s e l a t h s i n a glassy groundmass. 
87 

Pankhurst (1969) has described d i f f e r e n c e s i n Sr /86 r a t i o s of 

d i f f e r e n t i a t e d b a s a l t magmas and a t t r i b u t e d these to isotope 

e q u i l i b r a t i o n with the country rock. I f isotope e q u i l i b r a t i o n 

has occurred i n the Grenada b a s a l t compositions, i t has not been 
87 

a c o n s i s t e n t process. The geochemistry and Sr /86 r a t i o s of the 

b a s a l t s are not c o r r e l a t e d with higher degrees of f r a c t i o n a t i o n 

suggesting longer periods of repose and e q u i l i b r a t i o n with w a l l -

rock. 
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TABLE 9 

Strontium isotope data for a basanite of 
southeastern C a l i f o r n i a and i n d i v i d u a l 

minerals of a l h e r z o l i t e i n c l u s i o n 
(Peterman et a l . . 1970) 

on 
M a t e r i a l Rb/Sr Sr /86 

host basanite 0.066 0.7031 

o l i v i n e 0.14 0.7087 

i n c l u s i o n chrome diopside 0.014 0.7016 

or t h opy roxene 0.5 0.708 
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.7:5:2 Melts of d i f f e r e n t Parental M a t e r i a l 

Although there i s considerable v a r i a b i l i t y i n the major and 

tra c e element chemistry of the Grenada b a s a l t s , the o v e r a l l 

s i m i l a r i t y (Table 5 ) and gradational nature of these compositions 

does not suggest that d i f f e r e n t parental source m a t e r i a l has been 

p a r t i a l l y melted. I n order that s i m i l a r compositions be produced 

by p a r t i a l melting at s i m i l a r depths and temperatures w i t h i n the 

Upper Mantle, the nature of the parental m a t e r i a l must be r e l a t i v e l y 

homogeneous i n terms of chemical composition and mineralogy. T h i s 

does not preclude however, the exis t e n c e of small chemical and 

is o t o p i c inhomogeneities. 

7:5:3 Differences imposed at Melting Source 

There i s evidence from the i n v e s t i g a t i o n s of Mantle-derived 

u l t r a b a s i c nodules that i s o t o p i c d i s e q u i l i b r i u m between nodules 

and host magma, and between the component mineral phases of the 
87 

nodules e x i s t s . Peterman et a l . (1970) examined the Sr /86 r a t i o s 

of the minerals forming a l h e r z o l i t e x e n o l i t h and host basanite. 

The r e s u l t s are given i n Table 9 . I t i s apparent that there i s 

is o t o p i c d i s e q u i l i b r i u m between the x e n o l i t h and host basanite and 

wit h i n the xe n o l i t h i t s e l f . Peterman et a l . suggest that i f t h i s dis­

equilibrium can e x i s t at magma temperatures, and perhaps even i n 
87 

the zone of Upper Mantle p a r t i a l melting, d i f f e r e n c e s i n Sr /86 
r a t i o s displayed by b a s a l t s on a world-wide s c a l e could be a 
primary feature determined by o r i g i n a l melting conditions. Leggo 

87 

and Hutchinson (1968) determined the Sr /86 r a t i o s for a v a r i e t y 

of u l t r a b a s i c x enoliths and host rocks from Cenozoic v o l c a n i c s of 

the Massif C e n t r a l , France. The r e s u l t s obtained again i n d i c a t e 
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not only i s o t o p i c d i s e q u i l i b r i u m between host rocks and x e n o l i t h s , 
87 

but a l s o a range of Sr /86 r a t i o s w i t h i n the xenoliths of 0-703 

to 0.710. 
87 

Leeman and Manton (1971) reported c o n s i s t e n t l y high Sr /86 

r a t i o s for the Pliocene-Holocene Snake River t h o l e i i t e s of 

southern Idaho. The average of these r a t i o s i s 0.7070. However, 

the l a t e Cenozoic a l k a l i o l i v i n e b a s a l t s of the Ba s i n and Range 
87 

Province (U.S.A.) have lower Sr /86 r a t i o s of 0.704 (Leeman and 
Rogers, 1970). The r e s u l t s of ocean f l o o r sampling p r o j e c t s have 
shown that i n b a s a l t s of s i m i l a r composition (oceanic t h o l e i i t e ) 

87 
the Sr /86 r a t i o s d i f f e r on a global s c a l e (eg. Subbarao, 1973; 

87 

Hart, 1971). Sr /86 i s o t o p i c d i f f e r e n c e s w i t h i n magmas of 

si m i l a r major element chemistry and r e s t r i c t e d geographic d i s ­

t r i b u t i o n are not so common. 

O'Hara (1968) has shown that during the p a r t i a l melting of 

Upper Mantle l h e r z o l i t e , clinopyroxene or garnet/spinel (depending 

on the depth of melting, p.266 ) i s the f i r s t phase to disappear. 

Further heating d i s s o l v e s greater proportions of o l i v i n e i n t o the 

melt but o l i v i n e i s always the r e s i d u a l phase. Given that i s o t o p i c 

equilibrium i s ever l o c a l l y e s t a b l i s h e d i n the Upper Mantle, a 

small amount of p a r t i a l melting, as may occur i n the Low V e l o c i t y 

Zone (see Chapter 10), would be dominated by the chemistry of 

clinopyroxene. I n time, i s o t o p i c d i s e q u i l i b r i u m may become 

e s t a b l i s h e d between increments of melt that are removed or r e -
87 

c r y s t a l l i s e d , and r e s i d u a l o l i v i n e . I n other words, the Sr /86 
r a t i o of clinopyroxene may be a l t e r e d by the removal of t r a c e 

87 87 q u a n t i t i e s of radiogenic Rb , producing i n time, a lower Sr /86 

r a t i o . 
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87 The composition of the Grenada b a s a l t 474 with a high Sr /86 

r a t i o of 0.7050 apparently r e f l e c t s a greater degree of p a r t i a l 

melting cf the Upper Mantle source. The lower C e A r a t i o , higher 

Ni content and lower abundance of incompatible t r a c e elements 
87 

contr a s t markedly with the b a s a l t s (239 and 360) of low Sr /86 

r a t i o . I f the major and t r a c e element composition r e f l e c t s higher 

degrees of p a r t i a l melting involving a greater proportion of o l i v i n e , 
87 

the generation of higher Sr /86 r a t i o s may r e s u l t from the melting 

of an Upper Mantle source c h a r a c t e r i s e d by i s o t o p i c d i s e q u i l i b r i u m 

between mineral phases. 
I n a model of v a r i a b l e degrees of p a r t i a l melting of an Upper 

Mantle source i n i s o t o p i c d i s e q u i l i b r i u m , a gradation between high 
87 

and low Sr /86 r a t i o s may be predicted. Table 8 shows that 
such a gradation does e x i s t between the b a s a l t compositions w i t h i n 

87 

the t o t a l range of e r r o r s of the determinations. The Sr /86 r a t i o s 

of two andesites and a d a c i t e of the Grenada s u i t e were a l s o deter­

mined by O'Nions et a l . ( i n MS), and given i n Table 8 . Evidence 

for the evolution of these compositions from t r a c e element 'enriched* 

and 'depleted' b a s a l t magma i s presented l a t e r (p. 130 ) . The 
87 

s i g n i f i c a n t point at t h i s stage i s the span of Sr /86 r a t i o s of 

Grenada magmas probably v a r i e s from 0.7043 to 0.7055 taking i n t o 

account the r a t i o s determined for s i l i c a - s a t u r a t e d compositions. 
87 

Thus the v a r i a b i l i t y of Sr /86 r a t i o i n the Grenada r o c k - s u i t e 

i s i n accord with a v a r i a b l e p a r t i a l melting model provided that 

i s o t o p i c d i s e q u i l i b r i u m p r e v a i l s between constituent phases of 
the source m a t e r i a l . A comparison between the observed v a r i a t i o n 

87 

of Sr /86 r a t i o s of Grenada and the other i s l a n d s of the Lesser 

A n t i l l e s i s presented i n Chapter 11. 



7:6 Notes on the presentation of the Grenada Geochemical Data 

The v a r i e t y of major and trac e element composition of the 

Grenada c a l c - a l k a l i n e rock s u i t e c r e a t e s d i f f i c u l t i e s i n present­

a t i o n of the data. I n F i g . 21 the normative p r o j e c t i o n s of 

Grenada p i c r i t i c and b a s a l t i c compositions are plotted. R e l a t i n g 

t r a c e element abundances and element r a t i o s produces a complete 

gradation between those compositions enriched and those depleted 

i n incompatible t r a c e elements. There i s a tendency for those 

b a s a l t s a s s o c i a t e d with higher degrees of p a r t i a l melting to 

contain higher normative o l i v i n e and lower normative diopside, 

a l b i t e and nepheline. A simple symbolic notation has been used 

i n F i g . 21 to i n d i c a t e the gradation of t r a c e element chemistry 

and normative mineralogy. The symbols used r e f e r t o r e l a t i v e 

degrees of enrichment of incompatible tra c e elements w i t h i n 

p i c r i t e s and b a s a l t s and are given below F i g . 21 . In addi t i o n 

the symbols used for p l o t t i n g i n d i v i d u a l compositions are given 

i n Table 5 . The simple notation proved u s e f u l i n d i s t i n g u i s h i n g 

rock s u i t e s of i n d i v i d u a l v o l c a n i c centres. The geochemical 

trends are examined i n more d e t a i l i n the following s e c t i o n . 

However, i t i s pos s i b l e t o d i s t i n g u i s h t r a c e element abundances 

that r e f l e c t the i n i t i a l concentrations w i t h i n more b a s i c magmas. 

The r e l a t i v e abundance of Sr provides one of the most d i s t i n c t i v e 

t r a c e element d i s t r i b u t i o n patterns i n the evolved compositions. 

The terms 'high-Sr' and 1low-Sr' are used i n a d e s c r i p t i v e sense 

to i d e n t i f y s e r i e s w i t h i n centres of con t r a s t i n g degrees of t r a c e 

element enrichment. The absolute degree of enrichment v a r i e s 

from centre to centre, and the terms only r e l a t e s e r i e s w i t h i n 
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centres. 

F i g . 21 shows that the degree of t r a c e element enrichment 

i s not d i r e c t l y r e l a t e d to the c l a s s i f i c a t i o n proposed e a r l i e r 

(p. 96 ). The term ' a l k a l i b a s a l t 1 for example covers a range 

of major and trace element contents, r e l a t e d only by the f a c t 

that a l l have nepheline i n the norm. I n the following s e c t i o n 

and chapters, the evolution of the Grenada c a l c - a l k a l i n e rock 

s u i t e i s described. I n b r i e f , the lengthy v o l c a n i c h i s t o r y of 

the i s l a n d (Chapter 6) has involved a s e r i e s of separate p a r t i a l 

melting episodes that have, on occasions, given r i s e to s i l i c a -

saturated c a l c - a l k a l i n e d e r i v a t i v e s . Although some of the b a s a l t s 

are r e l a t e d by c r y s t a l f r a c t i o n a t i o n processes, the range of 

chemical compositions r e f l e c t s the i n d i v i d u a l c h a r a c t e r i s t i c s of 

a melting episode. Consequently the use of the term 'parental 

magma1 i s not applicable to a unique chemistry. I n d i v i d u a l rock 

s e r i e s w i t h i n v o l c a n i c centres have apparently been derived by 

c r y s t a l f r a c t i o n a t i o n of p i c r i t i c , a l k a l i and t r a n s i t i o n a l b a s a l t 

parent magmas. The major and t r a c e element v a r i a t i o n of these 

rock s e r i e s i s described i n the next s e c t i o n . 
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CHAPTER 8 

GEOCHEMISTRY I I 

The Basalt-Andesite-Dacite a s s o c i a t i o n of Grenada 

I n t h i s chapter, the geocheraical gradation between b a s a l t , 

andesite and dacite compositions of the Grenada c a l c - a l k a l i n e 

s u i t e i s discussed. The trend towards i n c r e a s i n g s i l i c a -

s a t u r a t i o n from the s i l i c a - u n d e r s a t u r a t e d b a s a l t s i s examined, 

and r e l a t e d to the v a r i a b l e p a r t i a l melt compositions described 

i n Chapter 7. 

8:1 Major oxide v a r i a t i o n 

The major oxide v a r i a t i o n with i n c r e a s i n g s i l i c a content 

of the Grenada volcanic s u i t e i s presented i n the form of a 

s e r i e s of Harker diagrams i n F i g . 27 . Analyses of samples from 

a l l types of vol c a n i c u n i t s and centres a r e included i n these 

diagrams. Apart from the presence of very b a s i c compositions, 

the general trend of oxide v a r i a t i o n i s s i m i l a r t o previo u s l y 

described c a l c - a l k a l i n e s u i t e s of the Lesser A n t i l l e s (Baker, 

1968; Raa, 1970). The de r i v a t i o n of these c a l c - a l k a l i n e s u i t e s 

by f r a c t i o n a l c r y s t a l l i s a t i o n of high-alumina b a s a l t magma has 

been suggested by Baker (1968), Rea (1970) and Lewis (1971). The 

oxide v a r i a t i o n diagrams of F i g , 27 however, r e v e a l i n t o t a l a 

considerable d i s t r i b u t i o n of concentrations at a given SiO wt.%. 

These concentrations are more v a r i a b l e than i n the Lesser A n t i l l e s 

c a l c - a l k a l i n e s u i t e s mentioned above. In Chapter 7, the range of 

b a s a l t i c and p i c r i t i c compositions was r e l a t e d to a v a r i a b l e 

p a r t i a l melting model of an Upper Mantle p e r i d o t i t e source. The 



.27 

Major oxide v a r i a t i o n of the Grenadan rock s u i t e . 
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andesites and da c i t e s of Grenada are believed to be derived from 

these b a s i c melts by f r a c t i o n a l c r y s t a l l i s a t i o n processes. The 

evidence for these processes i s presented i n the following pages 

and chapters, but may be summarised by: 

1) The smooth trend of major element v a r i a t i o n 
w i t h i n v o l c a n i c s e r i e s from i n d i v i d u a l centres 
of a c t i v i t y . 

2) The petrographic gradation between p i c r i t e s , 
b a s a l t s , andesites and d a c i t e s . 

3) The presence of cumulus plu t o n i c blocks 
containing mafic and f e l d s p a t h i c minerals, 
suggesting c r y s t a l l i s a t i o n and s e t t l i n g of 
these minerals has occurred. 

8:2 F r a c t i o n a l c r y s t a l l i s a t i o n and t r a c e element v a r i a t i o n 

F r a c t i o n a l c r y s t a l l i s a t i o n of s i m i l a r mineral phases i n 

p r e c i s e l y the same proportions from b a s a l t i c melts of d i f f e r e n t 

major and t r a c e element composition, would r e s u l t i n the pre-

sevation of these d i f f e r e n c e s . In Chapter 9, the mineralogy of 

the Grenada c a l c - a l k a l i n e rock s u i t e i s examined and the s i m i l a r i t y 

between component minerals of vol c a n i c s e r i e s of co n t r a s t i n g com­

p o s i t i o n discussed. The modal abundance of these minerals however, 

i s d i f f e r e n t and may explain the patterns of major and trac e element 

v a r i a t i o n observed (Chapter 10). 

The i n t e r p r e t a t i o n of the geochemical data i s s i m p l i f i e d by 

examination of rock s u i t e s from i n d i v i d u a l v o l c a n i c centres. 

Presentation of the complete data for the whole i s l a n d i n t h i s 

manner would be unwieldy. Accordingly, the v o l c a n i c centres of 

Mt. Granby - Fedon's Camp and Mt. St. Catherine have been s e l e c t e d 

i n order to i l l u s t r a t e the geochemical features observed. The 

v a r i a t i o n of major and trac e elements with i n c r e a s i n g SiO wt.% 
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of the vol c a n i c s u i t e s of these centres i s given i n F i g . 2 8 -

Only analyses of samples from lava flows and primary fragmental 

deposits were used i n the construction of these diagrams. Samples 

from secondary fragmental deposits were a l s o used where the centre 

of d e r i v a t i o n of the deposit i s unambiguous. The derived nature 

of secondary fragmental deposits means that i n some cases the 

true a f f i n i t y with a volcanic centre i s uncertain. The chemical 

analyses of the samples used are given i n Appendix I 

The features to note i n p a r t i c u l a r of F i g . 28 are the 

v a r i a t i o n of Sr, Ni and MgO with increasing SiO wt.%. I n general, 

i t i s apparent that there are at l e a s t two rock s e r i e s present 

w i t h i n the centres of Mt. Granby - Fedon's Camp and Mt. St .Catherine 

c h a r a c t e r i s e d by d i f f e r e n t patterns of chemical v a r i a t i o n . I n 

order to d i s t i n g u i s h these s e r i e s , the terms •high-Sr' and ,low-Sr t 

are applied since the behaviour of the trac e element Sr i s 

p a r t i c u l a r l y s t r i k i n g . For example, the high-Sr s e r i e s of the 

Mt. Granby - Fedon's Camp centre i s associated with a r a p i d i n c r e a s e 

i n the abundance of Sr from approximately 600 ppm i n a l k a l i b a s a l t s 

to 1500 ppm i n t r a n s i t i o n a l b a s a l t s and andesites followed by a 

steady decline to d a c i t e s . I n the same sense of i n c r e a s i n g SiO 

wt.%, there i s a rapid d e c l i n e i n the abundance of Ni from 300 ppm 

i n a l k a l i b a s a l t s to 30 ppm i n t r a n s i t i o n a l b a s a l t s and andesites. 

I n c o n t r a s t , there i s a steady i n c r e a s e i n the abundance of Sr i n 

the low-Sr s e r i e s of t h i s centre from 300 ppm i n a l k a l i b a s a l t s 

to 900 ppm i n the andesites and d a c i t e s . The abundance of Ni i s 

generally higher i n the low-Sr s e r i e s than the high-Sr s e r i e s . 

Thus the Sr/Ni r a t i o i s a p a r t i c u l a r l y u s e f u l parameter f or 



g. 28a 

Major and trace element v a r i a t i o n i n the Mt. Granby 
Fedon"s Camp vo l c a n i c centre. 

* = low-Sr s e r i e s 
•+• = high-Sr s e r i e s 
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Fig.28b 

Major and t r a c e element v a r i a t i o n i n the Mt. St. 
Catherine vo l c a n i c centre. 

x = low-Sr s e r i e s 
+ = high-Sr s e r i e s 
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d i s t i n g u i s h i n g the chemical a f f i n i t i e s of a p a r t i c u l a r composition. 

I n F i g . 29 the Sr/Ni r a t i o s of the vol c a n i c s of the Mt. Granby -

Fedon's Camp centre are plotted against SiO wt.%, where the c l e a r 

separation between the high and low-Sr s e r i e s may be seen. 

The degree of Fe enrichment i n the two s e r i e s of Mt. Granby -

Fedon's Camp i s shown i n F i g . 18 (Chapter 7). The high-Sr s e r i e s 

i s c h a r a c t e r i s e d by a greater degree of r e l a t i v e Fe enrichment. 

The same feature i s shown i n a d i f f e r e n t manner i n Fig. 27 where 

the r a t e of depletion of MgO with i n c r e a s i n g SiO wt.% i s shown 

to be lower i n the low-Sr s e r i e s . The diff e r e n c e s i n major element 

composition of the two s e r i e s are displayed by the projections of 

normative mineralogy i n F i g . 30 . The higher normative diopside 

and a l b i t e and lower normative o l i v i n e contents of the high-Sr 

s e r i e s may be observed. 

General features of the v o l c a n i c i t y of the centres and geo-

chemical aspects of the s e r i e s are discussed l a t e r but a l t e r n a t i v e 

explanations for the chemical v a r i a t i o n observed must be examined. 

The high-Sr s e r i e s are charac t e r i s e d by high modal abundances 

(up to 35%) of c a l c i c augite and pla g i o c l a s e f e l d s p a r , and low 

modal o l i v i n e ( l e s s than 10%). At s i m i l a r SiO wt.%, the low-Sr 

s e r i e s generally contain a greater proportion (up to 25%) of modal 

o l i v i n e i n the a l k a l i and t r a n s i t i o n a l b a s a l t s and more b a s i c 

andesites. Sr i s p r e f e r e n t i a l l y enriched i n pla g i o c l a s e feldspar 

r e l a t i v e to the melt during c r y s t a l l i s a t i o n (Brooks,1968 ; 

Ph i l p o t t s and Schnetzler, 1970). Thus there i s a p o s s i b i l i t y 

that the abundance of Sr i n the high-Sr s e r i e s i s the r e s u l t of 

cumulus enrichment of pla g i o c l a s e feldspar. However, the complex 



Fig.29 

Plot of Sr/Ni v weight % SiO 

X = low-Sr s e r i e s of Mt. Granby-Fedon's Camp centre 
= high-Sr s e r i e s of Mt. Granby-Fedon's Camp centre 

• = s e l e c t e d Northern Domes. 

Subscript L r e f e r s to two analyses of the Levera I s l a n d Dome. 
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Fig.30a 

Normative compositions of the Mt. Granby - Fedon*s Camp 
centre projected i n a Ne-Ol-Hy-Qtz-Ab diagram, 

Qtz = quartz. Other abbreviations as i n Fig.21. 

X - low-Sr s e r i e s 
-|- = high-Sr s e r i e s 
9 = s i l i c a - r i c h compositions of both high- and 

low-Sr s e r i e s . 
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g. 30b 

Normative compositions of the Mt. St. Catherine 
centre projected i n a Ne-01-Hy-Qtz-Ab diagram. 

Qtz = Quartz. Other abbreviations as i n Fig.21. 

X = low-Sr s e r i e s 
-f- = high-Sr s e r i e s 
§ = s i l i c a r i c h compositions of both high- and 

low-Sr s e r i e s . 
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o s c i l l a t o r y zoning of the f e l d s p a r s and c r y s t a l l i s a t i o n 

concurrently with o s c i l l a t o r y and sector-zoned clinopyroxenes 

of contrasted p h y s i c a l properties are features unl i k e those 

previously described i n cumulus minerals (Wager and Brown, 1968) 

and those a c t u a l l y observed i n the cumulus blocks of Grenada 

(Chapter 9 ) . I n addition, i t i s u n l i k e l y that the proportions 

of clinopyroxene and pl a g i o c l a s e feldspar should have been 

preserved i n such a way as to generate the smoothly varying 

curves of major oxides and t r a c e elements observed i n F i g . 28 

A more random s c a t t e r of compositions dependent on varying 

proportions of these two phases would be expected. 

I n d i v i d u a l compositions of the postulated high and low-Sr 

s e r i e s may be r e l a t e d by f r a c t i o n a l c r y s t a l l i s a t i o n of one or 

more mineral phases. In Chapter 7, the degree of incompatible 

t r a c e element enrichment p o s s i b l e as a r e s u l t of f r a c t i o n a l 

c r y s t a l l i s a t i o n of mafic mineral phases from b a s a l t i c magma was 

discussed. For example the pos s i b l e enrichment of Ce between 

melts of generally s i m i l a r major element composition by ortho-

pyroxene f r a c t i o n a t i o n was shown to be severely l i m i t e d . I n 

Chapter 10, simple and compound p a r t i t i o n c o e f f i c i e n t s are d i s ­

cussed i n r e l a t i o n to the petrogenesis of the Grenada c a l c - a l k a l i n e 

s u i t e . At t h i s stage, however, i t i s s u f f i c i e n t t o suggest that 

the enrichment of Sr by f a c t o r s up to 3 i n compositions belonging 

to the high-Sr s e r i e s r e l a t i v e to the low-Sr s e r i e s , at s i m i l a r 

SiO wt.%, i s impossible by f r a c t i o n a l c r y s t a l l i s a t i o n of one or 

more mineral phases. The chemical and petrographic gradations 

observed between i n d i v i d u a l compositions w i t h i n the s e r i e s i s 



U5 

more r e a d i l y explained by f r a c t i o n a l c r y s t a l l i s a t i o n of b a s a l t i c 

precursors, c h a r a c t e r i s e d themselves by contrasted geochemistry. 

However, the v a r i a t i o n i n proportions and onset of c r y s t a l l i s a t i o n 

of f r a c t i o n a t i n g minerals are a d d i t i o n a l f a c t o r s c o n t r o l l i n g the 

major and trace element v a r i a t i o n of the vo l c a n i c s e r i e s . The 

mineralogy and petrogenesis of the Grenada c a l c - a l k a l i n e s u i t e i s 

discussed i n Chapters 9 and 10. 

I n the case of the Mt. Granby - Fedon's Camp centre i t i s 

r e l a t i v e l y easy to d i s t i n g u i s h high and low-Sr s e r i e s . However, 

t h i s i s a s i m p l i f i c a t i o n of the s i t u a t i o n within the centre and 

the i s l a n d as a whole. I n f a c t the Mt. Granby - Fedon's Camp 

centre i s constructed of two major c y c l e s of a c t i v i t y involving 

high and low-Sr s e r i e s of erupted v o l c a n i c s . Lava and py r o c l a s t 

flows belonging to i n d i v i d u a l s e r i e s are often c l o s e l y r e l a t e d i n 

the f i e l d . The two major c y c l e s of a c t i v i t y a l s o appear to be 

ass o c i a t e d with broadly s i m i l a r high and low-Sr s e r i e s of com­

po s i t i o n s . I t must be s t r e s s e d that there i s no r i g i d d i v i s i o n 

between these s e r i e s denoting uniquely separate patterns of 

f r a c t i o n a l c r y s t a l l i s a t i o n or geochemical behaviour of the 

evolving c a l c - a l k a l i n e magmas. The data from the centres d i s ­

played i n Fig. 28 was sel e c t e d i n order to i l l u s t r a t e the range 

of element v a r i a t i o n occurring i n the s i l i c a - u n d e r s a t u r a t e d to 

oversaturated sequence of compositions. The terms high and low-Sr 

are s t r i c t l y only ap p l i c a b l e for d e s c r i p t i v e purposes within a 

centre. The degree of separation discernable between the s e r i e s 

of the Mt. St.Catherine Centre for example, i s much l e s s than 

those of Mt. Granby - Fedon's Camp. I t seems most probable that 
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the Mt. S t . Catherine centre i s constructed of more than two 

volcanic r ^ r i e s of compositions. The d i s t i n c t i o n i n the f i e l d 

of r e l a t e d flows i n t h i s centre proved more d i f f i c u l t than i n 

the Mt. Granby - Fedon's Camp centre* Although the data from 

older v o l c a n i c centres on the i s l a n d are not presented here, the 

range of compositions i n the b a s a l t s and p i c r i t e s described i n 

Chapter 7, and for the e n t i r e s u i t e of Grenada v o l c a n i c rocks 

displayed i n F i g . 27 , may be int e r p r e t e d as forming a spectrum 

of major and trace element v a r i a t i o n spaning the d i f f e r e n c e s 

observed between high and low-Sr s e r i e s of i n d i v i d u a l centres. 

I n other words, i t appears that f r a c t i o n a l c r y s t a l l i s a t i o n processes 

occurring within v a r i a b l e i n i t i a l p a r t i a l melts have generated a 

range of i s o t o p i c , major and tr a c e element compositions w i t h i n 

the e n t i r e Grenada c a l c - a l k a l i n e rock surte. 

Not a l l of the vo l c a n i c centres of Grenada are c h a r a c t e r i s e d 

by a complete range of compositions i d e n t i f i a b l e as belonging to 

s e r i e s such as those described for Mt. Granby - Fedon's Camp. For 

instance, the Northern Domes centre i s predominantly composed of 

a n d e s i t i c and d a c i t i c domes. By analogy with v o l c a n i c s e r i e s 

containing a more extensive range of SiO wt.% however, i t i s 

pos s i b l e to suggest that the domes were formed o r i g i n a l l y by 

f r a c t i o n a l c r y s t a l l i s a t i o n of b a s a l t magmas of contrasted chemical 

composition. Complete analyses of the Northern Domes are contained 

i n Appendix I , I n order to i l l u s t r a t e the geochemical d i f f e r e n c e s , 

of the domes the Sr/Ni r a t i o s are compared with the Sr/Ni r a t i o s of 

the high and low-Sr s e r i e s of the Mt. Granby - Fedon's Camp centre 

i n F i g . 29 . I t can be seen that the andesite dome of Levera 



TABLE 10 

Major and trace element analyses of andesites 67 and 
381 and dacite 214. 

Sample No. 67 381 214 
SiO 

2 
56.76 59. 71 62.92 

A 1 2 ° 3 19.07 17. 15 15.91 
F e 2 ° 3 7. 23 6.48 5. 23 
MgO 2.31 2. 25 2.68 
CaO 9.38 7.62 6.77 
Na 20 3. 22 3.65 4.03 

V 
TiO 

2 

0.96 
0.55 

2. 09 
0.71 

1.66 
0.50 

MnO 0. 25 0.14 0.15 
S 0.00 0.00 0.00 
P O 2 5 0. 27 0. 20 0.16 

Ba 236 754 683 
Nb 10 13 12 
Zr 119 198 184 
Y 24 18 13 
Sr 531 1167 934 
Rb 31 46 72 
Zn 93 28 59 
Cu 1 14 60 
Ni 1 18 29 
Ce *26. 1 *52.4 *47. 3 

* a n a l y s i s by 0 9Nions et a l . ( i n MS) 



I s l a n d i s d i s t i n c t l y d i f f e r e n t ('high-Sr') from the andesite 

domes and lavas of the Mt. Rodney and Levera H i l l areas (see 

Chapter 6 ) . 

87 
8;3 Rare E a r t h Element D i s t r i b u t i o n and Sr /86 Ratios 

87 

The study of the Rare Earth element d i s t r i b u t i o n and Sr /86 

r a t i o s of the Grenada c a l c - a l k a l i n e rock s u i t e by O'Nions et a l . 

( i n MS), has proved us e f u l i n the i n t e r p r e t a t i o n of the geochemical 

a f f i n i t i e s of the volcanic s e r i e s and i n d i v i d u a l compositions. I n 

Chapter 7, the REE d i s t r i b u t i o n within the Grenada b a s a l t s and 

p i c r i t e s was discussed, and r e l a t e d to varying degrees of p a r t i a l 

melting of s i m i l a r parental source m a t e r i a l . The REE d i s t r i b u t i o n 

of two andesites and a daci t e were a l s o determined by O'Nions et a l . 

and i s presented i n F i g . 31 , The REE d i s t r i b u t i o n of the Grenada 

c a l c - a l k a l i n e s u i t e r e l a t i v e to i s l a n d a r c s of the P a c i f i c i s 

discussed i n Chapter 11. The major and tr a c e element geochemistry 

of the andesites and da c i t e of Grenada are given i n Table 10 . 

The d a c i t e 214 i s from a pyroclast flow belonging to the 

low-Sr s e r i e s of Mt. St.Catherine w h i l s t andesite 381 i s from a 

lava flow of the high-Sr s e r i e s of the Mt.Granby - Fedon's Camp 

centre. The degree of REE enrichment r e l a t i v e to chondrites i s 

much higher i n the andesite than daci t e . I f these compositions 

were d i r e c t l y r e l a t e d by f r a c t i o n a l c r y s t a l l i s a t i o n of s i m i l a r 

parental m a t e r i a l , the REE d i s t r i b u t i o n i s the reverse of the 

predicted pattern. The Ce/Y r a t i o s of s e l e c t e d compositions 

from the Mt. Granby - Fedon's Camp centre are pl o t t e d against 

SiO wt.% i n F i g . 32 . The Ce/Y r a t i o i s a good i n d i c a t o r of 

degree of r e l a t i v e l i g h t Rare Earth enrichment (p. 116 ). I t can 



Fig.31 

Rare Earth element d i s t r i b u t i o n i n andesites 67 
and 381, and d a c i t e 214. 
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Fig.32 

P l o t o f C e A v weight % s i ° 2
 f o r the Mt. Granby -

Fedon's Camp centre. 

X = low-Sr s e r i e s 

-f- = high-Sr s e r i e s 
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be seen that the greater degree of l i g h t REE enrichment of the 

high-Sr s e r i e s r e l a t i v e to the low-Sr s e r i e s i s e s t a b l i s h e d i n 

the most b a s i c members of the s e r i e s . The chemical c h a r a c t e r i s t i c s 

imposed i n the b a s a l t i c melts during the i n i t i a l p a r t i a l melting of 

the Upper Mantle are apparently maintained during subsequent 

f r a c t i o n a l c r y s t a l l i s a t i o n processes. 

S i m i l a r i n h e r i t e d geochemical features may be observed i n 
87 

the Sr /86 r a t i o s of the s i l i c a - s a t u r a t e d compositions. The 
87 

Sr /86 r a t i o of andesite 381 and daci t e 214 were given i n Table 8 
87 + (Chapter 7 ) . The higher Sr /86 r a t i o of d a c i t e 214 (0.70497 - 8) 

compared with andesite 381 (0.70461 - 5 ) ' i s noticeable. The o v e r a l l 

geochemistry of d a c i t e 214 suggests the composition has been derived 

by f r a c t i o n a l c r y s t a l l i s a t i o n of b a s a l t i c magma gene r a l l y l e s s 

enriched i n incompatible t r a c e elements than the b a s a l t i c precursor 

of andesite 381. This may be r e l a t e d to the v a r i a b l e Upper Mantle 

p a r t i a l melting model proposed i n Chapter 7, where d i f f e r e n c e s i n 
87 

Sr /86 r a t i o s of the b a s a l t s were a t t r i b u t e d to i s o t o p i c inhorao-

geneity of the source composition. 

The andesite 67 (Table 10 ) i s from a flow on Green I s l a n d 

1 km northeast of Grenada where there i s a lack of exposed b a s a l t i c 

compositions. The major and t r a c e element geochemistry however, by 

analogy with s e r i e s from other v o l c a n i c centres suggest a 1low-Sr 1 

b a s a l t i c precursor even l e s s enriched i n incompatible t r a c e elements 

than the low-Sr s e r i e s of Mt. St. Catherine. The degree of l i g h t 

REE enrichment of andesite 67 i s much lower than d a c i t e 214 and 
87 

andesite 381 ( F i g . 32 ) . The Sr /86 r a t i o i s much higher however 
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(0.70543 - 12) i n accord with the evolutionary model proposed. 

The y s n e r a l point i s that c r i t i c a l geocheroical parameters 

observed i n the b a s a l t s and p i c r i t e s are maintained i n the s i l i c a -

saturated andesites and dacites of Grenada. Thus the range of 

major and tr a c e element compositions of the Grenada c a l c - a l k a l i n e 

s u i t e are ex p l i c a b l e by f r a c t i o n a l c r y s t a l l i s a t i o n processes 

occurring within a v a r i e t y of parental b a s a l t melts, generated 

i n separate episodes during the evolution of the i s l a n d * 

8:4 General qeochemical features of the Grenada c a l c - a l k a l i n e 

rock s u i t e 

An important feature of the geochemical v a r i a b i l i t y of the 

Grenada c a l c - a l k a l i n e s u i t e i s the evidence that the t r a n s i t i o n 

from s i l i c a - u n d e r s a t u r a t e d to s i l i c a - o v e r s a t u r a t e d compositions, 

although an oft-repeated process, has not been co n s i s t e n t i n time. 

The i n i t i a l period of a c t i v i t y i n the north of the Mt. Granby -

Fedon's Camp centre (Chapter 6) consisted of a low-Sr followed 

by a high-Sr s e r i e s of v o l c a n i c s . The southwards s h i f t i n the 

centre of a c t i v i t y was marked by another high-Sr s e r i e s followed 

a f t e r an i n t e r v a l represented by a period of erosion, by a low-

Sr s e r i e s . The lava flows forming t h i s sequence are the c l i n o -

pyroxene-phyric b a s a l t flows of Grand Roy which are o v e r l a i n by 

the massive andesite flows of the Upper Grand Roy v a l l e y . The 

sequence of high-Sr s e r i e s of lavas followed by a low-Sr s e r i e s 

was repeated again a f t e r a f u r t h e r southwards s h i f t i n a c t i v i t y . 

The Mt. St.Catherine centre does not display the same sequence 

of eruptions, but sampling d i f f i c u l t i e s prevent the determination 
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o f p r e c i s e v o l c a n i c h i s t o r i e s i n t h i s and o l d e r c e n t r e s . I n 

g e n e r a l , however, t h e r e does not appear t o be a u n i f o r m p a t t e r n 

o f e r u p t i o n s p r e v a i l i n g i n the v o l c a n i c c e n t r e s o f Grenada. 

The model o f v a r i a b l e p a r t i a l m e l t i n g proposed i n Chapter 7 

suggests t h a t t h e b a s a l t i c and p i c r i t i c m e l t s e n r i c h e d i n incom­

p a t i b l e t r a c e elements are o f s m a l l e r volume than those r e l a t i v e l y 

d e p l e t e d i n these elements. The t o t a l volume of a n d e s i t e s and 

d a c i t e s t h a t i t i s p o s s i b l e t o produce by f r a c t i o n a l c r y s t a l l i s a t i o n 

o f the t r a c e element-enriched s e r i e s s h o u l d t h e r e f o r e be s m a l l e r 

than those o f t r a c e element d e p l e t e d s e r i e s . I t has been shown 

however, t h a t a c o n s i d e r a b l e v a r i a t i o n i n degree o f t r a c e element 

enrichment may occur w i t h i n d i f f e r e n c e s o f a few p e r c e n t t o t a l 

volume o f m e l t ( p . I l l ). I n Chapter 10, the p e t r o g e n e s i s o f the 

Grenada b a s a l t s and p i c r i t e s i s d i s c u s s e d and r e l a t e d t o a s m a l l 

volume o f p a r t i a l m e l t i n g o f an Upper Mantle p e r i d o t i t e source. 

Thus a dramatic c o n t r a s t between r e l a t i v e volumes of d e r i v a t i v e 

a n d e s i t e s and d a c i t e s i s not expected. 

Any e s t i m a t e o f the abundance o f d e r i v a t i v e compositions i s 

beset w i t h sampling d i f f i c u l t i e s . Judging simply by the numbers 

o f analyses t h e r e does not appear t o be a preponderance o f 

v o l c a n i c s e r i e s c h a r a c t e r i s e d by r e l a t i v e l y d e p l e t e d i n c o m p a t i b l e 

t r a c e element abundances. A n d e s i t e f l o w s o f comparable t h i c k n e s s 

( a p p r o x i m a t e l y 30 m) b e l o n g i n g t o the high and low-Sr s e r i e s of 

the Mt. Granby - Fedon's Camp c e n t r e a r e present a t Grand Roy and 

B r i z a n (Chapter 6 ) . However, the voluminous a n d e s i t e and d a c i t e 

f l o w s o f Mt. St. C a t h e r i n e belong p r e d o m i n a n t l y t o the low-Sr 
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s e r i e s o f t h e c e n t r e . The high-Sr s e r i e s o f Grenada c o n t a i n 

r o c k types o f unusual p e t r o g r a p h i c and m i n e r a l o g i c composition. 

O s c i l l a t o r y and sector-zoned c a l c i c a u g i t e s are remarkably 

abundant (up t o 45% m o d a l l y ) . A l t h o u g h s i m i l a r phenocryst and 

groundmass clinopyroxenes are a l s o present i n the low-Sr s e r i e s , 

they a r e never so prominent. S i m i l a r c a l c i c a u g i t e s have been 

r e p o r t e d from a l k a l i b a s a l t a s s o c i a t i o n s elsewhere (eg. S c o t t , 

1972; Thompson, 1972) but are unusual i n i s l a n d - a r c s i t u a t i o n s . 

The s t r i k i n g appearance i n hand specimen of t h e l a v a f l o w s 

c o n t a i n i n g these phenocryst c l i n o p y r o x e n e s , and the r e s i s t a n t 

n a t u r e o f the f l o w s probably i n t r o d u c e s a major sampling b i a s 

towards c o l l e c t i o n and a n a l y s i s o f these compositions. A l a r g e 

p a r t o f t h e i s l a n d o f Grenada i s covered a t s u r f a c e by a n d e s i t e s 

and d a c i t e s w i t h r e l a t i v e l y d e p l e t e d i n c o m p a t i b l e t r a c e element 

abundances. I n g e n e r a l t h e r e f o r e , i t seems probable t h a t t h e 

volumes o f compositions r e l a t i v e l y d e p l e t e d i n i n c o m p a t i b l e t r a c e 

elements exceeds the e n r i c h e d compositions. 

The v o l c a n i c s e r i e s r e l a t i v e l y d e p l e t e d i n i n c o m p a t i b l e t r a c e 

elements on Grenada are i n themselves e n r i c h e d i n these elements 

i n comparison w i t h the c a l c - a l k a l i n e s u i t e s o f St. K i t t s (Baker, 

1968), M o n t s e r r a t (Rea, 1970) and Dominica ( K . W i l l s , pers. comm., 

1973). I n some cases t h e enrichment i s by a f a c t o r o f 2 or more 

at s i m i l a r SiO^ wt.%. The s i g n i f i c a n c e o f d i f f e r e n c e s between 

c a l c - a l k a l i n e s u i t e s w i t h i n and between i s l a n d arcs i s discussed 

i n Chapter 11. 
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8;5 Dis c u s s i o n 

I n «=•--mmary, the v a r i a b l e major and t r a c e element geochemistry 

d i s p l a y e d i n the b a s a l t - a n d e s i t e - d a c i t e a s s o c i a t i o n o f Grenada i s 

probably t h e r e s u l t o f f r a c t i o n a l c r y s t a l l i s a t i o n processes occur­

r i n g w i t h i n a v a r i e t y o f p a r e n t a l magma compositions. Features such 
87 

as Sr /86 r a t i o s and degree of r e l a t i v e l i g h t Rare E a r t h enrichment, 

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

are a p p a r e n t l y preserved d u r i n g t h e e v o l u t i o n o f the m e l t s towards 

i n c r e a s i n g s i l i c a - s a t u r a t i o n . 



CHAPTER 9 
THE PETROGRAPHY AND MINERALOGY OF THE GRENADA ROCK SUITE 

9:1 I n t r o d u c t i o n 

The petrography and mineralogy o f the Grenada v o l c a n i c 

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

a l k a l i n e s u i t e s i n the Lesser A n t i l l e s i s l a n d arc (L e w i s , 1964; 

Baker, 1968; Rea, 1970). Some unusual f e a t u r e s a re a l s o observed 

however, m a i n l y due t o the presence o f s i l i c a - u n d e r s a t u r a t e d , 

a l k a l i b a s a l t compositions. The f o l l o w i n g d i s c u s s i o n c o n c e n t r a t e s 

i n i t i a l l y on these p i c r i t e s and b a s a l t s . Subsequently the a n d e s i t e s 

d a c i t e s and cumulus p l u t o n i c b l o c k s are de s c r i b e d w i t h a summary o f 

the i m p o r t a n t p e t r o g r a p h i c and raineralogic f e a t u r e s o f t h e e n t i r e 

Grenada s u i t e . 

9:2 The P i c r i t e s and B a s a l t s 

The p i c r i t e s and b a s a l t s are dominantly composed o f o l i v i n e , 

c l i n o p y r o x e n e , s p i n e l and p l a g i o c l a s e f e l d s p a r . I n some b a s a l t s , 

amphibole i s observed u s u a l l y p o i k i l i t i c a l l y e n c l o s i n g t h e o t h e r 

ferromagnesian m i n e r a l s and f e l d s p a r s . Textures vary from m i c r o -

p h y r i c t o c o a r s e l y p o r p h y r i t i c w i t h phenocrysts up t o 5-10 mm i n 

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

The l a r g e r phenocrysts a r e u s u a l l y p l a g i o c l a s e f e l d s p a r and c l i n o ­

pyroxene. The s t r i k i n g appearance o f the c l i n o p y r o x e n e - p h y r i c 

b a s a l t s i s one o f t h e most c h a r a c t e r i s t i c f e a t u r e s o f Grenada 

geology. The p i c r i t e and b a s a l t compositions a r e present as 

massive and d i s i n t e g r a t e d f l o w s , and as i s o l a t e d b l o c k s i n the 

reworked m a t e r i a l . M i c r o p h y r i c t e x t u r e s a re u s u a l l y found i n 

the h i g h l y v e s i c u l a r s c o r i a and ash a s s o c i a t e d w i t h seme o f t h e 
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r e c e n t e x p l o s i o n c r a t e r s . 

The c ^ a d a t i o n a l n a t u r e o f the c o m p o s i t i o n a l v a r i a t i o n o f 

these p i c r i t e s and b a s a l t s i s r e f l e c t e d t o some e x t e n t i n t h e 

petrography and mineralogy. C o n t r a s t e d degrees o f i n c o m p a t i b l e 

t r a c e element enrichment are found i n samples o f s i m i l a r p e t r o -

graphic appearance, but i n g e n e r a l , the c o a r s e l y p o r p h y r i t i c 

compositions are a s s o c i a t e d w i t h higher abundances o f these 

elements. 

An example o f a m i c r o p h y r i c p i c r i t e i s shown i n P l a t e 33 . 

This rock i s dominated by abundant modal o l i v i n e ( 2 5 % ) , present 

as microphenocrysts up t o 0.5 mm i n l e n g t h . C a l c i c a u g i t e , 

chrome s p i n e l and magnetite are a l s o present as microphenocrysts 

i n t h i s p i c r i t e 483. Some o l i v i n e s p o i k i l i t i c a l l y enclose o x i d e 

m i n e r a l s ( P l a t e 33b). The groundmass i s composed o f m i c r o l i t e s 

of o l i v i n e , c l i n o p y r o x e n e , p l a g i o c l a s e and granules o f chrome 

s p i n e l and magnetite. Nepheline has been d i s c o v e r e d i n t h e 

groundmass o f t h i s p a r t i c u l a r p i c r i t e by a reconnaissance s t u d y w i t h 

the e l e c t r o n raicroprobe (see Appendix I I f o r method). The b u l k 

c o m p o s i t i o n o f the r o c k , e s t i m a t e d mode and s e l e c t e d analyses o f 

the c o n s t i t u e n t m i n e r a l s are presented i n Table H . The o l i v i n e s 

are zoned from Fo o r. t o Fo_,_ s i m i l a r t o o l i v i n e s i n u l t r a b a s i c 

l avas from o t h e r v o l c a n i c p r o v i n c e s ( c f . Brown, 1968; A r c u l u s 

and Curran, 1972). 

However, t h e c o m p o s i t i o n a l v a r i a t i o n o f the c l i n o p y r o x e n e s 

are an unusual f e a t u r e o f the Grenada p i c r i t e s and b a s a l t s , and 

th e microphenocrysts o f p i c r i t e 483 are an extreme example o f 



P l a t e 33 

A) Photomicrograph o f p i e r i t e 48 3, a loose b l o c k i n the 
upper Concord V a l l e y . Microphenocrysts o f o l i v i n e and 
pyroxene are v i s i b l e i n a dark m i c r o c r y s t a l l i n e t o 
gl a s s y groundglass. 

(Crossed p o l a r s m a g n i f i c a t i o n x5) 

Bj) pke>V-o™,crocj '"o 0-l>v/nc m\Crv f k e K&C ry$l~ cortHa"»«'Ag ckrt>/v>c 

sp t r ie l c r j s h & l s /« p i c r i c : 

£ £ e j - l e c ^ d f'J^I- nA^jf^'Ji Cohort ^ o ) 
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TABLE 11 

Major and t r a c e element a n a l y s i s 
and e s t i m a t e d modal mineralogy 

of p i c r i t e 483 

Sample No. 483 
SiO 44.70 
A l O 14.76 2 3 
F e ^ 10.36 
MgO 11.81 
CaO 11.99 
Na 0 3.40 2 
K 0 1.27 2 
TiO 1.16 2 
MnO 0.24 
S 0.00 
p

2 ° 5 0.32 

Ba 640 
Nb 25 
Zr 176 
Y 20 
Sr 973 
Rb 40 
Zn 81 
Cu 128 
N i 292 
Ce 46 

Estimated mode % 
O l i v i n e 25 
Clinopy r o x e n e 10 
S p i n e l 2 
Groundmas (63) m i c r o l i t e s of 
o l i v i n e , c l i n o p y r o x e n e , p l a g i o -
c l a s e , s p i n e l i n a dark glassy 
m a t r i x . 



TABLE 11 ( c o n t i n u e d ) 

P a r t i a l analyses o f microphenocryst m i n e r a l s i n p i c r i t e 483 
cpx=clinopyroxene o l = o l i v i n e sp=chrome s p i n e l 

s u b s c r i p t c=core s u b s c r i p t r = r i m 

c p x c cpx 
r 

cpx 
c 

cpx 
r 

o l 
c 

o l 
r 

sp 

SiO 
2 

49.03 42.05 51. 73 42.77 40.89 40.57 SiO 
2 

0. 31 
TiO 

2 
0.95 3. 18 0.49 2. 56 - - TiO 

2 
3.86 

A l O 
2 3 

4.49 12. 25 2.43 10.74 - - A l O 
2 3 

14.91 
FeO 5.5 3 9.83 5.49 8. 38 10.50 13. 21 V 0 2 5 0. 36 
MgO 14.80 9.55 16.43 11.01 47.68 45. 16 Cr 0 o 2 3 31.56 
CaO 23.67 23. 37 22.65 23. 38 0. 21 0. 30 FeO 29. 48 
Na2Q 0.29 0.44 0. 34 0.42 - MnO 0. 01 

MgO 14.62 
T o t a l 100.76 100.67 99.56 99.26 99. 28 99. 24 CaO 0. 27 

T o t a l 97. 39 

Atomic p r o p o r t i o n s on the b a s i s o f 4 ( o l i v i n e ) 
and 6 (pyroxene) oxygens 

S i 1.841 1.592 1.913 1.631 1.010 1. 015 
T i 0. 027 0.091 0.014 0.073 -
A l 0.199 0.547 0.106 0.483 -

Fe 0.174 0. 311 0.170 0.267 0. 217 0. 276 
Mg 0.828 0.539 0.906 0.626 1.756 1 . 684 
Cu 0.952 0.948 0.898 0.956 0.006 0. 008 
Na 0.021 0.032 0.024 0.031 
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t h i s v a r i a t i o n . The c l i n o p y r o x e n e microphenocrysts are 

c h a r a c t e r i s e d i n many cases by p a l e green cores i r r e g u l a r l y 

surrounded by a dark green mantle. The cores sometimes appear 

corroded or d i s c o n t i n u o u s but t h e r e i s u s u a l l y a sharp boundary 

between core and mantle w i t h no obvious s i g n o f r e a c t i o n . There 

i s a remarkable v a r i a t i o n between t h e composition o f the d i f f e r e n t l y 

c o l o u r e d p o r t i o n s o f t h e c r y s t a l s . I n the analyses presented i n 

Table H the range of A l O i s from 2.5 t o 12.25 w t . % and TiO 

ranges from 0.5 t o 3.2 wt.%. V a r i a t i o n i n A l and T i i n c l i n o -

pyroxenes i n r e l a t i o n t o s e c t o r and o s c i l l a t o r y zoning has been 

examined i n s e v e r a l r e c e n t s t u d i e s (eg. Hargraves et a l . , 1970; 

Thompson, 1972; Wass, 1973). These types o f zoning are not 

prominent i n the microphenocrysts of the p i c r i t e 483 but t h e 

v a r i a t i o n i n T i and A l between d i f f e r e n t l y c o l o u r e d p o r t i o n s of 

the c r y s t a l s i s s i m i l a r i n some respe c t s t o the v a r i a t i o n observed 

i n s e c t o r and o s c i l l a t o r y zoning. 

The dark green mantles are e n r i c h e d i n T i and A l r e l a t i v e 

t o the pale green cores. The sector-zoned t i t a n a u g i t e s d e s c r i b e d 

by Wass (1973) c o n t a i n both an o v e r a l l h i g h e r c o n c e n t r a t i o n and 

g r e a t e r v a r i a t i o n o f T i between s e c t o r s , but the v a r i a t i o n o f A l 

i n the Grenada c l i n o p y r o x e n e s i s a p p a r e n t l y more e x t e n s i v e than 

i n any type o f zoning p r e v i o u s l y r e p o r t e d . A l can e x i s t i n b o t h 

t e t r a h e d r a l and o c t a h e d r a l s i t e s o f the pyroxene s t r u c t u r e and 

i s p r o b ably i n v o l v e d i n s e v e r a l coupled s u b s t i t u t i o n s , w i t h Na, 
3+ 

T i and Fe f o r example ( K u s h i r o , 1962). The v a r i a t i o n i n 

compo s i t i o n o f the cli n o p y r o x e n e s i n r e l a t i o n t o changing p h y s i c a l 

and chemical c o n d i t i o n s of t h e host magma i s discussed l a t e r . 
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I t i s u s e f u l however, t o demonstrate g r a p h i c a l l y t h e v a r i a t i o n 

o f A l w i t h S i and T i i n t h e cli n o p y r o x e n e s under d i s c u s s i o n i n 

F i g . 33 . Kushiro e t a l . (1970) d e s c r i b e d a l i n e a r v a r i a t i o n o f 

T i w i t h A l i n lu n a r clinopyroxenes o f 0.5 and Ross e t a l . (1970) 

e x p l a i n e d t h i s v a r i a t i o n i n terms o f a simple coupled s u b s t i t u t i o n : 

2+ «. 4+ 
+ 2Si ^=5 T i + 2A1 

I n the case of the cl i n o p y r o x e n e s o f p i c r i t e 483, t h e v a r i a t i o n 

o f T i w i t h A l i s appr o x i m a t e l y T i / A l = 0.17 and the sum o f A l + S i 

c a t i o n s on the ba s i s o f 6 oxygens i s not equal t o 2.0. This 

suggests a more complex s u b s t i t u t i o n than i s i n d i c a t e d by t h e 

formula above i s present (see p.229 ) . 

The p a l e green core and dark green mantle r e l a t i o n s h i p i s 

observed i n cl i n o p y r o x e n e s o f other p i c r i t e s , a l k a l i and t r a n s ­

i t i o n a l b a s a l t s but the v a r i a t i o n i n comp o s i t i o n i s never as extreme 

as i n the p i c r i t e 483. 

There i s a complete g r a d a t i o n between compositions dominated 

by abundant modal o l i v i n e and a l k a l i and t r a n s i t i o n a l b a s a l t s o f 

c o a r s e l y p o r p h y r i t i c appearance. I n the p r o j e c t i o n s o f no r m a t i v e 

m i n e r a l o g y o f the p i c r i t e s and b a s a l t s ( F i g . 21, Chapter 7) t h e 

hig h e r c o n t e n t s o f normative d i o p s i d e and a l b i t e were g e n e r a l l y 

a s s o c i a t e d w i t h a g r e a t e r degree of i n c o m p a t i b l e t r a c e element 

enrichment. The modal composition o f many o f these t r a c e - e l e m e n t -

e n r i c h e d b a s a l t s i s s i m i l a r t o the p r e d i c t e d normative m i n e r a l o g y 

b e i n g dominated by l a r g e ( < 5 mm) phenocrysts of c l i n o p y r o x e n e 

and p l a g i o c l a s e f e l d s p a r . However , t h e r e a r e many p e t r o g r a p h i c 

and m i n e r a l o g i c a l s i m i l a r i t i e s between p i c r i t e s and b a s a l t s w i t h 



q . 3 3a 

A i / S i r e l a t i o n s h i p s i n p i c r i t e c l i n o p y r o x e n e micro­
phenocrysts. Each symbol r e p r e s e n t s an i n d i v i d u a l 
c r y s t a l . 
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q. 33b. 

A l / T i r e l a t i o n s h i p s i n p i c r i t e c l i n o p y r o x e n e micro-
p h e n o c r y s t s . Each symbol r e p r e s e n t s an i n d i v i d u a l 
c r y s t a l . 



163 

(0 = 6) 



P l a t e 34 

P h o t o m i c r o g r a p h o f t r a n s i t i o n a l b a s a l t s 375 and 468. 
M i c r o p h e n o c r y s t s o f o l i v i n e and c l i n o p y r o x e n e a r e 
p r e s e n t ; i n b a s a l t 468 g l o m e r o p o r p h y r i t i c c l u s t e r s 
o f o l i v i n e m i c r o p h e n o c r y s t s a r e a l s o v i s i b l e . 

( C r o s s e d p o l a r s m i g n i f i c a t i o n x 5 ) 
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TABLE 12 

Major and t r a c e element a n a l y s e s of 
t r a n s i t i o n a l b a s a l t s 375 and 468 w i t h 
e s t i m a t e d modal mineralogy. 

Sample 
No. 375 468 

SiO 46.57 46.20 
2 

A l 0 17.11 17.71 
2 3 

F e O 9.80 9.22 
2 3 

MgO 11.44 13.15 
CaO 11.44 10.17 
N a O 1.99 2.01 
K O 0.43 0.44 
2 

TiO 0.89 0.77 
2 

MnO 0.21 0.20 
S 0.00 0.00 
P 0 0.13 0.14 
2 5 Ba 109 143 

Nb 9 8 
Zr 63 64 
Y 16 16 
Sr 380 354 
Rb 12 13 
Zn 70 72 
Cu 99 91 
Ni 306 543 
Ce 14 12 

E s t i m a t e d mode % 
O l i v i n e 25 25 
C l i n o p y r o x e n e 15 15 
P l a g i o c l a s e 5 5 
M agnetite 2 2 
Groundmass 50 50 

Groundmass of both b a s a l t s composed of g l a s s w i t h dominant 
p l a g i o c l a s e m i c r o l i t e s , c l i n o p y r o x e n e , o l i v i n e and oxi d e 
g r a n u l e s . 
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TABLE 13 

P a r t i a l a n a l y s e s of o l i v i n e , c l i n o p y r o x e n e 
and a magnetite phenocryst i n t r a n s i t i o n a l b a s a l t s 375 

and 468 
+=375 x=468 

o l ^ o l i v i n e cpx=clinopyroxene mag=magnetite 
+ + + x X o l o l cpx cpx o l o l mag 

SiO 
2 

40.54 39.47 48.77 51.75 41 .68 40. 30 0.06 
TiO 

2 
- - 1.37 0.60 - - 10. 84 

A l O 
2 3 

- - 5.75 3.92 - - 4.03 
FeO 20.74 18.93 8.45 5.10 10. 56 16.67 78. 25 
MgO 36.94 40,91 13.62 14.95 47. 73 42.00 0.75 
CaO 0. 34 0. 27 21.95 22. 68 0.04 0.07 0.42 
Na 20 - - 0.65 0.45 0.03 

T o t a l 99.11 99.58 100.56 99.45 100.01 99. 04 94. 38 

S i 1.051 1.012 1.814 1.909 1.020 1.025 
T i - - 0.038 0. 017 - -
A l - - 0. 252 0.170 - -
Fe 0.450 0.406 0. 263 0.157 0. 216 0. 355 
Mg 1.427 1.563 0.755 0. 822 1. 741 1.592 
Ca 0. 009 0.007 0.875 0.897 O.OOl 0. 002 
Na - - 0.047 0.032 - -

Ca 46. 22 47.81 
Mg 75. 55 74.38 Mg 39.88 43.82 Mg 88.95 81.78 
Fe 24.45 20.62 Fe 13.89 8. 37 Fe 11.05 18. 22 

76.0 
100 Mg/Mg+Fe r a t i o s 

79.4 74.8 84.0 89.0 81.8 



P l a t e 35 

Photomicrograph of t r a n s i t i o n a l b a s a l t 454. Prominent 
o s c i l l a t o r y and s e c t o r - z o n e d c a l c i c a u g i t e p h e n o c r y s t s , 
o s c i l l a t o r y zoned p l a g i o c l a s e f e l d s p a r and a few o l i v i n e 
p h e n o c r y s t s . ( C r o s s e d p o l a r s m a g n i f i c a t i o n x 5 ) . 
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TABLE 14 
Major and t r a c e element a n a l y s i s of 
t r a n s i t i o n a l b a s a l t 454 to g e t h e r w i t h 
e s t i m a t e d modal mineralogy. 

454 

48. 28 
16. 38 
10. 32 
7. 27 

13.56 
2. 21 
0.69 
0.91 
0. 22 
0. 00 
0. 16 

Ba 208 
Nb 5 
Zr 69 
Y 17 
Sr 1161 
Rb 8 
Zn 62 
Cu 208 
Ni 58 
Ce 16 

E s t i m a t e d mode % 
O l i v i n e 5 
C l i n o p y r o x e n e 20 
P l a g i o c l a s e 40 
Magnetite 5 
Groundmass ( 30) 

Sample 
No. 
SiO 

2 
A l O 

2 3 
Fe O 

2 3 
MgO 
CaO 
Na O 

2 
K O 
2 

TiO 
2 

MnO 
S 
P C) 2 5 

Groundmass c o a r s e l y c r y s t a l l i n e w i t h p l a g i o c l a s e , 
c l i n o p y r o x e n e , minor o l i v i n e and magnetite i n a 
s m a l l amount of brown g l a s s . 
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d i f f e r e n t t r a c e element abundances. 

The appearance of m i c r o p h y r i c t r a n s i t i o n a l b a s a l t s 375 and 

468 i s shown i n P l a t e 35 . The major and t r a c e element c o m p o s i t i o n s 

and e s t i m a t e d modes of t h e s e b a s a l t s a r e g i v e n i n T a b l e 12 . I n 

comparison w i t h p i c r i t e 483, i t can be seen t h a t these b a s a l t s 

a r e c o n s i d e r a b l y l e s s e n r i c h e d i n the i n c o m p a t i b l e t r a c e elements. 

N e v e r t h e l e s s , t h e mineralogy i s very s i m i l a r t o the p i c r i t e 

e x c e p t i n g t h a t groundmass n e p h e l i n e has not been d i s c o v e r e d . The 

composition o f o l i v i n e , c l i n o p y r o x e n e and magnetite i n t h e s e 

b a s a l t s i s p r e s e n t e d i n T a b l e 1 3 . Chrome s p i n e l i s a l s o p r e s e n t 

but was not a n a l y s e d i n t h i s i n s t a n c e . The range of zoning i n 

the o l i v i n e s i s from Fo to Fo^_ which i n c l u d e s the range o f 
89 75 * 

zoning p r e s e n t i n the o l i v i n e s of the p i c r i t e . The c l i n o p y r o x e n e 

m i c r o p h e n o c r y s t s c o n t a i n p a l e green c o r e s surrounded by o s c i l l a t o r y 

and s e c t o r - z o n e d darker green mantles. The groundmass i s composed 

of m i c r o l i t e s of the same ferromagnesian m i n e r a l s , p l a g i o c l a s e 

f e l d s p a r l a t h s and brown g l a s s . 

Thus the petrography and mineralogy o f the m i c r o p h y r i c 

b a s a l t s and p i c r i t e s , d e s p i t e major d i f f e r e n c e s i n t r a c e element 

compositions a r e very s i m i l a r i n many i n s t a n c e s . 

The appearance of a p o r p h y r i t i c b a s a l t i s shown i n P l a t e 35 . 

The composition o f t h i s t r a n s i t i o n a l b a s a l t 454 and e s t i m a t e d mode 

i s g i v e n i n T a b l e 14 . S e c t o r and o s c i l l a t o r y zoned c l i n o p y r o x e n e , 

o s c i l l a t o r y zoned p l a g i o c l a s e f e l d s p a r and o l i v i n e i ^ ° 7 g j^) a r e 

the prominent phenocryst m i n e r a l s up t o 2-3 mm i n l e n g t h . M a g n e t i t e 

w i t h e x s o l v e d i l m e n i t e i s a l s o p r e s e n t sometimes p o i k i l i t i c a l l y 

e n c l o s e d by o l i v i n e and c l i n o p y r o x e n e . The groundmass i s composed 
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TABLE 15 

A n a l y s e s of phenocryst m i n e r a l s i n t r a n s i t i o n a l b a s a l t 454 

o l = o l i v i n e cpx=clinopyroxene mag=magnetite 

o l o l cpx cpx mag 
SiO 

2 
39.08 40.01 48.54 47.13 0.46 

TiO 
2 

0.04 0.04 0.93 1. 35 11. 84 
A l 0 

2 3 
0. 02 0.17 4.03 6.88 0.02 

FeO 18.50 23.42 8.10 9. 21 76. 26 
MnO 0.47 0.40 0. 74 0. 24 0.70 
MgO 41.16 35.32 12. 88 12.04 4. 39 
CaO 0.03 0.03 21.92 21 .95 0.06 
K O 
2 

- - 0. 01 0.01 -
N a O 

2 
0.02 0.02 1.73 0. 36 0.02 

C r 0 2 3 - - 0.06 0.03 -

T o t a l 99. 33 99.48 98.94 99.20 93.75 

Atomic p r o p o r t i o n s on the b a s i s o f 
4 ( o l i v i n e ) and 6 (pyroxene) oxygens 

S i 1.005 1.045 1.849 1.787 
T i 0.001 0.001 0.027 0.038 
A l 0.001 0.005 0. 181 0. 308 
Fe 0. 398 0. 512 0. 258 0. 292 
Mn 0.010 0.009 0.024 0.008 
Mg 1.577 1.375 0.731 0.680 
Ca 0.001 0.001 0. 895 0.892 
K - - 0.000 0.000 
Na 0.001 0.001 0. 128 0.026 
C r - - 0.002 0.001 

End-member compositions 
Ca - - 46.90 47.64 
Mg 79.44 72. 54 38. 32 36. 34 
Fe 20.56 27.46 14.78 16.01 

100 Mg/Mg+Fe r a t i o s 
79.9 72.9 73.8 70.0 
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of m i c r o l i t e s of the phenocryst m i n e r a l s but i s r e l a t i v e l y c o a r s e 

( m i c r o l i t e s 0.1 - 0.3 mm i n l e n g t h ) w i t h only a s m a l l amount of 

i n t e r s t i t i a l g l a s s . A s u r p r i s i n g f e a t u r e of t h e s e p o r p h y r i t i c 

b a s a l t s i s t h a t d e s p i t e t h e c o a r s e - g r a i n e d n a t u r e of the ground-

mass and the p a u c i t y o f i n t e r s t i t i a l g l a s s , t h e r e i s v e r y l i t t l e 

f r a c t u r i n g of the phenocryst or groundmass m i c r o p h e n o c r y s t s 

v i s i b l e . I t i s apparent t h a t d u r i n g flow emplacement of the 

l a v a s , s u f f i c i e n t melt was p r e s e n t t o prevent any damage t o the 

c r y s t a l s . 

The range of m i n e r a l c o m p o s i t i o n s i n t r a n s i t i o n a l b a s a l t 454 

a r e g i v e n i n Table 15 . The Mg/Mg+Fe r a t i o s of the f e r r o m a g n e s i a n 

m i n e r a l s a r e s i m i l a r to the m i c r o p h y r i c b a s a l t s d e s c r i b e d p r e v i o u s l y . 

I n g e n e r a l t h e r e a r e no d e t e c t a b l e gaps i n ranges o f m i n e r a l com­

p o s i t i o n i n t h e Grenada p i c r i t e s and b a s a l t s . The examples t h a t 

have been d e s c r i b e d here have been s e l e c t e d i n order t o i l l u s t r a t e 

some of the range i n p e t r o g r a p h i c appearance and modal abundance 

o f p h e n o c r y s t m i n e r a l s . The g r a d a t i o n a l n a t u r e of the p e t r o l o g y 

and m i n e ralogy i s s t r e s s e d s i n c e i t i s r e l e v a n t to the p e t r o g e n e s i s 

of the Grenada c a l c - a l k a l i n e s u i t e t h a t a r i g i d s e p a r a t i o n o f t h e 

b a s i c magmas on the b a s i s of c h e m i c a l and p e t r o g r a p h i c c r i t e r i a 

i s not p o s s i b l e . 

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

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

the p i c r i t e s and b a s a l t s a r e d e s c r i b e d f i r s t . 

9:2:1 I n c l u s i o n s i n the B a s a l t s 

D u n i t i c ' i n c l u s i o n s 9 a r e common i n many of the b a s a l t s . For 



P l a t e 36 

S t r a i n e d f o r s t e r i t i c o l i v i n e p h e n o c r y s t i n t r a n s i t i o n a l 
b a s a l t 468. ( C r o s s e d p o l a r s m a g n i f i c a t i o n x 5 ) . 
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P l a t e 37 

Q u a r t z x e n o c r y s t i n a l k a l i b a s a l t 33. X e n o c r y s t , 3mm 
i n l e n g t h , i s s u r r o u n d e d by c l i n o p y r o x e n e m i c r o l i t e s 
( C r o s s e d p o l a r s m i g n i f i c a t i o n x l O ) . 
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example i n the t r a n s i t i o n a l b a s a l t 468 described above, an 

elongate c l u s t e r of o l i v i n e microphenocrysts 1 cm i n length 

i s present. The o l i v i n e s are zoned from the core to the margin 

of the i n c l u s i o n ( F o ^ 0 1 ) which i s s i m i l a r to the range of zoning 

i n separate microphenocrysts i n the groundmass. Chrome s p i n e l and 

magnetite are the only other minerals present in the i n c l u s i o n . 

I n t h i s example, the c l u s t e r of o l i v i n e s i s apparently of glomero-

p o r p h y r i t i c o r i g i n representing cognate accumulation of the 

c r y s t a l s . Sometimes elongate o l i v i n e s show signs of p l a s t i c 

deformation r e f l e c t i n g d i s t o r t i o n a f t e r c r y s t a l l i s a t i o n . In 

addition, some o l i v i n e s show s t r a i n e d e x t i n c t i o n features pro­

bably due to the same cause ( P l a t e 36 )• 

Glomeroporphyritic c l u s t e r s of clinopyroxene, o l i v i n e and 

plag i o c l a s e feldspar are frequently present i n the coarsely 

p o r p h y r i t i c b a s a l t s . The compositions of the minerals w i t h i n 

these c l u s t e r s are s i m i l a r to the separate phenocrysts i n the 

groundmass of the b a s a l t s and so probably represent cognate 

i n c l u s i o n s . No i d e n t i f i a b l e u l t r a b a s i c xenoliths of p o s s i b l e 

Upper Mantle o r i g i n have been discovered. 

9:2:2 Quartz xenocrysts 

Quartz xenocrysts have been reported from many b a s a l t i c 

andesites and b a s a l t s (eg. N i c h o l l s et a l . . 1971). A few of the 

Grenada b a s a l t s contain xenocrysts of quartz up to 2-3 mm i n 

diameter surrounded by a corona of minute clinopyroxene l a t h s . 

P l a t e 3 7 shows the appearance of one of these xenocrysts i n 

a l k a l i b a s a l t 33. The quartz c r y s t a l s appear to contain minute 
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TABLE 16 

Analyses of s e l e c t e d quartz-bearing, a l k a l i and 
t r a n s i t i o n a l b a s a l t s . i l l u s t r a t i n g range of tr a c e 
eleniort abundances. 

i l l u s t r a t i n g 

Sample -* +- +-
Sample 33 82 139 311 
No. 

82 

SiO 
2 

47. 34 46.95 47.46 51.79 
A l O 

2 3 
16.66 17. 38 14.97 18. 33 

Fe C) 9. 28 10.44 10. 31 7.90 
2 3 

10.44 10. 31 
MgO 10.17 11.62 9.90 6.84 
CaO 10.79 9.63 13.00 10. 20 
Na 0 

2 
3.10 2. 37 2. 57 3.03 

K 0 
2 

1.19 0.39 0.50 0.82 
TiO 

2 
1.01 0.89 0.88 0.79 

MnO 0.21 0.21 0. 23 0.18 
S 0.00 0.00 0.00 0.00 
P o 
2 5 

0. 25 0.11 0.16 0.11 

Ba 509 120 143 198 
Nb 19 8 6 11 
Zr 138 52 72 80 
Y 16 13 21 16 
Sr 786 300 449 371 
Rb 38 12 13 31 
Zn 76 81 68 65 
Cu 86 60 106 64 
Ni 263 565 318 146 
Ce 48 11 14 20 

4-



needles of r u t i l e or a p a t i t e . The lack of c o - e x i s t i n g i r o n -

titaniura oxides i n the b a s a l t s makes an estimate of f r t and T 
u 2 

a f t e r the method of Buddington and L i n d s l e y (1964) d i f f i c u l t . 

Assuming the liq u i d u s temperatures determined by Cawthorne et a l . 

(1973) at 5 kb (P„ _ = P x ) to represent the approximate 
H O tot 

temperature (1100°C) of Grenada b a s a l t c r y s t a l l i s a t i o n then by 

analogy with the r e s u l t s of N i c h o l l s et a l . (1971), i t i s poss­

i b l e that quartz was stable i n the b a s a l t compositions at 

pressures of approximately 25 kb or more. I n t h i s sense perhaps 

the quartz c r y s t a l s should not be regarded as xenocrysts but 

they are demonstrably unstable at the pressures and temperatures 

p r e v a i l i n g during the eruption of the b a s a l t s . I t i s a notable 

feature that quartz xenocrysts are present w i t h i n b a s a l t com­

posi t i o n s of d i f f e r i n g degrees of incompatible t r a c e element 

enrichment. The major and t r a c e element compositions of s e l e c t e d 

b a s a l t s containing xenocrysts are presented i n Table 16 . 

9:2:3 O l i v i n e a l t e r a t i o n 

A c h a r a c t e r i s t i c of many of the o l i v i n e phenocrysts w i t h i n 

t r a n s i t i o n a l b a s a l t s i n p a r t i c u l a r , i s extensive 1 i d d i n g s i t i s a t i o n 1 

I n some cases, a t h i n marginal rim of brown oxidation product i s 

present around the c r y s t a l s , but on occasions the i n t e n s i t y of 

a l t e r a t i o n i s such that only r e l i c t brown phenocrysts remain. 

I n the samples examined i n r e f l e c t e d l i g h t the c o e x i s t i n g oxide 

minerals frequently display coarse exsolution textures and the 

a l t e r a t i o n of the o l i v i n e s may r e f l e c t sub-solidus oxidation. 

However, the o l i v i n e s are a l s o i d d i n g s i t i s e d i n some of the 

pluto n i c blocks where the oxide mineral i s a f r e s h magnetite. 



Plate 38 

Photomicrograph of a l k a l i b a s a l t s c o r i a , Kick-em-Jenny 
Volcano. 
Note pargasite phenocryst p o i k i l i t i c a l l y enclosing 
o l i v i n e , clinopyroxene, p l a g i o c l a s e and s p i n e l . 
(Crossed polars magnification x5). 
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I n one b a s a l t a zone of brown a l t e r a t i o n product has been observed 

surrounding an unaltered o l i v i n e core and i s i t s e l f mantled by 

f r e s h o l i v i n e . I t appears that the a l t e r a t i o n of o l i v i n e r e f l e c t s 

the changing p h y s i c a l and chemical environment of c r y s t a l l i s a t i o n 

but the p r e c i s e r e l a t i o n s h i p remains obscure. S e r p e n t i n i s a t i o n of 

o l i v i n e phenocrysts has a l s o been observed, again i n d i c a t i v e of 

subsolidus a l t e r a t i o n . 

9:2:4 Amphibole phenocrysts i n the B a s a l t s 

I n a few of the Grenada b a s a l t s amphibole phenocrysts up to 

6 mm i n length are present. Cawthorn et al.(1973) have proposed 

that f r a c t i o n a l c r y s t a l l i s a t i o n of s i l i c a - u n d e r s a t u r a t e d amphibole 

i s the main chemical c o n t r o l generating the trend towards i n c r e a s i n g 

s i l i c a - s a t u r a t i o n i n the Grenada c a l c - a l k a l i n e s u i t e . I n addition, 

a r e a c t i o n r e l a t i o n s h i p was predicted i n the f r a c t i o n a l c r y s t a l l ­

i s a t i o n s i t u a t i o n between amphibole and the previously c r y s t a l l i s i n g 

o l i v i n e and clinopyroxene. The supression of the appearance of 

p l a g i o c l a s e on the l i q u i d u s at 5 kb ( P
H Q = p

t o t ) w a s i n t e r p r e t e d 
2 ° 

as meaning t h i s mineral phase i s not involved i n the evolution 

from s i l i c a - u n d e r s a t u r a t e d to oversaturated compositions. 

I n Chapter 7 the evidence for the lack of any amphibole control 

i n the generation of the d i v e r s i t y of p i c r i t i c and b a s a l t i c com­

posi t i o n s was presented. The petrographic and m i n e r a l o g i c a l 

r e l a t i o n s h i p s of n a t u r a l l y occurring amphiboles i n the Grenada 

b a s a l t s are examined at t h i s stage. This evidence i n combination 

with the geochemical v a r i a t i o n from b a s a l t to andesite and d a c i t e 

i s used to r e v i s e the petrogenetic model proposed by Cawthorn 

et a l . (1973) 



TABLE 17 

Major and trac e element a n a l y s i s of Kick-
em-Jenny a l k a l i b a s a l t (KJ017) together 
with estimated modal mineralogy. 

Sample No. KJ017 
SiC) 45.93 

2 
Al O 16.88 2 3 
F q

2 ° 3 10.05 

MgO 11.18 
CaO 12.24 
Na 0 1.83 2 
K O 0.55 
2 

TiO 1.06 
2 

MnO 0.17 P 0.11 2 5 

Ba 
Nb 
Zr 
Y 
Sr 
Rb 
Zn 
Cu 
Ni 
Ce 

117 
5 

62 
19 

300 
19 
72 
88 

235 
5 

Estimated mode % 
O l i v i n e 15 
Clinopyroxene 10 
Plagiocla s e 10 
Amphibole 5 
Oxides 2 

Groundmass (60) pre 
dominantly grey g l a 
with m i c r o l i t e s of 
pl a g i o c l a s e c l i n o ­
pyroxene and oxide 
granules. 
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Plate 38 i s a photomicrograph of a b a s a l t fragment dredged 

from the submarine volcano Kick-em-Jenny (see Chapter 6 ) . The 

rock i s composed of fresh euhedral o l i v i n e , clinopyroxene, 

plagioclase feldspar, chrome s p i n e l , t i t a n i f e r o u s magnetite and 

pargasite. The groundraass i s composed of brown glass together 

with m i c r o l i t e s of a l l the phenocryst minerals apart from 

amphibole and obvious chrome s p i n e l . The bulk composition of 

t h i s b a s a l t , trace element abundances and estimated mode are 

given i n Table 17 . Selected analyses of the constituent 

minerals are given i n Table 18 . The Kick-em-Jenny a l k a l i 

b a s a l t examined here may be c l a s s e d as comparatively depleted 

i n incompatible tra c e elements i n the Grenada s u i t e of p i c r i t i c 

and b a s a l t i c compositions. 

The important feature of t h i s b a s a l t i s the presence of 

pargasite p o i k i l i t i c a l l y enclosing o l i v i n e , clinopyroxene, 

p l a g i o c l a s e feldspar and s p i n e l . The composition of these 

enclosed minerals i s s i m i l a r to the phenocrysts not enclosed 

by amphibole (see Table 18 ). I t i s apparent from the petrographic 

evidence that amphibole was the l a s t major phase to c r y s t a l l i s e 

i n t h i s composition. However, the rims of the op h i t i c amphiboles 

i n contact with the groundmass of the ba s a l t are apparently 

breaking down to form a dusty oxide margin. I t seems that the 

physi c a l and chemical conditions within the magma changed to a 

point where the previously c r y s t a l l i s e d amphibole was no longer 

s t a b l e . 

The large o p h i t i c pargasite i n Plat e 38 i s zoned i n Fe, Mg, 

T i , Na and S i . I n general there i s an increase i n S i , Fe/Mg r a t i o 
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and decrease i n T i and Na from core to rim (see Table 18 ). Some 

of the microphenocryst clinopyroxenes exhi b i t pale green cores 

surrounded by a darker green mantle. Analyses of the two zones 

show a higher content of T i and Al i n the darker green mantle 

r e l a t i v e to the core (Columns 9,10, Table 18 ). In addition 

some of the larger clinopyroxene phenocrysts display sector and 

o s c i l l a t o r y zoning surrounding a pale green core. The o l i v i n e s 

are zoned from Fo to Fo„ and pl a q i o c l a s e feldspar zoned from 
90 72 

A n 9 0 t 0 A n 8 5 -

The marginal amphibole breakdown i n the Kick-em-Jenny b a s a l t 

i s a l s o seen i n amphibole phenocrysts i n other bas a l t compositions, 

andesites and da c i t e s . A common occurrence i s a euhedral i n t e r -

growth of plagioclase feldspar, clinopyroxene and magnetite w i t h i n 

the r e l i c t o u t l i n e of an amphibole c r y s t a l . Similar breakdown of 

amphibole has been observed i n c a l c - a l k a l i n e s u i t e s of other 

i s l a n d s i n the Lesser A n t i l l e s (eg. Rea, 1970), and appears to 

be a ubiquitous feature of many of the amphibole phenocrysts. 

Various stages of breakdown may be observed from thin marginal 

o p a c i t i s e d rims, as i n the Kick-em-Jenny b a s a l t , to complete 

a l t e r a t i o n . The breakdown appears to be s i m i l a r to the dehyd­

ra t i o n r e a c t i o n , suggested as a possible cause of i n s t a b i l i t y of 

amphibole in c a l c - a l k a l i n e melts by Eggler (1972). 

An a n a l y s i s of a pargasite phenocryst w i t h i n a t r a n s i t i o n a l 

b a s a l t of the Grenada s u i t e was compared by Cawthorn- et al.(1973) 

with the amphiboles produced i n experiments conducted at 5 kb 

( 0 = p
t Q t ) o n n a t u r a l Grenada compositions. The composition 

2 ° 
of the n a t u r a l l y occurring pargasite of t r a n s i t i o n a l b a s a l t 40 



TABLE 19 

P a r t i a l analyses of n a t u r a l l y occurring pargasite i n 
Grenada t r a n s i t i o n a l b a s a l t 40,and amphiboles produced 
i n exper -Lments with n a t u r a l Grenada compositions 
< PHO - P t o t = 5 kb). 

1 and 2 i n b a s a l t 286 
40=natural pargasite 3 i n b a s a l t 342 

40 40 1 2 3 
SiO 

2 
42.13 40.97 43. 3 43.7 43.7 

A l O 
2 3 

13.74 14.21 13.4 13.5 15.9 
TiO 

2 
1.76 1.98 1.2 1.1 0.9 

FeO 9. 24 9.62 8.7 9.1 10. 3 
MgO 16.42 15.73 12.5 12.2 9.8 
CaO 11. 20 11.45 13.5 13.7 12. 2 
NaO 

2 
2.59 2.65 2. 3 2.1 2. 2 

K 0 
2 

0. 35 0.45 0.7 0.6 0.9 

To t a l 

S t r u c t u r a l formulae on the b a s i s -of 23 oxygens 
/~ 3+ = 0.0) (Fe = 0.0) 

S i 6.119 6.005 6.42 6.45 6.45 
A l ( I V ) 1.881 1.995 1.58 1.55 1.55 
A l ( V I ) 0.472 0.461 0.76 0.80 1.22 
T i 0.192 0.218 0.13 0.12 0.10 
Fe 1.122 1.179 1.08 1.12 1. 27 
Mg 3.554 3.436 2.76 2.68 2. 16 
Ca 1.743 1.798 2.14 2.17 1.93 
Na 0.730 0.753 0.66 0.60 0.63 
K 0.065 0.084 0.13 0. 11 0.17 

100 Mg/Mg + Fe r a t i o s 

76.2 74.5 71.9 70.5 50.0 
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TABLE 20 
Analyses of coe x i s t i n g ferromagnesian minerals i n Grenada 
t r a n s i t i o n a l b a s a l t 40 together with whole rock a n a l y s i s . 

amph cpx cpx o l o l 40 
SiO 

2 
42.17 49.83 50.69 41.77 41.06 SiO 

2 
51.88 

TiO 
2 

2.17 0.73 0. 34 0.03 0.07 TiO 
2 

0.79 
13.71 5.07 4.98 O.03 0.06 Al O 

2 3 
16. 39 

FeO 9.19 4.82 4.53 17.13 9.08 Fe 0 
2 3 

8.65 
MnO 0.14 0.14 0.19 0. 24 0. 23 MnO 0. 20 
MgO 16.19 14.99 15. 24 41.33 48.43 MgO 9. 23 
CaO 11.53 22.83 22.61 0. 37 0. 39 CaO 9.45 
K O 
2 

0.40 0. 06 0.07 n.d. n.d. K O 
2 

0.76 
Na 0 

2 
2.81 0. 34 0. 29 0.03 0.03 Na 0 

2 
2.53 

C r 2 ° 3 0.19 0. 79 0.08 n. d. n.d. S 0.00 

Total 98.50 99.60 99.09 100.93 99.35 P 0 2 5 0.11 

Atomic proportions on the b a s i s of 4 ( o l i v i n e ) Ba 206 
6 (pyr oxene) and 23 (amphibole) oxygens Nb 11 

S i 6.086 1.845 1.876 1.043 1.009 Zr 99 
T i 0. 236 0.020 0.009 6.001 0.001 Y 17 
A l 2. 333 0.221 0.217 0.001 0.001 Sr 401 
Fe 1. 109 0.149' 0.140 0. 358 0.187 Rb 43 
Mn 0.017 0.004 0.006 0.005 0.005 Zn 72 
Mg 3.482 0.827 0.841 1.537 1. 773 Cu 47 
Ca 1.783 0.906 0.897 0.010 0.010 Ni 304 
K 0.074 0.003 0.003 - -
Na 0.787 0.024 0.026 0.001 0.001 
Cr 0.022 0. 023 0.002 - -

100 Mg/Mg + Fe r a t i o s of ferromagnesian minerals 

75-9 84.7 85. 7 81.1 90.4 

Note the concentration of Na O i n the amphibole phenocryst 
r e l a t i v e to the host b a s a l t . 
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i s given i n Table 19 together with s e l e c t e d analyses of the 

experimentally produced amphiboles. The n a t u r a l p a r g a s i t e 

contains nxgher T i , Na and Mg r e l a t i v e to the experimental 

compositions. The chemical d i f f e r e n c e s i n amphibole compositions 

are discussed l a t e r but the s i g n i f i c a n t petrographic evidence 

of the natural pargasite of b a s a l t 40 i s the r e l a t i o n s h i p with 

o l i v i n e and p l a g i o c l a s e feldspar i n the rock. The amphibole 

p o i k i l i t i c a l l y encloses these two mineral phases i n d i c a t i n g 

l a t e c r y s t a l l i s a t i o n . Selected analyses of c o e x i s t i n g amphibole, 

clinopyroxene and o l i v i n e i n b a s a l t 40, together with the major 

and tra c e element composition of the b a s a l t are given i n Table 20 . 

I n summary, the petrographic r e l a t i o n s h i p s of the amphibole 

phenocrysts within the b a s a l t s suggest c r y s t a l l i s a t i o n of 

amphibole a f t e r s p i n e l , o l i v i n e , clinopyroxene and p l a g i o c l a s e 

feldspar. A s i m i l a r sequence of c r y s t a l l i s a t i o n i s i n f e r r e d i n 

the cumulus plutonic blocks (see p.204 ). The observed sequence 

of c r y s t a l l i s a t i o n and subsequent breakdown of amphibole i s 

discussed further i n Chapter 10 i n r e l a t i o n to the petrogenesis 

of the Grenada c a l c - a l k a l i n e suite-. I t i s important however, 

to emphasise that the dominant modal mineralogy of the p i c r i t e s 

and b a s a l t s i s o l i v i n e , clinopyroxene, s p i n e l and p l a g i o c l a s e 

f e l d s p a r . Thus the v a r i a t i o n i n chemical composition of the 

b a s a l t s belonging to i n d i v i d u a l v o l c a n i c centres i s l i k e l y to 

be r e l a t e d to f r a c t i o n a l c r y s t a l l i s a t i o n of these anhydrous 

mineral phases. 

9;3 The Andesites and Dacites 

The andesites and d a c i t e s of Grenada are comparable i n 



P l a t e 39 

P h o t o m i c r o g r a p h o f t w i n - t e x t u r e d d a c i t e 462. 
( P l a n e p o l a r i z e d l i g h t m a g n i f i c a t i o n x 4 ) . 
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TABLE 21 

M a j o r and t r a c e element a n a l y s i s o f d a c i t e 
462 t o g e t h e r w i t h s e l e c t e d p a r t i a l a n a l y s e s 
o f c o n s t i t u e n t m i n e r a l s o f s e p a r a t e zones. 
The b u l k a n a l y s i s i s o f t h e p o r p h y r i t i c 
zone o n l y . 

Sample No. 462 
SiO 62.38 2 
A l 0 15.59 2 3 
F e 0 5.18 

2 3 
MgO 1.91 
CaO 8.65 
Na O 3.50 

2 
K O 1.74 
2 

TiO 0.55 
2 

MnO 0. 30 
S 0.00 
PO^ 0. 20 
Ba 
Nb 
Z r 
Y 

Sr 
Rb 
Zn 
C U 

N i 

719 
16 

185 
11 

838 
97 

772 
6 

14 



TABLE 21 ( c o n t i n u e d ) 

amph: =amphibole f e l = f e l d s p a r 

( i ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) ( 6 ) 
amph amph f e l f e l f e l f e l 

S i O 
2 

46.18 41.12 52.55 57.88 52.46 56.01 
TiO 

2 
1.08 1.76 0.02 0.02 0.02 0.02 

A l O 
2 3 

10.98 14. 39 29.71 26.90 29.51 27.92 
FeO 1 3.01 9. 33 0. 26 0.21 1. 20 0.41 
MnO 0.02 0.02 0.02 0.02 0.02 0.02 
MgO 14.18 15.00 0.10 0.03 0.60 0.05 
CaO 10. 51 12.28 11.53 8. 20 12.09 10. 20 
K O 
2 

- - 0.02 0.03 0.01 0.02 
N a O 

2 
1. 18 2.24 4.72 6. 31 3.10 4. 28 

T o t a l 97.17 96.17 98.93 99.60 99.01 98.93 

A t o m i c p r o p o r t i o n s on t h e b a s i s o f 8 ( f e l d s p a r ) 
and 23 ( a m p h i b o l e ) oxygens 

S i 6.727 6.066 2.402 2.593 2. 398 2.532 
T i 0.118 0.195 0.001 0.001 0.001 0.001 
A l 1.886 2. 503 1.601 1 .421 1. 590 1.488 
Fe 1. 585 1.151 0.010 0.008 0.046 0.016 
Mn 0.002 0.002 0.001 0.001 0.001 0. 001 
Mg 3.078 3.298 0.007 0.002 0.041 0.003 
Cu 1.641 1.942 0.565 0. 394 O. 592 0.494 
K - - 0.001 0.002 0.001 0.001 
Na 0. 333 0.641 0.419 0.548 0. 275 0. 375 

F e l d s p a r end* -member composi t i o n s 

Ab 42.51 58.10 31.68 43. 11 
An 57.37 41.71 68. 25 56.76 
Or 0.12 0. 18 0.07 0.13 

a m p h i b o l e ( 1 ) and f e l d s p a r s ( 3 ) and ( 4 ) i n p o r p h y r i t i c 
zone; a m p h i b o l e ( 2 ) and f e l d s p a r s ( 5 ) and ( 6 ) i n even-
t e x t u r e d / g r a n u l a r zone. 
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g e n e r a l p e t r o g r a h i c a p p e a r a n c e w i t h s i m i l a r c o m p o s i t i o n s e l s e ­

w h e re i n t h e L e s s e r A n t i l l e s i s l a n d - a r c ( c f . B a k e r , 1963; Rea, 

1970; T o m b l i n , 1 9 6 4 ) . The dominant p h e n o c r y s t m i n e r a l s a r e 

p l a g i o c l a s e f e l d s p a r , c l i n o - and o r t h o p y r o x e n e , a m p h i b o l e and 

m a g n e t i t e . A p a t i t e i s f r e q u e n t l y p r e s e n t and q u a r t z p h e n o c r y s t s 

a r e o c c a s i o n a l l y f o u n d i n some d a c i t e s . C h a r a c t e r i s t i c a l l y t h e 

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

o s c i l l a t o r y - z o n e d p l a g i o c l a s e f e l d s p a r . Groundmass t e x t u r e s 

v a r y f r o m c o a r s e l y c r y s t a l l i n e t o g l a s s y . The t y p i c a l t e x t u r e s 

a r e i l l u s t r a t e d i n t h e accompanying p l a t e s . 

9:3;1 V a r i a t i o n s i n t e x t u r e 

A common o c c u r r e n c e i n many o f t h e s i l i c a - s a t u r a t e d 

c o m p o s i t i o n s o f t h e Grenada c a l c - a l k a l i n e s u i t e i s t h e p r e s e n c e 

o f zones o f v a r i a b l e t e x t u r e w i t h i n i n d i v i d u a l r o c k u n i t s . T h e r e 

i s o f t e n a marked c o n t r a s t between a zone o f f i n e l y i n t e r l o c k i n g 

p l a g i o c l a s e l a t h s , m o s t l y l e s s t h a n 0.25 mm i n l e n g t h , e n c l o s e d 

by a zone d o m i n a t e d by l a r g e ( 2 - 3 mm) o s c i l l a t o r y - z o n e d p l a g i o ­

c l a s e p h e n o c r y s t s i n a g l a s s y groundmass. A d d i t i o n a l pheno­

c r y s t m i n e r a l s p r e s e n t w i t h i n b o t h zones may be p y r o x e n e ( b o t h 

C a - r i c h and C a - p o o r ) , a m p h i b o l e , a p a t i t e a n d s p i n e l . 

A t y p i c a l example o f c o n t r a s t e d t e x t u r a l zones i s shown 

i n P l a t e 39 . The d a c i t e 462 i l l u s t r a t e d shows no a p p a r e n t 

r e a c t i o n m a r g i n between t h e two zones. The b u l k m a j o r and t r a c e 

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

w i t h i n t h e two zones a r e p r e s e n t e d i n T a b l e 2\ . The d a c i t e i s 

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



P l a t e 40 

Photomicrograph o f a n d e s i t e 212. 
T h i s shows an o l i v i n e - a n o r t h i t e - c l i n o p y r o x e n e - m a g n e t i t e 
cumulus fragment e n c l o s e d by the a n d e s i t e . 
( P l a n e p o l a r i z e d l i g h t m a g n i f i c a t i o n x 4 ) . 
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p h e n o c r y s t s . The d i f f e r e n c e s i n c o m p o s i t i o n between t h e c o n ­

s t i t u e n t m i n e r a l s o f d i f f e r e n t zones i s q u i t e s t r i k i n g i n r e g a r d 

t o t h e a m p h i b o l e s . The p o r p h y r i t i c zone i s c h a r a c t e r i s e d b y a 

t s c h e r m a k i t i c a m p h i b o l e o f h i g h e r SiO w t . % ( 4 6 . 2 ) t h a n t h e 
2 

p a r g a s i t e ( 4 1 . 1 w t . % S i O ) o f t h e even t e x t u r e d zone. I n 
2' 

a d d i t i o n t h e c o m p o s i t i o n ( a n d t h e r a n g e o f z o n i n g ) o f t h e 

p l a g i o c l a s e f e l d s p a r s i s d i f f e r e n t . I n t h e p o r p h y r i t i c z o n e , 

t h e p l a g i o c l a s e s a r e zoned f r o m A n ^ 7 ^ » whereas i n t h e e v e n -

t e x t u r e d zone t h e p l a g i o c l a s e s a r e more c a l c i c and t h e r a n g e 

o f z o n i n g more r e s t r i c t e d (An._ _ _ ) . The m a r g i n b e t w e e n t h e 
Oo-57 

zones shows no s i g n o f i n s t a b i l i t y o f t h e c o n s t i t u e n t m i n e r a l s . 

I t a p p e a r s t h a t t h e more c a l c i c p l a g i o c l a s e s o f t h e even t e x t u r e d 

zone have n o t e q u i l i b r a t e d w i t h t h e groundmass g l a s s o f t h e 

p o r p h y r i t i c zone. 

The c o n t r a s t e d a m p h i b o l e c o m p o s i t i o n s and d i f f e r e n c e s i n An 

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

a c c i d e n t a l r e l a t i o n s h i p between t h e two zones i n a t y p e o f h o s t -

i n c l u s i o n r e l a t i o n s h i p . I n o t h e r w o r d s , t h e e v e n - t e x t u r e d z one 

may be an a c c i d e n t a l x e n o l i t h i n c o r p o r a t e d b y t h e d a c i t e d u r i n g 

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

a n d e s i t e s and d a c i t e s and a r e more r e a d i l y r e c o g n i s a b l e as 

x e n o l i t h s . P l a t e 40 shows a p l u t o n i c cumulus f r a g m e n t composed 

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

f e l d s p a r e n c l o s e d by an a n d e s i t i c c o m p o s i t i o n ( a n d e s i t e 2 1 2 ) . 

I n t h i s i n s t a n c e , where t h e c a l c i c p l a g i o c l a s e ( A n g Q ) of t h e 

i n c l u s i o n i s i n c o n t a c t w i t h t h e h o s t a n d e s i t e , t h e c r y s t a l s a r e 

r a g g e d s h o w i n g s i g n s o f r e s o r p t i o n . Fragments o f b a s a l t i c 
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c o m p o s i t i o n h ave a l s o been o b s e r v e d i n a n d e s i t e h o s t s b u t i n 

t h e s e examples i t i s c o m p a r a t i v e l y easy t o d e t e r m i n e t h e x e n o l i t h i c 

o r a c c i d e n t a l n a t u r e o f t h e i n c l u s i o n s . I t seems p r o b a b l e t h a t 

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

v i o u s l y c o n s o l i d a t e d w a l l - r o c k a r e l i k e l y t o b e i n c o r p o r a t e d . I n 

t h e case o f s i m i l a r c h e m i c a l c o m p o s i t i o n s i n h o s t and i n c l u s i o n 

however, i t i s more d i f f i c u l t t o a s c e r t a i n t h e p r e c i s e n a t u r e 

o f t h e r e l a t i o n s h i p . The absence o f r e a c t i o n b e t w e e n t h e 

f e l d s p a r and groundmass o f d a c i t e 462 may be e x p l a i n e d by t h e 

s h o r t p e r i o d o f t i m e a v a i l a b l e f o r e q u i l i b r a t i o n i n t h e n e a r -

s u r f a c e e r u p t i v e e n v i r o n m e n t between p l a g i o c l a s e c o m p o s i t i o n s 

d i f f e r i n g o n l y by 15 m o l . % An. There i s an a l t e r n a t i v e p o s s i b i l i t y 

t h a t t h e v a r i a b l e t e x t u r e s i n some a n d e s i t e s and d a c i t e s have a 

c o g n a t e r a t h e r t h a n x e n o l i t h i c r e l a t i o n s h i p . I n o r d e r t o examine 

more c l o s e l y t h e c o n t r a s t i n c h e m i c a l c o m p o s i t i o n b e t w e e n z o n e s , 

s e p a r a t e d p o r t i o n s o f a n d e s i t e s and d a c i t e s were a n a l y s e d . The 

m a j o r and t r a c e e l e m e n t c o m p o s i t i o n s o f t h e s e p a r a t e d zones o f 

i n d i v i d u a l a n d e s i t e s and d a c i t e s a r e p r e s e n t e d i n T a b l e 22 . 

I n t h e p r e c e e d i n g c h a p t e r s , e v i d e n c e f o r t h e r e p e a t e d 

e r u p t i o n s o f magmas o f c o n t r a s t e d c h e m i c a l c o m p o s i t i o n has been 

p r e s e n t e d . I n some c a s e s , e r u p t i o n s w i t h i n a r e s t r i c t e d l o c a l i t y 

were c h a r a c t e r i s e d by w i d e l y d i f f e r e n t t r a c e e l e m e n t abundances. 

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

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

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

and i n c l u s i o n . The a n a l y s e s p r e s e n t e d i n T a b l e 22 do n o t show 

i n g e n e r a l a marked d i v e r g e n c e i n t r a c e e l e m e n t abundance. I n 



P l a t e 41 

Photomicrograph of t w i n ~ t e x t u r e d a n d e s i t e 218. 
P l a g i o c l a s e f e l d s p a r p h e n o c r y s t s a r e the dominant 
modal m i n e r a l s . 
( P l a n e p o l a r i s e d l i g h t m a g n i f i c a t i o n x4) . 
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TABLE 23 

M a j o r and t r a c e e l e m e n t a n a l y s i s o f a n d e s i t e 
218 ( p o r p h y r i t i c zone o n l y ) t o g e t h e r w i t h 
s e l e c t e d p a r t i a l a n a l y s e s o f c o n s t i t u e n t 
m i n e r a l s o f s e p a r a t e zones i n t h e a n d e s i t e . 

Sample No. 218 

SiO 58.95 2 
A l 0 17.25 2 3 
Fe O 6.44 2 3 
MgO 3.83 
CaO 7.79 
Na O 3.26 

2 
K O 1.48 
2 

TiO 0.65 2 
MnO 0.10 
P 0 0.24 2 5 

B a 

Nb 
Zr 
Y 
Sr 
Rb 
Zn 
C u 

N i 

517 
6 

180 
16 

lOOO 
44 
72 
28 
23 



TABLE 23 ( c o n t i n u e d ) 
o p x = o r t h o p y r o x e n e c p x = c l i n o p y r o x e n e f e l = f e l d s p a r 
x = p o r p h y r i t i c zone +=even t e x t u r e d / g r a n u l a r zone 

SiX) 
2 

X 
opx opx X 

cpx 
+ 

cpx f e l * + 
f e l f e l X + 

f e l SiX) 
2 

52. 5 1 . 36 52.54 52. 29 54.50 54.16 54.54 65.61 
T i O 

2 
0.18 0.23 0. 33 0. 28 0.02 0.02 0.02 0. 02 

A l 0 
2 3 

1.06 0.87 1. 35 1. 28 29.64 29.96 29.15 27.12 
FeO 27.15 26.69 10.95 12.44 0. 30 0. 38 0.41 O. 37 
MgO 17.84 18. 31 12.99 12.22 0.02 0.02 0.02 0.02 
CaO 1.01 1.12 21.95 20.44 10.76 10.41 10.11 10. 28 

K 2 ° 0.06 0. 28 0.03 0.06 0.02 0. 02 0. 02 0.02 
Na 0 

2 
0.07 0. 26 0. 29 0.32 4.68 4. 37 4.97 4.79 

T o t a l 99.58 99.12 100.43 99. 33 99.94 99. 34 99.24 

A t o m i c p r o p o r t i o n s on t h e b a s i s o f 6 ( p y r oxene) 
and 8 ( f e l d s p a r ) oxygens 

S i 1.994 1.977 1.966 1.984 2.452 2.446 2.469 2.555 
T i 0.005 0.007 0.009 0.008 0.001 0.001 0. 001 0. 001 
A l 0. 048 0.039 0.060 0.057 1.572 1.596 1.556 1.443 
Fe 0.867 0.859 0.343 0. 395 0.011 0.014 0.016 0. 014 
Mg 1.015 1.050 0.724 0.641 0.001 0.001 0.001 O.OOl 
Ca 0.041 0.046 0.880 0.831 0. 519 0. 504 0.490 0.497 
K 0.003 0.014 0.001 0.003 0.001 0.001 0.001 0.001 
Na 0.005 0.019 0.021 0.024 0.408 0. 383 0.436 0.419 

End-member c o m p o s i t i o n s 

Ca 2.15 2.36 45. 20 43.36 A' fci.OO 43.12 47.03 45.70 
Mg 52.78 53.70 37. 20 36.05 A §5.88 56.75 52.85 54.18 
Fe 4 5. 08 43.93 17.60 20.60 r 0 . l 2 0.13 0.12 0. 13 

Pyroxene 100 Mg/Mg+Fe r a t i o s 

53.9 55.0 67.9 63.6 
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many c a s e s , i n d i v i d u a l c o m p o s i t i o n s a r e c l a s s i f i e d as b e l o n g i n g 

t o p a r t i c u l a r v o l c a n i c s e r i e s o f a s i n g l e c e n t r e ( s e e C h a p t e r 8 ) . 

I t i s p o s s i b l e t h a t t h e m a j o r i t y o f i n c l u s i o n s l i k e l y t o be 

i n c o r p o r a t e d i n t o a magma a r e t h o s e a l r e a d y c r y s t a l l i s e d on t h e 

w a l l s o f t h e e r u p t i v e channelways. Geochemical a f f i n i t y w o u l d 

t h e n b e p r e d i c t e d due t o a co-magmatic o r i g i n . Thus, t h e r e may 

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

c o m p l e t e l y a c c i d e n t a l t o c o g n a t e . 

The d a c i t e 462 c o n t a i n s zones composed o f c o n t r a s t e d m i n e r a l 

c o m p o s i t i o n s . I n some examples however, t h e r e i s a c l o s e 

s i m i l a r i t y i n t h e c o n s t i t u e n t m i n e r a l s . A t w i n - t e x t u r e d a n d e s i t e 

( 2 1 8 ) i s i l l u s t r a t e d i n P l a t e 41 . The b u l k c o m p o s i t i o n o f t h i s 

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

a r e g i v e n i n T a b l e 23 . The m i n e r a l o g y o f b o t h zones c o n s i s t s o f 

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

p a r g a s i t e . T h e r e i s a g r e a t e r modal abundance o f p l a g i o c l a s e 

f e l d s p a r i n one zone t h o u g h t h e s i z e o f t h e c r y s t a l s ( 1 - 2 mm) 

i s s i m i l a r i n b o t h zones. The p l a g i o c l a s e f e l d s p a r f o r m s an eve n , 

g r a n u l a r t e x t u r e i n one p o r t i o n o f t h e r o c k compared w i t h a 

p o r p h y r i t i c t e x t u r e i n t h e o t h e r , w i t h m i c r o l i t e s o f p y r o x e n e 

and f e l d s p a r i n groundmass g l a s s . The c o m p o s i t i o n o f t h e 

f e l d s p a r s and p y r o x e n e s i n t h e d i f f e r e n t zones a r e v e r y s i m i l a r 

( s e e T a b l e 23 )- The r a n g e o f z o n i n g o f t h e p l a g i o c l a s e s i s 

A n ^"c ^ n D O t n t e x t u r e s a nd t h e Mg/Mg+Fe r a t i o s o f t h e p y r o x e n e s 56 - 5 3 

do n o t su g g e s t c r y s t a l l i s a t i o n f r o m c o n t r a s t e d magma c o m p o s i t i o n s . 

I n t h i s i n s t a n c e i t a p p e a r s t h a t t h e even t e x t u r e d zone o f a n d e s i t e 

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



P l a t e 42 

Photomicrographs of a n d e s i t e s 337 and 410. Prominent 
p h e n o c r y s t s o f o s c i l l a t o r y - z o n e d p l a g i o c l a s e f e l d s p a r , 
c l i n o - and orthopyroxene and o c c a s i o n a l p a r g a s i t e 
p h e n o c r y s t s . ( C r o s s e d p o l a r s m a g n i f i c a t i o n x 5 ) . 
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TABLE 24 

Major and trace element analyses of 
andesites 337 and 410 together with 
estimated modal mineralogy. 

Sample 337 410 
No. 

S i 0 2 55.73 57.52 
A l ^ 17.54 17.03 
F e 2 0 3 7.52 6.81 
MgO 3.29 3.83 
CaO 9.68 8.36 
NaO 3.25 3.82 
K O 1.81 1.44 
2 

TiO 0.78 0.82 2 
MnO 0.19 0.19 
S 0.00 0.00 
P 2O s 0.21 0.17 

Ba 
Nb 
Zr 
Y 
Sr 
Rb 
Zn 
Cu 
Ni 
Ce 

591 
13 

164 
17 

1188 
33 
40 

198 
26 
52 

529 
16 
178 
15 

538 
50 
65 

126 
36 
37 

Estimated mode % 

Orthopyroxene 2 2 
Clinopyroxene 10 5 
Pl a g i o c l a s e 40 30 
Amphibole 3 2 
Magnetite 2 1 
Groundmass 40 60 

I n both andesites groundmass dominantly dark-grey g l a s s 
with abundant p l a g i o c l a s e m i c r o l i t e s , minor pyroxene and 
numerous oxide granules. 
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appear to be in equilibrium with the host composition. 

I n summary, the o r i g i n of the v a r i a b l e textures i n the 

andesites and d a c i t e s may be due to a v a r i e t y of causes involving 

both cognate and a c c i d e n t a l r e l a t i o n s h i p s . In regard to geo-

cheraical sampling procedures, i t i s obvious that chemical hetero­

geneity i s present on a l o c a l s c a l e within samples. Care must 

therefore be e x e r c i s e d i n the i n t e r p r e t a t i o n of the analyses of 

these v a r i a b l e - t e x t u r e d rocks of contrasted chemical composition. 

9:3:2 Mineraloqical D i s t i n c t i o n between Volcanic S e r i e s 

I n Chapter 8 a d i s t i n c t i o n between volcanic s e r i e s a s s o c i a t e d 

with contrasted degrees of trace element abundance was proposed. 

In addition, the tendency for convergence of major and t r a c e 

element compositions i n the s i l i c a - s a t u r a t e d andesites and d a c i t e s 

of the d i f f e r e n t s e r i e s was indicated. Andesite samples from 

the *high-Sr* s e r i e s of Mt. S t . Catherine and flow-Sr ! s e r i e s of 

Mt. Granby - Fedon's Camp centre were s e l e c t e d for a n a l y s i s of 

the constituent minerals by e l e c t r o n microprobe. In P l a t e 42 

the appearance of the andesites i n t h i n s e c t i o n i s shown. Major 

and trace element compositions and estimated modes are presented 

i n Table 24 . The enrichment of the incompatible t r a c e elements 

such as Ce and Rb i n andesite 337 (high-Sr s e r i e s ) compared with 

410 (low-Sr) can be seen. Both andesites are p o r p h y r i t i c in 

texture with dominant p l a g i o c l a s e feldspar ( A n y 0 3 5 ) phenocrysts 

up to 2 mm i n length. The other phenocryst minerals present are 

parg a s i t e , c l i n o - and orthopyroxene and magnetite i n a glassy 
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TABLE 25 

Analyses of phenocryst ferroraagnesian minerals i n andesites 
337 and 410 

opx=orthopyroxene cpx=clinopyroxene amph=amphibole. 

337= * 410=+ 
+ + 

opx* opx* cpx* amph* amph* opx cpx amph 

Si<V 
2 

54.13 54. 19 50.65 40.59 40.18 53.31 51. 27 42.96 
TiO 

2 
0. 31 0. 22 0.69 2. 56 2. 30 0. 24 0. 67 1.98 

A l 0 
2 3 

1.46 1. 36 3.40 14.50 13.85 1.20 3. 19 11.88 
FeO* 15.42 15.49 8.03 10.45 10.47 16.82 8. 46 11. 52 
MgO 25. 78 26.27 15.64 13.78 14.53 26.44 15. 27 14.81 
CaO 1 .95 1 .52 21.03 12. 13 11 . 88 1.46 21 . 25 11.70 
Na 0 

2 
0.07 0.02 0.44 2.57 2.35 0. 04 0. 34 2.43 

K 0 
2 

0.04 0.04 0. 03 0.93 0.87 0.03 0. 24 0. 37 

Total 99.16 99. 11 99.91 97.51 96.43 99. 54 100. 69 97.65 

Atomic proportions on the ba s i s of 6 ozygens (pyroxenes) and 23 
oxygens (amphiboles) 

S i 1.970 1. 971 1.883 5.982 5.989 1.947 1.895 6. 303 
T i 0.008 0.006 0.019 0. 284 0. 258 0.007 0.019 0. 218 
Al 0.063 0.058 0.149 2.520 2.434 0.052 0.139 2.055 
Fe 0.469 0.471 0. 250 1.288 1. 305 0.514 0. 262 1.414 
Mg 1.398 1.424 0.867 3.027 3. 228 1.439 0.841 3. 238 
Ca 0.076 0.059 0.838 1.916 1.818 0.057 0.842 1.839 
Na 0.005 0.001 0.032 0.735 0.679 0.003 0.024 0.692 
K 0.002 0.002 0.001 0.175 0.165 0.001 0.011 0.069 

lOCMg/Mg+Fe r a t i o 
74.9 75. 1 77.6 70. 2 71.2 73.7 76. 3 69.4 

Pyroxene end-member compositions 

Ca 3.91 3.03 42.88 2.84 42. 29 
Mg 71 .94 72.86 44.35 71.60 43. 26 
Fe 24. 15 24. 11 12. 78 25.56 13.45 



a t e 43 

Photomicrograph of a n d e s i t e 307. Phenocrysts o f 
o s c i l l a t o r y zoned p l a g i o c l a s e t o g e t h e r w i t h glomero-
p o r p h y r i t i c c l u s t e r s o f o r t h - and c l i n o p y r o x e n e and 
minor p a r g a s i t e phenocrysts, A few o l i v i n e s have 
a l t e r e d margins ( P l a t e p o l a r i z e d l i g h t m a g n i f i c a t i o n 
x 5 ) . 
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TABLE 26 

Major and trace element a n a l y s i s of 
andesite 307 with estimated modal 
mineralogy. 

Sample 307 
No. 
S i 0 2 59.42 
A l 2 ° 3 17.11 
F G2°3 6 * 7 ° 
MgO 2.97 
CaO 7.29 
Na O 3.72 2 
K^O 1.70 
TiO 6.69 

2 
MnO 0.20 
S 0.00 
P2°5 ° ' 1 9 

Ba 
Nb 
Zr 
Y 
Sr 
Rb 
Zn 
Cu 
Ni 
Ce 

580 
14 

193 
23 

560 
52 
65 
41 
52 
50 

Estimated mode % 
O l i v i n e 3 
Orthopyroxene 3 
Clinopyroxene 5 
Plagiocla s e 30 
Amphibole 2 
Magnetite 2 
Apatite 1 

Groundmass (55%) predominant m i c r o l i t e s of p l a g i o l c a s e , 
pyroxene and oxide granules in grey g l a s s . 
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groundmass containing raicrolites of the same minerals except 

for amphibole. Analyses of the ferromagnesian minerals are 

presented i n Table 25 . There i s a s l i g h t d i f f e r e n c e i n the 

composition of amphiboles i n the two andesites but the composition 

of the pyroxenes and o p t i c a l l y estimated p l a g i o c l a s e compositions 

are very s i m i l a r . The amphibole i n andesite 337 i s r i c h e r i n T i , 

A l and Na then the amphibole i n andesite 410, but the o s c i l l a t o r y 

zoning of these elements i n i n d i v i d u a l amphibole c r y s t a l s ( see p. 

2 38) i s as great as the d i f f e r e n c e s observed here. In general, 

therefore, no d i s t i n c t i o n between the vol c a n i c s e r i e s on the 

ba s i s of mineralogical composition seems possi b l e . 

I n some andesites of the low-Sr s e r i e s of vo l c a n i c centres 

however, o l i v i n e phenocrysts are present as w e l l as amphibole 

and C a - r i c h and Ca-poor pyroxenes. The generally higher modal 

abundance of phenocryst o l i v i n e i n b a s a l t s comparatively depleted 

i n the incompatible tr a c e elements has been described previously. 

The andesites containing phenocryst o l i v i n e appear to be geo-

chemically and petrographically r e l a t e d to these b a s a l t s . I n 

Pl a t e 43 the appearance of andesite 307 of the low-Sr s e r i e s of 

the Mt. Granby - Fedon's Camp centre i s shown. Major and tr a c e 

element composition and estimated mode of t h i s andesite are 

given i n Table 26 . Analyses of constituent minerals are presented 

i n Table 27 . The o l i v i n e s i n t h i s andesite are marginally a l t e r e d 

and appear unstable. 

The absence of o l i v i n e as a phenocryst mineral i n many 

a n d e s i t i c compositions, the corroded and a l t e r e d margins of the 

phenocrysts where present and the absence of t h i s phase from the 



TABLE 27 

P a r t i a l analyses of phenocryst ferromagnesian 
minerals i n andesite 307. 
o l - o l i v i n e opx = orthopyroxene cpx = c l i n o -
pyroxene amph = amphibole. 

o l opx cpx amph 

SiO 
2 

34.61 53.77 47. 34 39.47 
TiO r t 2 0.04 0. 22 1.08 1.95 
A l O 2 3 0.10 1. 23 6.65 14. 30 
FeO* 12.02 16. 05 5.71 12.60 
MnO 0.20 1.01 0.13 0.09 
MgO 47.96 27.19 15.15 13.67 
CaO 0.01 1.48 22.59 12. 25 
K O 
2 

n. d. 0.02 0.08 0.58 
Na 0 

2 
0.01 0.02 0.55 2.62 

Cr O 
2 3 

n.d. 0.09 0.58 0.09 

Total 99.95 101.08 99.86 97.62 

Atomic proportions on the b a s i s of 4 ( o l i v i n e ) , 
6 (pyroxene) and 23 (amphibole) oxygens. 

S i 0.983 1.936 1.764 5.883 
T i 0.001 0.006 0.030 0. 219 
A l 0.003 0.052 0. 292 2.513 
Fe 0. 249 0.483 0.178 1. 571 
Mn 0.004 0.031 0.004 0.011 
Mg 1.773 1.459 0.841 3.036 
Ca 0.000 0.057 0.902 1.957 
K 0.000 0.001 0.004 0.110 
Na 0.000 0.001 0.040 0.757 
Cr 0.000 0.003 0.017 0.011 

O l i v i n e and pyroxene end-member compositions 
Mg^, Fe, n „ Ca „Mg_ Fe Ca Mq Fe y815 12.5 2.8 y719 25.3 464 y 4 l 6 1 

100 Mg/Mg + Fe r a t i o s 

87.7 75.2 82.6 66 
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groundmass of the andesites i n d i c a t e that o l i v i n e i s no longer 

s t a b l e i n the bulk composition of the a n d e s i t i c melts i n the 

low-pressure eruptive environment. The petrogenetic s i g n i f i c a n c e 

of the d i f f e r e n c e s i n modal composition of the b a s a l t s and andesites 

of the Grenada volcanic s e r i e s i s discussed i n Chapter 10. 

O l i v i n e phenocrysts have been reported i n b a s i c andesites 

i n St. K i t t s (Baker, 1968) and Montserrat (Rea, 1970) but are 

r a r e i n compositions as s i l i c a - r i c h as some of the o l i v i n e -

bearing andesites of Grenada. This f e a t u r e , combined with the 

o s c i l l a t o r y and sector-zoned clinopyroxenes and trace element 

geochemistry, are the only i n d i c a t i o n that the andesites and 

d a c i t e s of Grenada are unusual i n comparison with the c a l c -

a l k a l i n e s u i t e s of i s l a n d s further north i n the Lesser A n t i l l e s 

i s l a n d a r c . 

9;4 The Cumulus Plutonic Blocks of Grenada 

Plutonic blocks composed of v a r i a b l e proportions of 

p l a g i o c l a s e f e l d s p a r , amphibole, o l i v i n e , clinopyroxene and 

magnetite are found i n s e v e r a l l o c a l i t i e s i n Grenada (see 

Chapter 6 ) . The appearance of one of these blocks i n t h i n 

s e c t i o n i s shown i n P l a t e 44. Generally an equigranular 

raosiac texture i s evident with i n t e r l o c k i n g f e l d s p a r , c l i n o ­

pyroxene and amphibole c r y s t a l s . In some blocks, however, 

large (up to 3 cm or more) o p h i t i c amphiboles are present. The 

general sequence of c r y s t a l l i s a t i o n i n f e r r e d i n these blocks i s 

o l i v i n e followed by clinopyroxene and p l a g i o c l a s e together, 

followed by amphibole. S p i n e l apparently c r y s t a l l i s e s throughout, 



P l a t e 44 

Photomicrograph of clinopyroxene-plagioclase-magnetite-
amphibole cumulus block 521. S l i g h t layering features 
are present with varying proportions of feldspar and 
ferromagnesianminerals. 
(Plane p o l a r i z e d l i g h t magnification x4). 





but apart from p o s t - c r y s t a l l i s a t i o n a l t e r a t i o n of o l i v i n e , a l l 

the mineral phases appear to be s t a b l e together. A s i m i l a r 

f eature has been reported i n the St. Vincent cumulate blocks 

by Lewis (1973). Orthopyroxene has only been observed p o i k i l i -

t i c a l l y enclosing o l i v i n e and s p i n e l i n a s i n g l e i n c l u s i o n w i t h i n 

a b a s a l t . Orthopyroxene has not yet been found i n any of the 

plutonic blocks so f a r examined. 

The occasional l a y e r i n g observed i n the blocks, together 

with the r e l a t i v e l y unzoned nature and high-temperature para-

genesis suggested by the constituent minerals suggests an 

o r i g i n by cumulus processes (Wager and Brown, 1968). Cumulus 

plutonic blocks have been reported from many of the i s l a n d s i n 

the Lesser A n t i l l e s . Lewis (1964) examined the petrology and 

mineralogy of the St. Vincent blocks and an i n t e r - i s l a n d 

comparison i s i n progress by K.J.A. W i l l s (Ph.D. t h e s i s , Durham, 

i n prep'n). I n Table 28 , estimated modal compositions of some 

of the Grenada blocks are presented. I n comparison with the 

blocks from other i s l a n d s the abundance of amphibole and the 

absence of orthopyroxene are unusual features (K.J.A.Wills, 

1973, pers. comm.). O l i v i n e s frequently show signs of 

i d d i n g s i t i s a t i o n varying from marginal a l t e r a t i o n to complete 

replacement. Magnetite i s apparently homogeneous without any 

exsolution f e a t u r e s . Frequently there i s a lack of any ground-

mass and i n hand specimen many samples crumble ra p i d l y r e f l e c t i n g 

the lack of cement. I n some examples, a brown g l a s s containing 

m i c r o l i t e s of f e l d s p a r , pyroxene and magnetite i s present i n t e r -

s t i t i a l l y . 
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TABLE 28 

Major and tr a c e element analyses of Grenada 
cu. -ilus blocks together with estimated modal 
mineralogy. X r e f e r s to U.W.I, c o l l e c t i o n . 
X245 analyst Dr. J.G. Holland. X254,403,407 
K.J.A. W i l l s . n.a. = not analysed. 

X245 X254 X403 X407 
s i o 2 40. 80 42.73 43.62 44.87 
A 1 2 ° 3 10.12 13.22 22. 37 9.01 
F e 2 ° 3 11. 32 12.16 8.72 10.64 
MgO 22.75 13.59 6. 25 14.40 
CaO 11.71 15. 25 17.57 19.02 
Na 0 

2 
1.75 0.98 0. 37 0.07 

K 0 
2 

0. 34 0. 36 0.17 0. 26 
TiO 

2 
0.96 1.43 0. 72 1. 39 

MnO 0. 17 0.16 0.09 0.15 
S 0.04 n.a. n. a. n.a. 
P C) 2 5 0.06 0.13 0.11 0. 19 

Ba 180 86 63 36 
Nb 1 1 1 4 
Zr 35 41 41 60 
Y 18 20 9 16 
Sr 283 408 925 215 
Rb 1 1 1 1 
Zn 64 54 51 64 
Cu 12 2 1 2 
Ni 591 204 50 64 
Cr 1467 n. a. n.a. n.a. 
V 244 n.a. n.a. n.a. 

Estimated mode 
O l i v i n e 50 5 - -
C l i n o - 20 20 5 70 

pyroxene 
Amphibole 25 55 30 20 
Magnetite 5 5 2 -
P l a g i o c l a s e 15 65 10 
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Analyses of i n d i v i d u a l minerals from an olivine-clinopyroxene-

amphibole-magnetite cumulus block are presented i n Table 29 • 

The layered nature of many of the blocks and coarse grain s i z e 

c reates d i f f i c u l t y i n assessing the v a l i d i t y of bulk chemical 

analyses as being representative of genuine s u b t r a c t i v e compos­

i t i o n s . Nevertheless, the blocks analysed so f a r are a l l u l t r a -

b a s i c i n bulk composition (Table 28 ) and s i g n i f i c a n t l y d i f f e r e n t 

from the composition of erupted lavas and p y r o c l a s t s of Grenada. 

I n comparison with the phenocrysts i n the lavas and p y r o c l a s t s 

only l i m i t e d zoning i s observed i n the cumulus minerals. In a 

few samples however, f a i n t o s c i l l a t o r y zoning has been observed 

i n clinopyroxene and amphibole c r y s t a l s . The high Mg/Fe+Mg r a t i o s 

of the ferromagnesian minerals of the cumulus blocks are notable 

f e a t u r e s , but are not as high as some of the phenocrysts of the 

p i c r i t e s and b a s a l t s . I n F i g . 34 the composition of the Grenada 

and S t . Vincent cumulus ferromagnesian minerals are compared and 

are seen to be s i m i l a r . Lewis (1973) has suggested that the 

assemblage i s i n equilibrium with a subalkaline b a s a l t magma. 

I t i s apparent therefore, that although the cumulus assemblages 

are important evidence for f r a c t i o n a l c r y s t a l l i s a t i o n processes 

they do not i n themselves represent the e a r l i e s t phases to have 

c r y s t a l l i s e d from the parental b a s a l t magmas of the i s l a n d of 

Grenada. 

9:5 Mineraloqical v a r i a t i o n i n the Grenada Rock S u i t e 

I n the following d i s c u s s i o n the v a r i a t i o n i n mineralogical 

composition of the Grenada s u i t e of v o l c a n i c rocks i s examined 

with p a r t i c u l a r reference to the zoning features observed. The 
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TABLE 29 

P a r t i a l analyses of cumulus minerals i n block X245 
ol o l cpx amph mag 

SiO 
2 

40.25 40.47 50.27 42. 78 0.05 
TiO 

2 
- - 0.48 1 .44 8.94 

Al O 
2 3 

- - 4.54 1 3.00 7.12 
FeO 16.40 17.04 5. 24 7.63 75. 32 
MgO 4 3. 54 42.98 15.10 16. 24 3. 50 
CaO 0.09 0.09 23.25 12. 33 0. 21 
K O 
2 

- - 0. 02 0. 56 -
Na O 2 - - 0. 27 2.43 0.02 

Total 100.28 100.58 99. 17 96.41 95. 16 

Atomic proportions on the b a s i s of 
6 (pyroxene) and 23 (amphibole) 

4 ( o l i v i n e ) , 
oxygens 

S i 1 .011 1.016 1.869 6. 257 
T i - - 0.013 0. 158 
Al - - 0.199 2. 242 
Fe 0. 345 0. 358 0. 163 0.933 
Mg 1.630 1.607 0. 837 3. 540 
Ca 0.002 0.002 0.926 1.933 
K - - 0.001 0.105 
Na - - 0.019 0.689 

End -member compositions 

Ca - - 48.10 
Mg 82.55 81.80 43.44 
Fe 17.45 18. 20 8.46 

100 Mg/Mg+Fe r a t i o s 
82. 5 81 . 8 83. 7 79. 1 



34 

Comparison o f Grenada and St, Vincent cumulus f e r r o -
magnesian minerals, Grenadan cumulus minerals from 
block x245 (U.W.I, c o l l e c t i o n ) . St. Vincent data 
from Lewis (1973). 
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important phenocryst minerals are treated separately. I n F i g . 35 

the v a r i a t i o n i n minerals of the Grenada vo l c a n i c s e r i e s i s 

summarised. 

9:5:1 O l i v i n e 

O l i v i n e v a r i e s continuously in composition from Fo ^ i n 

the p i c r i t e s and b a s a l t s to Fo„ A i n some of the andesites. 
70 

I n d i v i d u a l phenocrysts from a v a r i e t y of compositions d i s p l a y a 

considerable part of t h i s zoning. There i s no compositional 

break and reappearance of more f a y a l i t i c o l i v i n e as i n some 

fr a c t i o n a t e d t h o l e i i t i c magmas (Wager and Brown, 1968). 

I n i n d i v i d u a l phenocrysts there i s a tendency for a small 

increase i n CaO with i n c r e a s i n g f a y a l i t e content (Arcuius and 

Curran, 1972). However, the data for the e n t i r e s u i t e shows a 

considerable v a r i a t i o n i n CaO content for a given Mg/Mg+Fe r a t i o 

i n the o l i v i n e s . Arculus and Curran (1972) a l s o showed a gradual 

increase i n MnO content from 0.2 to 0.7 wt.% with decreasing Mg 

in the o l i v i n e (Fo Q ^ ) > a n c * decreasing NiO from 0.24 to 0.21 
90—ou 

W t ' % < F o90-80 )-

The trend of o l i v i n e v a r i a t i o n i n the Grenada s u i t e i s 

s i m i l a r to previously described c a l c - a l k a l i n e assemblages and 

u n l i k e t y p i c a l a l k a l i n e and t h o l e i i t i c a s s o c i a t i o n s . 

9:5:2 Pyroxenes 

The nature of the pyroxene assemblage i n rocks of b a s a l t i c 

composition, and the subsequent changes i n composition of the 



Fig.35 

Mineral v a r i a t i o n i n the Grenada c a l c - a l k a l i n e 
rock s u i t e . 
Dashed l i n e s i n d i c a t e occasional appearance of 
minerals but minerals are only s t a b l e at indica t e d 
weight % SiO under c e r t a i n P, T, and P H Q conditions 
out l i n e d i n the te x t . 2 
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pyroxenes during the evolution of a s s o c i a t e d v o l c a n i c s u i t e s 

are regarded as important c r i t e r i a i n d i s t i n g u i s h i n g the a f f i n i t y 

of the s u i t e s . The Skaergaard i n t r u s i o n i s regarded as the type 

example of equilibrium c r y s t a l l i s a t i o n of t h o l e i i t i c magma (Wager 

and Brown, 1968). A C a - r i c h and Ca-poor pyroxene c r y s t a l l i s e 

together throughout much of t h i s i n t r u s i o n . With in c r e a s i n g Fe-

enrichment however, c r y s t a l l i s a t i o n of Ca-poor pyroxene ceases 

and only a C a - r i c h composition i s present. In c o n t r a s t , a l k a l i 

b a s a l t magmas are generally c h a r a c t e r i s e d by the presence of a 

s i n g l e C a - r i c h pyroxene i n both i n i t i a l and d e r i v a t i v e bulk 

compositions. I n strongly s i l i c a - u n d e r s a t u r a t e d a l k a l i n e magmas, 

the trend of pyroxene v a r i a t i o n i s towards Na and Fe enrichment, 

and only minor v a r i a t i o n i s observed when these compositions are 

projected i n t o the system: 

CaMgSi 20 6(Di) - CaFeSi^O^Hed) - MgSiC>3( En) - FeSiC> 3(Fs) 

Fig.3 6 i l l u s t r a t e s the compositional v a r i a t i o n described. 

B a r b e r i et al.(1971) and Gibb (1973) have reported t r a n s i t i o n a l 

types of compositional v a r i a t i o n intermediate between the t h o l e i i t i c 

and a l k a l i n e trends. I t i s apparent therefore that the pyroxene 

compositional r e l a t i o n s h i p s with changing physico-chemical 

conditions i n d i f f e r e n t i a t i n g magmas remains of fundamental 

research i n t e r e s t i n igneous petrogenesis. 

The Grenada volcanic s u i t e i s c h a r a c t e r i s e d by the e a r l y 

c r y s t a l l i s a t i o n of a s i n g l e C a - r i c h composition, c a l c i c augite, 

i n p i c r i t i c and b a s a l t i c compositions. Superimposed on the 

v a r i a t i o n s i n T i and Al already described i n some clinopyroxenes, 



. 3b 

Trends of pyroxene c r y s t a l l i s a t i o n i n the system 
CaMgSi 0 ( D i ) - CaFoSi O (Hed) - MqSiO ( E n ) -2 6 2 6 3 
FeSiO^(Fs) showing contrasted evolution within 
t h o l e i i t i c and a l k a l i b a s a l t compositions. 

I . D i f f e r e n t i a t e d teschenite s i l l , Gunnedah, 
New South Wales. 

I I . Garbh E i l e a n S i l l , Shiant I s l e s . 

I I I . B r i t i s h and I c e l a n d i c T e r t i a r y a c i d g l a s s e s . 

IV. Skaergaard i n t r u s i o n . 

Line A-B c r y s t a l l i s a t i o n trend of primary 
or thopyroxenes 

Line C-D c r y s t a l l i s a t i o n trend of inverted pigeonites. 

T i e l i n e s are for c o e x i s t i n g C a - r i c h and Ca-poor 
pyroxenes i n the Skaergaard i n t r u s i o n . After Deer, 
Howie and Zussman (1966). 
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i s a gradual change towards enrichment i n Fe and Mg with 

i n c r e a s i n g s i l i c a content of the host rock. A Ca-poor pyroxene 

begins to c r y s t a l l i s e j o i n t l y with a C a - r i c h pyroxene ( a u g i t e 

i n the terminology of Brown, 1968) i n the andesites when the 

concentration of SiO i n the rock i s approximately 55 wt.%. The 

Ca-poor pyroxene i s always orthohombic bronzite or hypersthene. 

The c r y s t a l l i s a t i o n of augite and hypersthene together continues 

into s i l i c a - r i c h andesites and d a c i t e s . Ca-poor clinopyroxene has 

not been observed during the present i n v e s t i g a t i o n as a phenocryst 

or groundmass phase i n the Grenada s u i t e . The appearance of 

pigeonite at compositions near En^ 6 5
 a s a p r i m a r y - c r y s t a l l i s i n g 

Ca-poor phase i n t h o l e i i t i c assemblages i s reported i n some c a l c -

a l k a l i n e s u i t e s of t h o l e i i t i c a f f i n i t i e s (eg. "the p i g e o n i t i c 

s e r i e s " of Kuno, 1950). I n the Grenada pyroxenes there i s no 

evidence that the hypersthene has inverted from a monoclinic 

s t r u c t u r e and no exsolution lamellae of a Ca-poor pyroxene have 

been observed i n the hypersthenes. The appearance of orthohorabic 

pyroxene as the primary c r y s t a l l i s i n g phase i s s i m i l a r to other 

c a l c - a l k a l i n e s u i t e s (eg. Wilkinson, 1971; Fodor, 1971). 

I n F i g . 37 the r e s t r i c t e d enrichment of Fe i n c o e x i s t i n g 

c l i n o - and orthopyroxenes with increasing s i l i c a - s a t u r a t i o n of 

the host rock i s shown. The most F e - r i c h orthopyroxene observed 

i n the present study are F s
5 0 * Fodor (1971) has suggested that 

c a l c - a l k a l i n e trend of reduced i r o n enrichment r e l a t i v e to the 

t h o l e i i t i c trend controls the Fe content of the pyroxenes. I n 

other words, the bulk composition of the host magma i s the 

important f a c t o r i n determining the degree of Fe-enrichment i n 



. 37 

Pyroxene c o m p o s i t i o n a l v a r i a t i o n i n the Grenada 
c a l c - a l k a l i n e s u i t e p r o j e c t e d i n t o the system: 

Di(CaMgS i O ) - Hed(CaFeS i O ) - F s ( F e S i 0 0 ) -1 2 o 1 2 b 5 

En(MgSi0 3) . 

T i e l i n e s are f o r c o e x i s t i n g C a - r i c h and Ca-poor 
pyroxenes. 
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the pyroxenes. The m i s c i b i l i t y gap between c o e x i s t i n g C a - r i c h 

and Ca-poor pyroxenes i n the Grenada s u i t e i s s i m i l a r to the gap 

in t h o l e i i t i c compositions ( c f . Atkins, 1969). 

Le Bas (1962) suggested that the magmatic a f f i n i t i e s of a 

clinopyroxene could be determined on the b a s i s of T i and Al 

contents. However the v a r i a t i o n of Al O with SiO of the 
2 3 2 

Grenada c1inopyroxenes spans the non-alkaline, a l k a l i n e and 

p e r a l k a l i n e groups of Le Bas. Arculus and Curran (1972) showed 

t h i s v a r i a t i o n occurred i n ind i v i d u a l clinopyroxene c r y s t a l s and 

the data obtained from a more extensive study of the clinopyroxenes 

i s presented here ( F i g . 38 ) . Gibb (1973) has shown that the 

v a r i a t i o n i n composition of the clinopyroxenes w i t h i n the Shiant 

S i l l a l s o spans the groups of Le Bas (1962). I t i s apparent 

therefore, that the content of T i and A l alone does not n e c e s s a r i l y 

confirm the magmatic a f f i n i t i e s of a p a r t i c u l a r pyroxene. 

The content of A l i n pyroxenes probably v a r i e s according to 

pressure, temperature and the bulk composition of the magma 

(Brown, 1968). Entry of A l int o the octahedral s i t e s of the 

clinopyroxene structure i s favoured by high pressure but the 

a c t i v i t y of s i l i c a i n the magma i s a l s o an important factor 

(Brown, 1968). Lower s i l i c a a c t i v i t y promotes the entry of 

inc r e a s i n g amounts of Ca-tschermak*s molecule (CaAl SiO ) into 
2 6 

the pyroxenes. However, the v a r i a t i o n of T i with Al i n the 

clinopyroxenes ( F i g . 39 ) suggests a more complex s u b s t i t u t i o n . 

Ross et a l . (1970) suggested on the b a s i s of a l i n e a r r e l a t i o n s h i p 

between T i and Al that a coupled s u b s t i t u t i o n of the f orm : 



Fig.38 

SiO v A l O p l o t o f the Grenadan clinopyroxenes 
2 2 3 

* J o u t e r s r e j - c r Vt> C \ e U * oj- La E.cxc, C i « * & 2 . ^ 
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R + 2Si 3—* T i + 2A1 

was present where the r a t i o of T i / A l equals 0.5. The r a t i o of 

T i / A l i n the Grenada clinopyroxenes i s extremely v a r i a b l e 

w i t h i n rocks of d i f f e r e n t composition (compare Fig39 with F i g . 33 ) 

Thus a simple coupled s u b s t i t u t i o n of the form suggested by 

Ross et a l * i s inadequate to describe the v a r i a t i o n i n composition 
3+ 

observed. T h i s i s probably r e l a t e d to the presence of Fe i n the 

Grenada clinopyroxenes and d i f f i c u l t i e s a re experienced i n deter­

mining the Fe^O^/FeO r a t i o s from e l e c t r o n mocroprobe analyses. 

Further d i s c u s s i o n of t h i s aspect of the pyroxene chemistry 

follows the de s c r i p t i o n of the sector and o s c i l l a t o r y zoning 

fea t u r e s (p. 229 ) . 

Gibb (1973) has suggested that the i n i t i a l increase i n T i 

and Al of the clinopyroxenes of the Shiant S i l l i s c o n t r o l l e d by 

incr e a s i n g T i a c t i v i t y i n the magma due to the lack of e a r l y 

F e - T i oxide p r e c i p i t a t i o n . The presence of t i t a n i f e r o u s magnetite 

as an e a r l y c r y s t a l l i s i n g phase i n the p i c r i t e s and b a s a l t s 

suggests that although the a c t i v i t y of T i i n the magma must be 

important, i t i s only one of se v e r a l f a c t o r s determining the 

clinopyroxene composition. 

I t i s i n t e r e s t i n g to note that the change i n composition 

of the clinopyroxene microphenocrysts of p i c r i t e 483 (p. 160 ) 

i s towards i n c r e a s i n g T i and A l content. N i c h o l l s et a l . (1971) 

have shown that a c t i v i t y of s i l i c a i n c r e a s e s i n a given b a s a l t i c 

composition with i n c r e a s i n g pressure. The growth of T i - and A l -

enriched mantles around the clinopyroxene microphenocrysts may 



q. 30 a 

A l / T i r e l a t i o n s h i p s i n an o s c i l l a t o r y zoned c l i r s o -
pyroxono phcnocryst i n t r a n s i t i o n a l b a s a l t 479. 
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39b 

A l / S i r e l a t i o n s h i p s i n an o s c i l l a t o r y zoned c l i n o -
pyroxene phenocryst i n t r a n s i t i o n a l b a s a l t 479. 
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P l a t e 45 

Photomicrograph of t r a n s i t i o n a l b a s a l t 479. O s c i l l a t o r y 
and sector-zoned c l i n o p y r o x e n e phenocrysts t o g e t h e r 
w i t h o l i v i n e and o s c i l l a t o r y - z o n e d p l a g i o c l a s e f e l d s p a r s 
can be seen. (Plane p o l a r i s e d l i g h t m a g n i f i c a t i o n x 4 ) . 
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be due to the reduced S i - a c t i v i t y i n the magma during a r i s e to a 

lower pressure environment- Major changes i n the pressure of 

the magma may generate changes i n composition, but o s c i l l a t i o n 

i n element concentration a l s o occurs on a much f i n e r and often 

repeated s c a l e . 

9:5:3 The Sector and O s c i l l a t o r y zoned Clinopyroxenes 

Sector and o s c i l l a t o r y zoned clinopyroxenes have been 

reported i n many t e r r e s t r i a l and lunar environments (eg. Hargraves 

et al.« 1970; Thompson, 1972; Wass, 1973). I n most cases extremely 

f l u i d , v o l a t i l e - r i c h or a l k a l i n e magmas appear to have formed the 

host composition. The occurrence of these types of zoning i n 

clinopyroxenes i s unusual i n i s l a n d - a r c magmas. However in a 

study of Etna pillow lavas ( S i c i l y ) , s i m i l a r features were 

observed i n a l k a l i b a s a l t compositions (Arculus, 1973). Weakly 

o s c i l l a t o r y zoned clinopyroxenes have a l s o been observed i n 

b a s a l t samples from the South Sandwich and Tonga i s l a n d a r c s 

( i n samples donated to the author by Dr. P.E. Baker, Leeds). I f 

Mt. Etna i s regarded as part of the Cal a b r i a n i s l a n d a r c (Ninkovich 

and Hays, 1972) sector and o s c i l l a t o r y zoning of clinopyroxenes 

may be a r e l a t i v e l y common feature of b a s a l t s of c a l c - a l k a l i n e 

as w e l l as a l k a l i n e a s s o c i a t i o n s . 

The appearance of a t y p i c a l clinopyroxene-phyric t r a n s i t i o n a l 

b a s a l t i s shown i n Plate 45 • The majority of the clinopyroxenes 

i n t h i s s e c t i o n have been sectioned oblique to the c - a x i s . 

O s c i l l a t o r y zoning of i n d i v i d u a l phenocrysts i s shown in Pl a t e s 46. 



P l a t e 46 

Photomicrographs of o s c i l l a t o r y and sector-zoned c l i n o -
pyroxene phenocrysts i n t r a n s i t i o n a l b a s a l t 479. 
(Crossed polars magnification xlO). 
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The sector-zoning may be observed i n the (010) s e c t i o n s shown i n 

Plate 35 of a l k a l i b a s a l t 454. Ind i v i d u a l c r y s t a l s may not have 

been sectioned through the core and frequently e x h i b i t continuous 

o s c i l l a t o r y zoning. In many cases however, an unzoned pale green 

core i s v i s i b l e even i n (010) s e c t i o n s . In plane p o l a r i s e d l i g h t , 

the o s c i l l a t o r y zones appear as d i f f e r e n t shades of green. The 

darker green i s asso c i a t e d with a higher content of T i and A l . 

The nature of the o s c i l l a t o r y zones i s a gradual change from pale 

to dark green within a distance of 10-50 followed by a sharp 

r e v e r s a l to pale green again. Minute o s c i l l a t i o n s up to 2-4 

in width are superimposed on the broader d i v i s i o n s of contrasting 

composition. The r e l a t i o n s h i p of i n d i v i d u a l o s c i l l a t i o n s w i t h i n 

sector zoning of a (010) s e c t i o n are shown i n F i g . 40 . I t can be 

seen that i n d i v i d u a l zones are continuous around the c r y s t a l and 

across sector boundaries but the thickness of the zone v a r i e s . 

The sector boundary i s thus by no means a plane surface, and the 

configuration of the o s c i l l a t o r y zones and t h i s boundary does not 

support the suggestion of Strong (1969) that hourglass growth 

followed by l a t e r pyramidal i n f i l l i n g of contrasted composition 

forms the sector zoning. 

Orientation of i n d i v i d u a l c r y s t a l s was achieved on the 

u n i v e r s a l stage and the greatest enrichment of T i and Al observed, 

was u s u a l l y in the (100) sector (terminology of H o l l i s t e r , 1970). 

However, many instances of o s c i l l a t i o n i n composition between zones 

of i n d i v i d u a l s e c t o r s equivalent to d i f f e r e n c e s between se c t o r s 

were observed. I n F i g . 40 the r e l a t i o n s h i p between o s c i l l a t o r y 

zones of a (100) and (110) sector are sketched from Pl a t e 46 . 



Fiq.40 

O s c i l l a t o r y and sector zoned clinopyroxenes, 

(A) Configuration o f sector (hour-glass) zoning 
i n 010 s e c t i o n , s t i p p l e denotes higher r e l a t i v e 
concentration of T i and A l . 

(B) Configuration of sector and o s c i l l a t o r y zone 
boundaries i n analysed clinopyroxene, i n 
oblique (001) s e c t i o n . Numbers r e f e r to analyses 
i n Table 29. 
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TABLE 30 
P a r t i a l analyses of s e v e r a l zones of an o s c i l l a t o r y - z o n e d c l i n o -
pyroxene i n t r a n s i t i o n a l b a s a l t 479. Numbers r e f e r to points 
analysed ( l o c a t i o n s i n Fig.40) • 

6 3 1 2 4 5 
s i o 2 47.60 47.83 48.44 48.81 48.03 47.67 
TiO^ 2 1.21 1.15 1.04 1.07 1.14 1.16 
Al O 

2 3 
6.19 6.05 6.17 5.83 6.50 6.65 

FeO 7.88 8.03 8.13 7.86 8.02 8.15 
MgO 13.02 13. 20 12.75 13.63 13.14 12.82 
CaO 22.95 22. 27 22.11 22.60 22.28 22. 22 
Na O 2 0.49 . 0.51 0.47 0.50 0.52 0. 59 
K O 
2 

0. 32 0.04 0.03 0.03 0.04 0.06 

Total 99. 37 99.67 99.15 100.33 99.67 99. 33 

Atomic proportions on the b a s i s of 6 oxygens 

S i 1.793 1.806 1.824 1.817 1.801 1.796 
T i 0.034 0.033 0.029 0.030 0.032 0.033 
Al 0.275 0. 269 0.274 0.256 0.287 0. 295 
Fe 0.248 0. 254 0. 256 0.245 0. 252 0.257 
Mg 0.731 0.743 0.715 0.756 0.734 0.720 
Ca 0.927 0.901 0.892 0.902 0.895 0.897 
Na 0.036 0.037 0.034 0.036 0. 038 0.043 
K 0.015 0. 002 0.001 0.001 0.002 0.003 

End-member compositions 

Ca 48.62 47.49 47.87 47.39 47.59 47.88 
Mg 38.36 39.15 38.39 39.75 39.04 38.42 
Fe 13.03 13.36 13.74 12.86 13.37 13.71 



The configuration of the boundaries between the s e c t o r s suggest 

that the surface of the s e c t i o n i s somewhat oblique to the c - a x i s 

of the c r y s t a l . I n Table 30 , analyses of i n d i v i d u a l points w i t h i 

these o s c i l l a t o r y zones i s presented. An attempt was made during 

the a n a l y s i s of these zones to determine the v a r i a t i o n w i t h i n a 

s i n g l e o s c i l l a t i o n i n composition away from a sector boundary. 

Unfortunately i t i s impossible to be c e r t a i n that equivalent 

growth stages were analysed. Nevertheless, the analyses r e v e a l 

that the v a r i a t i o n i n chemical composition within a sector may 

be equivalent to the d i f f e r e n c e s between a sector. 

Analyses of the St. Vincent cumulus clinopyroxenes (Lewis, 

1963) and sector zoned augites from Vesuvius ( B e l l et al.« 1972) 
3+ 

suggest the presence of Fe i n the tetrahedral s i t e s of the 
3+ 

pyroxene s t r u c t u r e . The proportion of Fe i n the Grenada c r y s t a l 

cannot be determined d i r e c t l y by electron microprobe a n a l y s i s . 

Assuming stoichiometry and accurate a n a l y s i s of cations other 
2+ . „ 3+ than Fe , i t i s possible to estimate Fe by a normative-type 

procedure such as that devised by Kushir o (1962). However, 

Finger (1962) has shown the low accuracy l i k e l y to be achieved 

by t h i s procedure with electron microprobe analyses, p a r t i c u l a r l y 

when small v a r i a t i o n s i n t o t a l Fe are being considered. 

The o s c i l l a t o r y and sector zoning of the Grenada c l i n o ­

pyroxenes probably involves a complex s u b s t i t u t i o n of s e v e r a l 

cations- Thompson (1972) has summarised the p o s s i b l e coupled 

s u b s t i t u t i o n s i n an o s c i l l a t o r y and sector zoned augite, and 

suggested that these may i n d i c a t e the range of complex element 
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v a r i a t i o n p o s s i b l e . These are: 

1) Ti2Al Mg2Si leads to t h e o r e t i c a l end-member 

R 2 + T i A l 2 0 6 (Yagi and Onuma, 1967). 

2) 2A1 MgSi leads to R 2 + A l A l S i 0 6 (Thompson , 1972 )• 

3) 2 F e 3 + MgSi leads to R 2 + F e F e S i 0 6 

(Huckenholz et a l . . 1969). 

4) NaFe3"** CaMg leads to NaFeSi^O (Nolan and Edgar, 1963). 

5) NaAl CaMg leads to NaAlSi 0 & ( Thompson, 1972 )• 

6) F e 3 + A l MgSi leads to R 2 + F e A l S i 0 6 (Thompson, 1972). 

Further consideration of the element v a r i a t i o n i n the Grenada 
3+ 

clinopyroxenes must await accurate Fe determinations. The 

formation of sector zoning has been discussed by H o i l i s t e r and 

Gancaz (1971). They considered four main f a c t o r s were involved: 
M l ) the s i z e and composition of i o n i c complexes added to the 

c r y s t a l as i t grows 

2) the rate of addition of material 

3) the r a t e of equilibrium of the new m a t e r i a l with the 

matrix at the surface of growth steps 

4) the rate of r e - e q u i l i b r a t i o n with the matrix by 

exchange of ions perpendicular to the c r y s t a l f a c e s . " 

Hargraves et al.(1970) suggested that simultaneous expsoure of the 

tet r a h e d r a l and octahedral s i t e s on growing (010) and (001) faces 

would f a c i l i t a t e the type of coupled s u b s t i t u t i o n s l i s t e d above. 

Alternate exposure of these s i t e s by growth p a r a l l e l to (110), 

(100) and (101) faces does not permit simultaneous coupled sub-
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s t i t u t i o n s and may involve a l t e r n a t e charge compensations. The 

complication of the superimposed o s c i l l a t o r y zoning must a l s o be 

considered. Bottinga et a l . (1966) a f t e r Harloff (1927) proposed 

a d i s e q u i l i b r i u m c r y s t a l l i s a t i o n model for the formation of 

o s c i l l a t o r y zoning i n p l a g i o c l a s e f e l d s p a r s . Element concentration 

gradients measured i n glasses adjacent to c r y s t a l faces suggest 

that the i n t e r p l a y between r a t e of i o n i c d i f f u s i o n i n the melt 

and the growing c r y s t a l surface control the r e v e r s a l s of compos­

i t i o n observed. Bottinga et a l . a l s o suggested a mechanism for the 

sudden r e v e r s a l i n composition at the s t a r t of a new zone. During 

the slower stages of c r y s t a l l i s a t i o n near the completion of a zone, 

i t i s assumed that the c r y s t a l surface becomes r e l a t i v e l y perfect 

with few e n e r g e t i c a l l y favourable s i t e s of nucleation. 

C r y s t a l l i s a t i o n almost ceases as the concentration of the higher-

temperature end-member composition (An) b u i l d s up again to s l i g h t 

supersaturation, followed by rapid nucleation on.the c r y s t a l face 

and depletion of the adjacent melt once more. 

In the case of p l a g i o c l a s e f e l d s p a r s , o s c i l l a t o r y zones are 

sometimes reduced i n number or absent i n one c r y s t a l l o g r a p h i c 

plane. The reduction i n width of some of the o s c i l l a t o r y zones 

of p a r t i c u l a r growth surfaces i n clinopyroxenes has already been 

suggested. I t i s a consequence of t h i s d i s e q u i l i b r i u m - c r y s t a l l i s a t i o n 

model that the existence of s t r u c t u r a l l y favourable nucleation s i t e s 

w i l l control the r e l a t i v e amounts of o s c i l l a t o r y zoning. The 

formation of the o s c i l l a t o r y zones i n the clinopyroxenes appears 

analogous to the o r i g i n of the o s c i l l a t o r y zones of the p l a g i o c l a s e 

f e l d s p a r s . The formation of sector and o s c i l l a t o r y zoning appears 

to be r e l a t e d not only to the bulk composition of the melt and 
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the k i n e t i c s of d i f f u s i o n and growth, but a l s o to the strong 

influence of c r y s t a l l o g r a p h i c o r i e n t a t i o n . I t i s i n t e r e s t i n g 

to note that the cumulus clinopyroxenes of the plutonic blocks 

are generally unzoned. I t seems p o s s i b l e that the s e t t l i n g of the 

c r y s t a l s i n the host magma may produce equilibrium growth as the 

c r y s t a l faces are continuously i n contact with undepleted melt. 

Further nucleation may take place under equilibrium conditions 

by the process of adcumulus growth suggested by Wager and Brown 

(1968). O s c i l l a t o r y zoning i n p l a g i o c l a s e may be generated by 

fl u c t u a t i o n s i n P^ Q of the magma (Yoder, 1969) and i t i s 
2 

apparent that major p h y s i c a l changes i n pressure and temperature 

of the magma must also control the composition of the nucleating 

phenocrysts. 

I n summary, the sector and o s c i l l a t o r y zoned clinopyroxenes 

are probably formed under disequilibrium conditions p r e v a i l i n g 

in the magma prior to eruption. I t seems u n l i k e l y that the unzoned 

cumulus pyroxenes are formed at the same time as the strongly zoned 

c r y s t a l s , and may r e l a t e to periods of quiescence and equilibrium 

growth. The occasional large (4-5 mm) unzoned c a l c i c augites 

observed i n the b a s a l t s and p i c r i t e s are probably cumulus xenocrysts 

incorporated i n the magma during ascent. 

Discussion 

The important feature of the Grenada pyroxenes i s the trend 

from compositions previously recognised as t y p i c a l l y a l k a l i n e to 

c a l c - a l k a l i n e assemblages. This trend c o n s t i t u t e s a type of 

pyroxene compositional v a r i a t i o n a d d i t i o n a l to those described i n 
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9:5;4 Feldspars 

P l a g i o c l a s e f e l d s p a r s are the dominant phenocryst m i n e r a l s 

o f many o f the b a s a l t s , a n d e s i t e s and d a c i t e s o f the Grenada c a l c -

a l k a l i n e s u i t e . A l k a l i f e l d s p a r i s suspected i n the groundmass 

of some m i c r o p h y r i c p i c r i t e s and b a s a l t s but i s never present as an 

obvious phenocryst or groundmass phase. The h i g h An content o f 

p l a g i o c l a s e f e l d s p a r s i n the Grenada s u i t e i s t y p i c a l of c a l c -

a l k a l i n e a s s o c i a t i o n s . I t i s apparent t h a t h i g h l y c a l c i c p l a g i o ­

c l a s e can be p r e c i p i t a t e d from b a s a l t i c magma, p o s s i b l y under 

c o n d i t i o n s o f e l e v a t e d P H (Yoder, 1969). The t o t a l range i n 
2 

compos i t i o n observed i s from 1 5> a n d i n d i v i d u a l phenocrysts 

are o f t e n p r o m i n e n t l y zoned. I n g e n e r a l t h e r e i s a g r a d u a l 

decrease i n An c o n t e n t w i t h i n c r e a s i n g s i l i c a - s a t u r a t i o n o f t h e 

b u l k composition but b y t o w n i t e cores are o f t e n present i n t h e 

phenocrysts o f a n d e s i t i c compositions. The content o f K 0 i s 

u n i f o r m l y low i n the p l a g i o c l a s e f e l d s p a r s r a n g i n g from 0.01 

w t . % ( A n 9 Q ) t o 0.04 w t . % ( A n 4 Q ) . 

The d i s e q u i l i b r i u m growth mechanism d e s c r i b e d p r e v i o u s l y 

appears t o be t h e most s a t i s f a c t o r y e x p l a n a t i o n f o r t h e o r i g i n 

o f the o s c i l l a t o r y zoning i n the p l a g i o c l a s e phenocrysts. I t i s 

p o s s i b l e t h a t a d d i t i o n a l zoning i s present due t o f l u c t u a t i o n s 

i n P d u r i n g c r y s t a l l i s a t i o n ( T u t t l e and Bowen, 1958)- I n d i v i d u a l H U 2 
zones may be o f t h e order o f 2jtm i n w i d t h and some l a r g e r pheno­

c r y s t s may c o n t a i n 100 or more of these zones. An example o f the 

range o f v a r i a t i o n between zones o f a phenocryst i n d a c i t e 462 

i s g i v e n i n Table 31 . The o s c i l l a t i o n s i n co m p o s i t i o n are 

superimposed on a normal zoning t r e n d towards more sodic 
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TABLE 31 

Analyses o f s e v e r a l zones o f an o s c i l l a t o r y - z o n e d p l a g i o c l a s e 
f e l d s p a r phenocryst i n d a c i t e 462. O s c i l l a t o r y zones i n order 
1 t o 7 ap^. . ̂ aching margin o f c r y s t a l . 

1 2 3 4 5 6 7 
SiC 

2 
54.87 55.91 57.88 56.72 56.71 56.40 57.64 

TiO 
2 

0. 02 0.02 0.02 0.02 0.02 0.02 0.02 
A l 0 

2 3 
28.49 29.56 26.90 27.76 27. 38 28.45 26.84 

FeO 0. 24 0. 26 0. 21 0. 18 0.17 0. 30 0.18 
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
MgO 0.05 0.05 0.03 0. 02 0.02 0.08 0.07 
CaO 9.92 9. 96 8. 20 9. 33 8.59 8.97 9. 26 
K O 2 0.02 0.02 0. 03 0.02 0.03 0.03 0.02 
Na O 

2 
5.71 4.61 6. 31 5.42 5.95 5.12 6. 24 

T o t a l 99. 34 100.41 99.60 99.49 98. 89 99.39 100.29 

Atomic propor t i o n s : on the b a s i s o f 8 oxygens 

S i 2.485 2.490 2.593 2.549 2.562 2.533 2.575 
T i 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
A l 1.521 1.552 1.421 1.471 1.458 1.506 1.414 
Fe 0.009 0.010 0.008 0.007 0.006 0.011 0.007 
Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Mg 0.003 0.003 0.002 0.001 0.001 0.005 0.005 
Ca 0.481 0.475 0.394 0.449 0.416 0.432 0.443 
K 0.001 0.001 0.002 0.O01 0.002 0.002 0.001 
Na 0.502 0.398 0.548 0.472 0.521 0.446 0.541 

End-member compositions 

Ab 50.97 45.53 58.10 51.19 55.53 50.72 54.89 
An 48.92 54. 34 41.71 48.68 44. 29 49.09 45.00 
Or 0.12 0.13 0.18 0.12 0.18 0. 20 0.12 
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compositions from core t o r i m . I n many phenocrysts, zones 

densely populated by minute oxide g r a i n s or g l a s s y blebs are 

pre s e n t . These zones may occupy t he cores, or occur a t any stage 

d u r i n g t h e growth o f the c r y s t a l . 

B o t t i n g a e t a l . (1966) suggested t h a t t h e presence o f oxide 

i n c l u s i o n s i s t h e r e s u l t o f the same d i s e q u i l i b r i u m growth t h a t 

may i n i t i a t e o s c i l l a t o r y zoning. The s a t u r a t i o n i n ferromagnesian 

c o n s t i t u e n t s i n t h e melt adjacent t o a growing p l a g i o c l a s e c r y s t a l 

may i n i t i a t e n u c l e a t i o n o f ferromagnesian s i l i c a t e s or oxides. On 

the o t h e r hand, t he r a r e r occurrence o f ox i d e and s i l i c a t e i n c l u s i o n s 

w i t h i n t h e f e l d s p a r compared w i t h t h e frequency o f o s c i l l a t o r y 

zoning may be the r e s u l t o f f l u c t u a t i o n s i n P, T and P„ ^ o f t h e 
H O 
2 

magma. I n t h i s case r e s o r p t i o n o f p r e v i o u s l y c r y s t a l l i s e d 

compositions or a l t e r n a t i v e l y n u c l e a t i o n o f d i f f e r e n t phases may 

take place. 

9:5:5 Amphiboles 

The amphiboles o f the Grenada b a s a l t s , a n d e s i t e s and d a c i t e s 

a r e o f p a r g a s i t e - t s c h e r m a k i t e c o m p o s i t i o n i n the c l a s s i f i c a t i o n 

o f P h i l l i p s (1966). S e l e c t e d analyses have been presented 

p r e v i o u s l y i n t h i s Chapter. The complex s u b s t i t u t i o n s p o s s i b l e 

i n amphiboles and the v a r i a t i o n i n co m p o s i t i o n w i t h changing P, 

T, f and b u l k composition are o f c o n s i d e r a b l e i n t e r e s t i n t h e 

i n t e r p r e t a t i o n o f t h e e v o l u t i o n a r y t r e n d s o f hydrous magmas. 

The appearance o f amphibole phenocrysts i n Grenada b a s a l t s and 

cumulus p l u t o n i c b l o c k s i s im p o r t a n t w i t h r e g a r d t o the p e t r o g e n e s i s 

o f t h e c a l c - a l k a l i n e s u i t e . The most i m p o r t a n t f e a t u r e s o f these 

amphiboles i s t h e s i l i c a - u n d e r s a t u r a t e d c o m p o s i t i o n and t h e order 
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o f c r y s t a l l i s a t i o n a f t e r s p i n e l , o l i v i n e , c l i n o p y r o x e n e and 

p l a g i o c l a s e . 

3+ 2+ 

An attempt was made t o a l l o c a t e Fe and Fe i n t h e 

amphiboles from t o t a l Fe i n the analyses determined w i t h t h e 

e l e c t r o n mtcroprobe. U n c e r t a i n t y i n the d e t e r m i n a t i o n o f oth e r 

elements besides Fe and the p o s s i b l e presence of 0~ as w e l l as 

OH anions i n the s t r u c t u r e render t h i s procedure even less 

l i k e l y t o succeed than i n the case o f c l i n o p y r o x e n e s . Amphiboles 

analysed by wet chemical methods (Lewis, 1964; Rea,1970) i n t h e 

Lesser A n t i l l e s r e v e a l h i g h average Fe 0 /FeO r a t i o s ( 0.68 ) • 

S t r u c t u r a l formulae i n t h i s account have been based on Fe O. = 0 . 0 
2 3 

f o l l o w i n g t h e method o f Ross e t a l . (1969). T h i s i n v o l v e s the 

l e a s t adjustment o f t h e a c t u a l data and a l l o w s comparisons t o be 

made d i r e c t l y but i t i s recognised t h a t t h e Grenada amphiboles 

probably a l s o c o n t a i n h i g h Fe^O^/FeO r a t i o s . 
The amphibole s t r u c t u r a l f o r m u l a i s : 

A^ , Y Z„ O (OH) 0-1 2 5 8 22 v ' 2 

Ross e t a l . (1969) suggest t h a t any excess i n t h e Y s i t e above 

5.00 may be considered as Fe i n t h e s i t e ( X ) . The co n t e n t o f 

the A s i t e i s then g i v e n by: 

Ca + Na + K + Fe (M 4) - 2.00 

I n a study o f t h e v a r i a t i o n o f amphibole composition i n experiments 

conducted under hydrous c o n d i t i o n s (P„ =P^ =5 kb) i n n a t u r a l 
™2 t O t 

b a s a l t c o m p o s i t i o n s , Helz (1973) has shown t h a t t h e r e i s a 

c o r r e l a t i o n between i n c r e a s i n g A l ( I V ) , T i and A s i t e occupancy 



P l a t e 47 

Photomicrograph o f a n d e s i t e 355. O s c i l l a t o r y zoned 
amphiboles are the prominent phenocryst m i n e r a l s . 
(Crossed p o l a r s , m a g n i f i c a t i o n x 5 ) . 
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TABLE 32 

P a r t i a l analyses o f o s c i l l a t o r y zoned p a r g a s i t e phenocryst 
i n a n d e s i t e 355. P o i n t s analysed on s i n g l e t r a v e r s e 
p e r p e n d i c u l a r t o p r i s m a t i c face. Core t o r i m i n order 1-7. 

1 o 3 4 5 6 7 
s i o 2 41 . 82 42. 22 41.61 40.67 41.03 41.90 42. 06 
A1 2G 3 15. 51 14. 25 14.62 15.72 15. 70 14.93 14. 80 
TK) 

2 
1. 95 1. 70 1. 74 1.83 1.86 1.69 1. 60 

FeO* 9. 40 10.84 11.60 11. 70 11.64 10.68 13. 11 
MgO 14. 15 13. 91 13.42 12.72 11.75 14. 20 12. 86 
CaO 12. 30 12. 01 12.12 11.99 12. 33 11.93 11. 57 
Na 20 2. 48 2. 48 2. 38 2.45 2.44 2.62 2. 44 

T o t a l 97. 61 97.41 97.49 97. 08 96.73 97. 95 98. 44 

S t r u c t u r a l formulae on the b a s i s o f 23 oxygens (Fe = 0.0) 

S i 6. 066 6. 173 6. 107 6. 001 6. 071 6.092 6.137 
A l ( I V ) 1. 934 1.827 1. 893 1. 999 1. 929 1.908 1.863 
A l ( V I ) 0. 719 0.630 0. 6 37 0. 736 0. 810 0.651 0.683 
T i 0. 213 0. 187 0. 192 0. 203 0. 207 0. 185 0.176 
Fe 1 . 140 1. 326 1. 424 1. 444 1.. 441 1. 299 1.600 
Mg 3. 059 3. 031 2. 935 2. 797 2. 587 3. 077 2.797 
Ca 1. 912 1.882 1. 906 1. 896 1 . 955 1.859 1.809 
Na 0. 698 0. 703 0. 678 0. 701 0. 700 0.739 0.691 

Atoms i n A s i t e (Ca+Na+Fe(M 4) - 2.00) 

0.741 0.759 0.772 0.777 0.690 0.810 0.756 

100/Mg/Mg+Fe r a t i o 

72.9 69.6 67.3 66.0 64.2 70. 3 63.6 
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w i t h i n c r e a s i n g temperature. However, i n c r e a s i n g f a t a g i v e n 
°2 

temperature produces t h e re v e r s e e f f e c t due t o the i n c r e a s i n g 

s t a b i l i t y o f the Fe-Ti oxides. I n F i g . 41 $ t n e v a r i a t i o n 

i n A l ( I V ) and A s i t e occupancy o f t h e Grenada amphiboles i s 

i l l u s t r a t e d . I n g e n e r a l , i n c r e a s i n g s i l i c a - s a t u r a t i o n of the b u l k 

c o m p o s i t i o n c o r r e l a t e s w i t h decreasing A l ( I V ) and A s i t e occupancy 

but the c o n t r o l of b u l k c o m p o s i t i o n a l d i f f e r e n c e s between b a s a l t 

and d a c i t e i s probably a much more impo r t a n t f a c t o r than d e c l i n i n g 

l i q u i d u s temperatures. The e f f e c t of i n c r e a s i n g Fe^^/FeO r a t i o 

i n these amphiboles i s t o s h i f t the p l o t t e d compositions towards 

the Ts corner o f F i g . 41 ( H e l z , 1973). 

O s c i l l a t o r y zoned amphiboles are f r e q u e n t l y present i n the 

Grenada a n d e s i t e s and d a c i t e s . The appearance o f these amphiboles 

i n a n d e s i t e 355 i s shown i n P l a t e 47 . The c r y s t a l s have been 

s e c t i o n e d p e r p e n d i c u l a r t o the p r i s m a t i c faces. The oth e r 

phenocryst m i n e r a l s are p l a g i o c l a s e f e l d s p a r ( A n
7 Q > c a l c i c 

a u g i t e and magnetite. P a r t i a l analyses a t p o i n t s on a s i n g l e 

t r a v e r s e from the core towards the o p a c i t i s e d margin o f the 

l a r g e r p a r g a s i t e phenocryst seen i n P l a t e 47 were completed w i t h 

the e l e c t r o n microprobe. The analyses are presented i n Table 32 . 

I n g e n e r a l the FeO/MgO r a t i o g r a d u a l l y increases from core t o 

margin r e f l e c t i n g the normal magmatic zoning t r e n d . However, 

s e v e r a l f l u c t u a t i o n s a re superimposed upon t h i s v a r i a t i o n 

i n c l u d i n g a major r e v e r s a l o f comp o s i t i o n near t h e margin o f 

the c r y s t a l t o a more Mg-rich composition. I n a d d i t i o n t h e r e 

i s a v a r i a t i o n i n T i and A l from zone t o zone. Another t r a v e r s e 

was made p a r a l l e l t o the p r i s m a t i c faces of an o s c i l l a t o r y zoned 



F i g , 4 1 

A l ( i v ) v A - s i t e occupancy i n amphiboles. The 
p o s i t i o n o f the hornblende end-members* e d e n i t e , 
Ed; p a r g a s i t e , Pa; and t s c h e r m a k i t e , TS. 
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p a r g a s i t e i n d a c i t e 335. The oth e r phenocryst m i n e r a l s i n 

t h i s d a c i t e are p l a g i o c l a s e f e l d s p a r (An 50-42 ) , c a l c i c augi t e , 

a p a t i t e and magnetite. The v a r i a t i o n i n composition o f t h i s 

p a g a s i t e are presented i n Table 33 . The range o f composition 

i n c l u d e s the p a r g a s i t e composition o f a n d e s i t e 355, but i n 

general the d a c i t e amphibole i s r i c h e r i n Sr, lower i n T i and A l 

and t h e v a r i a t i o n i n composition i s not as g r e a t . I n F i g . 41 the 

A l ( I V ) and A s i t e occupancy o f these o s c i l l a t o r y zoned amphiboles 

i s p l o t t e d . There i s no d e f i n i t e c o r r e l a t i o n suggesting t h a t b u l k 

composition and d i s e q u i l i b r i u m - g r o w t h are probably t h e most i m p o r t a n t 

f a c t o r s i n f l u e n c i n g the f o r m a t i o n o f the o s c i l l a t o r y zoning. 

The A l ( I V ) vs A s i t e p l o t has been used t o i l l u s t r a t e t h e 

co m p o s i t i o n a l v a r i a t i o n observed i n the Grenada amphiboles. I t 

i s not b e l i e v e d t h a t t h e r e i s a simple c o r r e l a t i o n between amphibole 

composition w i t h P, T, f and b u l k c o m p o s i t i o n o f t h e host magma 

and t h e i n t e r - r e l a t i o n s h i p o f these f a c t o r s remains an i n t r i g u i n g 

f i e l d o f research. The r e s u l t s o f e x p e r i m e n t a l i n v e s t i g a t i o n s 

i n t o the s t a b i l i t y o f amphibole i n b a s a l t i c and a n d e s i t i c m e l t s 

s i g n i f i c a n c e o f these r e s u l t s i s disc u s s e d i n Chapter 10. 

9:5:6 Oxide m i n e r a l s 

Chrome s p i n e l and m a g n e t i t e are the common oxide m i n e r a l s 

of the Grenada v o l c a n i c s u i t e . Chrome s p i n e l i s observed i n 

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

enclosed by o l i v i n e and c l i n o p y r o x e n e . M a g n e t i t e c o n t a i n i n g 

a p p r e c i a b l e q u a n t i t i e s (up t o 15 wt.%) TiO i s observed i n 

0 

at v a r i o u s P, T and P. H O c o n d i t i o n s , and t h e p e t r o g e n e t i c 

2 



TABLE 33 
P a r t i a l analyses o f o s c i l l a t o r y - z o n e d p a r g a s i t e 
phenocryst i n d a c i t e 335. P o i n t s analysed on a 
s i n g l e t r a v e r s e p a r a l l e l t o the p r i s m a t i c faces 

Core t o r i m i n order 1-4. 

1 2 3 4 
SiO 

2 
43.76 44.88 44.66 45.08 

A 1 2 0 3 10.41 9.65 9. 50 9.68 
TiO 

2 
1 .88 1.77 1.82 1.59 

FeO* 12.46 11.96 13.16 12.99 
MgO 13.90 14.40 13.90 13.72 
CaO 11 . 41 11. 25 11.05 11 . 25 
N a 2 ° 2. 21 2. 12 2.01 1 .82 

T o t a l 96.03 96.03 96.10 96. 13 

S t r u c t u r a l formulae on the b a s i s o f 23 oxygen 
( F e 3 + = 0.0) 

Si 6. 523 6.656 6.653 6.696 
A l ( I V ) 1.477 1. 344 1. 347 1. 304 
A l ( V I ) 0. 353 0. 343 0. 321 0.391 
T i 0. 211 0. 197 0. 204 0.178 
Fe 1.554 1.484 1.640 1.614 
Mg 3.088 3.183 3.086 3.037 
Ca 1.823 1.788 1.764 1 .791 
Na 0.6 39 0.610 0.581 0. 524 

Atoms i n A s i t e (Ca+Na+F e (M 4) -- 2.00) 

0.668 0.605 0. 596 0. 535 

lOCMg/Mg+Fe r a t i o s 

66.6 68.2 65.3 65. 3 



2U2 

compositions r a n g i n g from p i c r i t e s and b a s a l t s t o ande s i t e s 

and d a c i t e s . M a g n e t i t e i s a l s o present as a cumulus phase i n 

the p l u t o n i c b l o c k s . T e x t u r a l r e l a t i o n s suggest c r y s t a l l i s a t i o n 

throughout the e n t i r e s u i t e . E x s o l u t i o n f e a t u r e s a r e common 

ranging from f i n e l a m e l l a e t o coarse i n t e r g r o w t h s . I n some unex-

so l v e d magnetite phenocrysts t h e r e appears t o be a z o n a t i o n i n T i 

content from core t o r i m , decreasing i n c o n c e n t r a t i o n towards t h e 

margin. The absence of a s e p a r a t e l y c r y s t a l l i s i n g rhombohedral 

phase i s a f e a t u r e i n common w i t h the c a l c - a l k a l i n e s u i t e s o f 

St. K i t t s (Baker, 1968) and Montserrat (Rea, 1970). 

9;5:7 Minor C o n s t i t u e n t s 

Quartz i s present as a minor c o n s t i t u e n t i n some b a s a l t i c 

c o m p o s i t i o n s , porbably as a r e l i c t phase s t a b l e a t h i g h pressure. 

Occasional corroded and embayed q u a r t z g r a i n s a r e observed i n some 

d a c i t e s . I t i s p o s s i b l e t h a t r e d u c t i o n i n l o a d pressure (Green 

and Ringwood, 1968) or r e d u c t i o n i n Q ( T u t t l e and Bowen, 1958) 
2 

may cause r e s o r p t i o n o f p r e v i o u s l y c r y s t a l l i s e d q u a r t z phenocrysts 

i n the d a c i t i c magmas. 

A p a t i t e i s a common phenocryst m i n e r a l present i n small 

amounts ( < 5% modally) i n ande s i t e s and d a c i t e s . Reconnaissance 

a n a l y s i s f o r F w i t h the e l e c t r o n mocroprobe d i d not r e v e a l 

d e t e c t a b l e q u a n t i t i e s o f t h i s element. Frequently the a p a t i t e 

phenocrysts appear t o be f u l l o f minute i r o n - o x i d e i n c l u s i o n s . 

B i o t i t e i s o c c a s i o n a l l y present i n v e s i c l e s or as a minor, 

i n t e r s t i t i a l groundmass phase i n a l k a l i and t r a n s i t i o n a l b a s a l t s . 
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I t i s more common i n the c o a r s e l y p o r p h y r i t i c compositions 

perhaps r e f l e c t i n g the l a t e - s t a g e b u i l d up o f v o l a t i l e s . 

9:5:8 Summary 

I n summary t h e mineralogy and petrography o f the Grenada 

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

n a t u r e o f the p a r e n t a l compositions, e v o l u t i o n a r y t r e n d s and 

the behaviour o f the d i f f e r e n t i a t i n g magmas. The g r a d a t i o n 

from t y p i c a l l y a l k a l i n e u l t r a b a s i c t o c a l c - a l k a l i n e m i n e r a l o g i c a l 

assemblages i s unusual i n an i s l a n d - a r c environment and co m p l i c a t e d 

by t h e v a r i a b l e chemical composition o f the magmas. However, the 

continuous v a r i a t i o n i n m i n e r a l composition and abundance p r o v i d e s 

support f o r t he hypothesis t h a t t h e s i l i c a - s a t u r a t e d a n d e s i t e s 

and d a c i t e s a r e d e r i v e d by f r a c t i o n a l c r y s t a l l i s a t i o n o f b a s a l t i c 

magma. 
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CHAPTER 10 

PETROGENETIC RELATIONSHIPS AMONGST GRENADA MAGMAS 

This chapter i s concerned w i t h s e v e r a l aspects o f the 

petr o g e n e s i s o f v o l c a n i c rocks. F o l l o w i n g an i n t r o d u c t i o n t o 

general problems a s s o c i a t e d w i t h the Grenada v o l c a n i c s u i t e , 

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

g l o b a l theory o f p l a t e t e c t o n i c s i s developed. Subsequently 

evidence from Grenada i s used t o e x p l o r e concepts o f magma 

g e n e r a t i o n i n the Upper Mantle and the e v o l u t i o n o f these 

magmas d u r i n g movement towards the su r f a c e o f the e a r t h . 

10:1 I n t r o d u c t i o n 

The problem o f g e n e r a t i o n o f magmas i n the Upper M a n t l e 

has been s t u d i e d by ex p e r i m e n t a l p e t r o l o g i s t s f o r s e v e r a l 

decades, but there i s s t i l l a l a c k o f agreement on t h i s s u b j e c t . 

P o i n t s o f d i s p u t e i n c l u d e : 

1) the exact chemical and m i n e r a l o g i c a l c o m p o s i t i o n 

o f t h e Upper Mantle. 

2) t h e nat u r e o f l i q u i d s produced d u r i n g p a r t i a l m e l t i n g 

under d i f f e r e n t P, T and v o l a t i l e - p r e s e n t c o n d i t i o n s . 

3) the r o l e o f v a r i o u s f r a c t i o n a t i n g c r y s t a l l i n e phases 

d u r i n g t h e subsequent e v o l u t i o n o f the p a r t i a l m e l t s . 

0 8Hara (1968) concluded t h a t even t h e most p r i m i t i v e 

b a s a l t compositions a t s u r f a c e have s u f f e r e d c r y s t a l f r a c t i o n ­

a t i o n t o some degree. During the study o f a d i f f e r e n t i a t e d v o l c a n i c 

s u i t e , i t i s o f t e n p o s s i b l e t o i n f e r the compo s i t i o n o f t h e most 

p r i m i t i v e l i q u i d s o f the s u i t e . Since these have p r o b a b l y a l s o 
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s u f f e r e d c r y s t a l f r a c t i o n a t i o n processes, deductions can o n l y 

be made concerning source c o n d i t i o n s and e v o l u t i o n a r y paths o f 

the l i q u i d s . However, these data s t i l l p r o v i d e i n v a l u a b l e 

c o n s t r a i n t s on hypotheses o f the n a t u r e and o r i g i n o f l i q u i d s 

generated i n the Upper Mantle. 

P a r t i c u l a r l y important i n t h i s f i e l d o f e n q u i r y are s u i t e s 

of rocks t h a t represent c o m p o s i t i o n a l l i n k s between magmas t h a t 

occur elsewhere i n i s o l a t i o n , or are a s s o c i a t e d w i t h o t h e r types 

of v o l c a n i c rock. The presence of s t r o n g l y under s a t u r a t e d b a s a l t i c 

magmas i n the i s l a n d - a r c s i t u a t i o n o f Grenada, c o n s t i t u t e s one o f 

these unusual occurrences (Sigurdsson et a l . . 1973). The more 

usual appearance of u n d e r s a t u r a t e d a l k a l i b a s a l t magma i s i n mid-

oceanic i s l a n d s or i n c o n t i n e n t a l r i f t volcanoes. The normal 

e v o l u t i o n a r y t r e n d o f magmas i n these s i t u a t i o n s i s towards 

i n c r e a s i n g degrees of u n d e r s a t u r a t i o n (Kuno, 1968). Thus the 

Grenada s u i t e i s unusual i n two re s p e c t s . F i r s t l y , the occurrence 

i n the i s l a n d a r c s i t u a t i o n o f s t r o n g l y u n d e r s a t u r a t e d magmas. 

Secondly, the subsequent e v o l u t i o n o f these magmas towards more 

s i l i c i c compositions r e f l e c t s t h e l o c a l t e c t o n i c environment and 

i s u n l i k e t h e behaviour o f s i m i l a r compositions found i n o t h e r 

environments. 

The study o f the a l k a l i b a s a l t a s s o c i a t i o n o f Grenada i s 

f u r t h e r concerned w i t h t h r e e fundamental t o p i c s o f igneous 

p e t r o l o g y : 

1) The chemical and p h y s i c a l nature o f the Upper Mantle 

beneath i s l a n d a r c s . 

2) The processes o f magma g e n e r a t i o n i n i s l a n d a r c s and 
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the e v o l u t i o n of t h i s system w i t h time. 

3) The comparison of petrogenetic processes i n i s l a n d 

arcs w i t h the petrogenesis of volcanic s u i t e s i n 

other t e c t o n i c s i t u a t i o n s . 

10:2 I s l a n d arc t e c t o n i c s 

I t i s appropriate t o explore aspects of the global theory 

of plate tectonics relevant t o i s l a n d arcs. The term " p l a t e " 

denotes the r i g i d lithosphere formed of crust plus r i g i d p o r t i o n 

of the underlying Upper Mantle. This p l a t e i s decoupled from the 

rest of the mantle by the n o n - r i g i d asthenosphere ( F i g . 42 ). 

The theory of p l a t e teconics (Isacks et al,> 1968) i d e n t i f i e s 

seqments of the lithosphere ( p l a t e s ) of the Earth that are i n 

motion r e l a t i v e t o one another. The three main types of boundary 

that can e x i s t between these p l a t e s and the topographic features 

associated w i t h them are: 

Type of boundary 

1) spreading boundary 

2) c o l l i s i o n boundary 
3) shear boundary 

Topographic f e a t u r e 

mid-ocean ridge or 
c o n t i n e n t a l r i f t 

i s l a n d arc or mountain b e l t 
transform f a u l t 

The c a l c - a l k a l i n e rock s u i t e i s t y p i c a l of c o l l i s i o n 

boundaries. The bulk composition of andesite, the predominant 

i n d i v i d u a l member of t h i s s u i t e , i s equivalent t o the average 

composition o f c o n t i n e n t a l crust (Taylor and White, 1965). I t 

i s probable that the c a l c - a l k a l i n e rock s u i t e i s a major component 

of the c o n t i n e n t a l c r u s t . The lower density of t h i s crust r e l a t i v e 

t o the mantle makes i t s subduction i n t o the mantle along a c o l l i s i o n 



boundary u n l i k e l y . Thus the nature of the d i f f e r e n t i a t i o n of 

the crust from the mantle may be a one-way process i n time. I n 

a d d i t i o n the range and abundance of compositions of the crust 

may r e s u l t from the mode of d i f f e r e n t i a t i o n of the c a l c - a l k a l i n e 

rock s u i t e . 

The r e l a t i v e , d e n s i t i e s of l i t h o s p h e r i c plates determine 

whether subduction of one beneath another i s possible. I t 

appears that only lithosphere created at spreading boundaries 

forming oceanic crust i s normally dense enough to be subducted. 

Since i s l a n d arcs are r e l a t e d t o zones of subduction, a major 

r o l e f o r the downgoing plate i n t h i s s i t u a t i o n has been advocated 

f o r the o r i g i n and development of i s l a n d arc magmas. P a r t i a l 

melting of the p l a t e i t s e l f has been suggested as a possible 

magma source ( F i t t o n , 1971). However, i t i s possible t h a t the 

subducted p l a t e merely acts as a physical t r i g g e r for the 

i n i t i a t i o n of melting i n the Upper Mantle, or that s e l e c t i v e 

release of v o l a t i l e s from the p l a t e i n i t i a t e s the same process. 

The explosive nature of the eruptions of i s l a n d arc volcanoes 

and the frequent occurrence of hydrous minerals w i t h i n the rocks, 

suggest that v o l a t i l e s such as water are important components of 

the magmas. Possible sources of v o l a t i l e s may be: 

1) the hydrated surface layers of the subducted 
oceanic p l a t e 

2) j u v e n i l e water w i t h i n the Upper Mantle 

3) water contained w i t h i n the crust through which 
the magmas are erupted 

I t i s important t o assess the possible r o l e played by each of 

these sources i n the development of the c a l c - a l k a l i n e rock s u i t e . 



F i g . 4 2 

Model of upper 700 km of the Earth showing possible 
r e l a t i v e motions of lithosphere. ( A f t e r Isacks et a l . , 1968) 
The model consists of r e l a t i v e l y c o l d lithosphere 
(30-100 km t h i c k ) underlain by the asthenosphere, a 
layer of low, long term strength. Dashed arrows 
i n d i c a t e possible r e t u r n flow i n the Upper Mantle. 
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Current information and hypotheses concerning these t o p i c s w i l l 

be explored i n the f o l l o w i n g sections. 

10:2:1 Dehydration of the subducted plate 

The oceanic crust has been extensively explored by geophysica 

and geochemical methods, p a r t i c u l a r l y i n the l a s t decade. The 

r e s u l t s of numerous magnetic and seismic surveys have not only 

provided support f o r the theory of plate t e c t o n i c s , but also 

revealed the s t r i k i n g l y uniform, layered nature of the oceanic 

crust Table 34 . Direct sampling, by the Deep Sea D r i l l i n g 

Project research vessel, has shown that the uniform nature of 

the ( b a s a l t i c ) layer 2 of the oceanic crust and the measured 

ages of t h i s m a t e r i a l are also i n accordance w i t h the p r e d i c t i o n s 

of p l a t e t e c t o n i c s . A model f o r the formation of the lithosphere 

formed at oceanic ridges by the upwelling and d i f f e r e n t i a t i o n of 

basalt magma has been proposed by Cann (1970) and i s i l l u s t r a t e d 

i n Fig. 43 . This magma i s produced by p a r t i a l melting of the 

asthenosphere of the Upper Mantle. The exact mechanism of 

movement o f the lithosphere away from the ridge i s unknown. I t 

i s believed t o be r e l a t e d t o a complex convective motion w i t h i n 

the Upper Mantle (e.g. Elsasser, 1971). The p a r t i a l melting 

g i v i n g r i s e t o the basalts extruded at the ridges i s probably 

r e l a t e d t o decreased pressure and thermal upwelling associated 

w i t h t h i s convective motion. 

The composition of the upper surface of layer 2 of the 

oceanic crust has been found t o be d i s t i n c t and remarkably 

uniform i n a l l oceans so f a r sampled (Engel, Engel and Havens, 

1965). I t has been given the term 'oceanic t h o l e i i t e 1 and since 
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Modol of the s t r u c t u r e of oceanic crust generated 
at mid-ocean ridges. 
( A f t e r Cann, 1970). 

The lower part of layer 3 i s believed t o contain 
a considerable p r o p o r t i o n o f cumulus rock compositions. 
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TABLE 34 
V e l o c i t y s t r u c t u r e of the oceanic crust 

Average 
P v e l o c i t y thickness 
(km/sec) (km) 

Layer 1 1.6-2.5 0.4 

Layer 2 4.0-6.0 1.5 

Layer 3 6.4-7.0 5.0 

- - - - - - - - MOHO 

Upper Mantle 7.4-8.6 
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TABLE 35 
Comparison of oceanic t h o l e i i t e and oceanic a l k a l i 
1 ..salts w i t h a Grenadan p i c r i t e and a l k a l i basalt 

1 2 3 4 5 6 
OT OT AB AB 61 476 

SiO 
2 

49.94 49.48 48.00 44.90 44.63 45. 33 
A l 0 

2 3 
16.69 16.72 17.42 22. 80 15. 30 15. 22 

Fe 0 
2 3 

9.01 8.62 10. 19 6.41 10.10 10.04 
MgO 7. 28 8. 20 4. 55 5.09 14.27 14.66 
CaO 11 .86 11.14 9.60 9. 16 11. 36 11.17 
Na 0 2 2.76 2.66 4.00 4.00 2.46 1.72 
K O 
2 

0.16 0.24 1 . 30 1 . 76 0.65 0. 53 
TiO 

2 
1.51 1. 39 3. 20 2.85 0.82 0.93 

MnO 0.18 0.19 0. 1 3 0. 12 0. 22 0. 22 
P 0 
2 5 

0. 16 0.12 0.54 1 . 26 0. 18 0.18 

Ba 14 19 340 740 170 193 
Nb 30 30 64 82 9 25 
Zr 95 88 300 340 75 88 
Y 43 44 46 52 17 18 
Sr 130 160 510 740 617 555 
Rb 10 10 26 44 17 11 
Cu 77 86 58 34 86 61 
Ni 97 140 28 63 434 461 

1-4 from Engel et a l . (1965) 

5 and 6 are from t h i s study. 
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the composition i s important i n f u t u r e discussion, representative 

analyses are given i n Table 35 . The low abundance of a l k a l i s 

and incompatible trace elements are p a r t i c u l a r l y noticeable 

features. Many samples recovered from the oceanic c r u s t , however, 

have been metamorphosed and hydrated since t h e i r formation. 

Chemical changes r e l a t e d t o the extent of marine exposure have 

been discovered (Hart, 1973). These may r e s u l t i n an increase 

of Mg and Fe r e l a t i v e t o oceanic t h o l e i i t e , and depletion of S i , 

Ca and a l k a l i elements. The composition of the a l t e r e d basalt 

i s s t i l l probably nearer b a s a l t i c than u l t r a b a s i c i n nature, 

and the e f f e c t i s probably l i m i t e d t o the near surface layers. 

As the cooling lithosphere moves away from the ridge, i t 

gradually becomes covered w i t h a layer of sediment (Layer 1 ) , 

and may be transported t o a zone of subduction. I t i s possible 

that varying proportions of sediment cover may be e i t h e r sub­

ducted i n t o the Upper Mantle or scraped o f f and l e f t at the 

c r u s t a l surface. 

The p l a t e i s i n i t i a l l y cold r e l a t i v e t o the mantle at the 

s i t e o f subduction, and t h i s may be a f a c t o r c o n t r i b u t i n g to 

i t s descent (Ringwood,1972). However, a combination of processes 

w i l l r a i s e the temperature of the pl a t e . Toksoz et a l . (1971) 

have proposed a temperature c o n f i g u a t i o n , p r i m a r i l y due to shear 

s t r a i n heating along the subduction zone, which i s here represented 

i n Fig. 44 . During t h i s heating process, the hydrated sedimentary 

and a m p h i b o l i t i c upper layers of the oceanic crust w i l l decompose, 

releasing water and other v o l a t i l e s . I t i s at t h i s stage of the 

subduction process that the r o l e of water from the subducted slab 



Fig.44a 

Thermal model for the mantle i n a subduction 
region. 
( A f t e r Tokstfz et a l . , 1971) 

Fig,44b 
Schematic cross section through subducted slab 
showing oceanic crust ( i n black) and maximum depths 
to which hydrous minerals can be c a r r i e d according 
to the temperature d i s t r i b u t i o n i n the upper 
diagram. 
( A f t e r W y l l i e , 1973). 
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may become c r u c i a l i n the development of isl a n d arc magmas. 

Fitt«- (1971) suggested that the breakdown of amphibole 

leads t o the generation of magmas of the i s l a n d arc t h o l e i i t e 

series (Jakes and G i l l , 1970). P a r t i a l melting of e c l o g i t e during 

f u r t h e r subduction of the dehydrated slab would lead d i r e c t l y t o 

the development of and e s i t i c magmas (Green and Ringwood, 1968). 

The s t a b i l i t y f i e l d s and dehydration temperatures of the 

appropriate minerals have been reviewed by Wy l l i e (1973), and 

the temperature p r o f i l e data of Toksoz et a l . (1971) may be used 

to p r e d i c t the depths at which the dehydration reactions w i l l 

occur (Fig.44). 

The important point about the temperature d i s t r i b u t i o n i n 

a subduction regime, according t o Wy l l i e (1973), i s th a t "the 

hydrous minerals l i k e l y t o be reasonably abundant i n oceanic 

crust and sediments become dehydrated before they reach a depth 

of 100 km". I n most i s l a n d arcs, t h i s depth i s reached before 

the * volcanic f r o n t ' of Sugimura (1967). Fig. 45 i l l u s t r a t e s 

the s p a t i a l r e l a t i o n s of subducted p l a t e , depth t o which hydrous 

minerals are stable and the locus of volcanic a c t i v i t y i n Japan. 

In t h i s s i t u a t i o n i t seems most l i k e l y that v o l a t i l e s derived 

from the subducted p l a t e are not involved i n generation of the 

is l a n d arc magmas. 

The l o c a t i o n of the subducted p l a t e beneath dn asland arc 

i s generally assumed to be coincident w i t h the locus of earth­

quakes or Benioff zone. The r e s u l t s of recent i s l a n d arc ea r t h ­

quake studies have been summarised by Sykes (1972), and the inaccuracy 



Fig.45 
Relationship of volcanic f r o n t , subducted p l a t e and 
predicted s t a b i l i t y l i m i t s of hydrous minerals i n an 
i s l a n d arc environment. 

The f i g u r e i s adapted from Sugimura (1967) who suggested 
that the i n t e r s e c t i o n of the dashed l i n e s at 130 km depth 
beneath the volcanic f r o n t i n East Japan locates the r e ­
placement of frequent earthquakes as an energy release 
mechanism by magma generation i n the Upper Mantle. Note 
that the a c t i v e volcanism occurs beyond the depth/distance 
s t a b i l i t y l i m i t s of hydrous minerals i n the subducted 
p l a t e ( W y l l i e , 1973). 
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associated w i t h the i d e n t i f i c a t i o n o f the Benioff zone as the 

locus of plate-mantle contact described. The c o n f i g u r a t i o n 

of the Benioff zone beneath the Lesser A n t i l l e s i s l a n d arc was 

described i n Chapter 2 . I t i s present at a depth of approximately 

115 km beneath Grenada and reaches a maximum depth beneath the arc 

of 160 km f u r t h e r north. Allowing f o r inaccuracies i n l o c a t i o n of 

the upper surface of the subducted pl a t e beneath Grenada, i t i s 

possible that dehydration reactions w i t h i n the p l a t e may be 

associated w i t h the v u l c a n i c i t y of Grenada. I t seems u n l i k e l y 

that plate-derived v o l a t i l e s are involved i n the arc f u r t h e r t o 

the north. Chemical considerations of the possible r o l e of t h i s 

e f f e c t w i l l be pursued f u r t h e r (p. 311 )> a n d magma zonation i n 

i s l a n d arcs generally w i l l be discussed i n Chapter 11 . However, 

a l t e r n a t i v e sources of v o l a t i l e s t h a t may be associated w i t h 

i s l a n d arc v u l c a n i c i t y w i l l now be discussed. 

10:2:2 Juvenile water w i t h i n the Upper Mantle 

Analysis of the t r a v e l times of earthquake-induced shock 

waves have revealed a widespread zone of reduced seismic v e l o c i t i e s 

w i t h i n the Upper Mantle (Dorman et a l . . 1968). This occurs between 

60 km and 160 km depth beneath oceanic crust and between 120 km 

and 220 km beneath continents. The theory of p l a t e t e c t o n i c s 

equates t h i s 'Low Ve l o c i t y Zone1 w i t h the asthenosphere. Lambert 

and W y l l i e (1970) have suggested that the physical c h a r a c t e r i s t i c s 

of the Low Ve l o c i t y Zone are the r e s u l t of a hydrous, i n t e r s t i t i a l 

melt produced at pressures greater than the s t a b i l i t y l i m i t of 

amphibole. The presence of CO i n mantle-derived magmas has been 
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i n f e r r e d by Roedder (1965) and t h e c h a r a c t e r i s t i c s o f t h e Low 

V e l o c i t y Zone s p e c i f i c a l l y a t t r i b u t e d t o t h e p r e s e n c e o f t h i s 

phase by Green ( 1 9 7 2 ) . 

The p r o d u c t i o n o f t h e atmosphere and h y d r o s p h e r e by de­

g a s s i n g o f t h e E a r t h 9 s m a n t l e i s u n l i k e l y t o have been c o m p l e t e d 

( e.g. Roedder, 1965 )• Thus i t i s p r o b a b l e t h a t v o l a t i l e s 

s uch as H O and CO a r e s t i l l p r e s e n t i n t h e m a n t l e . H i l l and 
2 2 ^ 

B o e t t c h e r ( 1 9 7 0 ) have shown t h a t i f P.. „ approaches P^ a t m a n t l e 
' H O r r t o t 

2 

p r e s s u r e s , c o n s i d e r a b l e q u a n t i t i e s o f s i l i c a t e m e l t w o u l d be 

pr o d u c e d . The g e o p h y s i c a l d a t a do n o t p e r m i t t h i s p o s s i b i l i t y on 

a w i d e s p r e a d s c a l e . The l o w e r i n g o f P.. ̂  by t h e p r e s e n c e o f CO 
H O 2 

has been shown t o have a s l i g h t e f f e c t on t h e s o l i d u s a t m a n t l e 

t e m p e r a t u r e s and p r e s s u r e s ( F i g .46 ) (Hi 11 & B o e t t c h e r , 1 9 7 0 ) . I t 

i s t h u s u n l i k e l y t h a t t h e c o n t e n t o f w a t e r s t o r e d i n h y d r o u s 

m i n e r a l phases, o r d i s s o l v e d i n i n t e r s t i t i a l s i l i c a t e m e l t s where 

t h e s e phases a r e u n s t a b l e , exceeds 1% by w e i g h t . However, i t i s 

most p r o b a b l e t h a t t h e Low V e l o c i t y Zone does c o n t a i n a s m a l l 

p r o p o r t i o n o f h y d r o u s i n t e r s t i t i a l m e l t , and t h i s m u s t be t a k e n 

i n t o a c c o u n t as a s o u r c e o f v o l a t i l e s i n i s l a n d a r c magmas. 

10:2:3 Water i n t h e c r u s t 

The h y p o t h e s i s t h a t t h e c a l c - a l k a l i n e t r e n d i s d e t e r m i n e d 

by t h e d i s s o c i a t i o n o f w a t e r added t o a d i f f e r e n t i a t i n g b a s a l t 

magma l e a d i n g t o c o n s t a n t o r i n c r e a s e d oxygen f u g a c i t i e s , was 

p r o p o s e d by Osborn ( 1 9 6 9 ) . The s u g g e s t e d s o u r c e o f t h i s e lement 

exchange was i n t h e c r u s t a l s e d i m e n t s s u r r o u n d i n g t h e magma 

chamber. Arguments w i l l be d e v e l o p e d i n t h i s a c c o u n t w h i c h s u g g e s t 



P r e s s u r e - 1 e m p e r a t u r e p r o j e c t i o n o f c u r v e s r e p r e s e n t i n g 
t h e b e g i n n i n g o f m e l t i n g o f vapour s a t u r a t e d b a s a l t -
water and b a s a l t - w d t e r - c a r b o n d i o x i d e (P., „ = 0.5 P ) . . H O t o t c o m p o s i t i o n s . 2 

The dashed c u r v e s f o r t h e upper s t a b i l i t y o f p l a g i o c l a s e 
and a m p h i b o l e r e p r e s e n t t h e b a s a l t - w a t e r - c a r b o n d i o x i d e 
c o m p o s i t i o n s . 

The d a s h - d o t c u r v e s r e f e r t o t h e b a s a l t - w a t e r 
composi t i o n s . 

( A f t e r H i l l and B o e t t c h e r , 1970). 
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t h a t t h e e v o l u t i o n o f t h e Grenada c a l c - a l k a l i n e s u i t e was 

i n i t i a l l y d e t e r m i n e d a t g r e a t e r d e p t h s t h a n t h e c r u s t . However, 

t h e i m p o r t a n c e o f p ~ i n d e t e r m i n i n g t h e e v o l u t i o n o f a d i f f e r e n t -
u 2 

i a t i n g magma has been summarised by H a m i l t o n and Anderson ( 1 9 6 7 ) . 

T h i s s u b j e c t w i l l be d i s c u s s e d f u r t h e r i n r e l a t i o n t o t h e r o l e 

o f v o l a t i l e s w i t h i n magmas (p -28 6)* 

10:3 The o r i g i n o f t h e u n d e r s a t u r a t e d magmas o f Grenada 

I t i s now p o s s i b l e t o examine c r i t i c a l l y t h e o c c u r r e n c e o f 

u n d e r s a t u r a t e d magmas i n Grenada, and t o c o n s i d e r a l t e r n a t i v e 

models f o r t h e i r g e n e r a t i o n . From t h e p r e c e d i n g a c c o u n t i t i s 

a p p a r e n t t h a t two m a i n p a r e n t a l c o m p o s i t i o n must be c o n s i d e r e d as 

a p o s s i b l e s o u r c e o f i s l a n d a r c magmas. The f i r s t c o n s i s t s o f t h e 

b a s a l t i c L a y e r 2 o f t h e s u b d u c t e d o c e a n i c p l a t e p l u s p o s s i b l e s e d i ­

m e n t a r y c o n t a m i n a n t s . The c o m p l e t e m e l t i n g and r e m o v a l o f L a y e r 2 

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

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

i s c o n s i d e r e d u n l i k e l y . The a l t e r n a t i v e s o u r c e i s i n t h e u l t r a -

b a s i c , Upper M a n t l e wedge o v e r l y i n g t h e s u b d u c t e d p l a t e . Combin­

a t i o n s o f v a r y i n g p r o p o r t i o n s o f m e l t f r o m b o t h s o u r c e s may be 

p o s s i b l e . 

10:3:1 P a r t i a l m e l t i n g o f t h e s u b d u c t e d l i t h o s p h e r i c p l a t e 

I n a l l e x p e r i m e n t s , w h e t h e r under d r y or h y d r o u s c o n d i t i o n s 

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

c o m p o s i t i o n s a r e c o n s i s t e n t l y more s i l i c e o u s t h a n t h e p a r e n t a l 

m a t e r i a l (Green and Ringwood, 1 9 6 7 ) . C o m p l e t e e q u i l i b r i u m m e l t i n g 
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w i l l o f c o u r s e p r o d u c e a m e l t i d e n t i c a l i n c o m p o s i t i o n t o t h e 

p a r e n t r o c k . Many o f t h e Grenada b a s a l t s a r e c o n s i d e r a b l y l e s s 

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

T a b l e 34 shows r e p r e s e n t a t i v e a n a l y s e s o f t h e s e b a s a l t s i n com­

p a r i s o n w i t h o c e a n i c t h o l e i i t e . I n c l u d e d i n t h i s t a b l e a r e some 

s i l i c a - u n d e r s a t u r a t e d b a s a l t s d r e d g e d f r o m o c e a n i c r i d g e s ( E n g e l 

e t a l . , 1 9 65). S u b d u c t i o n o f s i m i l a r c o m p o s i t i o n s may p o s s i b l y 

have o c c u r r e d a t some s t a g e i n t h e e v o l u t i o n o f t h e L e s s e r 

A n t i l l e s i s l a n d a r c . However, even c o m p l e t e e q u i l i b r i u m m e l t i n g 

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

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

r e g a r d t o t h e t r a c e e l e m e n t c o n t e n t s . 

The p o s s i b i l i t y t h a t t h e Grenada c o m p o s i t i o n s r e p r e s e n t e r u p t e d 

c u m u l a t e r o c k s was examined i n C h a p t e r 7, and shown t o be u n l i k e l y . 

A r c u i u s and C u r r a n ( 1 9 7 2 ) examined a m u l t i - s t a g e p r o c e s s i n v o l v i n g 

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

o f t h e p r o d u c t s o f a p l a t e - d e r i v e d magma, and showed t h a t t h e r e ­

s u l t i n g c o m p s i t i o n s w o u l d s t i l l be u n l i k e t h o s e o b s e r v e d . A r c u l u s 

and C u r r a n ( 1 9 7 2 ) a l s o showed t h a t t h e e r u p t e d Grenada c o m p o s i t i o n s 

a r e most s i m i l a r t o u l t r a b a s i c a n d b a s i c l a v a s i n t e c t o n i c s i t u a t i o n s 

r e m o t e f r o m any c o l l i s i o n m a r g i n a n d p o s s i b l e s u b d u c t i o n r e g i m e s . 

The s o u r c e r e g i o n o f t h e s e magmas i s most p r o b a b l y t h e Upper M a n t l e . 

The o r i g i n o f t h e Grenada s u i t e i s t h e r e f o r e b e l i e v e d t o have been 

i n t h e u l t r a b a s i c Upper M a n t l e wedge o v e r l y i n g t h e s u b d u c t e d p l a t e 

a t a d e p t h l e s s t h a n 115 km. Thus i t i s n e c e s s a r y t o examine t h e 

n a t u r e o f t h e Upper M a n t l e and p o s s i b l e m e l t i n g p r o c e s s e s w i t h i n 
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t h e p o s t u l a t e d s o u r c e r e g i o n . 

10:4 C o m p o s i t i o n o f t h e Upper M a n t l e 

Knowledge o f t h e c o m p o s i t i o n o f t h e Upper M a n t l e i s d e r i v e d 

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

c h e m i c a l knowledge o f t h e Upper M a n t l e i s based t o a l a r g e e x t e n t 

on t h e a n a l y s i s o f u l t r a b a s i c n o d u l e s t r a n s p o r t e d t o t h e E a r t h 1 s 

s u r f a c e w i t h i n b a s a l t s and k i m b e r l i t e s . The n a t u r e o f t h e s e 

c o m p o s i t i o n s has been t h e s u b j e c t o f much r e s e a r c h ( s e e W y l l i e 

( e d i t o r ) , 1967, f o r a r e c e n t r e v i e w ) . I n g e n e r a l , i t i s now 

b e l i e v e d t h a t t h e Upper M a n t l e i s composed m a i n l y o f a p e r i d o t i t e 

f o r m e d o f o l i v i n e , o r t h o p y r o x e n e and c l i n o p y r o x e n e . A more 

a l u m i n o u s phase such as p l a g i o c l a s e f e l d s p a r , s p i n e l o r g a r n e t 

may a l s o be p r e s e n t , d e p e n d i n g upon p r e s s u r e and t e m p e r a t u r e . 

E a r t h q u a k e shock-wave d a t a s u g g e s t a c o n s i d e r a b l e p r o p o r t i o n o f 

e c l o g i t e ( g a r n e t p l u s a l u m i n o u s c l i n o p y r o x e n e ) must a l s o be p r e s e n t . 

A c c o r d i n g t o Press ( 1 9 6 8 ) , up to 50% e c l o g i t e may be p r e s e n t i n 

l o c a l i s e d p o c k e t s b e n e a t h o c e a n i c c r u s t . I t i s u n l i k e l y t h a t a l l 

b a s a l t m e l t s g e n e r a t e d i n t h e Upper M a n t l e a r e e r u p t e d . C r y s t a l l ­

i s a t i o n o f t h e s e m e l t s a t Upper M a n t l e t e m p e r a t u r e s and p r e s s u r e s 

w o u l d f o r m e c l o g i t e ( G r e e n and Ringwood, 196 7 ) . I n a d d i t i o n t o 

t h e s e c o m p o s i t i o n s , r e s i d u a l p e r i d o t i t e d e p l e t e d by magma e x t r a c t i o n , 

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

magmas d u r i n g c r y s t a l f r a c t i o n a t i o n , may a l s o be p r e s e n t ( H a r r i s 

e t a l . , 1 9 6 7 ) . One o f t h e consequences o f i n c o m p l e t e m e l t i n g o f a 

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

e c l o g i t e w i t h i n t h e Upper M a n t l e ( A r c u l u s and C u r r a n , 1 9 7 2 ) . P a r t i a l 
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m e l t i n g o f t h e s e r e f r a c t o r y c o m p o s i t i o n s i s u n l i k e l y by i t s e l f 

t o g i v e r i s e t o t h e o b s e r v e d r a n g e o f m a j o r and t r a c e e l e m e n t 

c h e m i s t r y o f e r u p t e d magma. H Q w e v e r , t h e i n h o m o g e n e i t y o f t h e 

Upper M a n t l e must be c o n s i d e r e d as a c o m p l i c a t i n g f a c t o r d u r i n g 

i n v e s t i g a t i o n o f p a r t i a l m e l t i n g p r o c e s s e s . The consequences 

w i t h r e g a r d t o i s l a n d a r c magmas a r e d i s c u s s e d i n C h a p t e r 11 

E x p e r i m e n t a l p e t r o l o g i s t s have f o l l o w e d two main l i n e s o f 

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

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

systems d e s i g n e d t o model Upper M a n t l e c o m p o s i t i o n s ( e . g . K u s h i r o , 

1 9 7 2 ) . The a l t e r n a t i v e method makes use o f n a t u r a l c o m p o s i t i o n s 

i n two ways. F i r s t l y , t h e c r y s t a l l i s a t i o n o f b a s a l t m e l t s a t 

Upper M a n t l e t e m p e r a t u r e s and p r e s s u r e s s h o u l d r e v e a l t h e m i n e r a l 

phases i n e q u i l i b r i u m w i t h t h e m e l t under t h e s e c o n d i t i o n s (Green 

and Ringwood, 1 9 6 7 ) . I f t h e m e l t r e a l l y was d e r i v e d f r o m t h e 

m a n t l e unchanged, t h e c r y s t a l l i s i n g phases s h o u l d be t h o s e s t a b l e 

i n t h e m a n t l e a t t h e same t e m p e r a t u r e s and p r e s s u r e s . S e c o n d l y , a 

v a r i e t y o f u l t r a b a s i c n o d u l e s have been s e l e c t e d as r e p r e s e n t a t i v e 

o f p r i m a r y , u n d e p l e t e d Upper M a n t l e p e r i d o t i t e and t h e i r m e l t i n g 

b e h a v i o u r s t u d i e d ( e . g . I t o and Kennedy, 1 9 6 7 ) . 

I t was m a i n l y t o a v o i d t h e 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 

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

and Ringwood ( 1 9 6 3 ) p r o p o s e d t h e t e r m ' p y r o l i t e * t o c o v e r t h e 

p a r e n t a l m a t e r i a l . A s p e c i f i c c o m p o s i t i o n was c a l c u l a t e d by 

c o m b i n i n g an a v e r a g e b a s a l t c o m p o s i t i o n ( N o c k o l d s , 1954) w i t h 

v e r y r e f r a c t o r y d u n i t e i n t h e p r o p o r t i o n s 1:3. A more r e f i n e d 

model u s i n g an o l i v i n e t h o l e i i t e f r o m H a w a i i and h a r z b u r g i t e 
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r e s i d u a ( o l i v i n e p l u s o r t h o p y r o x e n e ) , a g a i n i n t h e p r o p o r t i o n s 

1:3, was l a t e r p r o p o s e d by Ringwood ( 1 9 6 6 ) . The p r e d i c t e d 

m i n e r a l o g i c a l s t a b i l i t y f i e l d s o f p y r o l i t e a r e shown i n F i g . 47 . 

A t t h e s o l i d u s t e m p e r a t u r e s , t h e r e i s a c o n s i d e r a b l e zone ( 1 0 - 3 0 k b ) 

where a s e p a r a t e a l u m i n o u s phase i s a b s e n t and t h e m i n e r a l o g i c a l 

assemblage i s o l i v i n e + a l u m i n o u s p y r o x e n e s . 

O'Hara ( 1 9 6 8 ) has c r i t i c i s e d t h i s scheme on s e v e r a l c o u n t s . 

F i r s t l y he s u g g e s t s t h e r e s u l t s o f I t o and Kennedy ( 1 9 6 7 ) show 

t h a t a n a t u r a l g a r n e t p e r i d o t i t e , w i t h l o w e r A l O c o n t e n t t h a n 
2 3 

p y r o l i t e , has s p i n e l o r g a r n e t a t t h e s o l i d u s up t o 40 kb. The 

c o e x i s t i n g p y r o x e n e s a l s o show a p p r e c i a b l y l e s s s o l u t i o n o f A l O 

t h a n p r e d i c t e d by t h e p y r o l i t e m odel. The p r o p o s a l o f C l a r k and 

Ringwood (1964 ) t h a t t h e e x i s t e n c e o f t h e Low V e l o c i t y Zone 

depends on t h e p r e s e n c e o f such a l u m i n o u s p y r o x e n e s has been 

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

( L a mbert and W y l l i e , 1 9 7 0 ) . 0 ! H a r a (1 9 6 7 ) has a l s o shown t h a t 

s o l u b i l i t y o f A l 0 i n c o e x i s t i n g p y r o x e n e s f r o m a w i d e v a r i e t y 

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

( l e s s t h a n 5% i n b o t h p y r o x e n e s ) t h a n t h e p r e d i c t e d s o l u b i l i t y i n 

p y r o x e n e s o f t h e model p y r o l i t e . The z o n a t i o n o f m a n t l e m i n e r a l o g y 

a c c o r d i n g t o O'Hara ( 1 9 6 5 ) i s g i v e n i n F i g . 47 . The d i f f e r e n c e s 

between t h e schemes o f O'Hara and o f Green and Ringwood a r e 

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

c r y s t a l l i s a t i o n o f b a s a l t magmas. The model a c c o r d i n g t o O'Hara 

( 1 9 6 5 ) i s p r e f e r r e d h e r e f o r t h e c o n s i s t e n c y d i s p l a y e d b e t w e e n 

e x p e r i m e n t a l and n a t u r a l l y o c c u r r i n g phase r e l a t i o n s h i p s . 



. 47 

Upper M a n t l e m i n e r a l o g i c a l s t a b i l i t y f i e l d s . 
Upper d i a g r a m a c c o r d i n g t o 0*Hara ( 1 9 6 7 ) , Lower 
d i a g r a m a c c o r d i n g t o Green a n d Ringwood ( 1 9 6 7 ) . 
N o t e t h e b r o a d f i e l d o f s t a b i l i t y ( 1 0-30 k b ) o f 
o l i v i n e p l u s a l u m i n o u s p y r o x e n e s , and absence o f 
a s e p a r a t e a l u m i n o u s phase on t h e s o l i d u s i n t h e 
Green and Ringwood model. 

O l = o l i v i n e 
Opx= o r t h o p y r o x e n e 
Cpx= c l i n o p y r o x e n e 
P I = p l a g i o c l a s e 
Sp = s p i n e l 
Gnt= g a r n e t 
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10:5 P a r t i a l m e l t i n g o f t h e Upper M a n t l e 

The l t ^ u l t s o f s e v e r a l e x p e r i m e n t s r e l a t i n g t o d r y and 

wet m e l t i n g o f t h e Upper M a n t l e have been r e p o r t e d i n r e c e n t 

y e a r s ( W y l l i e , 1 9 7 1 , f o r a r e v i e w ) . The r e s u l t s o f t h e s e a r e 

summarised i n t h e f o l l o w i n g s e c t i o n s , b u t i t i s r e c o g n i s e d 

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

a r c s i s p r o b a b l y one where P =• P^ . I n v i e w o f t h e c o n t i n u e d 
H U t o t 
2 

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

F e - b e a r i n g systems ( M e r r i l l and W y l l i e , 1973) t h e r e s u l t s o f such 

e x p e r i m e n t s must a l w a y s be r e c o n c i l e d w i t h n a t u r a l e v i d e n c e . 

The n a t u r e o f b a s a l t magmas g e n e r a t e d by p a r t i a l m e l t i n g o f 

t h e Upper M a n t l e a r e d e t e r m i n e d by: 

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

2) t h e m i n e r a l o g i c a l and c h e m i c a l c o m p o s i t i o n 

a t t h e d e p t h o f m e l t i n g 

3) t h e t e m p e r a t u r e i n t e r v a l i n excess o f s o l i d u s 

t e m p e r a t u r e 

4) t h e amount o f w a t e r p r e s e n t and i t s p h y s i c a l s t a t e . 

10:5:1 Dry p a r t i a l m e l t i n g 

The most c o m p r e h e n s i v e schemes o f d r y p a r t i a l m e l t i n g have 

been p r o p o s e d by O'Hara ( 1 9 6 8 ) and Green and Ringwood ( 1 9 6 7 ) . 

A l t h o u g h p o i n t s o f c o n f l i c t e x i s t b etween t h e s e shcemes, 

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

and t h e r o l e o f o r t h o p y r o x e n e f r a c t i o n a t i o n , t h e r e i s b r o a d 

agreement c o n c e r n i n g t h e n a t u r e o f t h e m e l t s p r o d u c e d a t i n c r e a s i n g 
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d e p t h s under d r y c o n d i t i o n s . The two schemes a r e shown i n F i g . 48 . 

I n g e n e r a l ^ o r a g i v e n p e r c e n t a g e o f p a r t i a l m e l t , t h e s e m e l t s 

become p r o g r e s s i v e l y l e s s s i l i c e o u s w i t h d e p t h . 0*Hara ( 1 9 6 8 ) 

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

g e o t h e r m s , p a r t i a l m e l t i n g o f p e r i d o t i t e ( o l + c p x + opx + 

a l u m i n o u s phase) i s i m p o s s i b l e . U p r i s e o f m a n t l e d i a p i r s 

i n t e r s e c t i n g t h e p e r i d o t i t e s o l i d u s was s u g g e s t e d as a p o s s i b l e 

mechanism f o r i n i t i a t i n g d r y m e l t i n g by Green and Ringwood ( 1 9 6 7 ) . 

1 0 t 5 : 2 Wet p a r t i a l m e l t i n g 

A l t h o u g h c o n t r o v e r s y e x i s t s r e g a r d i n g d r y m e l t i n g o f t h e 

Upper M a n t l e , t h e s i t u a t i o n where w a t e r i s p r e s e n t i s much more 

c o m p l i c a t e d . 

K u s h i r o ( 1 9 7 2 ) has summarised t h e r e s u l t s o f a s e r i e s o f 

i n v e s t i g a t i o n s o f s y n t h e t i c u l t r a b a s i c systems under c o n d i t i o n s 

where P.. » = P^ . I n a l l c a s e s , t h e i n i t i a l m e l t p r o d u c e d i s H O t o t ' 
2 

o v e r s a t u r a t e d w i t h s i l i c a . O n l y w i t h a l a r g e volume o f e q u i l i b r i u m 

p a r t i a l m e l t i n g does t h e l i q u i d become u n d e r s a t u r a t e d . F i g . 49 

i l l u s t r a t e s t h e r e l a t i o n s h i p s d i s c o v e r e d . K u s h i r o s u g g e s t s t h a t 

q u a r t z t h o l e i i t e and a n d e s i t i c magmas may be p r o d u c e d f r o m t h e 

Upper M a n t l e by p a r t i a l m e l t i n g under c o n d i t i o n s where P u J 

n U t o t 
2 

and t h e volume o f p a r t i a l m e l t i s g e n e r a l l y l e s s t h a n 30%. S i m i l a r 

r e s u l t s have been r e p o r t e d by K u s h i r o ( 1 9 7 2 ) by e x p e r i m e n t s c a r r i e d 

o u t under t h e same c o n d i t i o n s (P., ̂ =P ,) w i t h a n a t u r a l l y 
2 t o t a l 

o c c u r r i n g s p i n e l p e r i d o t i t e . The p r o d u c t i o n o f s i l i c a - s a t u r a t e d 

m e l t s f r o m Upper M a n t l e c o m p o s i t i o n s depends upon t h e p r e s e n c e 

o f t h e r e a c t i o n r e l a t i o n s h i p . 



q. 4 8 a 

Summary d i a g r a m o f b a s a l t f r a c t i o n a t i o n r e l a t i o n s h i 
a c c o r d i n g t o O'Hara ( 1 9 6 5 ) . 

V e r t i c a l sequences a r e d o m i n a t e d by o l i v i n e 
f r a c t i o n a t i o n . M i n e r a l phases f r a c t i o n a t i n g d u r i n g 
a r r e s t e d a s c e n t and i s o b a r i c c r y s t a l l i s a t i o n 
i n d i c a t e d by r i g h t hand column. 



268 

Increasing violence of eruption 
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Summary d i a g r a m o f b a s a l t f r a c t i o n a t i o n r e l a t i o n s h i p s 
a c c o r d i n g t o Green and Ringwood (1967) and Green ( 1 9 7 0 ) 
V e r t i c a l sequences a r e d o m i n a t e d by o l i v i n e p l u s 
a l u m i n o u s p y r o x e n e s f r a c t i o n a t i o n . Pyroxenes become 
p r o g r e s s i v e l y l e s s a l u m i n o u s w i t h d e c r e a s i n g p r e s s u r e . 
A l u m i n o u s p y r o x e n e s a r e t h e d o m i n a n t c r y s t a l l i s i n g 
phases d u r i n g i s o b a r i c f r a c t i o n a l c r y s t a l l i s a t i o n . 
S t a b l e m a n t l e m i n e r a l o g y i n d i c a t e d i n r i g h t hand 
column. 
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M g - o l i v i n e + q t z - n o r m a t i v e l i q u i d M g-or t hopyr oxene. 

The incongrupnt m e l t i n g of e n s t a t i t e (Mg-orthopyroxene) i s 

suppressed i n the dry system at pressures g r e a t e r than 5 kb 

(Boyd e t a l . , 1964), but p e r s i s t s under c o n d i t i o n s where P ~= 
2 

P T Q T a t l e a s t t o 30 kb ( K u s h i r o e t a l . . 1968). 

I n d i r e c t o p p o s i t i o n t o t h e above h y p o t h e s i s , B u l t i t u d e 

and Green (1968) r e p o r t e d a major l i q u i d u s r o l e f o r orthopyroxene 

a t 20-30 kb i n n e p h e l i n i t i c magmas f o r c o n d i t i o n s r e p o r t e d t o be 

method by Ku s h i r o ( 1 9 6 9 ) , Green (1969) c o n f i r m e d the o r i g i n a l 

r e s u l t s w i t h 2% HO at 27 kb. Green (1970) suggests t h a t a major 

f r a c t i o n a t i o n r o l e f o r orthopyroxene under hydrous c o n d i t i o n s may 

produce t h e range o f s t r o n g l y u n d e r s a t u r a t e d n e p h e l i n i c magmas at 

pressures g r e a t e r than 18 kb. 

The c o n f l i c t about the n a t u r e of the wet p a r t i a l m e l t i n g 

products o f the Upper Mantle may be r e s o l v e d when experiments 

a t c o n t r o l l e d P H Q are completed. U n f o r t u n a t e l y t h e h i g h r e a c t i o n 
2 

r a t e s o f b u f f e r s c u r r e n t l y employed would make such an i n v e s t i g a t i o n 

d i f f i c u l t a t the a p p r o p r i a t e temperatures and pressures (Holloway, 

Burnham and M i l l h o l l e n , 1968). However, i n view o f the evidence 

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

these e x p e r i m e n t a l r e s u l t s . 

O sHara (1968) has shown t h a t the enrichment o f i n c o m p a t i b l e 

elements i n the melt i s not a l i n e a r r e l a t i o n s h i p w i t h percentage 

o f p a r t i a l m e l t produced. F i g . 25 (Chapter 7 ) shows t h a t t h e 

gr e a t e r enrichment occurs d u r i n g t h e e a r l y stages o f p a r t i a l 

H O t o t a l As a r e s u l t o f c r i t i c i s i m o f the ex p e r i m e n t a l 



Fig.49 

The f o r s t e r i t e - o r t h o p y r o x e n e l i q u i d u s boundaries i n 
the system f o r s t e r i t e - n e p h e l i n e - C a A l S±0 - s i l i c a - H O 
at 20 kb under water s a t u r a t e d and dry c o n d i t i o n s . 
The d o t t e d l i n e i n d i c a t e s the i n t e r s e c t i o n o f the 
plane MgSiO -CaAl S i 0 -NaAl'Si 0 w i t h t h e volume 
AQUSTVRB. 3 2 2 8 3 8 
P o i n t B g i v e s the co m p o s i t i o n o f the f i r s t l i q u i d 
formed by p a r t i a l f u s i o n o f an assemblage i n c l u d i n g 
Fo, Opx, Cpx and an aluminous phase under anhydrous 
c o n d i t i o n s . I t i s probably i n the Ne-normative r e g i o n 
o f the t e t r a h e d r o n at 20 kb. 
Po i n t A i s t h e f i r s t l i q u i d formed by p a r t i a l f u s i o n 
o f Fo, Opx, Cpx and Ga (a s y n t h e t i c garnet p e r i d o t i t e ) 
i n the presence o f excess water. The l i q u i d i s s i l i c a -
s a t u r a t e d a t 20 kb. 
For water d e f i c i e n t c o n d i t i o n s the vapour d i s s o l v e s i n t h e 
l i q u i d and w i t h i n c r e a s i n g temperature t h e l i q u i d 
c o m p o s i t i o n f o l l o w s a path from A towards B c l o s e t o the 
l i n e AB becoming Ol and Hy normative but s t i l l t h o l e i i t i c 
i n n a t u r e when i t crosses t h e plane En-An-Ab. I f i t 
crosses the plane Fo-An-Ab i t becomes Ne-normative. 



271 

CaAUSiO 6 

CaAUSLO 2V8 

A B 

NaAISiO 

Fo Q 

NaAISigO 8 E n 

MgSiO Si0 2 Mg^O 



272 

m e l t i n g , and may vary by two orders o f magnitude w i t h i n a 3% 

d i f f e r e n c e i n amount o f p a r t i a l m e l t . I n Chapter 7 i t was shown 

t h a t a c o n s i d e r a b l e v a r i a t i o n o f i n c o m p a t i b l e element abundances 

occur i n the u n d e r s a t u r a t e d magmas o f Grenada. This range i s 

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

m e l t produced i n separate m e l t i n g episodes, d u r i n g the e v o l u t i o n 

o f the v o l c a n i c s u i t e . I f the under s a t u r a t e d magmas were generated 

by prolonged e q u i l i b r i u m hydrous p a r t i a l m e l t i n g , as envisaged by 

Kushiro ( 1 9 7 2 ) , one would not expect t he range o f abundances o f 

i n c o m p a t i b l e elements t h a t i s observed. Since q u a r t z t h o l e i i t e s 

and andesites are p r e d i c t e d by K u s h i r o t o be t h e i n i t i a l p roducts 

o f m e l t i n g , where enrichment v a r i a t i o n should be g r e a t e r , t h e 

t r a c e element abundances o f these compositions should r e f l e c t t h i s 

v a r i a b i l i t y . Comparison o f the Grenada s u i t e w i t h o t h e r i s l a n d s 

o f t h e Lesser A n t i l l e s (Chapter 8 ) has shown t h a t t h i s i s not 

the case. The range o f i n c o m p a t i b l e elements i n the Grenada s u i t e 

i s c o n s i d e r a b l y l a r g e r than i n the s a t u r a t e d rocks o f the n o r t h e r n 

p a r t o f the a r c . Unless a d i f f e r e n t , more h i g h l y e n r i c h e d source 

r e g i o n i s p o s t u l a t e d f o r the Grenada magmas, t h i s i s the reverse o f 

the s i t u a t i o n p r e d i c t e d by Kushiro. 

I t appears t h a t the i n i t i a l m e l t i n g products o f the Upper 

Mantle beneath Grenada were u s u a l l y u n d e r s a t u r a t e d i n composition. 

T h i s i s s i m i l a r t o the r e s u l t s o b t a i n e d by O'Hara (1968) i n 

i n v e s t i g a t i o n s o f d ry systems where t h e i n i t i a l m e l t a t 20-25 kb 

pressure i s p r e d i c t e d t o be a nepheline-normative p i c r i t e i n 

composition. I t i s a l s o i n accord w i t h the o b s e r v a t i o n s of Green 

(1970) under c o n d i t i o n s where P u n m P̂  A. Thus the n a t u r a l 
n U t o t 
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evidence from Grenada would appear to suggest t h a t under t h e 

m e l t i n g c o n d i t i o n s t h a t e x i s t e d i n the Upper Mantle, t he m e l t i n g 

r e l a t i o n s h i p : 

orthopyroxene ^ o l i v i n e + q u a r t z - n o r m a t i v e l i q u i d 

was not prese n t . This c o n c l u s i o n i s im p o r t a n t i n d i s c u s s i n g 

the e v o l u t i o n o f the primary m e l t s . 

1Q:6 E v o l u t i o n o f primary m e l t s 

Factors i n f l u e n c i n g the e v o l t u i o n a r y path o f a magma en r o u t e 

from mantle source t o the s u r f a c e o f the Earth i n c l u d e : 

1) the r a t e o f movement o f the magma 

2) t h e e x t e n t o f c r y s t a l - l i q u i d f r a c t i o n a t i o n d u r i n g 

u p r i s e 

3) t h e amount of i s o b a r i c f r a c t i o n a t i o n d u r i n g pauses 

i n the ascent 

4) changes i n P u rt and PO d u r i n g u p r i s e 
2 

5) w a l l - r o c k r e a c t i o n w i t h t h e magma. 

Green (1970) has proposed t h a t orthopyroxene i s the major 

l i q u i d u s phase d u r i n g f r a c t i o n a t i o n o f hydrous u n d e r s a t u r a t e d m e l t s 

a t pressures g r e a t e r than 18 kb. The c h a r a c t e r o f the e v o l v i n g m e l t 

would t r e n d towards i n c r e a s i n g u n d e r s a t u r a t i o n . 0 9Hara (1968) has 

p r e v i o u s l y shown t h a t unless the r e a c t i o n r e l a t i o n s h i p o f 

o l i v i n e + q u a r t z normative l i q u i d ^ orthopyroxene 

can be shown t o have e x i s t e d , a melt i n e q u i l i b r i u m w i t h the Upper 

Mantle must have o l i v i n e on the l i q u i d u s . As a r e s u l t o f the 

expansion o f the primary c r y s t a l l i s a t i o n f i e l d o f o l i v i n e a t lower 
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p r e s s u r e s , o l i v i n e - n o r m a t i v e l i q u i d s produced a t h i g h pressures 

must r e t a i n o l i v i n e as a l i q u i d u s phase d u r i n g u p r i s e . I t i s 

f o r t h i s reason t h a t O'Hara r e j e c t s t h e concept o f pr i m a r y magmas 

from t he mantle (see I n t r o d u c t i o n , t h i s C h a p t e r ) . The data o f 

Green (1970) s p e c i f i c a l l y exclude a r e a c t i o n r e l a t i o n s h i p of 

o l i v i n e w i t h t h e l i q u i d . F r a c t i o n a t i o n o f magnesian orthopyroxene 

a t h i g h pressures should d e p l e t e the melt i n SiO and MgO and 

e n r i c h the m e l t i n CaO, K 0 and Na 0. I n a d d i t i o n , the l i m i t e d 
' 2 2 * 

n a t u r a l s o l u b i l i t y of A l O i n orthopyroxene a t pressures g r e a t e r 

than 18 kb should r e s u l t i n the r e l a t i v e enrichment i n the m e l t o f 

t h i s component as w e l l (O'Hara, 1968). The measured p a r t i t i o n 

c o e f f i c i e n t s o f Rare E a r t h elements between orthopyroxene and 

a l k a l i o l i v i n e b a s a l t i n d i c a t e t h a t these elements would a l s o 

be e n r i c h e d i n the m e l t though Opx f r a c t i o n a t i o n (Onuma et a l . , 

1968). I n a pr e v i o u s d i s c u s s i o n o f the u n d e r s a t u r a t e d compositions 

o f Grenada (Sigurdsson et a l . . 1973), i t was t e n t a t i v e l y suggested 

t h a t i n accordance w i t h t h e p e t r o g e n e t i c scheme o f Green ( 1 9 7 1 ) , 

orthopyroxene f r a c t i o n a t i o n may have produced a t r e n d towards 

u n d e r s a t u r a t i o n . I n t h i s account (Chapter 7 ) the d i v e r s i t y o f 

major and t r a c e element compositions i s a t t r i b u t e d t o v a r i a t i o n s 

i n amount o f p a r t i a l m e l t . I n p a r t i c u l a r t h e r e i s no evidence o f 

Rare E a r t h enrichment c o n s i s t e n t w i t h orthopyroxene f r a c t i o n a t i o n . 

A c c o r d i n g l y t h e r o l e o f orthopyroxene f r a c t i o n a t i o n i n the under-

s a t u r a t e d magmas o f Grenada i s b e l i e v e d t o have been minor r e l a t i v e 

t o o t h e r phases. 

I n Chapter 9 i t was suggested t h a t t h e dominant f r a c t i o n a t i n g 

phases were o l i v i n e , c l i n o p y r o x e n e and s p i n e l . However, since t h e 



2 

i n i t i a l m e l t was probably hydrous, i t i s necessary t o d i s c u s s the 

r o l e o f P H 0 and P i n c o n t r o l l i n g the s t a b i l i t y o f hydrous 
2 2 

phases. The most i m p o r t a n t hydrous phase l i k e l y t o be p r e ­

c i p i t a t e d from an u n d e r s a t u r a t e d m e l t i s amphibole. Since the 

p i o n e e r i n g study o f Yoder and T i l l e y (1962) t h e s t a b i l i t y f i e l d 

o f t h i s m i n e r a l i n b a s a l t i c and u l t r a b a s i c melts has been e x p l o r e d 

by s e v e r a l workers (e.g. Holloway and Burnham, 1972; Cawthorn 

et a l . . 1973) .Fig. 46 & 5& show the s t a b i l i t y f i e l d of amphibole i n 

b a s a l t i c compositions ( H i l l and Boettcher , 1970) and u l t r a b a s i c 

compositions ( K u s h i r o , 1968). These experiments have been completed 

under c o n d i t i o n s where P.. = P̂  ^. Experiments at 10 kb w i t h 
Ĥ O t o t r 

P„ • P. ^ have shown t h a t the s t a b i l i t y o f amphibole i n b a s a l t i c H O t o t ' * 
2 

mel t s i s i n c r e a s e d (Holloway and Burnham, 1972). However, e x p e r i ­

ments c a r r i e d out a t pressures g r e a t e r than 18 kb w i t h P„ A « P, 
HO t o t 
2 

have not shown amphibole t o be present on t h e l i q u i d u s (Green, 1971). 

There i s a l a c k o f data on the s t a b i l i t y o f amphibole a t pressures 

g r e a t e r than 10 kb w i t h P^ ̂  « p
t o t <* u e t o e x p e r i m e n t a l d i f f i c u l t i e s 

p r e v i o u s l y d e s c r i b e d . I n c o n t r a s t t o a p r e v i o u s account (Cawthorn 

et a l . t 1973) i t was shown i n Chapter 7 t h a t amphibole was u n l i k e l y 

t o have been a major f r a c t i o n a t i n g phase d u r i n g the e a r l y e v o l u t i o n 

o f the Grenada s u i t e . Rare E a r t h element d i s t r i b u t i o n p a t t e r n s 

K/Rb r a t i o s and a l k a l i element contents o f t h e Grenada s u i t e do 

not r e v e a l the t r e n d s expected t o r e s u l t from any e x t e n s i v e 

f r a c t i o n a t i o n o f amphibole. I t seems more l i k e l y t h a t the s t a b l e 

f r a c t i o n a t i n g phases were anhydrous d u r i n g the i n t i a l e v o l u t i o n 

o f the m e l t s . 
F i g . 51 i s based on the p r o j e c t i o n s o f phases s t a b l e a t v a r i o u s 



. 50 

Pressure-temperature diagram f o r a l h e r z o l i t e nodule 
from t h e S a l t Lake t u f f ( H awaii) i n the presence o f 
excess water a f t e r K u s h i r o 

Note the broad s t a b i l i t y f i e l d o f amphibole i n t h i s 
u l t r a b a s i c c o m p o s i t i o n up t o temperatures o f 1000°C 
a t 20 kb pre s s u r e when P., _ = P^ . 

r HO t o t 
2 

V = vapour Amph = amphibole Gnt = garnet 
01 = o l i v i n e Cpx = c l i n o p y r o x e n e . 
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Phase boundary s h i f t s w i t h p r e s s u r e v a r i a t i o n i n t h e 
C.M.A.S. system a f t e r O vHara (1968). 

C = CaO M = MqO A = A l O S = SiO 
2 3 2 

Upper diagram i s a s u b - p r o j e c t i o n from orthopyroxene 
(MS) i n t o t h e plane MS ( o l i v i n e ) - C S -A S which 2 2 3 2 3 i n c l u d e s t h e o l i v i n e - d i o p s i d e (CMS J - pyrope 
(M AS ) plane. 2 

Lower diagram i s a s u b - p r o j e c t i o n from d i o p s i d e i n t o 
p a r t o f t h e plane C^A-M-S which i n c l u d e s t h e o r t h o ­
pyroxene (MS) - g r o s s u l a r (C^AS^) j o i n . 

The l e t t e r s i n d i c a t e c o m p o s i t i o n a l s t a b i l i t y f i e l d s 
as f o l l o w s : 

A = o l i v i n e B = c l i n o p y r o x e n e c = orthopyroxene 
D = garnet E = s p i n e l F = p l a g i o c l a s e . 

Numbers i n d i c a t e p ressure o f e q u i l i b r i u m phase 
boundaries. 

Note t h e expansion o f t h e o l i v i n e s t a b i l i t y f i e l d 
w i t h reduced pressure and t h e expansion o f the 
c l i n o p y r o x e n e s t a b i l i t y f i e l d between 30 and 10 kb; 
b o t h p r i m a r i l y a t t h e expense o f orthopyroxene. 
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mantle pressures i n t h e CaO-MgO-A^O^-SiC^ system (O 8Hara, 1968) . 

Thompson (1972) has shown t h a t d i f f i c u l t i e s a r i s e i n u s i n g p r o ­

j e c t i o n s i n t o t h i s system f o r r e l a t i v e l y i r o n - r i c h n a t u r a l b a s a l t s 

a t low pressures. The order o f c r y s t a l l i s a t i o n o f the phases 

p r e d i c t e d i n the s y n t h e t i c system, where Fe i s grouped w i t h Mg, 

are not observed i n the n a t u r a l r ocks. However, the f o l l o w i n g 

d i s c u s s i o n i s designed t o show i n a q u a l i t a t i v e manner t h e p o s s i b l e 

s h i f t s i n phase boundaries a t h i g h pressures t h a t may be a p p l i c a b l e 

t o t he M g - r i c h , u n d e r s a t u r a t e d l i q u i d s of the Grenada s u i t e . O'Hara 

(1968) has s t r e s s e d the p o s s i b i l i t y o f prolonged c r y s t a l l i s a t i o n o f 

a s i n g l e phase d u r i n g p o l y b a r i c f r a c t i o n a t i o n . The f e a t u r e s t o note 

o f F i g . . 5 i are the expansion o f the primary c r y s t a l l i s a t i o n f i e l d 

o f o l i v i n e as the pressure i s lowered. I n a d d i t i o n , a s i m i l a r 

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

occurs a t pressures below 30 kb and above 10 kb. Both o l i v i n e and 

c l i n o p y r o x e n e s t a b i l i t y f i e l d s expand p r i m a r i l y a t the expense o f 

orthopyroxene. 

I f t h e movement o f t h e magma towards the s u r f a c e i s s u f f i c i e n t l y 

r a p i d , the r e d u c t i o n i n pressure causes the p r i m a r y phase volume 

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

o l i v i n e may c r y s t a l l i s e from t h e m e l t . I n a d d i t i o n i t i s p o s s i b l e 

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

the r e a c t i o n r e l a t i o n s h i p : 

o l i v i n e + q t z - n o r m a t i v e l i q u i d ^ orthopyroxene 

a t reduced p r e s s u r e s , or when P^ _ i s s u f f i c i e n t l y h i g h r e l a t i v e 
2 

t o p
t Q t 9 would serve t o f u r t h e r p r o l o n g t h e c r y s t a l l i s a t i o n o f 

o l i v i n e from s i l i c a - s a t u r a t e d l i q u i d s . I n d e t a i l , the f r a c t i o n a t i o n 
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may be complex but i t i s possible that a l i q u i d may f r a c t i o n a t e 

only o l i v i n e during r a p i d uprise to the surface. 

Arculus and Curran (1972) suggested that the e a r l y stages of 

f r a c t i o n a t i o n of the Grenada s u i t e were dominated by the separation 

of o l i v i n e , clinopyroxene and s p i n e l . I t was suggested previously 

that the source region of the Grenada magmas was at a depth of l e s s 

than 115 km (35 kb). The s t a b l e aluminous phase i s l i k e l y t o be a 

s p i n e l . I t i s appropriate at t h i s point to r e c a l l the analysed 

microphenocryst assemblages of the p i c r i t e s and b a s a l t s (Chapter 9 ) . 

These c o n s i s t of f o r s t e r i t i c o l i v i n e , c a l c i c augite and s p i n e l 

and depending upon the exact proportions of these phases subtracted 

from the melt, the observed v a r i a t i o n from s i l i c a - u n d e r s a t u r a t e d 

towards s i l i c a - s a t u r a t e d compositions may be accounted for. The 

modal v a r i a t i o n of phenocryst o l i v i n e and clinopyroxene i s consid­

erable w i t h i n the Grenada p i c r i t e s and b a s a l t s , and i t i s u s e f u l 

to plot the analysed bulk compositions i n mineral-control type 

diagrams (Powers, 1955). I n Fig.52 the v a r i a t i o n of MgO, A l O 

and a l k a l i s are plotted against SiO . Analysed phenocryst 

o l i v i n e s of the p i c r i t e s and b a s a l t s are used to determine the 

l i k e l y compositional control i n these f i g u r e s . I n addition, 

a n a t u r a l l y occurring amphibole phenocryst i s p l o t t e d anclin 

c o n t r a s t to a previous account (Cawthorn et a l , . 1973) the 

absence of any simple amphibole control i n determining the major 

element v a r i a t i o n w i t h i n these b a s i c compositions may be observed. 

On the b a s i s of the rapid depletion of MgO and Ni with i n c r e a s i n g 

content of S i ° 2
 i n t n e Grenada s u i t e , i t i s l i k e l y that o l i v i n e i s 

the dominant c r y s t a l l i s i n g phase during the e a r l y evolution of the 

melts with l e s s e r proportions of clinopyroxene and s p i n e l c r y s t a l l i s i n g . 



F i n . 5 J 

M i n e r a l c o m p o s i t i o n a l c o n t r o l d u r i n g t he e a r l y 
e v o l u t i o n o f the Grenada s u i t e . The v a r i a t i o n o f 
MgO, Al^O , Na O and K O w i t h i n t h e p i c r i t e s and 
b a s a l t s 2 i i p r o b a b l y p a r t l y the r e s u l t o f v a r i a b l e 
m e l t i n g w i t h i n the Upper Mantle. However the 
diagrams i l l u s t r a t e t h a t the p a r g a s i t e c o m p o s i t i o n 
( i n t r a n s i t i o n a l b a s a l t 40) does not l i e on the 
b a c k - p r o j e c t i o n o f the broad c o m p o s i t i o n a l 
v a r i a t i o n t r e n d w i t h i n these b a s i c s compositions. 
Dashed l i n e s are i n f e r r e d from t he more e x t e n s i v e 
oxide v a r i a t i o n diagrams o f Fig.27. 
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Changes i n the r e l a t i v e proportions subtracted of these phases 

may p a r t l y account for the v a r i a t i o n i n compositions observed at 

the s u r f a c e , but i t i s a l s o apparent that the subsequent c r y s t a l l ­

i s a t i o n of pl a g i o c l a s e and amphibole a re important f a c t o r s i n 

determining the range of major and trace element abundances. I t 

i s suggested i n t h i s account that f r a c t i o n a l c r y s t a l l i s a t i o n of 

magmas ranging from c r i t i c a l l y s i l i c a - u n d e r s a t u r a t e d to s i l i c a -

saturated has generated a trend towards a n d e s i t i c and d a c i t i c 

compositions. The v a r i a b l e geochemistry, petrography and mineralogy 

of these b a s i c magmas has been described i n the preceeding chapters. 

I n i t i a l d i f f e r e n c e s i n parental magma compositions are r e f l e c t e d i n 

the major and trace element geochemistry of the andesites and d a c i t e s . 

However, the r e l a t i v e timing of the f i r s t appearance of c r y s t a l l i s i n g 

mineral phases w i t h i n the Grenada magmas i s probably an important 

f a c t o r i n determining the range of chemical v a r i a t i o n observed within 

the s i l i c a - s a t u r a t e d compositions. The d i f f e r e n c e s i n v a r i a t i o n of 

Sr and Ni i n p a r t i c u l a r may be r e l a t e d to the r e l a t i v e proportions 

of p l a g i o c l a s e feldspar and o l i v i n e subtracted from the melt. 

The c r u c i a l question i n t h i s instance i s concerned with the 

nature of the f a c t o r s that determine the trend towards s i l i c a -

sa t u r a t i o n i n the Grenada s i t u a t i o n . The more usual evolutionary 

trend of c r i t i c a l l y undersaturated magmas i s towards i n c r e a s i n g 

s i l i c a - u n d e r s a t u r a t i o n . The proposed l i q u i d evolutionary path 

breaches the low pressure thermal d i v i d e of olivine-clinopyroxene-

p l a g i o c l a s e (Yoder and T i l l e y , 1962). I n addition, the d i r e c t i o n 

of l i q u i d migration i s the reverse of that predicted by any high 

pressure ( > 20 kb) c r y s t a l l i s a t i o n mechanism (O'Hara, 1968). 
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The r o l e of the a l k a l i elements i s p a r t i c u l a r l y s t r i k i n g i n 

t h i s respect. I n many c l a s s i f i c a t i o n s of b a s a l t i c rocks (e.g. 

Yoder and T i l l e y , 1962; Coombs, 1963; Green, 1969) the r e l a t i v e 

concentration of s i l i c a and a l k a l i s i s one of the most important 

v a r i a b l e s considered. In addition v o l c a n i c a s s o c i a t i o n s tend to 

be grouped according to the degree of s i l i c a - s a t u r a t i o n displayed. 

The appearance e i t h e r i n the mode or the norm of f e l d s p a t h o i d a l 

minerals i s i n d i c a t i v e of a l k a l i n e compositions. The a l k a l i elements 

do not show extensive s o l u b i l i t y i n the Grenada clinopyroxenes 

(Na O < 1.73%; K 0 <0.09%) and have n e g l i g i b l e s o l u b i l i t y i n 

o l i v i n e and s p i n e l . Therefore an increase i n concentration of the 

a l k a l i elements i s predicted i n the r e s i d u a l melt as the r e s u l t of 

f r a c t i o n a l c r y s t a l l i s a t i o n of these mineral phases, s i n c e the con­

ce n t r a t i o n of Na and K i n the magmas i s higher than i n the f e r r o -

magnesian minerals. The rapid increase of the a l k a l i elements with 

i n c r e a s i n g SiO^ content of the Grenada magmas i s i l l u s t r a t e d i n 

Fig* 27 (Chapter 8 ) . However, the dominance of o l i v i n e c o n t r o l 

o u t l i n e d above suggests that the r e s u l t i n g increase i n s i l i c a content 

of the melt i s s u f f i c i e n t to prevent the appearance of f e l d s p a t h o i d a l 

minerals and a trend towards s i l i c a - u n d e r s a t u r a t i o n r e l a t i v e to 

a l k a l i s . This feature i s i l l u s t r a t e d i n the normative p r o j e c t i o n s 

of compositions belonging to i n d i v i d u a l v o l c a n i c s e r i e s ( F i g . 30 

Chapter 8 ) . The compositional trend i s i n i t i a l l y towards the a l b i t e 

corner i n these p r o j e c t i o n s r e f l e c t i n g the increase i n concentration 

of s i l i c a r e l a t i v e to a l k a l i s . Before further d i s c u s s i o n of the low 

pressure ( < 15 kb) evolution of the Grenada s u i t e , i t i s necessary 

to examine i n more d e t a i l the experimental data concerning the 

s t a b i l i t y r e l a t i o n s h i p s of o l i v i n e , clinopyroxene, s p i n e l , p l a g i o c l a s e 
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and amphibole i n b a s a l t i c m e l t s . 

10:7 M i n e r a l S t a b i l i t y R e l a t i o n s i n B a s a l t i c M e l t s 

The study by Yoder and T i l l e y (1962) was t h e f i r s t comprehensive 

approach t o t h e problem o f phase r e l a t i o n s h i p s i n n a t u r a l b a s a l t 

compositions under v a r i o u s P, T and P u ~ c o n d i t i o n s . There i s g e n e r a l 
H 2 ° 

agreement t h a t HO i s a component o f b a s a l t magmas but some d i s p u t e 

concerning t h e r e l a t i v e importance o f H O d u r i n g d i f f e r e n t i a t i o n 

(see H a m i l t o n and Anderson, 1968, f o r a rec e n t r e v i e w ) . Consequently 

the anhydrous and w a t e r - s a t u r a t e d m e l t i n g r e l a t i o n s h i p s o f b a s a l t 

compositions w i l l be summarised f i r s t as examples o f the extreme cases 

l i k e l y t o occur i n the n a t u r a l s i t u a t i o n . 

I n F i g . 53 t h e m e l t i n g r e l a t i o n s h i p s o f an o l i v i n e t h o l e i i t e 

c o m p o s i t i o n , s t u d i e d by Yoder and T i l l e y , i s g i v e n f o r c o n d i t i o n s 

where Q = p
t o t » * n Fig.54 t h e anhydrous m e l t i n g r e l a t i o n s h i p s 

2 

of a t h o l e i i t e s t u d i e d by Cohen e t a l . (1967) i s g i v e n . T h i s 

anhydrous t h o l e i i t i c c o mposition i s s i m i l a r t o t h e oceanic t h o l e i i t e 

d e s c r i b e d by Engel and Engel (1964). O'Hara (1970) has suggested 

t h a t t h e absence o f o l i v i n e as a l i q u i d u s phase above 10 kb i n t h i s 

c o m p o s i t i o n precludes a d i r e c t d e r i v a t i o n o f t h i s m e l t from t h e 

Upper Mantle. For the purposes of t h i s study however, the anhydrous 
and P

H o = P t o t m e l t ^ n ^ r e l a t i o n s h i p s may be taken as a s t a r t i n g 
2 

p o i n t f o r the i n v e s t i g a t i o n o f m i n e r a l s t a b i l i t y f i e l d s i n b a s a l t i c 

magmas a t pressures below 10 kb. 

The i m p o r t a n t f e a t u r e s t o note o f Figs. 53 , and 54 are the 

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

appearance o f amphibole as a s t a b l e phase i n the hydrous s t a t e i n 

comparison w i t h t h e anhydrous s i t u a t i o n . Where P . _ = P 
HO t o t ' 
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H o0-satur at ed m e l t i n g r e l a t i o n s i n an o l i v i n e t h o l e i i t e 
( A f t e r Yoder and T i l l e y , 1962). Names alo n g s i d e l i n e s 
i n d i c a t e phase s t a b i l i t y l i m i t s . Dash-dot l i n e s , 1 and 
2, i n d i c a t e p o s s i b l e c r y s t a l l i z a t i o n paths producing t he 
c r y s t a l l i z a t i o n sequence observed i n n a t u r a l Grenadan 
compositions. 
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Fig.54 

Pressure-temperature p r o j e c t i o n o f 
l i m i t s f o r an anhydrous t h o l e i i t i c 
( A f t e r Cohen et a l . , 1967). 

01 = o l i v i n e 
Cpx = c l i n o p y r o x e n e 
Ga = garnet 
PI = p l a g i o c l a s e 
L - l i q u i d . 

phase s t a b i l i t y 
composi t i o n . 



285 

1*0 

30k 
Cpx 

-D 

LU 
cr 
£20 
LU 
cr 
Q_ 

Cpx + Ga 

Cpx • PI 
10 

Ol + Cpx 
• PI 

0 
800 

TEMPERATURE °C 
1800 



286 

c r y s t a l l i s a t i o n o f o l i v i n e and c l i n o p y r o x e n e occurs a t a hig h e r 

temperature than amphibole but b o t h r e a c t w i t h amphibole once 

t h i s phase i ^ s t a b l e (Yoder and T i l l e y , 1962, p.449). I n F i g . 46 

the maximum temperature o f s t a b i l i t y o f amphibole i s seen t o 

in c r e a s e t o 1050°C a t pressures up t o 10 kb but the slo p e o f the 

boundary curve becomes neg a t i v e a t hi g h e r pressures. A l s o i n Fig.46 

t h e i n c r e a s e d s t a b i l i t y o f amphibole when P u n i s reduced r e l a t i v e 
H vJ 
2 

t 0 P t o t i s m u s t r a t e < * ' However, t h e s i g n i f i c a n c e o f the m e l t i n g 

curves as a p p l i e d t o the n a t u r a l s i t u a t i o n i s the i n d i c a t i o n t h a t 

o n l y a t pressures below 2 kb i s p l a g i o c l a s e s t a b l e a t hi g h e r 

temperatures than amphibole. I n experiments under c o n t r o l l e d P 
H 2 ° 

and PO c o n d i t i o n s , N e s b i t t and Hamilton (1970) found t h a t 

p l a g i o c l a s e c r y s t a l l i s e d 110°C below the temperature o f appearance 

o f amphibole i n a l k a l i o l i v i n e b a s a l t c o m p o s i t i o n a t 2 kb. 

The a v a i l a b l e data suggests t h a t H 0 i s the most abundant 

and CO the second most abundant component o f the f l u i d phase i n 

the magma (Heald e t al.« 1963). Fig.46 shows t h a t a t h i g h pressures 
( y 15 kb) the e f f e c t o f P^Q on P H Q i n the m e l t i s n e g l i g i b l e but 

2 2 
becomes i n c r e a s i n g l y i m p o r t a n t a t lower pressures e f f e c t i v e l y 
r e d u c i n g P H Q r e l a t i v e t o p

t o t * T n e g r e a t r e d u c t i o n i n b a s a l t 
2 

s o l i d u s temperatures by the a d d i t i o n o f HO, and the l a r g e volumes 

o f m e l t l i k e l y t o be present i n the Upper Mantle i f P H Q i s h i g h 
2 

r e l a t i v e t o p
t o t > suggest t h a t i n f a c t P H Q i s c o n s i d e r a b l y l e s s 

than P a t the s i t e o f m e l t i n g . There a r e a v a r i e t y o f f a c t o r s t o t 
o t h e r than P t h a t may a f f e c t the P R Q o f the m e l t . The s o l u b i l i t y 

2 2 
of HO i n the m e l t decreases as pressure i s reduced (Fig.5S ) and 

consequently P w i l l tend t o in c r e a s e as the magma r i s e s t o the 



S o l u b i l i t y o f water as a f u n c t i o n o f P i n b a s a l t and 
a n d e s i t e m e l t s a t 1100°C. 2° 
( A f t e r H a m i l t o n and Anderson, 1968). 

B a s a l t = a Columbia River b a s a l t 
A n d e s i t e = a Mt. Hood a n d e s i t e 
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s u r f a c e . In addition the c r y s t a l l i s a t i o n of anhydrous mineral phases 

w i l l tend to reduce the r e s i d u a l volume of a v a i l a b l e melt and so 

r a i s e the P„ _ of the melt. Nevertheless, i t i s u n l i k e l y that the H yJ 
2 

P H 0 of the magma i s ever equal to p
t Q t due t o t n e e f f e c t of the 

other d i s s o l v e d v o l a t i l e s . 

Holloway and Burnham (1972) have examined the melting r e l a t i o n ­

s h i p i n an o l i v i n e t h o l e i i t e composition ( s i m i l a r to one of the 

compositions used by Yoder and T i l l e y (1962) and i l l u s t r a t e d i n 

Fig.53) under conditions where P 0 ~ = 0.6 P . using a HO - CO 
M U tOt 2 2 

buffer. The r e s u l t s are presented i n F i g . 56 . In comparison with 

the s i t u a t i o n where P„ - = P^ rf (Fig.53 ) the increase i n soli d u s H O tot 2 
temperature (50°C) and thermal s t a b i l i t y of amphibole (60°C) should 

be noted. Amphibole i s again s t a b l e at higher temperatures than 

p l a g i o c l a s e feldspar at pressures above 2.25 kb, and once present 

i n the melt, a r e a c t i o n r e l a t i o n s h i p between amphibole and previously 

c r y s t a l l i s e d o l i v i n e and clinopyroxene i s suggested by Holloway and 

Burnham (1972, F i g . 6 ) . Holloway (1973) has examined the s t a b i l i t y 

of pargasite alone under a v a r i e t y of P H ^ and t conditions using 
2 € U ~ 

a H O - 00 buffer. Some of the r e s u l t s of t h i s i n v e s t i g a t i o n are 2 2 
presented i n F i g . 57 # i t can be seen that as P H decreases 

2 
r e l a t i v e to ?^0^i t n e s t a b i l i t y of amphibole i n general i n c r e a s e s 

to an i s o b a r i c temperature maximum but with further reduction i n 

P., _ the s t a b i l i t y decreases. The temperature maximum of s t a b i l i t y H O 2 
s h i f t s to a lower P., „ with i n c r e a s i n g P. . Eggler ( 1972) has shown 

H D tOt 
2 

s i m i l a r s t a b i l i t y r e l a t i o n s h i p s i n natural melts of a n d e s i t i c 

composition. 
I n summary, the experimental r e s u l t s suggest that o l i v i n e and 



Fig.56 

Pressure-temperature p r o j e c t i o n o f phase s t a b i l i t y 
l i m i t s f o r o l i v i n e t h o l e i i t e under c o n d i t i o n s o f 

The m i n e r a l s are s t a b l e on the s i d e o f t h e curves 
along which t h e name i s p r i n t e d except f o r o l i v i n e ( O l ) 
and c l i n o p y r o x e n e (cpx) whose s t a b i l i t y l i m i t s were not 
determined. 
Dashed l i n e s are u n c e r t a i n , 
l q d = l i q u i d . 
( A f t e r Holloway and Burnham, 1972). 
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T - i s o b a r i c p r o j e c t i o n s f o r p a r g a s i t e m e l t i n g 
2 r e l a t i o n s h i p s : 

where xf T^"_ i s t h e mole f r a c t i o n of H O i n the HO 2 2 f l u i d phase and a t these temperatures 
and pressures under c o n s i d e r a t i o n ^ i s 
a p p r o x i m a t e l y equal t o P i n t h e H O system. 2 

( A f t e r Holloway, 1973). 
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c l i n o p y r o x e n e are the h i g h e s t temperature m e l t i n g phases i n b a s a l t i c 

compositions under a range o f P., _ and P̂  ^ c o n d i t i o n s . I n 
HO t o t 
2 

a d d i t i o n amphibole i s s t a b l e a t h i g h e r temperatures than p l a g i o c l a s e 
f e l d s p a r i n b a s a l t i c m e l t s a t pressures above 2 t o 2.25 kb a t l e a s t 

where p „ « = 0.6 P A . t o P A ^ ,. A r e a c t i o n r e l a t i o n s h i p between Ĥ O t o t a l t o t a l r 

amphibole and p r e v i o u s l y c r y s t a l l i s e d o l i v i n e s and c l i n o p y r o x e n e i s 

p r e d i c t e d . However, the p e t r o g r a p h i c evidence o f the b a s a l t s and 

cumulus p l u t o n i c b l o c k s o f Grenada suggests t h a t amphibole c r y s t a l l ­

i s e s a f t e r p l a g i o c l a s e . A s i m i l a r f e a t u r e has been r e p o r t e d i n the 

p l u t o n i c b l o c k s o f St. Vincent (Lewis, 1963) and a t t r i b u t e d t o 

c r y s t a l l i s a t i o n a t pressures below 2 kb. 

I t i s d i f f i c u l t t o r e c o n c i l e the e x p e r i m e n t a l r e s u l t s w i t h the 

n a t u r a l evidence on t h e b a s i s o f the c r y s t a l l i s a t i o n o f the 

assemblage ol-cpx-plag-magnetite-amph a t h i g h P 0 , ( a t a depth l e s s 
H U 
2 

than 8 km)Lewis (1964) suggests t h a t t h e n a t u r a l assemblages 

r e p r e s e n t a h i g h e r temperature paragenesis than i n t h e e x p e r i m e n t a l 

c o n d i t i o n s , and a t t r i b u t e s t h e absence o f any r e a c t i o n r e l a t i o n s h i p 

and c o n t i n u e d c r y s t a l l i s a t i o n o f o l i v i n e and c l i n o p y r o x e n e w i t h 

amphibole t o t h i s f e a t u r e . T h i s i m p l i e s e i t h e r : 

1) The e x p e r i m e n t a l l y determined s t a b i l i t y l i m i t f o r 

p l a g i o c l a s e and amphibole i s t o o low and should be placed a t h i g h e r 

t e m p e r a t u r e s , 

or 2) t h e composition o f o l i v i n e and c l i n o p y r o x e n e c o e x i s t i n g 

w i t h amphibole i n the magma, whatever P/T g r a d i e n t has been f o l l o w e d 

en r o u t e t o t h e s u r f a c e (see paths 1 and 2, Fig.53 ) s h o u l d r e f l e c t 

a drop i n l i q u i d u s temperatures o f a p p r o x i m a t e l y 70 t o 100°C. 

I t i s p o s s i b l e t h a t r e d u c t i o n o f P u _ r e l a t i v e t o P below 
H u t o t 
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0.6 p
t Q t would increase the thermal s t a b i l i t y of p l a g i o c l a s e and 

amphibole further r e l a t i v e to the PTT _ = P s i t u a t i o n . However, 
Ĥ O tot 

a p r e r e q u i s i t e for the c r y s t a l l i s a t i o n of amphibole a f t e r p l a g i o c l a s e 

i n the Grenada compositions on the b a s i s of the experimental data 

outlined above seems to be a combination of rapid decline i n li q u i d u s 

temperatures and a r r e s t of the ascent of the magmas to occur at 

pressures below 2 kb. The continued c r y s t a l l i s a t i o n of o l i v i n e 

and clinopyroxene with amphibole (Lewis, 196 4) remains unexplained 

on the b a s i s of the experimentally predicted s t a b i l i t y r e l a t i o n s h i p s , 

and the s t a b i l i t y of the assemblage ol-cpx-plag-amph-magnetite i s 

predicted to be of extremely l i m i t e d extent. The c r y s t a l l i s a t i o n 

of clinopyroxene together with araphibole i n a n d e s i t i c compositions 

i s a l s o u n l i k e the predicted s t a b i l i t y r e l a t i o n s h i p s i n b a s a l t s . 

The high Mg/Fe+Mg r a t i o s of the co e x i s t i n g amphibole, o l i v i n e 

and clinopyroxene together with the high An content of the p l a g i o c l a s e 

f e l d s p a r s i n the Kick-em-Jenny a l k a l i b a s a l t (Table 17 , Chapter 9) 

suggest an even higher temperature paragenesis than i n the St.Vincent, 

plu t o n i c blocks. I t i s i n t e r e s t i n g that amphibole i s always observed 

to c r y s t a l l i s e a f t e r p l a g i o c l a s e i n the b a s a l t s whereas a s l i g h t 

d e v i a t i o n i n P/T gradient followed by the magma or a d i f f e r e n t 

depth at which ar r e s t e d ascent might occur would produce the 

reverse order of c r y s t a l l i s a t i o n . I t i s possible that an a l t e r n a t i v e 

explanation for the observed mineral paragenesis and c r y s t a l l i s a t i o n 

sequence i s a v a i l a b l e i n the r e l a t i o n s h i p of P.. _ and P i n the 
HO tot 

magma. 

A s p n ^ i s reduced s t i l l further below 0.6 P , the thermal H u tot 
s t a b i l i t y of pl a g i o c l a s e feldspar must eventually become greater 
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than amphibole over a considerable pressure range with the ultimate 

disappearance of amphibole as a liq u i d u s phase. I n t h i s case the 

thermal s t a b i l i t y of pl a g i o c l a s e must increase more r a p i d l y than 

the increase i n thermal s t a b i l i t y of amphibole with reduced P^ Q 
2 

as i l l u s t r a t e d i n F i g . 57 . Some experimental evidence for the 

appearance of pl a g i o c l a s e before amphibole i n a s y n t h e t i c a n d e s i t i c 

composition under conditions of P.. ̂  • P (10 kb) has been presented 
H U ̂  tot 
2 

by Green and Ringwood (1968). However, addition of s i m i l a r q u a n t i t i e s 

(unspecified) of water to a sy n t h e t i c b a s a l t i c andesite at the same 

pressure produced amphibole at a higher temperature (960°C) of 

c r y s t a l l i s a t i o n than p l a g i o c l a s e (900°C). I t i s possible that the 

reduced s o l u b i l i t y of HO i n the more b a s i c melt ( c f . F i g . 55 ) 

produced a higher P U - with r e s u l t i n g increase i n s t a b i l i t y of 
H 2 ° 

amphibole r e l a t i v e to plagioclase. At present melting r e l a t i o n s h i p s 
i n b a s a l t i c magmas at low P H 0

f s ( P H Q <^ 0. 3 p
t o t ) remains a possible 

2 2 ° 
future l i n e of i n v e s t i g a t i o n though problems with homogenisation of 
the melt may be encountered. 

The influence of v a r i a b l e s other than P U rt i n r e l a t i o n to the 
H 2 ° 

d i f f e r e n t i a t i o n of b a s a l t magma have been studied. Osborn and h i s 

co-workers have shown the important e f f e c t of v a r i a t i o n i n P on 
°2 

the course of f r a c t i o n a l c r y s t a l l i s a t i o n (e.g. Roeder and Osborn, 

1966). Osborn (1959) has considered two general cases which are 

probably l i m i t s of the natural s i t u a t i o n . These are r e s p e c t i v e l y 

f r a c t i o n a l c r y s t a l l i s a t i o n under 
1) constant t o t a l composition 

2) constant P-
u 2 

The c r y s t a l l i s a t i o n paths of l i q u i d s within i n c r e a s i n g l y 
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complex and thus more r e a l i s t i c s y n t h e t i c systems have been analysed 

under these conditions. I n the f i r s t case, the r e s u l t i n g trends are 

towards i n c r e a s i n g iron-enrichment i n the r e s i d u a l melt with a small 

amount of l i q u i d of extreme composition produced. A l t e r n a t i v e l y with 

constant P n (non-constant t o t a l composition) e a r l y p r e c i p i t a t i o n of u 2 

Fe-Ti oxides occurs and a trend towards i n c r e a s i n g s i l i c a - e n r i c h m e n t 

r e s u l t s with considerable q u a n t i t i e s of s i l i c a - r i c h melt being 

produced. Osborn envisaged constant P_ conditions being maintained 
u 2 

i n a d i f f e r e n t i a t i n g magma by d i s s o c i a t i o n of water i n the surrounding 

rocks and d i f f u s i o n of inwards to the magma. Gradations between 

these end-member models were postulated as the l i k e l y n a tural course 

of events (Osborn, 1959). However, i n some c a l c - a l k a l i n e s u i t e s 

magnetite i s not a phenocryst phase (e.g. Eggler, 1972), and d i f f i c u l t i e s 

are experienced i n r e c o n c i l i n g the trace element abundances i n andesites 

with extensive magnetite p r e c i p i t a t i o n from b a s a l t i c parent magma 

(T a y l o r e t a l . . 1969). 

Hamilton and Anderson (1968) have suggested that i n general 

the quantity of water present i n b a s a l t melts i s s u f f i c i e n t for the 

P of the magma to be buffered by the d i s s o c i a t i o n reaction: 

2H 0 =± 2H + O 

The equilibrium constant for t h i s r e a c t i o n may be w r i t t e n 

(A) * A 
Kw = 

Providing there i s a s i g n i f i c a n t quantity of water i n the 

region of 1% (Hamilton and Anderson, 1968, p.478) i n the b a s a l t i c 

*At high T and P, fugacity i s approximately equal to p a r t i a l 
pressure. 
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melt, the oxidation s t a t e of p r e c i p i t a t e d minerals during f r a c t i o n a l 

c r y s t a l l i s a t i o n w i l l be controlled by the n a t u r a l buffer provided 

by the d i s s o c i a t i o n of H
20« Hamilton and Anderson point out however, 

that even with H 0 present i n the magma, a d e c l i n e of s e v e r a l orders 

of magnitude i n P i s l i k e l y to occur during cooling of the melt. 
°2 

This i s due to the rapid decline i n the value of Kw with decreasing 

temperature. Nevertheless the P^ of a c r y s t a l l i s i n g hydrous b a s a l t 
°2 

does not f a l l as quickly or rap i d l y as i t would i n a dry melt. 

C a l c u l a t e d T and P n i n d i f f e r e n t i a t e d c a l c - a l k a l i n e s u i t e s 
u 2 

from the coexisting Fe-Ti oxides a f t e r the method of Buddington and 

Li n d s l e y (1964) show i n general a s i m i l a r i n i t i a l l e v e l of P n i n 
u 2 

the parental melts as i n t h o l e i i t i c magmas. However, the ra t e of 

f a l l of P n with decreasing temperature i s not as great i n c a l c -
u 2 

a l k a l i n e as i n t h o l e i i t i c s u i t e s and i s s i m i l a r to the model pre­

dicted by Hamilton and Anderson (1968), for magmas with small 

q u a n t i t i e s ( ~ 1%) of di s s o l v e d HO. Fig.58 i l l u s t r a t e s c a l c u l a t e d 
P n and T v a r i a t i o n i n d i f f e r e n t i a t e d c a l c - a l k a l i n e and t h o l e i i t i c 
°2 

s u i t e s . I t seems therefore that a possible explanation for the 

dif f e r e n c e s between c a l c - a l k a l i n e and t h o l e i i t i c d i f f e r e n t i a t i o n trends 

i s d i s s o l v e d water content. However, Hamilton and Anderson (1968) 

point out that with d e c l i n i n g P e i t h e r i r o n - or si l i c a - e n r i c h m e n t 
u 2 

i s p o s s i b l e i n the r e s i d u a l melts. Barberi et a l . (1971) have 

suggested a trend towards iron-enrichment may have occurred i n a l k a l i 

and t r a n s i t i o n a l b a s a l t s u i t e s due to high P . Recently v o l c a n i c 
U 2 

s e r i e s with marked c a l c - a l k a l i n e a f f i n i t i e s have been described which 

show iron-enrichment i n the course of f r a c t i o n a t i o n (Lowder, 1970). 

In general, although P Q i s an important factor p a r t i c u l a r l y with 
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Log f Q - T diagram a f t e r Carmichael (1967). 
2 

QFM = quartz-fayal its-magnetite buffer 
IM = hematite-magnetite buffer 

Curve I i n d i c a t e s coexistence of Fe-Ti oxides 
with o l i v i n e (e.g. Thingmuli t h o l e i i t i c s u i t e 

Curve 11 coexistence of Fe-Ti oxides with 
orthopyroxene (approximately defining 
the Ni-NiO b u f f e r ) . 

Curve I I I coexistence of Fe-Ti oxides with 
amphibole and b i o t i t e (e.g. Lassen d a c i t e s ) . 

Dashed l i n e i n d i c a t e s the changing fn - T 
r e l a t i o n s h i p s i n the Talasea c a l c - a l k a l i n e s u i t e 
a f t e r Lowder (1970). 
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respect to the s t a b i l i t y of the Fe-Ti oxides, i t i s not an independ­

ent v a r i a b l e i n hydrous magmas and i s r e l a t e d to the same f a c t o r s 

that determine P described previously. 
H 2 U 

I n the Grenada c a l c - a l k a l i n e s u i t e , magnetite i s a phenocryst 

phase within b a s a l t compositions and a trend towards increasing s i l i c a 

rather than iron-enrichment may have been predicted on t h i s b a s i s . 

There i s a lack of a c o e x i s t i n g rhombohedral phase in the Grenada 

s u i t e but some ge n e r a l i s a t i o n s are possible with rocks of s i m i l a r 

mineralogy. Carmichael (1967) found that for lavas i n which the 

iron-titanium oxides coexist with o l i v i n e , the in d i c a t e d f Q and T 

f e l l along the fayalite-magnetite quartz buffer ( F i g . 58 ) . This 

suggests an approximate temperature of c r y s t a l l i s a t i o n i n the 

region of 1100°C at f n of 1 0 ~ 1 0 bars. However the absence of 

phenocryst p l a g i o c l a s e feldspar i n many of the Grenada p i c r i t e s 

and a l k a l i - b a s a l t s suggests that the suppression of the liq u i d u s 

temperature of appearance of t h i s phase by small q u a n t i t i e s of water 

predicted to be present i n the melt fmay be a f a c t o r of equal 

importance i n producing the trend towards s i l i c a - as opposed to 

iron-enrichment. 

Roeder and Emslie (1970) have suggested that iron-enrichment 

i n the melt may only take place when extensive e a r l y p r e c i p i t a t i o n 

of p l a g i o c l a s e feldspar occurs. O l i v i n e i s p r e f e r e n t i a l l y enriched 

i n Fe r e l a t i v e to the melt except at unnaturally high P f s ( < l o " b a r ) . 
2 

Thus i t i s pos s i b l e that extensive f r a c t i o n a l c r y s t a l l i s a t i o n of 

o l i v i n e before the appearance of p l a g i o c l a s e feldspar as a l i q u i d u s 

phase i n d i f f e r e n t i a t i n g c a l c - a l k a l i n e s u i t e s may be an a d d i t i o n a l 

factor i n determing the trend towards i n c r e a s i n g s i l i c a - e n r i c h m e n t 
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r e l a t i v e to the t h o l e i i t i c trend of magmatic d i f f e r e n t i a t i o n . 

I n summary therefore, i t appears from the evidence of 

compositional and mineralogical r e l a t i o n s h i p s i n the Grenada s u i t e 

of b a s a l t i c compositions that the f r a c t i o n a l c r y s t a l l i s a t i o n trend 

displayed i s p r i m a r i l y due to the presence of water i n the magma. 

I n comparison with a t h o l e i i t i c trend of d i f f e r e n t i a t i o n , t h e P^ ^ 
2 

and P was probably s u f f i c i e n t l y high to i n i t i a t e the e a r l y pre-

c i p i t a t i o n of magnetite and a l s o to retard the appearance of 

p l a g i o c l a s e and amphibole. I n addition the eventual c r y s t a l l i s a t i o n 

of plagioclase feldspar before amphibole and the high-temperature 

paragenesis of the c o e x i s t i n g minerals once pl a g i o c l a s e and 

amphibole are s t a b l e , suggests that P.. was i n i t i a l l y considerably 
H 20 

lower than p
t Q t » The abundance of amphibole i n the cumulus pl u t o n i c 

blocks of Grenada suggests however, that c r y s t a l l i s a t i o n of t h i s 

phase i s important i n the development of the trend from b a s a l t i c 

to an a n d e s i t i c composition and may explain the absence of a trend 

towards i n c r e a s i n g a l k a l i n i t y i n the compositions with SiO content 

greater than 50 to 52 wt.% SiO (see Fig.27 , Chapter 7). 

The high An content of the p l a g i o c l a s e f e l d s p a r s are an 

a d d i t i o n a l feature of c a l c - a l k a l i n e s u i t e s l i k e l y to generate a 

trend towards silica-enrichment by f r a c t i o n a l c r y s t a l l i s a t i o n (Brown 

and S c h a i r e r , 1971). The i n f l e x i o n of the curve of v a r i a t i o n of A 1
2 ° 3 

with SiO occurs at 48-50 wt.% SiO (Fig.27 , Chapter 7) suggesting 

that subtraction of c a l c i c p l a g i o c l a s e begins to occur at t h i s stage 

i n the evolution of the Grenada s e r i e s . Thus the breach of the low-

pressure thermal divide apparently occurs mainly by f r a c t i o n a l c r y s t a l * 

l i s a t i o n of o l i v i n e , clinopyroxene and s p i n e l , but the accentuation of 
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the trend towards silica-enrichment i s accomplished by subtraction 

of nepheline-normative amphibole and c a l c i c p l a g i o c l a s e feldspar. 

I n comparison with the t h o l e i i t i c and a l k a l i n e trends of magmatic 

evolution the in f l u e n c e of Ĥ O i n the melt i s the most important 

factor determing the d i f f e r e n c e s displayed by the Grenada c a l c -

a l k a l i n e trend. The e a r l y c r y s t a l l i s a t i o n of magnetite, delayed 

p r e c i p i t a t i o n of plagioclase f e l d s p a r , but eventual c r y s t a l l i s a t i o n 

of highly c a l c i c p l a g i o c l a s e compositions are a d i r e c t r e s u l t of 

the presence of H O i n the melt. 
2 

10:8 Compositional v a r i a t i o n i n the Basalt-Andesite-Dacite 

Sequence 

I t was suggested e a r l i e r i n t h i s account of the evolution o f 

the Grenada s u i t e that d i f f e r e n c e s i n proportions of subtracted 

mineral phases may be p a r t l y responsible for the v a r i a t i o n i n 

major and trace element geochemistry observed i n the sequence b a s a l t -

andesite-dacite. The enrichment of Sr i n plagioclasie feldspar 

r e l a t i v e to the melt (Brook s ,1968 ; P h i l p o t t s and Schnetzler, 1970), 

suggests an explanation for the observed v a r i a t i o n i n Sr of the 

v o l c a n i c s e r i e s of Grenada. I t was suggested i n Chapter 8 that 

the high-Sr v o l c a n i c s e r i e s are a s s o c i a t e d with b a s a l t compositions 

i n i t i a l l y comparatively enriched i n Sr and other incompatible ( i n 

the ferromagnesian phases) t r a c e elements. However, the r a p i d increase 

i n abundance of Sr from 600 ppm to 1500 ppm i n the a l k a l i and t r a n s ­

i t i o n a l b a s a l t s i f the high-Sr s e r i e s i s greater than i n b a s a l t s of 

the low-Sr s e r i e s over a s i m i l a r SiO wt.% range. I t i s p o s s i b l e 

that some of the highly p o r p h y r i t i c b a s a l t s represent cumulus 
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compositions and part of the v a r i a b i l i t y i n the geochemical data 

may be due to t h i s f a c t o r . However, the strong o s c i l l a t o r y zoning 

displayed by the phenocrysts of p l a g i o c l a s e and clinopyroxene suggests 

prolonged c r y s t a l l i s a t i o n w i t h i n a magma and the major and t r a c e 

element v a r i a t i o n with SiO suggest that many of the bulk compositions 

are t r u l y representative of magmatic l i q u i d s . Apart from the 

increase i n Sr, the high-Sr s e r i e s are a l s o a s s o c i a t e d with a more 

rapi d d e c l i n e in the abundance of Ni and MgO r e l a t i v e to the low-Sr 

s e r i e s . A possible explanation i s that more extensive o l i v i n e 

f r a c t i o n a t i o n has occurred i n the high-Sr s e r i e s p r i o r to the 

p r e c i p i t a t i o n of p l a g i o c l a s e feldspar. D i r e c t evidence for the 

general enrichment of Sr i n p l a g i o c l a s e feldspar i n the Grenada 

s i t u a t i o n i s a v a i l a b l e i n the analyses of the cumulus plutonic blocks 

presented i n Table 28 ,(Chapter 9 ) . The high Sr content ( ~» 925 ppm) 

of the block (x407) dominated by modal anorthite i s noticeable i n 

comparison with the other blocks where the content of p l a g i o c l a s e 

feldspar i s much smaller. 

The peak i n the Sr vs SiO^ v a r i a t i o n curve of the high-Sr s e r i e s 

i n the t r a n s i t i o n a l b a s a l t s (~" 49-51 wt.% SiO ) suggests that 

f r a c t i o n a l c r y s t a l l i s a t i o n of p l a g i o c l a s e feldspar becomes important 

at t h i s stage. The absence of any s i m i l a r peak and gradual increase 

i n Sr-abundance i n the low-Sr s e r i e s i s more t y p i c a l of d i f f e r e n t i a t e d 

v o l c a n i c s u i t e s (Brooks, 1968), Sr i s p r e f e r e n t i a l l y p a r t i t i o n e d 

i n t o the melt by o l i v i n e and clinopyroxene ( P h i l p o t t s and Schnetzler, 

1970). The l e v e l of Sr abundance i s therefore determined by the 

r e l a t i v e proportions of the f r a c t i o n a t i n g minerals subtracted from 

the melt, and generally the ferromagnesian minerals predominate i n 

the Grenada b a s a l t i c compositions. I t i s p o s s i b l e that the greater 
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TABLE 36 

Average simple and compound phenocryst/ 
matrix p a r t i t i o n c o e f f i c i e n t s for Sr, K, 
Rb and Ba from Philpotts and Schnetzler 

(1970). 

D S r DK DBa ^ ^K/Rb DRb/Sr 

O l i v i n e 0.01 0.007 0.01 0.01 0.07 0.7 

C l i n o - 0.1 0.04 0.03 0.03 1.5 0.3 
pyr oxene 

Plagio- 1.7 0.2 0.25 0.05 3.0 0.04 
c l a s e 

Horn- 0.5 0.8 0.3 0.3 5.0 0.5 
blende 
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increase i n Sr of the high-Sr s e r i e s i s due to the delayed f r a c t i o n ­

ation of pla g i o c l a s e feldspar r e l a t i v e to the low-Sr s e r i e s . This 

may be a r e f l e c t i o n of the l e v e l of P u ~ i n the melt, determined 
H U 2 

o r i g i n a l l y at the s i t e of melting but a l s o a f f e c t e d by r a t e s of 
ascent of i n d i v i d u a l magma batches and v a r i a t i o n s i n r a t e of increase 

of P„ . r e l a t i v e to P^ . HO tot 

I t i s possible to examine more c r i t i c a l l y at t h i s stage some 

of the element v a r i a t i o n i n the sequence b a s a l t - a n d e s i t e - d a c i t e . 

I n p a r t i c u l a r the simple and compound p a r t i t i o n c o e f f i c i e n t s c a l c u l a t e d 

for the important phenocryst minerals of v o l c a n i c rocks can be used 

to a s s e s s the r e l a t i v e importance of the f r a c t i o n a t i n g phases. The 

p a r t i t i o n c o e f f i c i e n t s for Rb, Sr, Ba and K c a l c u l a t e d by P h i l p o t t s 

and Schnetzler (1970) are summarised i n Table 36 . I n F i g . 59 the 

v a r i a t i o n of K/Rb and Rb/Sr with i n c r e a s i n g K^O and SiO^ content 

r e s p e c t i v e l y i n the Grenada s u i t e are presented. 

The b a s a l t s a s s o c i a t e d with the high K/Rb r a t i o s are those 

compositions enriched i n Sr of the high-Sr s e r i e s . I n general, 

however, the K/Rb r a t i o s decline s l i g h t l y from b a s a l t to d a c i t e and 

decrease markedly i n the high-Sr s e r i e s from the peak i n the b a s a l t 

compositions. With reference to Fig.23 (Chapter 7 ) , i t i s reemph-

a s i s e d that for a given degree of f r a c t i o n a t i o n between phenocryst 

and r e s i d u a l melt, much greater changes occur i n the abundance of 

an element or v a r i a t i o n i n element r a t i o s when concentration i s i n t o 

the c r y s t a l . The high compound p a r t i t i o n c o e f f i c i e n t of K/Rb ( ^ 5.0) 

between hornblende and matrix i n d i c a t e s that a rapid depletion i n 

the K/Rb r a t i o s would be expected as the r e s u l t of extensive f r a c t ­

i o n a l c r y s t a l l i s a t i o n of t h i s phase. The peak i n the K/Rb r a t i o s 



Fig.59 

P l o t o f Rb/Sr v SiO and K O ( w t . % ) v Rb (ppm) 
f o r t h e Mt. Granby-Fedon*s Camp and Mt. St. 
C a t h e r i n e c e n t r e s combined. 

X = low-Sr s e r i e s 
+- = high-Sr s e r i e s 
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i n the t r a n s i t i o n a l b a s a l t s of the high-Sr s e r i e s suggests that only 

minor amphibole f r a c t i o n a t i o n could have occurred i n conjunction with 

another mineral phase or phases that generated a higher K/Rb r a t i o 

i n the r e s i d u a l melt. I t i s suggested in t h i s account that dominant 

o l i v i n e f r a c t i o n a t i o n and retar d a t i o n of p l a g i o c l a s e f r a c t i o n a t i o n 

i s responsible for the rapid increase of Sr i n the high-Sr s e r i e s of 

a l k a l i and t r a n s i t i o n a l b a s a l t s . The low compound p a r t i t i o n coef­

f i c i e n t for K/Rb between o l i v i n e and r e s i d u a l melt ( ~*> 0.07) would 

r e s u l t i n an increased K/Rb r a t i o i n the melt i f extensive f r a c t i o n a l 

c r y s t a l l i s a t i o n of o l i v i n e occurs. The general decline i n the K/Rb 

r a t i o of the Grenada s u i t e from b a s a l t to d a c i t e may be a t t r i b u t e d 

to the f r a c t i o n a l c r y s t a l l i s a t i o n together with o l i v i n e , of c l i n o -

pyroxene (D / — > 1.5), and subsequently p l a g i o c l a s e feldspar 

( D K / R b ~ 3 . 0 ) . 

The high-Sr s e r i e s are a l s o c h a r a c t e r i s e d i n i t i a l l y by a l e s s 

rapid i n c rease i n Rb/Sr r a t i o s than the low-Sr s e r i e s ( F i g . 59 ) . 

O l i v i n e has the highest compound p a r t i t i o n c o e f f i c i e n t ( D R t > / ~ 0 . 7 ) 
^ r 

of the minerals l i s t e d i n Table and thus extensive f r a c t i o n a l 

c r y s t a l l i s a t i o n of t h i s phase, combined with the delayed f r a c t i o n a t i o n 

of p l a g i o c l a s e feldspar may ex p l a i n the v a r i a t i o n i n the Rb/Sr as 

w e l l as K/Rb r a t i o s of the Grenada high-Sr s e r i e s . I n general i n 

the Grenada s u i t e , the increase i n Rb/Sr r a t i o s i s more rap i d when 

the bulk compositions contain more than approximately 50 wt.% ^iO^. 

The low compound p a r t i t i o n c o e f f i c i e n t of Rb/Sr between p l a g i o c l a s e 

feldspar and r e s i d u a l melt suggests that f r a c t i o n a l c r y s t a l l i s a t i o n 

of t h i s mineral phase became vo l u m e t r i c a l l y more s i g n i f i c a n t at 

t h i s stage i n the evolution of the s u i t e . 
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The p r e f e r e n t i a l enrichment i n the r e s i d u a l melt of Ba by 

a l l the phenocryst minerals (Table 35 ) may explain the steady 

increase i n concentration of t h i s element with i n c r e a s i n g SiO^ 

content of the host rock. With regard to information concerning the 

nature of the f r a c t i o n a t i n g mineral assemblage at any stage, the 

variation of elements such as Ba i s not very informative. However, 

the continuous v a r i a t i o n i n l e v e l of concentration of t h i s element 

i n the sequence from undersaturated to s i l i c a - s a t u r a t e d compositions 

i s considerable support for a genetic l i n k between these compositions. 

The preferred hypothesis for the generation of the andesites 

and d a c i t e s of Grenada i s by f r a c t i o n a l c r y s t a l l i s a t i o n of b a s a l t i c 

magma. Contrary to the s i t u a t i o n i n some of the northern i s l a n d s 

of the Lesser A n t i l l e s (e.g. Rea, 1970) b a s a l t compositions are 

present i n nearly a l l the v o l c a n i c centres of Grenada. I n addition 

the most recent a c t i v i t y has been eruptions of a l k a l i b a s a l t 

compositions from Kick-em-Jenny volcano. Thus, there i s evidence 

that b a s a l t has been a v a i l a b l e throughout the evolution of the 

Grenada s u i t e . Estimates of r e l a t i v e abundance of compositions 

are notoriously d i f f i c u l t to assess ( R i d l e y , 197>) but there does 

appear to be a greater volume of b a s a l t compositions i n Grenada 

than i n the other i s l a n d s of the Lesser A n t i l l e s . I n the older 

centres i n the south of the i s l a n d , b a s a l t lava flows are widespread 

and b a s a l t compositions probably c o n s t i t u t e 40% of the t o t a l surface 

exposed volume. 

I n the Mt. Granby - Fedon fs Camp centre, b a s a l t flows although 

numerous and topographically conspicuous, probably form at most 25% 

of the surface exposure. I n the Mt. St. Catherine and Northern 
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Domes centres b a s a l t compositions are even more r e s t r i c t e d i n 

abundance. B a s a l t lava flows are only exposed i n the deep v a l l e y s 

on the northern flanks of Mt. St. Catherine. I n these two ce n t r e s , 

b a s a l t compositions probably only form 5 to 10% of the surface 

exposure with a n d e s i t i c and d a c i t i c compositions predominant. Despite 

the d i f f e r e n c e s i n surface exposure, geochemical s i m i l a r i t i e s between 

the b a s a l t - a n d e s i t e ~ d a c i t e a s s o c i a t i o n s of the various centres suggest 

that generally s i m i l a r igneous processes have occurred during the 

formation of each centre. I n view of the erupted compositions of 

the recent explosion c r a t e r s and Kick-em-Jenny volcano, i t i s 

l i k e l y that these processes are continuing at the present time. 

The major and trac e element gradations, Rare Earth element 

and Sr-isotope s i m i l a r i t i e s , and the mineralogical and petrographic 

r e l a t i o n s h i p s described i n the preceeding Chapters a l l support the 

suggestion that f r a c t i o n a l c r y s t a l l i s a t i o n of b a s a l t magma i s the 

most important process i n the generation of the andesites and 

da c i t e s . The cumulus plutonic blocks are d i r e c t evidence that 

t h i s has occurred i n some instances. However, i n view of the nature 

of the va r i a b l e p a r t i a l melt model proposed i n Chapter 7, and the 

complex v a r i a t i o n i n p h y s i c a l conditions that may infl u e n c e magma 

d i f f e r e n t i a t i o n trends, some s c a t t e r i n the geochemical data i s to 

be expected. I n part these may r e f l e c t a n a l y t i c a l u n c e r t a i n t i e s 

but a l s o may represent genuine di f f e r e n c e s i n magma compositions 

a s s o c i a t e d with unique evolutionary h i s t o r i e s . Only by i s o l a t i o n 

of i n d i v i d u a l centres of a c t i v i t y has a more coherent r e l a t i o n s h i p 

between the v a r i e t y of b a s a l t , andesite and d a c i t e compositions 

emerged. 
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The r e s t r i c t e d volume o f e r u p t e d products on Grenada compared 

w i t h some o f t h e i s l a n d s f u r t h e r n o r t h i n the Lesser A n t i l l e s has 

a l r e a d y been mentioned (Chapter 6 ) . To t h i s e x t e n t , t h e problem 

concerning the volume o f cumulate compositions r e q u i r e d as the 

complementary f r a c t i o n t o the an d e s i t e s and d a c i t e s as a r e s u l t 

o f f r a c t i o n a l c r y s t a l l i s a t i o n o f b a s a l t magma i s reduced. Only 

r e s t r i c t e d s u r f a c e sampling o f emergent i s l a n d s o f the arc has 

been completed and a c o n s i d e r a b l e submarine p i l e o f unsampled 

compositions i s pres e n t . The abundance o f b a s i c and u l t r a b a s i c 

compositions w i t h i n t h i s p i l e i s undetermined b ut the h i g h g r a v i t y 

anomaly over the a r c (Andrew e t a l . , 1970) suggests t h a t they are 

present. The e j e c t e d cumulus b l o c k s are d i r e c t evidence o f the 

presence o f t h i s u l t r a b a s i c m a t e r i a l and by the n a t u r e o f t h e i r 

f o r m a t i o n are u n l i k e l y t o be exposed d u r i n g t h e a c t u a l c r e a t i o n 

o f t h e arc. I n summary t h e r e f o r e , t h e r e i s a c o n s i d e r a b l e volume 

o f evidence t h a t suggests the c a l c - a l k a l i n e s u i t e o f Grenada i s the 

r e s u l t o f f r a c t i o n a l c r y s t a l l i s a t i o n o f b a s a l t magma, and an 

independent o r i g i n f o r the andesites and d a c i t e s seems u n l i k e l y . 

10:9 D i s c u s s i o n 

Evidence has been presented i n t h i s and preceeding chapters 

f o r t h e e v o l u t i o n o f the Grenada a n d e s i t e s and d a c i t e s by f r a c t i o n a l 

c r y s t a l l i s a t i o n o f p i c r i t e and a l k a l i b a s a l t magmas. The major 

and t r a c e element geochemistry o f t h e b a s a l t s suggests d e r i v a t i o n 

by p a r t i a l m e l t i n g o f a p e r i d o t i t e Upper Mantle source, b ut the 

v a r i a b i l i t y i n composition i s a t t r i b u t e d t o d i f f e r i n g degrees o f 

p a r t i a l m e l t i n g o f t h i s source. I t appears t h a t t h i s geochemical 

v a r i a b i l i t y , a l t h o u g h m o d i f i e d by f r a c t i o n a t i n g m i n e r a l phases, i s 
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i n h e r i t e d by the andesites and d a c i t e s . The c r y s t a l l i s i n g phases 

l i k e l y to predominate during the e a r l y evolution of the ba s a l t 

melts are o l i v i n e , clinopyroxene and s p i n e l . Petrographic and 

geochemical evidence suggests t h a t , i n general, p l a g i o c l a s e and 

then amphibole are the next phases to appear. The P H Q of the 
2 

magmas are predicted to be low r e l a t i v e to p
t Q t out higher than 

i s generally the case i n t h o l e i i t i c and a l k a l i n e s u i t e s . The 

ea r l y p r e c i p i t a t i o n of magnetite, together with delayed f r a c t i o n ­

a t i o n of p l a g i o c l a s e f e l d s p a r , may explain the absence of any trend 

towards iron-enrichment of the magmas but increasing enrichment i n 

s i l i c a and i n i t i a l l y i n alumina. The subsequent f r a c t i o n a l 

c r y s t a l l i s a t i o n of pla g i o c l a s e and amphibole from the melts i s 

important i n preventing a trend towards i n c r e a s i n g a l k a l i n i t y w h i l s t 

accentuating the trend towards silica-enrichment i n the melts. 

The compositional v a r i a t i o n of the Grenada s u i t e i s unusual 

i n the i s l a n d a r c s i t u a t i o n but i s supporting evidence that the 

i s l a n d a r c c a l c - a l k a l i n e s u i t e c o n s t i t u t e s an add i t i o n a l magma 

s e r i e s t y p i c a l of Upper Mantle melting episodes (Brown and S c h a i r e r , 

1971). I n the f i n a l chapter of t h i s study, the s i g n i f i c a n c e of the 

Grenada b a s a l t - a n d e s i t e - d a c i t e a s s o c i a t i o n i s discussed i n r e l a t i o n 

to i s l a n d - a r c s e r i e s elsewhere and i t s relevance to information 

concerning the nature of the Upper Mantle. 
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CHAPTER 11 

MAGMA VARIATION IN ISLAND ARCS 

The great volume of research completed i n the Japanese 

i s l a n d a r c s has shown a p o l a r i t y of magma compositions, con­

s i s t e n t l y s p a t i a l l y r e l a t e d with i n c r e a s i n g distance from the 

oceanic trench, i n the s e r i e s summarised by Kuno (1966): 

t h o l e i i t i c b a s a l t - high-alumina b a s a l t - a l k a l i b a s a l t 

Kuno (1950) i d e n t i f i e d two magma s e r i e s i n the Izu-Hakone region 

of Japan termed " p i g e o n i t i c " and "hypersthenic" r e s p e c t i v e l y . 

These magma s e r i e s were erupted from d i f f e r e n t volcanic centres 

at i n t e r v a l s i n the period Miocene to Recent. Kuno regarded the 

pi g e o n i t i c s e r i e s as representative of uncontaminated, Upper 

Mantle derived melts of t h o l e i i t i c a f f i n i t i e s . The hypersthenic 

s e r i e s ( c a l c - a l k a l i n e s . s . of Kuno) was regarded as derived by 

s i a l i c contamination of t h o l e i i t i c magma. I n addition, Kuno (1968) 

a f t e r Aoki (1966) proposed that s i a l i c contamination of a l k a l i 

b a s a l t magma could a l s o r e s u l t i n a c a l c - a l k a l i n e ( s i l i c a -

enrichment as opposed to iron-enrichment) trend of d i f f e r e n t i a t i o n . 

A l t e r n a t i v e models were proposed by Kuno (1966) to account for 

the geochemical di f f e r e n c e s i n the parental magmas: 

1) D i f f e r i n g depths of magma generation 

2) S i m i l a r depths of generation but subsequent f r a c t i o n a l 
c r y s t a l l i s a t i o n at progressively shallower l e v e l s nearer 
to the v o l c a n i c front. 

O'Hara (1968) and Gast (1968) have shown that a l k a l i b a s a l t magma 

i s u n l i k e l y to be r e l a t e d to t h o l e i i t i c magma by f r a c t i o n a l 

c r y s t a l l i s a t i o n processes, and the f i r s t model suggested by Kuno 
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seems to be a more probable explanation of the zoning of magma 

compositions i n the Japanese a r c s . 

V a r i a t i o n s i n magma compositions have s i n c e been described 

i n other i s l a n d a r c s but i n some cases the s i g n i f i c a n c e of the 

near-contemporaneous eruption of contrasted magma s e r i e s i n the 

Izu-Hakone region has been misinterpreted. Jakes and G i l l (1970) 

have suggested that the " i s l a n d - a r c t h o l e i i t e s e r i e s " c o n s t i t u t e s 

a d i s t i n c t magma s e r i e s a s s o c i a t e d with the near-trench,voluminous 

e a r l y eruptions of the i s l a n d - a r c s of the southwest P a c i f i c . 

Jakes and G i l l d i s t i n g u i s h the i s l a n d a r c t h o l e i i t e s e r i e s from 

the c a l c - a l k a l i n e s e r i e s on the ba s i s of major, trace and Rare 

Earth element d i f f e r e n c e s . I n addition they suggest that both 

temporal and s p a t i a l separation d i s t i n g u i s h e s the c a l c - a l k a l i n e 

s e r i e s which i s erupted l a t e r than and at a greater distance from 

the trench than the t h o l e i i t i c s e r i e s . I n contrast Kuno (1950) 

emphasises the s p a t i a l and temporal coincidence of the p i g e o n i t i c 

( t h o l e i i t i c ) and hypersthenic ( c a l c - a l k a l i n e ) rock s e r i e s i n 

Japan. 

An empir i c a l r e l a t i o n s h i p between the potash content of 

erupted lavas and depth to the Benioff Zone has been described 

by Dickinson and Hatherton (1967). T h i s i s e s s e n t i a l l y a r e ­

statement of the observations of Kuno (1966) and Sigimura (1967) 

of the inc r e a s i n g a l k a l i n i t y of lava types with i n c r e a s i n g distance 

from the trench. Dickinson and Hatherton (1967) however, suggest 

that the d i f f e r e n t l e v e l s of potash content a re imposed at the 

s i t e of p a r t i a l melting, s p e c i f i c a l l y at the Benioff Zone. I n 

order to account for t h i s r e l a t i o n s h i p i t i s necessary to 
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postulate that i f the magmas are derived by p a r t i a l melting of a 

subducted p l a t e , then the d i s t r i b u t i o n of potash between melt and 

s o l i d must r i s e with increased pressure. This model for the 

zonation of i s l a n d arc magmas can be c r i t i c i s e d on the following 

grounds. I n the subduction regime, the i n i t i a l p a r t i a l melt from 

the l i t h o s p h e r i c p l a t e whether i t i s derived from oceanic sediments, 

unaltered oceanic t h o l e i i t e , metamorphosed b a s a l t compositions or a 

combination of any or a l l of these, w i l l be enriched i n the incom­

p a t i b l e t r a c e elements r e l a t i v e to t h e i r concentration i n the 

o r i g i n a l unmelted compositions. These incompatible tra c e elements 

w i l l include i n addition to K, Th, Ba and Rb. F i t t o n (1971) has 

suggested that the composition of these melts w i l l be determined 

by the breakdown of amphibolite. The r e s i d u a l phases i n the slab 

w i l l be subjected to further heating and greater pressure during 

subduction deeper i n t o the Upper Mantle. However, a d d i t i o n a l 

p a r t i a l melt increments can only approach the bulk composition 

of the r e s i d u a l phases which Wyllie (1973) has shown to be of e c l o g i t e 

f a c i e s at depths greater than 100 km. In the dynamic s i t u a t i o n , 

the incompatible elements w i l l continue t o be p r e f e r e n t i a l l y enriched 

i n t o the near-trench, i n i t i a l p a r t i a l melts. Thus the zonation of 

these elements i n i s l a n d - a r c magmas should be the reverse of that 

so f a r described. 

Ninkovich and Hays (1972) have suggested that greater 'leaching' 

or w all-rock contamination occurs with i n c r e a s i n g t r a v e l - p a t h d istance 

of the magmas en route to the surface. T h i s would e x p l a i n the 

zonation observed but r e l i e s on progressive r e l e a s e of H 0 from the 

subducted slab at depths up to 300 kms. Wyllie (1973) has shown 
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depths i n subducted l i t h o s p h e r i c p l a t e s , and that v o l a t i l e r e l e a s e 

from the slab i s probably only s i g n i f i c a n t at depths l e s s than 

100 km. 

Several recent studies have suggested that sediment contam­

ina t i o n of the p a r t i a l melts i n a subduction regime i s responsible 

for the anomalous abundances of the large cations such as K, Ba 

and Rb i n i s l a n d a r c magmas i n comparison with t h e i r probable 

abundances i n oceanic t h o l e i i t e compositions (e.g. Jakes and G i l l , 

1970; Armstrong, 1971). I n addition Armstrong (1971) has suggested 

that the s i m i l a r i t i e s i n lead isotope r a t i o s between i s l a n d a r c 

volc a n i c s and oceanic sediments i n d i c a t e s f u s i o n of the sediments 

i n the subduction zone. Opposition to the generation of andesites 

and dacites by f r a c t i o n a l c r y s t a l l i s a t i o n of ba s a l t magma has been 

based on volumetric and geochemical grounds (Jakes and G i l l , 1970; 

Taylor et a l . . 1969). The r e l a t i v e abundance of andesite or the 

l o c a l absence of b a s a l t i c compositions i n i s l a n d a r c s i s not a 

conclusive argument against the d e r i v a t i o n of andesite from a more 

mafic parent. The o r i g i n a l studies of Kuno (1950) and more recent 

studies of i s l a n d arc c a l c - a l k a l i n e s e r i e s (Brown and S c h a i r e r , 1971 

Lewis, 1971) support the der i v a t i o n of andesites and d a c i t e s by 

f r a c t i o n a l c r y s t a l l i s a t i o n of ba s a l t magma. The d i r e c t d e r i v a t i o n 

of s i l i c a - s a t u r a t e d andesites and dac i t e s as p a r t i a l melts from 

subducted e c l o g i t e compositions ( F i t t o n , 1971; Jakes and G i l l , 1 9 7 0 ) 

implies ascent through the overlying u l t r a b a s i c Upper Mantle as 

unchanged melts for distances i n excess of 100 km. Complete 

segregation of the melts from the Upper Mantle compositions would 

have to occur i n order for the c a l c - a l k a l i n e melts to be erupted 

unaltered. 
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There i s considerable evidence now a v a i l a b l e that suggests 

the r o l e of sediment contamination i s minor i f present at a l l . 

F i r s t l y there i s the experimental evidence of Wyllie (1973) that 

fusion of hydrated sediments would be complete at depth l e s s than 

100 km. As suggested i n Chapter 10, s p a t i a l r e l a t i o n s h i p s of 

v u l c a n i c i t y and Benioff Zone suggest that t h i s depth l i m i t 

severely r e s t r i c t s the importance of hydrated sediments i n i s l a n d 

arc environments. With regard to lead isotope r a t i o s , Oversby and 

Ewart (1972) has shown that mass balance considerations r u l e out 

any s i g n i f i c a n t contribution of oceanic sediments to the r a t i o s 

observed i n the Tonga arc. The maximum amount of sediments allowed 

by the lead data would not have a s i g n i f i c a n t petrogenetic e f f e c t . 
87 

I n addition the Sr r a t i o s reported i n the present account do 
87 

not support a sediment contamination model. High Sr r a t i o s 

are a s s o c i a t e d with lower abundances of incompatible tra c e elements 

which i s the reverse of the contamination e f f e c t s expected of 
sediment admixtures. Church and T i l t o n (1973) suggest that uniform 

87 
Sr / r a t i o s i n the Cascade (U.S.A.) c a l c - a l k a l i n e lavas 86 
i r r e s p e c t i v e of Sr abundance argue against sediment contamination 

and the lead isotopes are a l s o i n c o n s i s t e n t with such a model. 

The present study of the v o l c a n i c geology of Grenada has 

revealed s e v e r a l unusual features relevant to the problem of 

magma v a r i a t i o n and zonation i n i s l a n d - a r c s . The eruptions of 

s i l i c a - u n d e r s a t u r a t e d a l k a l i b a s a l t compositions has occurred 

on the i s l a n d at s i m i l a r distances from the a x i s of negative 

g r a v i t y anomaly (defining the approximate locus of subduction, 

F i g . 5 , Chapter 2) as eruptions of s i l i c a - s a t u r a t e d high-alumina 
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t h o l e i i t i c b a s a l t further north i n the a r c (Baker, 1968; Rea, 1970). 

I n addition the higher l e v e l of a l k a l i s and i n p a r t i c u l a r potash i n 

the Grenada s u i t e i s a s s o c i a t e d with a shallower depth to the 

B e n i o f f Zone than i s the case further north (Sigurdsson et a l . « 1973). 

This i s unlike the s p a t i a l r e l a t i o n s h i p s discovered i n other i s l a n d 

a r c s . 

V a r i a t i o n s in Sr isotope r a t i o s and Rare Earth Element d i s ­

t r i b u t i o n has been demonstrated within i n d i v i d u a l v o l c a n i c centres 
87 of Grenada. In Table 37 published Sr r a t i o s from the other 86 

i s l a n d s of the Lesser A n t i l l e s are l i s t e d . The i n t e r - i s l a n d 

v a r i a t i o n i n these r a t i o s but s i m i l a r i t y between b a s a l t , andesite 

and d a c i t e compositions of i n d i v i d u a l i s l a n d s has previously been 

noted by Hedge and Lewis (1971). The Rare Earth Element d i s t r i b u t i o n 

patterns i n the Grenada c a l c - a l k a l i n e s u i t e are unusual i n the range 

of enrichment r e l a t i v e to chondrites displayed. Yajima et a l (1972) 

have described a greater degree of l i g h t Rare Earth enrichment i n 

the hypersthenic i n comparison with the p i g e o n i t i c s e r i e s of I z u -

Hakone region. The v a r i a t i o n s i n Sr isotope r a t i o s and degree 

of Light Rare Earth enrichment occurs within a r e s t r i c t e d geo­

graphical range on Grenada and are a l s o repeated frequently i n 

time. A model of v a r i a b l e p a r t i a l melting has been out l i n e d i n 

t h i s study to account for these v a r i a t i o n s and the range of major 

and t r a c e element compositions observed. V a r i a b l e p a r t i a l melting 

has not previously been invoked to any great extent i n i s l a n d - a r c 

studies i n order to explain geochemical d i f f e r e n c e s w i t h i n a 

r e s t r i c t e d geographic l o c a l i t y . However, the absence of conclusive 

evidence r e l a t i n g t h i s v a r i a b i l i t y to sediment contamination and 
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TABLE 37 
S t r o n t i u m i s o t o p e data f o r t h r e e v o l c a n i c c e n t r e s 
i n the Lesser A n t i l l e s i s l a n d a rc (f r o m Hedge and 

Lewis, 1971). 
Mt.Misery s u i t e , St . K i t t s 
SiO wt.% Rb/Sr S r 8 ? / 8 6 

2 
48.8 0.026 0.7036 
50. 3 0. 028 0.7036 
50.9 0.029 0.7037 
53. 3 0.040 0.7040 
56.6 0.046 0.7037 
58.6 0.053 0.7038 
59. 1 0.056 0.7040 
59. 7 0.065 0.7037 
61 .6 0.056 0.7039 

Souf r i e r e s u i t e , St . Vincent 
47.7 O. 035 0.7040 
51. 3 0.049 0.704 3 
51.9 0.054 0.7042 
52. 3 0.061 0.7040 
52. 3 0.053 0.7040 
53.6 0.071 0.7041 
55.0 0.065 0. 7039 
55.4 0.075 0.7039 

Carr i a c o u s u i t e 

45.7 0.01 3 0.7052 
46. 7 0.027 0.7051 
46.9 0.039 0.7053 
56.9 0.055 0.705 3 
61.7 0.056 0.7054 
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subducted s l a b - d e r i v e d m e l t s suggests t h a t t he model may be 

a p p l i c a b l e elsewhere. 

The s i l i c a - u n d e r s a t u r a t e d nature o f the a l k a l i n e and p i c r i t i c 

compositions suggests t h a t s m a l l volumes o f p a r t i a l melt are 

i n v o l v e d i n the Grenada s i t u a t i o n . O'Hara (1968) has s t r e s s e d 

t h a t c o n s i d e r a b l e v a r i a t i o n i n major and t r a c e element geochemistry 

can occur d u r i n g the i n i t i a l stages o f p a r t i a l m e l t i n g ( < 15% 

t o t a l volume of p a r t i a l m e l t ) , whereas w i t h f u r t h e r e q u i l i b r i u m 

m e l t i n g , v a r i a t i o n i s reduced r e l a t i v e t o the d i f f e r e n c e s i n 

volume produced. The shallow ( 1 0 0 km) n a t u r e o f the proposed 

magma source beneath Grenada may be a f a c t o r promoting t h e e r u p t i o n 

o f s m a l l volumes o f m e l t . However, the q u e s t i o n remains as t o why 

t h i s does not occur i n a l l i s l a n d arcs under s i m i l a r pressure and 

temperature c o n d i t i o n s . The r e l a t i o n s h i p o f the Upper Mantle 

thermal regime and r a t e o f subduction o f the l i t h o s p h e r i c p l a t e 

may be an a d d i t i o n a l f a c t o r . The absence o f c u r r e n t l y observable 

movement along the southern boundary o f the Caribbean P l a t e was 

mentioned i n Chapter 2. I t i s p o s s i b l e t h a t t he r a t e o f subduction 

o f the Americas beneath the Caribbean P l a t e increases f u r t h e r n o r t h 

( B a l l and H a r r i s o n , 1970) and t h a t t he volume o f p a r t i a l m e l t s p r o ­

duced are s u b s t a n t i a l l y g r e a t e r as a r e s u l t o f the g r e a t e r - e n e r g y 

r e l e a s e . The c o m p a r a t i v e l y minor volume o f e r u p t e d v o l c a n i c s i n 

Grenada i n comparison w i t h i s l a n d s such as Dominica suggests t h a t 

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

two areas 

A l l o w i n g f o r d i f f e r e n c e s i n volumes o f p a r t i a l m e l t , i t i s 

a l s o p o s s i b l e t h a t l a t e r a l inhomogeneity i n the Upper Mantle 
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source composition i s present. Gast (1968) has proposed t h a t t h e 

com p o s i t i o n o f oceanic t h o l e i i t e suggests c o n s i d e r a b l e volumes 

o f m e l t from the Upper Mantle have p r e v i o u s l y been e x t r a c t e d i n 

th e source r e g i o n s . S c h i l l i n g (1973a; 1973b) has d i s c o v e r e d 

r e g u l a r geochemical v a r i a t i o n southwards a l o n g t h e Reykjanes r i d g e 

from I c e l a n d and i n the v i c i n i t y o f the A f a r t r i a n g l e (Red Sea). 
87 Subbarao (1972) has recognised d i f f e r e n c e s i n K/Rb and Sr / oO 

r a t i o s between ocean-ridge and a b y s s a l - h i l l t h o l e i i t e s i n the 

P a c i f i c and suggested t h a t the d i f f e r e n c e s a r i s e through c o n t r a s t e d 

h i s t o r i e s o f magma e x t r a c t i o n s i n the source r e g i o n s . Thus a 

p o s s i b l e v a r i a b l e t h a t has t o be considered i n r e l a t i o n t o t h e 

geochemistry o f the i s l a n d - a r c c a l c - a l k a l i n e a s s o c i a t i o n s i s the 

pre v i o u s m e l t i n g h i s t o r i e s o f t h e source r e g i o n s . D i f f e r e n t Upper 

Mantle c o n d i t i o n s are probably i n v o l v e d i n the c o l l i s i o n and 

spreading regimes o f a c t i v e v u l c a n i c i t y . 

A r c u i u s and Curran (1972) proposed t h a t a consequence o f 

the p l a t e t e c t o n i c model i s the involvement o f Upper Mantle zones 

o f c o n t r a s t e d previous t e c t o n i c and v o l c a n i c h i s t o r y . The c o n t i n ­

e n t a l c r u s t and l i n k e d r i g i d p o r t i o n o f u n d e r l y i n g Upper Mantle 

are an immediate p o s s i b l e source o f compositions c o n t r a s t e d i n 

n a t u r e w i t h t h e suboceanic c r u s t and Upper Mantle. The h i g h l y 

a l k a l i n e n a t u r e o f the er u p t e d p r o d u c t s o f many c o n t i n e n t a l r i f t 

volcanoes are very d i f f e r e n t i n co m p o s i t i o n t o the oceanic 

t h o l e i i t e produced a t mid-ocean r i d g e s . I t i s p o s s i b l e t h a t some 

o f t h e c o n t r a s t i n compositions i s the r e s u l t o f m e l t i n g o f Upper 

M a n t l e source m a t e r i a l t h a t has s u f f e r e d d i f f e r e n t degrees o f 

pr e v i o u s magma e x t r a c t i o n along the l i n e s suggested by Gast (1968). 
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The encroachment of the Americas P l a t e on the Upper Mantle 

underlying continental South America at the southern end of the 

Lesser A n t i l l e s may be an example of the contrasted magma source 

regions p o s s i b l e i n c o l l i s i o n regimes. Gorshkov (1965) suggested 

that the t r a n s i t i o n from oceanic to continental c r u s t i n the 

Kurile-Kamchatka region i s not marked by any strong d i f f e r e n c e s 

i n erupted c a l c - a l k a l i n e magma compositions that could be asso c i a t e d 

with anatexis of continental c r u s t a l m a t e r i a l . Nevertheless 

Gorshkov noted the s l i g h t l y increased a l k a l i n i t y of the continental 

c a l c - a l k a l i n e a s s o c i a t i o n s . I t is* p ossible that t h i s i s an example 

of heterogeneity of source region. 

The enrichment of the i s l a n d a r c t h o l e i i t i c and c a l c - a l k a l i n e 

s e r i e s (Jakes and G i l l , 1970) i n the large cations such as K, Ba, 

Rb may be the r e s u l t of p a r t i a l melting of r e l a t i v e l y undepleted 

Upper Mantle source regions i n comparison with the source regions 

of oceanic t h o l e i i t e . Thus a comparison between i s l a n d - a r c and 

mid-ocean ridge b a s a l t s may provide a measure of the chemical 

composition of the underlying Upper Mantle. An a d d i t i o n a l f a c t o r 

suggested i n t h i s account i n r e l a t i o n to l o c a l v a r i a t i o n i n i s l a n d 

arc magma compositions i s the p o s s i b i l i t y of v a r i a b l e p a r t i a l melting 

of the Upper Mantle. 

The r o l e o f the subducted plate has been minimised but i s 

obviously e s s e n t i a l as a phys i c a l trigger for the generation of 

i s l a n d arc magmas. I n some s i t u a t i o n s a chemical contribution 

from v o l a t i l e and p a r t i a l l y melted compositions i s to be expected 

as w e l l . The great abundance of a n d e s i t i c and d a c i t i c ignimbrites 

i n continental c a l c - a l k a l i n e a s s o c i a t i o n s may r e f l e c t fundamentally 
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d i f f e r e n t conditions of magma generation. However the suggestion 

that the Upper Mantle i s the main source region of the i s l a n d - a r c 

c a l c - a l k a n n e s u i t e s r e c e i v e s strong support i n t h i s account of 

the a l k a l i b a s a l t - a n d e s i t e a s s o c i a t i o n of Grenada, Lesser A n t i l l e s . 
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