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F r o n t i s p i e c e . View of the I g d l e r f i g s s a l i k 
Centre taken from the North Qoroq Centre. J u l y 1972. 
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ABSTRACT 

The North Qoroq Centre i s one of four major i n t r u s i v e 

centres comprising the I g a l i k o Nepheline Syenite Conplex. 

The centre i s composed of a number of s y e n i t i c bodies a l l 

showing undersaturated character. Eitplacement of the 

bodies was probably by r i n g f r a c t u r e and block subsidence, 

combined w i t h a degree o f stoping. 

Petrographic, m i n e r a l o g i c a l and geochemical studies 

have demonstrated t h a t the process of i n s i t u f r a c t i o n a t i o n 

accounts f o r the b u l k of the v a r i a t i o n i n rock types seen 

i n the centre. Clinopyroxene, o l i v i n e , Fe/Ti oxides and 

a p a t i t e were important e a r l y f r a c t i o n a t i n g phases, followed 

by amphibole and b i o t i t e . The most important f r a c t i o n a t i n g 

phase was, however, a l k a l i feldspar. I t s c r y s t a l l i z a t i o n 

and separation r e s u l t e d i n p e r a l k a l i n e undersaturated 

syenites becoming more p e r a l k a l i n e and more undersaturated. 

Probe work on the m a j o r i t y of major mineral phases, 

present i n the syenites, has enabled values t o be placed 

on a number of important p h y s i c a l and chemical parameters. 

The temperature of the magma as i t evolved and the values 

and e f f e c t of s t e a d i l y varying s i l i c a a c t i v i t y , oxygen 

f u g a c i t y , water f u g a c i t y , and a c t i v i t y of sodium d i s i l i c a t e 

have a l l been considered. 
An a l k a l i - r i c h aqueous phase probably co-existed w i t h 

the more f r a c t i o n a t e d of the North Qoroq syenites. A 
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reasonable idea o f the nature and composition of t h i s 

phase has been obtained and a number of features e x h i b i t e d 

by the syenites a t t r i b u t e d t o i t s a c t i o n . 

I n f l u x of meteoric water a t an e a r l y stage i n the 

e v o l u t i o n o f the magmas i s suggested as an explanation 

f o r the common marginal pegmatites. This process could 

be i n s t r u m e n t a l i n deciding whether magmas of t r a c h y t i c 

composition proceed, w i t h c r y s t a l f r a c t i o n a t i o n , towards 

undersaturated or oversaturated r e s i d u a l compositions. 
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CHAPTER ONE; INTRODUCTION 

1.1. General s e t t i n g 

The I g a l i k o Nepheline Syenite Complex l i e s close 

t o the head of T u n u g d l i a r f i k f j o r d i n S.W. Greenland. 

I t i s one of a number of a l k a l i igneous complexes out

cropping i n the area. Upton (1974) has produced a recent 

review o f t h i s a l k a l i n e province, and a f u r t h e r review, 

by Emeleus and Upton, i s i n preparation. 

The North Qoroq Centre i s the smallest, and most 

north-westerly, o f the four major centres comprising the 

I g a l i k o Complex. The other centres are South Qoroq, 

M o t z f e l d t and I g d l e r f i g s s a l i k . Each of these centres i s 

made up o f a number o f s y e n i t i c u n i t s , and outside the 

centres are several small s a t e l l i t i c stocks. The North 

Qoroq Centre l i e s at 61°10'N.45°20'W, close t o Narssarssuaq 

A i r p o r t . I t s p o s i t i o n i s i n d i c a t e d on Fig. 1.1, taken 

from Upton ( o p . c i t . ) . 

The close p r o x i m i t y of the centre to Narssarssuag 

A i r p o r t made access a r e l a t i v e l y simple matter. An 

e x c e l l e n t camp-site was established close t o the r e s e r v o i r 

at Narssarssuaq and from t h i s base d a i l y t r i p s were made 

i n t o the North Qoroq Centre. The p r o h i b i t i v e expense of 

h e l i c o p t e r h i r e meant t h a t t r a n s p o r t a t i o n of samples and 

equipment had t o be on f o o t . 



Fig.1.1 The Gardar A l k a l i n e Igneous Province, 
showing the s i t u a t i o n o f the c e n t r a l 
complexes, rocks o f the E r i k s f j o r d 
Formation and the major f a u l t s . 
(Taken from Upton, 1974). 
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Weather i n the summer of 1972 was g e n e r a l l y good 

and l i t t l e work time was l o s t . Rain and low cloud 

o c c a s i o n a l l y r e s t r i c t e d work t o the low l y i n g ground 

around the 'old h o s p i t a l ' at Narssarssuaq. Density 

winds o f f the ice-cap were never s u f f i c i e n t l y strong 

t o i n t e r r u p t work. 

A constant i r r i t a t i o n and annoyance during f i e l d -

work was the p e r s i s t e n t a t t e n t i o n o f mosquitoes, the 

la r v a e o f which t h r i v e i n the numerous stagnant pools. 

The l a c k o f s u i t a b l e s o i l i n the area r e s u l t s i n 

a s p a r s i t y o f p l a n t l i f e . Geological exposure i s 

g e n e r a l l y good, although on the plateau between Qoroq 

and Narssarssuaq the rocks weather t o give a coarse 

g r a v e l . 

1.2. General geology and t e r r a i n 

The I g a l i k o Complex consists dominantly of Pre-

cambrian nepheline syenites (1310-31 - 1167-15 m.y. 

Blaxland et__al., i n press) . I t i s cut by a v a r i e t y o f 

dykes and i n t r u d e s i n t o basement granite/granite-gneisses 

(1780-20 m.y. van Breemen e t _ a l . , 1974). The syenites 

form a number of high mountains (up t o 1800 m.), o f t e n 

r i s i n g from f j o r d l e v e l and deeply dissected by g l a c i a l 

v a l l e y s . There i s abundant evidence o f the recent g l a c i a l 

a c t i v i t y w i t h truncated spurs, hanging v a l l e y s , cirques. 



aretes and pyramidal peaks being common. The North Qoroq 

Centre i s the l e a s t mountainous and most e a s i l y accessible. 

Nevertheless, i t proved impossible t o survey and c o l l e c t 

from the steep c l i f f s bounding Qoroq. I n the summer of 

1972, Qoroq was g e n e r a l l y f i l l e d w i t h i c e as far south as 

Gieseckes d a l and the c l i f f sections could not be studied 

by boat. 

A s i m p l i f i e d map of the area, w i t h l o c a t i o n s mentioned 

above marked on i t , i s given i n F i g . 1.2. 

1,3. Previous i n v e s t i g a t i o n s 

The nepheline syenites of the I g a l i k o Complex were 

known from the l a t e nineteenth century and are mentioned 

by e a r l y workers such as Steenstrup and Kornerup (1881) 

and F l i n k (1898). The f i r s t d e t a i l e d mapping o f the 

syenites was undertaken by Ussing and B^ggild (Ussing, 

1894; 1912). Ussing d i s t i n g u i s h e d between the marginal 

augite syenites and the dominantly f o y a i t i c nepheline 

syen i t e s . Wegmann v i s i t e d the area between Qoroq and 

Narssarssuaq i n the 1930's (Wegmann, 1938), but the most 

d e t a i l e d systematic mapping was done by the Greenland 

Geological Survey (G.G.U.). The I g a l i k o Coirplex was mapped 

by Emeleus and Harry i n the summer f i e l d seasons of 1961, 

1962, 1963 and 1966 (Emeleus and Harry, 1970). The bulk 

of the mapping o f North Qoroq was c a r r i e d out by Harry i n 



Fig.1.2 S i m p l i f i e d map of the I g a l i k o Complex, 
showing the four major ce n t r e s , the 
s a t e l l i t e i n t r u s i o n s and the adjacent 
s u p r a c r u s t a l r o c k s . 
(Modified from Emeleus and Harry, 1970). 
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1962 and 1963 and i t i s on h i s e x c e l l e n t i n t e r p r e t a t i o n 

of the f i e l d r e l a t i o n s that the present author has r e l i e d , 

The maps used i n the f i e l d work were U.S. m i l i t a r y 

maps. The A.M.S. g r i d found on these i s given on the map 

showing the general geology of North Qoroq, i n the back 

of the Appendix volume. 

1.4. Equipment and p r o v i s i o n i n g 

The v a s t m a j o r i t y of equipment was generously pro

vided by the Greenland G e o l o g i c a l Survey. They a l s o 

provided sanple boxes and arranged for the c o l l e c t i o n of 

the rock samples from Narssarssuaq and t h e i r d e l i v e r y to 

Copenhagen and from there to Durham. 

P r o v i s i o n s were r e a d i l y obtainable from the general 

s t o r e a t Narssarssuaq and a quantity of cooked food was 

provided by the canteen k i t c h e n s c a t e r i n g for the s t a f f 

at Narssarssuaq. 
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CHAPTER TWO; FIELD REIATIONS 

2.1 I n t r o d u c t i o n 

A concise account of f i e l d r e l a t i o n s found i n North 

Qoroq, and i n the I g a l i k o complex as a whole, was given 

by Emeleus and Harry (1970). This chapter summarizes the 

fin d i n g s of these authors, and introduces observations 

made by the present author i n the summer f i e l d season of 

1972. 

Of the four d i s t i n c t major centres coitprising the 

I g a l i k o conplex. North Qoroq i s the s m a l l e s t . To the 

north the centre cuts Pre-Gardar g r a n i t e / g r a n i t e - g n e i s s e s 

(Julianehab G r a n i t e ) , and to the west Gardar s u p r a c r u s t a l 

r o c k s . The younger centre of South Qoroq forms the 

southern boundary, which i s p a r t i a l l y f a u l t e d . The 

e a s t e r n boundary with the Motzfeldt Centre i s problematical, 

the c r i t i c a l area being concealed by a l a r g e f j o r d (Qoroq). 

The North Qoroq Centre covers an area of approximately 

25 sq.Km. and, p r i o r to the i n t r u s i o n of the South Q 8 r o q 

Centre, was roughly oval i n shape, being elongated i n a 

no r t h - w e s t e r l y / s o u t h - e a s t e r l y d i r e c t i o n . I t c o n s i s t s of 

s i x major u n i t s centering on the western s i d e of the 

p l a t e a u between Qoroq and Narssarssuaq. These u n i t s 

f r e q u e n t l y show a d i v e r s i t y of c h a r a c t e r . A fur'ther u n i t 



(SN.3; Emeleus and Harry, 1970, p.41) i s exposed only i n 

the steep s i d e s of Qoroq. The problematical nature of 

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

A l s o occurring i n the area studied, are a carbonate-

b r e c c i a plug, t h i n sheets of microsyenite and numerous 

dykes of varying c h a r a c t e r . 

2.2. Country Rocks 

2.2.1. Pre-Gardar basement 

The basement i n the area of North Qoroq i s composed 

of the K e l t i d i a n J u l i a n e h i b Granite s u i t e , and i s described 

by A l l a a r t (1964). I t c o n s i s t s of g r a n i t e s and g r a n i t e -

g n e i s s e s , with v a r i a t i o n towards d i o r i t i c and g r a n o d i o r i t i c 

types. I n the area of North Qoroq, the Julianehab Granite 

s u i t e i s mainly g r a n i t i c i n nature, with gneissose grano-

d i o r i t e developed to the west. A few amphibolite dykes 

cut through the Julianehab G r a n i t e . Any f o l i a t i o n s i n the 

g n e i s s o s e g r a n i t e of the area are i n a general north

e a s t e r l y / s o u t h - w e s t e r l y d i r e c t i o n . 

2.2.2. Gardar s u p r a c r u s t a l rocks 

To the west, the rocks of North Qoroq intrude i n t o 

s u p r a c r u s t a l rocks of the E r i k s f j o r d Formation. These 

c o n s i s t mainly of b a s i c l a v a s and p y r o c l a s t i c s interbedded 

with c l a s t i c sediments. The formation, i n the v i c i n i t y of 

North Qoroq, dips towards the south at angles between 15° 

and 30°. 
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2.3. The major s y e n i t i c u n i t s of North Qoroq (see Fig.2.1) 

2.3.1. Unit SN.l - the Outer Foyaite 

T h i s u n i t o f the North Qoroq Centre occupies approximately 

h a l f of the centre's present a e r i a l extent and outcrops on the 

northern and western s i d e s . I t i s e s p e c i a l l y w e l l exposed i n 

c l i f f s e c t i o n s overlooking the old h o s p i t a l at Narssarssuaq. 

On the p l a t e a u between Qoroq and Narssarssuaq, i t weathers 

to g ive a g r a v e l l y , r a t h e r f e a t u r e l e s s t e r r a i n , rendering 

s y s t e m a t i c san^sling d i f f i c u l t . 

SN.l i s the o l d e s t u n i t of the North Qoroq Centre. I t 

i s dominantly f o y a i t i c but develops important v a r i a n t s near 

the margins. The t y p i c a l f o y a i t e of the western s i d e of the 

area i s coarse-grained and g e n e r a l l y l a c k i n g i n lamination. 

Where fe l d s p a r lamination does occur, i t i s at a gentle 

angle dipping towards the u n i t ' s centre. F i g . 2.1 shows 

mapped laminations for u n i t SN.l and the other u n i t s of the 

North Qoroq Centre. The f o y a i t e c o n s i s t s p r i n c i p a l l y of 

t a b u l a r grey f e l d s p a r s up to 2 cm. long, i n t e r s t i t i a l mafic 

areas composed mainly of a l k a l i pyroxene, a l k a l i airphibole 

and magnetite, small brown or white areas of nepheline and 

s p o r a d i c pink patches of n a t r o l i t e . 

To the east, t h i s coarse f o y a i t e passes i n t o a f i n e r -

grained p o r p h y r i t i c rock type, with f e l d s p a r s 1 cm. long, 

abundant nepheline and i n t e r s t i t i a l mafics c o n s i s t i n g of 

a l k a l i pyroxene and a l k a l i airphibole, together with 



Fig.2.1 Mapped laminations for a l l u n i t s of 
the North Qoroq Centre. Where meas
ured, the dip of the laminations i s 
noted. 



10. 



11 

magnetite. Unlike the coarser v a r i e t y of SN.l already 

described, t h i s v a r i a n t has a g r e a t e r tendency to e x h i b i t 

lamination, with aligned f e l d s p a r s and occasional mafic 

bands. The problem i s whether t h i s f i n e r - g r a i n e d m a t e r i a l 

i s a separate i n t r u s i v e body c u t t i n g out the e a r l i e r coarser 

f o y a i t e i n the north-eastern p a r t of North Qoroq, or 

whether there i s a d e f i n i t e gradation from one type to the 

other. Evidence i s scant, because of r e l a t i v e l y poor 

exposure where the j u n c t i o n would occur, but numerous 

s y e n i t i c x e n o l i t h s are found i n the f i n e r - g r a i n e d s y e n i t e 

and these may w e l l represent i n c l u s i o n s of the coarser 

v a r i e t y of SN.l. Also, laminations i n the f i n e r v a r i e t y 

of SN.l are discordant to the expected d i r e c t i o n , unless 

the f i n e r - g r a i n e d v a r i a n t i s a separate i n t r u s i o n . The most 

convincing evidence for SN.l being formed by two separate 

i n t r u s i o n s comes from a petrographic study of the rocks. 

Rocks of the coarser SN.l, c l o s e to the p o s s i b l e contact, 

show v e r y c l e a r evidence of r e c r y s t a l l i z a t i o n (see s e c t i o n 

3.4.). Hence, SN.l i s composed of two separate but s i m i l a r 

u n i t s . The c o a r s e r u n i t to the west w i l l be c a l l e d SN.IA, 

and the f i n e r - g r a i n e d u n i t to the e a s t SN.lB. SN.lB may 

be f i n e - g r a i n e d because i t i s apparently c l o s e to the roof 

zone of the i n t r u s i o n . 

SN.IA develops a marked v a r i a n t along i t s northern 

and western margins. This v a r i a n t has a l a t e r a l extent of 
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only a few tens of metres. I t i s a medium-grained grey 

s y e n i t e with f e l d s p a r s 1 cm. long and l i t t l e , i f any, 

nepheline. The i n t e r s t i t i a l mafic areas, u n l i k e the r e s t 

of SN.IA, contain abundant o l i v i n e and b i o t i t e . There i s 

f i e l d and petrographic evidence to suggest that t h i s 

v a r i a n t i s a marginal phase, pa s s i n g g r a d a t i o n a l l y i n t o 

the more t y p i c a l f o y a i t e . 

Patches of pegmatite with f e l d s p a r s up to 8 cm. long 

are common towards the outer margins of SN.lA (Plate 1 ) , 

and i n the margins and roof zone of the fi n e r - g r a i n e d 

f o y a i t e SN.IB. This phenomenon i s found i n other u n i t s of 

North Qoroq, and i n other centres of the I g a l i k o coitplex 

(see F i g . 2.2.). I t i s probably caused by the concentration 

of v o l a t i l e s towards the edges and the roof zone of the 

i n t r u s i o n . The'stage at which t h i s v o l a t i l e t r a n s f e r took 

p l a c e w i l l be di s c u s s e d l a t e r . 

X e n o l i t h s i n SN.lA are uncommon. A block of un-

laminated f o y a i t e was, however, found i n laminated 

f o y a i t e ( P l a t e 2) (grid r e f e r e n c e 79668175). I n the 

western p a r t of the coarse foyaite, SN.lA, are found 

x e n o l i t h s of a fine- g r a i n e d p o r p h y r i t i c rock. These 

x e n o l i t h s are g e n e r a l l y rounded i n o u t l i n e and up to 2 m. 

ac r o s s . SN.lB contains numerous x e n o l i t h s , often p a r t l y 

a s s i m i l a t e d , of fine- g r a i n e d s y e n i t e , Julianehab Granite 



P l a t e 1. Patchy pegmatite i n the outer margins of 
SN.IA, i n t i m a t e l y a s s o c i a t e d w i t h f i n e 
grained marginal r o c k s . 

P l a t e 2. X e n o l i t h of unlaminated SN.IA f o y a i t e i n 
laminated SN.IA. 
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Fig.2.2 The d i s t r i b u t i o n of p e g m a t i t i c patches, 
s y e n i t e x e n o l i t h s and country rock 
x e n o l i t h s observed over the outcrop of 
the North Qoroq Centre. 

X - Pegmatitic patches 

O - Syenite x e n o l i t h s . 

0 - Country rock x e n o l i t h s . 
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and q u a r t z i t e from the Gardar s u p r a c r u s t a l rocks. A 

x e n o l i t h described as anorthosite by W.T. Harry, was mis-

i d e n t i f i e d , and proved to be Julianehab G r a n i t e . A massive 

x e n o l i t h of q u a r t z i t e 80 m. by 60 m. was found i n the north

e a s t e r n corner of SN.lB (grid reference 84698307). The 

l a r g e number of x e n o l i t h s i n SN.lB i s to be expected i f , 

as suggested, the f o y a i t e here i s c l o s e to the roof zone. 

F i g . 2.2 shows the d i s t r i b u t i o n of pegmatitic patches 

and x e n o l i t h s over the North Qoroq Centre. 

I t i s thought that the marginal v a r i a n t s found i n 

both SN.lA and SN.lB can be explained by the proximity 

to the country rock, i . e . r a t e of cooling, and to the 

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

2.3.2. Unit SN.2 - the L e u c o c r a t i c Syenite 

This u n i t occurs as a pod-shaped body of rock to the 

e a s t of the long lake, i n the north-eastern sector of 

North Qoroq. I t occupies the highest ground i n the centre 

and v a r i e s from coarse-grained to medium-grained, always 

e x h i b i t i n g a c h a r a c t e r i s t i c pink colour. This colour 

r e s u l t e d i n the u n i t being termed the "Leucocratic Syenite" 

by Emeleus and Harry, although i t i s probably no more 

l e u c o c r a t i c than the other u n i t s i n the centre. 

The rock c o n s i s t s dominantly of p r i s m a t i c feldspars 

up to 2 cm. long, o c c a s i o n a l nepheline and subhedral 
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pyroxene and anphibole. 

There i s an absence i n the u n i t of feldspar lamination 

mineral l a y e r i n g or x e n o l i t h s . 

As with u n i t SN.l, pegmatitic patches are encountered 

around the margins of SN.2, where i t comes i n t o contact 

with the older u n i t . Here, the dominant mafic mineral i s 

aitphibole, which i s s t r i k i n g l y p o i k i l i t i c and occurs i n 

c r y s t a l s up to 10 cm. i n length. 

A suggested mechanism for the formation of SN.2 i s 

presented l a t e r i n the chapter. 

2.3.3. Unit ? SN.3 

This u n i t , o c curring to the east of SN.2, poses 

many problems because of i t s r e l a t i v e i n a c c e s s a b i l i t y . 

I t i s only i n t h i s area t h a t major modifications are 

proposed to the mapping of Emeleus and Harry. The previous 

and p r e s e n t i n t e r p r e t a t i o n s of the e a s t e r n side of North 

Qoroq are shown i n F i g . 2.3. 

The rock, c a l l e d SN.3 by Emeleus and Harry, i s medium-

grained, b r i t t l e and shows a purple d i s c o l o u r a t i o n . I t was 

termed by them the "Altered F o y a i t e " . I t i s now considered 

t o be merely u n i t SN.lB, which has been crushed and sheared 

by movement along the proposed f a u l t and r e c r y s t a l l i z e d by 

the i n t r u s i o n of SN.4. A l i m i t e d t r a v e r s e towards Qoroq 

f j o r d was made, and samples c o l l e c t e d bore a marked petro

graphic and chemical s i m i l a r i t y to specimens of SN.lB taken 



Fig.2.3 
(a) The previous i n t e r p r e t a t i o n of the 

i n t e r - u n i t r e l a t i o n s h i p s on the 
e a s t e r n s i d e of the North Qoroq 
Centre. 
(After Emeleus and Harry, 1970) . 

(b) The present i n t e r p r e t a t i o n of the 
f i e l d r e l a t i o n s based on a short 
t r a v e r s e towards Qoroq. 
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SN.1A. 
SN.1B. 

?SN.3 
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at a s i m i l a r l e v e l . 

Descending f u r t h e r towards Qoroq f j o r d , a new u n i t was 

encountered which cuts s h a r p l y across the proposed SN.1/SN.4 

boundary and r e c r y s t a l l i z e s the p o r p h y r i t i c syenite, SN.4. 

This u n i t may be connected with North Qoroq, but i f so, i t 

cuts p r e - e x i s t i n g boundaries almost at r i g h t angles. I t i s 

p o s s i b l e that i t r e p r e s e n t s the outer u n i t of the Motzfeldt 

Centre. This would have the inportant i m p l i c a t i o n of the 

Motzfeldt Centre being younger than the North Qoroq Centre, 

a p e r f e c t l y p o s s i b l e s t a t e of a f f a i r s , considering the 

r e l a t i v e l y s i m i l a r ages which have been determined for the 

two Centres (Blaxland e t _ a l . , i n p r e s s ) . This new u n i t has 

been termed 7SN.3 i n the r e s t of the account and the 

appendices. The exact nature of PSN.3 and i t s r e l a t i o n s h i p s 

to surrounding rocks would not be able to be determined 

u n l e s s a t r a v e r s e along the shore of Qoroq f j o r d were 

undertaken. I n the area examined, PSN.3 i s a fres h s y e n i t e 

of medium g r a i n s i z e . 

2.3.4. Unit SN.4 - The P o r p h y r i t i c Syenite 

This u n i t , c a l l e d the " P o r p h y r i t i c Syenite" by Emeleus 

and Harry, outcrops to the south and east, on the higher 

ground of North Qoroq. The name i s derived from the f a c t 

t h a t a l l the v a r i e t i e s of SN.4 share the c h a r a c t e r i s t i c 

of having numerous feld s p a r phenocrysts up to 2 cm. i n 
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length. The groundmass i s g e n e r a l l y fine-grained to 

medium-grained. 

SN.4 i s composed of a marginal fine-grained phase, 

with a maximum width of about 400 m. and an inner, coarser-

grained phase. The s t r o n g l y p o r p h y r i t i c marginal phase 

e x h i b i t s a decrease i n s i z e of the feldspar phenocrysts, 

as the margin i s approached, and s t r o n g l y resembles a 

number of dyke rocks c u t t i n g the area. I n the f i e l d , the 

marginal phase can be seen to be i n contact with the inner 

coarse-grained phase, although the contact i s somewhat 

d i f f u s e . I t appears that the two phases represent separate 

i n t r u s i o n s of magma. However, these two i n t r u s i o n s , as 

they show such a c l o s e s i m i l a r i t y to each other, were 

probably r e l a t e d to the same source at depth and were 

intruded almost conteirporaneously. I n the r e s t of the 

account the outer, e a r l i e r u n i t i s termed SN.4A and the 

inner u n i t SN.4B. Both SN4A and SN.4B show an absence of 

mineral lamination and no development of pegmatitic f a c i e s . 

X e n o l i t h s are uncommon, although they do occur near the 

contact with other u n i t s . To the north and west of the 

u n i t ' s outcrop, a number of fine-grained, rounded x e n o l i t h s , 

s i m i l a r to SN.4A, are found i n SN.4B. 

2.3.5. Unit SN.5 - the Inner Foyaite 

SN.5 i s the youngest of the p r i n c i p a l u n i t s . On i t s 

northern and western boundaries i t cuts u n i t s SN.4 and SN.lA, 
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to the e a s t i t disappears towards Qoroq f j o r d , and to the 

south i t i s i n f a u l t e d contact with the younger South 

Qoroq Centre. 

The u n i t i s of v a r i a b l e g r a i n s i z e , but i s g e n e r a l l y 

coarse t o medium. This dominant v a r i e t y i s d u l l pink or 

red i n hand specimen and weathers r e a d i l y to give a g r a v e l l y 

land s u r f a c e . F e l d s p a r s are up to 2 cm. long, and nepheline 

i s abundant. Towards the margins of the u n i t a somewhat 

l e s s coarse v a r i e t y i s encountered. 

Lamination and mafic banding are o c c a s i o n a l l y encountered 

i n SN.5 ( P l a t e s 3 and 4) and pegmatitic patches are developed 

near i t s contacts with SN.4 and SN.IA. Xenoliths are often 

extremely l a r g e and are e x c l u s i v e l y of the u n i t s SN.4A and 

SN.4B, both of which are intruded by SN.5. They are 

f r e q u e n t l y r e c r y s t a l l i z e d to give a granular appearance. 

The p r e s e n t l e v e l of erosion may w e l l be exposing the roof 

zone of SN.5, and many of the SN.4 x e n o l i t h s may be roof 

pendants and blocks f a l l e n from the roof zone (see F i g . 2.5). 

I t i s probable, as with other u n i t s , that v a r i a t i o n 

i n g r a i n s i z e i n SN.5 can be explained by d i f f e r e n t i a l 

r a t e s of cooling and d i f f e r e n t i a l d i s t r i b u t i o n of v o l a t i l e s . 

2.4. E x t e r n a l Contacts 

2.4.1. Contact with the Julianehab Granite 

The contact of the s y e n i t e s with the Julianehab Granite 



P l a t e 3. Rare mafic banding i n u n i t SN.5. The 
mafic bands are t h i n , i m p e r s i s t e n t and 
composed dominantly of amphibole. 

P l a t e 4. Mafic banding from the same l o c a l i t y i n 
SN.5, showing the presence of a p o s s i b l e 
slump s t r u c t u r e . 
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i s b e s t seen at the north-eastern margin of the area, 

where a 200 m. s e m i - v e r t i c a l s e c t i o n shows i t to be steep 

(c. 70°) and outward dipping. At the contact the g r a n i t e 

i s o f t e n crushed and a l t e r e d . A few metres from the 

contact, however, hand specimen examination shows SN.IB 

to have l e f t the g r a n i t e r e l a t i v e l y unaffected. The 

Julianehab Granite i s veined by the s y e n i t e , which 

f r e q u e n t l y shows the development of pegmatitic patches. 

X e n o l i t h s of g r a n i t e are often encountered i n marginal 

SN.IB and o c c a s i o n a l l y i n SN.IA. 

2.4.2. Contact with s u p r a c r u s t a l rocks 

The j u n c t i o n of u n i t SN.IA with b a s a l t s of the 

E r i k s f j o r d Formation i s exposed i n a stream section, south

e a s t of the Narssarssuaq r e s e r v o i r s i t e . SN.IA becomes 

p r o g r e s s i v e l y f i n e r - g r a i n e d towards the contact, where i t i s 

a p i n k i s h grey r a t h e r a l t e r e d rock. At the contact, the 

b a s a l t i s b r e c c i a t e d and e x t e n s i v e l y veined by s y e n i t i c 

m a t e r i a l (Plate 5 ) . Although the contact of the North 

Qoroq Centre with the c l a s t i c sediments of the E r i k s f j o r d 

Formation was not found near Narssarssuaq, a large sheet 

of q u a r t z i t e was encountered i n SN.IB fo y a i t e , near the 

north-eastern margin of the centre. This i n d i c a t e s the 

g r e a t e r a e r i a l extent of s u p r a c r u s t a l rocks of the 

E r i k s f j o r d formation at the time of i n t r u s i o n , and that 
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p a r t of the roof of the i n t r u s i o n was probably formed by 

these s u p r a c r u s t a l rocks. 

2.4.3. Contact with the South Qorocr Centre 

The southern boundary of the North Qoroq Centre i s 

i n contact with u n i t SS.2 of the South Qoroq Centre. Over 

much of i t s length the contact i s a f a u l t e d one, but i n 

the south-west an i n t r u s i v e contact can be seen. I n t h i s 

area both SS.2 and SN.lA are reddened and a l t e r e d , but SS.2 

can r e a d i l y be seen to be the younger u n i t . As i t approaches 

the contact with the North Qoroq Centre, SS.2 becomes f i n e r -

grained, and at the contact encloses numerous x e n o l i t h s of 

SN.lA. SN.lA, d e s p i t e a l t e r a t i o n , can frequently be seen 

to be e x t e n s i v e l y r e c r y s t a l l i z e d , with the development of 

a r a t h e r granular rock type. 

2.5. I n t e r n a l contacts 

Most of the i n t e r n a l age r e l a t i o n s h i p s i n North Qoroq 

can be e s t a b l i s h e d , i n r e l a t i v e terms, by examination of 

the contacts between u n i t s (Plate 6 ) . 

The "Inner Foyaite", SN.5, would appear to be the 

youngest of the major u n i t s . The r e l a t i o n s h i p of SN.5 to 

SN.lA can be e s t a b l i s h e d i n the area j u s t east of the 

b r e c c i a plug (grid r e f e r e n c e 81528195. See map at end of 

appendix volume) .' Towards the contact, the "Outer Foyaite", 

SN.lA, shows no change i n character, whereas the "Inner 



P l a t e 5. The e x t e r n a l contact of u n i t SN.IA w i t h 
b a s a l t i c rocks of the E r i k s f j o r d Formation. 
The s y e n i t e b r e c c i a t e s and e x t e n s i v e l y 
v e i n s the b a s a l t . 

P l a t e 5. A t y p i c a l i n t e r n a l contact r e l a t i o n s h i p 
between s y e n i t e u n i t s . This contact i s 
between the " L e u c o c r a t i c Syenite", SN.2, 
(at bottom of p l a t e ) and the " P o r p h y r i t i c 
Syenite", SN.4A, (at top of p l a t e ) . 
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F o y a i t e " , SN.5, g e n e r a l l y decreases i n g r a i n s i z e and 

develops pegmatitic patches. As seen before, t h i s 

p e g m a t i t i c development tends to occur at a u n i t ' s outer 

(and upper) margins. SN.5 can a l s o c l e a r l y be seen to 

be younger than SN.4. SN.5 becomes f i n e r - g r a i n e d as i t 

approaches SN.4, develops pegmatitic patches, and 

encloses and v e i n s numerous x e n o l i t h s of both SN.4A and 

SN.4B. Mention should be made here of the rock types 

d e s c r i b e d by Emeleus and Harry under the general term 

'melange'. This occurs i n two p r i n c i p a l areas at the 

northern end of SN.5. I t i s a s s o c i a t e d i n t i m a t e l y with 

P o r p h y r i t i c Syenites SN.4A and SN.4B, and i s enclosed by 

medium- to coarse-grained SN.5. I t seems l i k e l y that a l l 

the rock types of the 'melange' can be accounted for by 

varying degrees of r e c r y s t a l l i z a t i o n and a l t e r a t i o n of SN.4 

by the l a t e r SN.5 i n t r u s i o n . The area of 'variable syenite', 

at the south-west end of the SN.5 outcrop, probably a l s o 

r e s u l t s from invading SN.5 r e a c t i n g with e a r l i e r SN.4B. 

F i e l d r e l a t i o n s r e a d i l y show SN.4 to be younger than 

SN.lA, SN.IB, and SN.2. Xenoliths of these u n i t s can be 

found i n the margins of SN.4A, which i n turn develops a 

r e a d i l y apparent ' c h i l l ' against the e a r l i e r u n i t s . 

SN2/SN.1B f i e l d r e l a t i o n s were l e s s easy to e s t a b l i s h . 

The development of pegmatitic patches towards the outer 
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margins of SN.2, and the absence of any change i n 

c h a r a c t e r of SN.lB as the contact zone i s approached, 

suggest t h a t SN.2 i s the younger u n i t . As mentioned 

e a r l i e r , SN.lB i s c l e a r l y younger than SN.lA. 

The contacts of the u n i t ?SN.3, on the west f l a n k s 

of Qoroq f j o r d , proved i n a c c e s s i b l e . However, although 

the a c t u a l contact was not seen, t h i s u n i t c l e a r l y cuts 

the proposed SN.1/SN.4 and SN.4A/SN.4B boundaries almost 

at r i g h t angles and r e c r y s t a l l i z e s s y e n i t e s of SN.4B. 

Apart from being younger than these two u n i t s , l i t t l e more 

can be s a i d about i t at t h i s stage. 

2.6. Minor i n t r u s i v e u n i t s 

2.6.1. Carbonate-rich b r e c c i a plug 

A minor i n t r u s i o n of c a r b o n a t i t i c a f f i n i t i e s occurs 

between two l a k e s , 4 km. eas t of Narssarssuaq A i r p o r t 

( P l a t e 7) (grid r e f e r e n c e 81208189). The plug, about 40 m. 

i n diameter, i s of carbonate-rich b r e c c i a t e d m a t e r i a l and 

c l o s e l y resembles s i m i l a r minor i n t r u s i v e s described from 

the Qagssiarssuq area (Stewart, 1964), and from north of 

Narssarssuaq (Walton, 1965). I t cuts the SN.1A/SN.5 

contact (Pl a t e 8) and contains numerous angular fragments 

of s y e n i t e up to a metre i n length. Fragments have been 

i d e n t i f i e d as coming from u n i t s SN.lA, SN.4 and SN.5 (Plate 

9) . A few fragments of b a s i c x e n o l i t h i c m a t e r i a l a l s o 



P l a t e 7. The c a r b o n a t e - r i c h b r e c c i a plug. T h i s 
'knobbly weathering' i n t r u s i o n , about 40m 
i n diameter, occurs between u n i t SN.5 
(foreground) and u n i t SN.lA (middle 
d i s t a n c e ) . I t i s apparently the only 
body of i t s type to cut one of the major 
s y e n i t e c e n t r e s . 

P l a t e 8. Sheared contact between the b r e c c i a plug 
and u n i t SN.lA. The plug, to the r i g h t 
on the p l a t e , can be seen to c o n t a i n 
x e n o l i t h s of s y e n i t e . 

P l a t e 9. An i r r e g u l a r x e n o l i t h of SN,5 s y e n i t e 
i n the h e a v i l y j o i n t e d b r e c c i a plug. 
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occur w i t h i n the plug, together with pyroxene and mica 

megacrysts. At i t s western edge, the plug can be seen to 

be i n contact with sheared SN.lA m a t e r i a l . This minor 

i n t r u s i o n i s s i g n i f i c a n t , as i t i s the only one of i t s 

kind to cut a major s y e n i t i c c e n t re. I t obviously post

dates a l l the major i n t r u s i v e u n i t s of North Qoroq, but 

i s cut by a t r a c h y t i c dyke, and thus probably predates the 

Mid-Gardar dyke swarm. The other plugs, described by 

Stewart and Walton, are s i m i l a r to the one i n North Qoroq 

and may w e l l be of an equivalent age. Stewart suggests 

t h a t plugs near Qagssiarssuq occurred at a l a t e stage i n 

the igneous a c t i v i t y . 

2.6.2. Microsyenite sheets 

Two microsyenite sheets cut the major u n i t s of North 

Qoroq. The f i r s t occurs towards the outer margin of u n i t 

SN.2 and the second i n u n i t SN.5. Both could be traced only 

i m p e r s i s t e n t l y along t h e i r s t r i k e , because of the g r a v e l l y 

weathering of the t e r r a i n . The microsyenite sheets are 

only a few metres wide and dip a t angles between 30° and 60° 

towards the south. They appear to have a curved outcrop and 

may have been i n j e c t e d as a cone-sheet type of i n t r u s i o n . 

The most s t r i k i n g f e ature of both of the microsyenite sheets 

i s the pronounced fel d s p a r lamination and mafic banding 

( P l a t e s 10-12). The f i n e mafic bands l i e p a r a l l e l to the 

c o n t a c t s of the sheet, are formed mainly of aitphibole, and 



Plates 10-12. The feldspar l a m i n a t i o n and mafic 
banding seen i n the microsyenite sheet 
c u t t i n g u n i t SN.2. The top p l a t e shows 
the steep a t t i t u d e o f the banding, and 
the other two p l a t e s the sharp base t o 
the amphibole r i c h mafic bands and t h e i r 
much more d i f f u s e and i r r e g u l a r upper 
boundaries. 
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probably r e s u l t from c r y s t a l s adhering t o the cooling 

surfaces as the magma flowed along the cone-sheet 

f r a c t u r e . Flow of the magma would cause c r y s t a l s t o be 

concentrated towards the centre of the sheet, i n a s i m i l a r 

manner t o t h a t suggested by Komar (1972). The tenporary 

cessation o f flow would r e s u l t i n these c r y s t a l s f a l l i n g 

t o the lower c o o l i n g surface. I r r p e r s i s t e n t flow along 

the f r a c t u r e would give the observed l a y e r i n g . The micro-

syenites postdate the major u n i t s of North Qoroq, and 

p o s s i b l y occurred contemporaneously w i t h the i n j e c t i o n of 

t r a c h y t i c and m i c r o s y e n i t i c dykes. 

2.6.3. Dykes c u t t i n g the North Qoroq Centre 

Numerous dykes cut the North Qoroq Centre, most of 

them showing the r e g i o n a l n o r t h - e a s t e r l y t r e n d . They are 

u s u a l l y e a s i l y mapped, as they are more r e s i s t a n t t o erosion 

than the syenites and, as a r e s u l t , stand up as 'walls' of 

dyke m a t e r i a l . They vary i n thickness from less than a 

metre, t o over 40 m., although most are between 2 m. and 

10 m. t h i c k . The dykes are s u b - v e r t i c a l , any dip tending 

t o be i n a north-westerly d i r e c t i o n . 

A v a r i e t y o f dykes are found, the most common types 

being t r a c h y t e s and microsyenites. These vary i n colour 

from grey-green t o brown and u s u a l l y contain feldspar 

phenocrysts, although they may be aphyric. Some of the 

microsyenites, as p r e v i o u s l y mentioned, c l o s e l y resemble 
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the marginal phase of the " P o r p h y r i t i c Syenite", SN.4A. 

Dykes o f a more basic character are also present. 

They can be termed d o l e r i t e s or t r a c h y - d o l e r i t e s , and 

i n v a r i a b l y contain l a r g e phenocrysts or xenocrysts of 

p l a g i o c l a s e and x e n o l i t h s of a n o r t h o s i t e . The feldspar 

c r y s t a l s can be up t o 12 cm. long and the anorthosite 

i n c l u s i o n s up t o 30 cm. long. These "Big Feldspar Dykes", 

as they are c a l l e d , are commonly encountered i n the Gardar 

Province (Bridgwater and Harry, 1968). 

F i n a l l y , a few t h i n dykes of a c a r b o n a t i t i c nature 

have been encountered i n the area of North Qoroq. 

Because of t h e i r p a r a l l e l nature, the age r e l a t i o n s 

o f the dykes are d i f f i c u l t t o determine. The c a r b o n a t i t i c 

dykes are impossible t o place c h r o n o l o g i c a l l y , but i t seems 

l i k e l y , i n the general area of I g a l i k o , t h a t the "Big 

Feldspar Dyke" i n j e c t i o n preceeded the m a j o r i t y of dykes 

o f a t r a c h y t i c or m i c r o s y e n i t i c character. A l l types of 

dyke cut the youngest major u n i t , SN.5, and hence, the 

i n t r u s i o n of the major u n i t s preceeded the major phase of 

dyke i n j e c t i o n . 

2.7. S t r u c t u r e 

2.7.1. F a u l t i n g 

Two types o f f a u l t are found i n the area o f North 

Qoroq. One type i s a roughly east-west trending f a u l t w i t h 
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a s u b s t a n t i a l s t r i k e s l i p component. The other trends 

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

apparent movement, and i s o f t e n represented by crush zones. 

The f a u l t s c u t t i n g the area are shown i n F i g . 2.4. 

Crossing the peninsula between Qoroq and Narssarssuaq 

are two major east-west t r e n d i n g f a u l t zones. The northern

most of these a f f e c t s the North Qoroq Centre. I t can be 

traced from j u s t south o f Akuliaruseq, across the peninsula 

t o Qoroq, and i n t o the broad U-shaped v a l l e y o f F l i n k s Dal. 

On the peninsula i t cuts through the South Qoroq Centre 

and, f u r t h e r eastwards, marks the boundary between North 

and South Qoroq. The f a u l t zone brecciates and discolours 

the s yenites through which i t passes. The p r i n c i p a l move

ment on the f a u l t zone i s h o r i z o n t a l , i n a s i n i s t r a l sense, 

and has been demonstrated t o be o f the order o f 2 km. Any 

v e r t i c a l displacement i s uncer t a i n , but there i s probably 

a downthrow t o the n o r t h . 

Numerous n o r t h - e a s t e r l y trending f a u l t s occur w i t h i n 

North Qoroq. Frequently they are associated w i t h l i t t l e 

apparent movement and are represented by crushed and 

reddened syenites, which have subsequently been eroded 

i n t o deep v a l l e y s , o f t e n f i l l e d w i t h elongate lakes. One 

of these f a u l t s runs along the long lake i n the north-east 

corner o f North Qoroq and forms a well-marked v a l l e y , 

running south-west u n t i l truncated by the main east-west 



Fig.2.4 The major f a u l t s a f f e c t i n g rocks 
of the North Qoroq Centre. 





t r a n s c u r r e n t f a u l t zone. This f a u l t appears t o displace 

the outer contact o f the syenites w i t h the country rock, 

a t the n o r t h end of the long lake, by several hundred 

metres, but does not displace the SN.4 and SN.5 contacts 

or the dyke rocks. A s i m i l a r s u b - p a r a l l e l f a u l t runs 

through the area of the a l t e r e d f o y a i t e , where a tongue 

o f p o r p h y r i t i c syenite has apparently been i n j e c t e d along 

the f a u l t l i n e ( g r i d reference 849824). Certain of the 

north-east/south-west t r e n d i n g f a u l t s , such as the two 

j u s t mentioned, may postdate the e a r l i e r u n i t s of North 

Qoroq, but predate the l a t e r ones. A s i m i l a r phenomenon 

can be seen i n the I g d l e r f i g s s a l i k Centre. 

None of the north-east trending f a u l t s appear t o 

dis p l a c e the dykes. The major east-west transcurrent 

f a u l t zone a f f e c t s both major syenite u n i t s and dyke rocks, 

hence these t r a n s c u r r e n t f a u l t s postdate the north-east 

t r e n d i n g f a u l t s . 

A f a u l t t r e n d i n g east-west, and downthrowing t o the 

south, has been mapped downfaulting rock of the E r i k s f j o r d 

Formation against Julianehab Granite. I t occurs between 

Narssarssuaq and the outer u n i t of the North Qoroq Centre, 

but has no a f f e c t on the syenites o f the centre. I t 

probably represents a phase o f f a u l t i n g which predates 

the major i n t r u s i v e u n i t s . 
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2.7.2. T i l t i n g of the area 

There i s a strong p o s s i b i l i t y t h a t the North Qoroq 

Centre has been t i l t e d s l i g h t l y , as a block, towards the 

south. C e r t a i n l y , the supracrustal rocks j u s t west o f 

the centre, which were o r i g i n a l l y f l a t l y i n g , now dip 

southwards at an angle of 15°. There i s also a suggestion 

t h a t the dyke rocks are not v e r t i c a l but possess a steep 

n o r t h - w e s t e r l y d i p , i n keeping w i t h the proposed block 

t i l t i n g . This type of movement must have occurred l a t e 

i n the e v o l u t i o n a r y h i s t o r y o f North Qoroq, as i t a f f e c t s 

the dyke rocks. I t may w e l l be associated w i t h e i t h e r 

the considerable t r a n s c u r r e n t movement along the major 

east-west f a u l t zone, or the emplacement of the South Qoroq 

Centre. I f t i l t i n g occurred, i t has i m p l i c a t i o n s f o r the 

laminations noted i n the rocks, the present o r i e n t a t i o n s 

o f which are shown i n F i g . 2.1. 

2.8. Mechanisms of i n t r u s i o n 

The present author agrees w i t h Emeleus and Harry, 

t h a t the m a j o r i t y of the s y e n i t i c u n i t s were formed by a 

process o f r i n g f r a c t u r e , and whether we now see a r i n g -

dyke or a s t o c k - l i k e body depends on the l e v e l of erosion. 

Stoping may also have played a r o l e i n the e v o l u t i o n o f 

the c entre. F i g . 2.5 shows a s e c t i o n through North Qoroq 

based on t h i s type of r i n g s t r u c t u r e . The presence of 



Fig.2.5 A schematic s e c t i o n through the 
North Qoroq Centre, showing the 
p o s s i b l e contact r e l a t i o n s h i p s 
between u n i t s , f a u l t i n g , the 
a t t i t u d e of laminations and the 
presence of numerous x e n o l i t h s 
of u n i t SN.4B i n u n i t SN.5. 
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x e n o l i t h s and a f i n e r - g r a i n e d syenite i n SN.lB suggest 

p r o x i m i t y t o a r o o f zone. Hence, i n SN.lB, the l e v e l of 

erosion has probably o n l y proceeded as f a r as the stock 

zone. A s i m i l a r e r o s i o n a l l e v e l i s proposed f o r SN.IA. 

Indeed, considering the steep, outwardly dipping contacts 

SN.IA makes w i t h the country rock, the c e n t r a l block would 

have t o have subsided a considerable distance t o cause a 

r i n g dyke o f such dimensions. U n i t SN.5 also appears t o 

be exposed at a l e v e l near i t s r o o f , and t o contain r o o f 

pendants o f SN.4. 

The one u n i t probably not intruded i n t h i s fashion 

i s SN.2. I t i s proposed t h a t shear movement occurred 

along two o f the major n o r t h - e a s t e r l y trending f a u l t s , 

one running along the long lake, and another running through 

the area of the a l t e r e d f o y a i t e . This shear stress r e s u l t e d 

i n an arcuate f r a c t u r e forming i n the p r e - e x i s t i n g rocks, 

and i n the i n t r u s i o n of a s i n u s o i d a l body of magma along 

t h i s f r a c t u r e , so forming the u n i t SN.2. Hence, SN.2, 

which can be thought o f as a mega-tension gash, was 

i n t r u d e d as a pod-shaped body, and was not formed by a 

r i n g f r a c t u r e mechanism. 

2.9. Age Relations 

The sequence of g e o l o g i c a l events a f f e c t i n g I g a l i k o 

s t a t e d i n Emeleus and Harry's paper, i s probably broadly 
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c o r r e c t . There i s , however, the p o s s i b i l i t y t h a t the 

u n i t s o f M o t z f e l d t may postdate those of North Qoroq, and 

t h a t some o f the n o r t h - e a s t e r l y f a u l t s may have been active 

d u r i n g the p e r i o d of i n j e c t i o n o f the major u n i t s . 

The r e l a t i v e ages must be considered together w i t h 

the absolute age determinations on the I g a l i k o Conplex, 

done using Rb/Sr isotopes (Blaxland e t _ a l . , i n press). 

A summary o f t h e i r f i n d i n g s w i t h regard t o the ages of the 

four major centres i s presented i n Table 1. 

TABLE 1 

Centre Age ( m i l l i o n years) 
M o t z f e l d t 1310 - 31 
North Qoroq 1295 - 61 
South QSroq 1185 - 8 
I g d l e r f i g s s a l i k 1167 - 15 

I t should be noted t h a t the possible e r r o r on the ages 

of M o t z f e l d t and North Qoroq, e s p e c i a l l y the l a t t e r , i s 

considerable. This e r r o r value i s i n excess of experimental 

e r r o r and poses problems, such as l i k e l y contamination by 

c r u s t a l m a t e r i a l , which w i l l be discussed i n Chapter 7. 

The most i n t e r e s t i n g r e s u l t of the age dating i s the 

huge time i n t e r v a l between the i n t r u s i o n of the M o t z f e l d t / 

North Qoroq p a i r and the South Q o r o q / I g d l e r f i g s s a l i k p a i r . 

This also i s f u r t h e r discussed i n Chapter 7. 
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The ages agree w i t h the r e l a t i v e ages observed from 

f i e l d r e l a t i o n s . The close s i m i l a r i t y i n the ages of 

North Qoroq and Mo t z f e l d t , and the larg e associated e r r o r , 

means t h a t North Qoroq could w e l l have preceded Motzfeldt. 

Therefore, as mentioned e a r l i e r i n t h i s chapter, the u n i t 

found on the western c l i f f s of Qoroq f j o r d (?SN.3), 

c u t t i n g e a r l i e r North Qoroq u n i t s , might be a representative 

o f a l a t e r M o t z f e l d t Centre. 

I n the age d a t i n g , the assunption has been made t h a t 

u n i t s i n North Qoroq, and s i m i l a r l y those from the other 

centres, were i n t r u d e d at approximately the same time. 

This perhaps i s not the case, and i f i t were not so would 

help t o e x p l a i n the s c a t t e r on the North Q^roq isochron. 

From the I g d l e r f i g s s a l i k Centre comes f i e l d evidence of a 

considerable gap between the e a r l y and l a t e u n i t s . Dykes 

c u t t i n g e a r l y u n i t s are themselves cut by l a t e r ones. I n 

North Qoroq, a small time gap between u n i t s i s i n d i c a t e d 

by the ' c h i l l s ' formed at i n t e r n a l contacts, and an even 

l a r g e r gap i s perhaps i n d i c a t e d by the f a u l t which displaces 

the outer boundary o f SN.l some 400 m. This f a u l t i s 

probably associated w i t h the i n t r u s i o n of SN.2, but does 

not appear t o a f f e c t the SN.4/SN.5 contacts. Considering 

t h a t , i n a time i n t e r v a l of the order of 100 m i l l i o n years, 

the centre o f a c t i v i t y has moved only a few kilometres 



from North t o South Qoro<^, there i s no reason why the 

u n i t s o f North Qoroq might themselves not have been 

i n t r u d e d over a considerable time span. There i s , perhaps, 

a need f o r a d e t a i l e d study of one centre, such as 

I g d l e r f i g s s a l i k , where f i e l d r e l a t i o n s i n d i c a t e a time 

gap, t o see i f there i s an i d e n t i f i a b l e range i n ages 

f o r the u n i t s present i n the centre. 



CHAPTER THREE; PETROGRAPHY 

3.1. I n t r o d u c t i o n 

The petrography of the major u n i t s i s described, 

considering them i n t h e i r sequence of i n t r u s i o n . Of the 

minor u n i t s , only the microsyenite sheets and carbonate 

b r e c c i a plug are mentioned. A section i s also included 

on rocks t h a t have suf f e r e d metamorphism by the i n t r u s i o n 

o f l a t e r syenite u n i t s . 

A d e t a i l e d d e s c r i p t i o n o f the l a r g e s t u n i t , SN.IA, 

i s given because of the considerable v a r i a t i o n i t shows. 

Other u n i t s , w i t h less v a r i a t i o n , are discussed more 

b r i e f l y . 

3.2. The major s y e n i t i c u n i t s 

3.2.1. SN.IA 

The margins o f SN.IA show the common synneusis t e x t u r e 

(S;zirensen, 1974), w i t h mafics, a p a t i t e and opaques grouped 

together i n c l u s t e r s . Moving towards the i n t e r i o r of the 

i n t r u s i o n , mafics are more sporadic and us u a l l y i n t e r s t i t i a l 

O l i v i n e i s r e s t r i c t e d t o the marginal rocks, where i t 

occurs as la r g e rounded grains (Plate 13), o f t e n pseudo-

morphed by i d d i n g s i t e or serpentine. I n a l l samples 

o l i v i n e i s rimmed by opaque m a t e r i a l , which i n t u r n may be 

rimmed by e i t h e r pale green pyroxene or blue pleochroic 
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araphibole (X = blue, Y = dark blue, Z = blue-green). 

The abundant opaques o f the marginal rocks are rounded 

magnetites w i t h exsolved i l m e n i t e lamellae, usually-

present as a f i n e - s c a l e l a t t i c e . These Fe/Ti oxides 

become less abundant w i t h an increase i n height i n the 

marginal rocks. Towards the centre of the u n i t the 

paragenesis o f the oxides changes. They are less frequent, 

or absent, and occur as small disseminated grains or 

i r r e g u l a r patches, o f t e n associated w i t h a sodic pyroxene. 

Aenigmatite occurs o c c a s i o n a l l y i n the i n t e r i o r rocks 

of SN.IA. I n some rocks the presence of aenigmatite may 

have been overlooked, as i t i s almost opaque and can only 

be c o n f i d e n t l y i d e n t i f i e d by using a combination of 

r e f l e c t e d and t r a n s m i t t e d l i g h t techniques. 

A p a t i t e i s common i n the margins of SN.lA, but i s 

r a r e or absent i n the i n t e r i o r . I t i s obviously e a r l y 

formed, as s t o u t p r i s m a t i c needles are enclosed by a l l 

other phases (Plate 13). 

Pyroxenes show a considerable v a r i a t i o n . I n the 

margins, there are numerous euhedral t o subhedral c r y s t a l s 

of p i n k-purple t i t a n - a u g i t e or pale green f e r r o - a u g i t e . 

Occasional t h i n , b r i g h t green a e g i r i n e - a u g i t e rims may occur. 

Moving inwards from the margins, the dominant pyroxene i s 

ae g i r i n e - a u g i t e (Plate 14). Often extensive zoning can be 

seen, w i t h pale augite cores g i v i n g way t o extensive 



P l a t e 13. Rounded o l i v i n e g r a i n extensively-
rimmed by opaque m a t e r i a l , which i n 
t u r n i s rimmed by b i o t i t e . E a r l y 
formed, s t o u t , p r i s m a t i c needles o f 
a p a t i t e are enclosed by a l l other 
phases. (Unit SN.IA, Sp.No.52218,X30) 

Plate 14. A r a r e mafic band, c o n t a i n i n g a e g l r i n e -
augite rimmed by green-brown amphibole, 
rounded opaques and small needles o f 
a p a t i t e . (Unit SN.IA, Sp.No.59786,X20). 
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a e g i r i n e - a u g i t e rims. I n contrast t o the small cores, 

these rims are o f t e n i n t e r s t i t i a l t o nepheline and feldspar. 

The u n i t ' s i n t e r i o r i s characterised by the presence of a 

very Na-rich pyroxene. Both pale green aegirine and yellow-

brown acmite occur (Plate 15), e i t h e r as rims t o anphibole, 

or as l a r g e i n t e r s t i t i a l wedges. 

Amphibole occurs i n v a r i a b l e q u a n t i t i e s , and i s always 

anhedral. I t may be the dominant mafic mineral, or l i m i t e d 

t o t h i n rims on pyroxene. The brown pleochroic anphibole 

(X = straw yellow, Y = red-brown, Z = dark brown) of the 

marginal rocks rims augite (Plate 16). Further i n t o the 

u n i t , t h i s brown anphibole i s replaced by a green v a r i e t y 

(X = green-brown, Y = o l i v e , Z = o l i v e ) and towards the 

centre the green v a r i e t y i s zoned t o give rims of a grey-

blue amphibole (?X = i n d i g o , ?Y = grey-blue, ?Z = green-blue) 

This i s the amphibole o f t e n found rimmed by sodic pyroxenes. 

I n t h i s c e n t r a l area, there i s evidence of more extensive 

amphibole replacement, a mass of ae g i r i n e , opaques, b i o t i t e , 

a n a l c i t e and carbonate completely pseudomorphing the 

amphibole. I t i s p o s s i b l e t h a t c e r t a i n of these areas 

r e f l e c t replacement o f ae g i r i n e r a t h e r than amphibole. I f 

so, the r e p l a c i n g minerals suggest r e a c t i o n w i t h a l a t e 

stage aqueous f l u i d . 

The f i n a l mafic phase i n SN.lA, b i o t i t e , i s abundant 

at the margins forming t h i c k rims around opaque grains and 



Plate 15. Khaki brown amphibole ( f a r r i g h t ) 
rimmed by dark green a e g i r i n e - a u g i t e , 
which i n t u r n i s rimmed by pale green 
a e g i r i n e and pale brown acmite ( l e f t ) . 
(Unit SN.lA, Sp.No. 155069, X30). 

Plat e 16. Pale green f e r r o - a u g i t e rimmed by brown 
amphibole. Plate also shows opaques 
rimmed by b i o t i t e . 
(Unit SN.lA, Sp.No. 52218, X30). 





o c c u r r i n g as d i s c r e t e c r y s t a l s . The b i o t i t e here has the 

p l e o c h r o i c scheme of lepidomelane (X = straw yellow, 

Y = Z = dark brown). Further i n t o the u n i t , b i o t i t e 

r a p i d l y becomes much less s i g n i f i c a n t , and occurs as e i t h e r 

a red v a r i e t y (X = brown, Y = Z = red-brown), or a brown-

green v a r i e t y (X = brown, Y = Z = green-brown). I t i s 

most common i n replacement areas as t i n y flakes associated 

w i t h opaques, a n a l c i t e and a e g i r i n e . 

Feldspar i s the dominant mineral. At the u n i t ' s 

margins, i t occurs as i r r e g u l a r c r y s t a l s w i t h i n t e r l o c k i n g 

rims, p o s s i b l y i n d i c a t i n g r e l a t i v e l y r a p i d cooling. This 

i s i n agreement w i t h the very f i n e scale p e r t h i t i c textures 

developed (Plate 17). Further i n t o the u n i t , the feldspars 

are t a b u l a r , showing Carlsbad or Manebach twinning. Here, 

the p e r t h i t e s are coarser (Plate 18), the Na-rich phase 

showing f i n e scale a l b i t e and occasionally p e r i c l i n e twins, 

and the K-rich phase tending t o be cloudy w i t h no obvious 

t w i n n i n g . I n terms o f the a l b i t e / o r t h o c l a s e r a t i o , these 

feldspars could be c a l l e d a n t i p e r t h i t e s . A l b i t e rims may 

be developed, but they are i n o p t i c a l c o n t i n u i t y w i t h the 

a l b i t i c phase i n the feldspar core and represent e x s o l u t i o n . 

Nepheline shows considerable v a r i a t i o n between the 

marginal rocks and the i n t e r i o r . I n the margins, i t may 

be absent or occurs as small i n t e r s t i t i a l patches, i n d i c a t i n g 



Plate 17. Fine scale p e r t h i t i c t e x t u r e s i n the 
marginal rocks o f u n i t SN.IA. The 
e x s o l u t i o n i s on a coarser scale at 
g r a i n margins and along f r a c t u r e s i n 
the f e l d s p a r s . (Unit SN.IA, Sp.No. 
52218, crossed p o l a r s , X30). 

Plat e 18. Much coarser p e r t h i t i c t e x t u r e s from 
the i n t e r i o r of u n i t SN.IA. (Unit SN.IA, 
Sp.No. 155005, crossed p o l a r s , X30). 





l a t e c r y s t a l l i z a t i o n . A second mode of occurrence i s as 

blebs and s t r i n g e r s i n a l k a l i feldspar. When fresh, these 

blebs can be seen t o have the same o p t i c a l o r i e n t a t i o n 

(Plate 19), suggesting formation by sub-solidus exsolution. 

S i m i l a r t e x t u r e s , also a t t r i b u t e d t o exs o l u t i o n , have been 

described from the Oslo L a r v i k i t e s (Widenfalk, 1972). 

Towards the i n t e r i o r o f the i n t r u s i o n , nepheline r a p i d l y 

assumes the status o f a p r i n c i p a l phase, euhedral c r y s t a l s 

forming up t o 20% o f the rock (Plate 20). Both nepheline 

and feldspar were e a r l y formed minerals, mafic minerals 

o c c u r r i n g i n the i n t e r s t i c e s between these phases. 

Nepheline i n a l l rocks of SN.lA may be a l t e r e d t o a f i n e 

grained mass of g i e s e c k i t e . 

C a n c r i n i t e , s o d a l i t e , a n a l c i t e and n a t r o l i t e occur 

o n l y v e r y r a r e l y i n the marginal rocks, but are common i n 

the i n t e r i o r , o f t e n forming a considerable p r o p o r t i o n o f 

the rock. Cancr i n i t e may occur as a mosaic of c r y s t a l s 

rimming and r e p l a c i n g nepheline, or together w i t h a n a l c i t e 

i n i n t e r s t i t i a l patches. Sodalite, most e a s i l y i d e n t i f i e d 

by i t s orange fluorescence under u l t r a - v i o l e t l i g h t , i s 

common e i t h e r as i n t e r s t i t i a l wedges or as p o i k i l i t i c 

patches enclosing nepheline and feldspar. A n a l c i t e , as 

w e l l as occ u r r i n g w i t h c a n c r i n i t e , also forms abundant 

i n t e r s t i t i a l areas. I t can r e a d i l y be i d e n t i f i e d and d i s -



Plate 19. Nepheline blebs, apparently showing the 
same o p t i c a l o r i e n t a t i o n , i n p e r t h i t i c 
a l k a l i f e l d s p a r . (Unit SN.lA, Sp.No. 
52221, crossed p o l a r s , X60). 

Plat e 20. Euhedral nepheline c r y s t a l s set i n 
brown i n t e r s t i t i a l amphibole. (Unit 
SN.lA, Sp.No. 155005, X30). 
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t i n g u i s h e d from s o d a l i t e by a low, but d e f i n i t e , b i r e 

fringence. I t also shows p o l y s y n t h e t i c twinning (Plate 21), 

t h i s v a r i e t y of a n a l c i t e having been described from 

Ilimaussaq (S^z^rensen, 1962) and other Gardar centres. 

N a t r o l i t e occurs s p o r a d i c a l l y as a l a t e stage mineral i n 

r a d i a t i n g f a n - l i k e patches (Plate 22). There appears t o 

be an a n t i p a t h y shown between n a t r o l i t e and a n a l c i t e 

probably r e f l e c t i n g replacement of the l a t t e r by the 

former. 

Together w i t h the major phases already mentioned, a 

number o f minor phases occur i n SN.IA. C a l c i t e and f l u o r i t e 

form as a l t e r a t i o n products and v e i n minerals, although 

f l u o r i t e i s also present as a primary phase. Sphene and 

z i r c o n occur s p o r a d i c a l l y , e s p e c i a l l y i n marginal rocks. 

Occasionally a c o l o u r l e s s , euhedral, high r e l i e f mineral, 

i d e n t i f i e d as monazite,was found ( B i a x i a l +ve, 2V 10°, 

small e x t i n c t i o n angle, b i r e f r i n g e n c e up t o middle second 

order) . S l i g h t l y higher contents o f Th and La i n the rocks 

c o n t a i n i n g t h i s mineral supported the i d e n t i f i c a t i o n . One 

specimen of SN.IA contains a c l u s t e r o f minute c r y s t a l s , 

p l e o c h r o i c from yellow t o orange t o v i o l e t - p i n k . This 

scheme suggests the mineral may be the Mn-rich epidote 

piedmontite. 

The petrographic d e s c r i p t i o n o f SN.IA shows there 

t o be a considerable v a r i a t i o n i n rock type across the 



Plate 21. Large area of a n a l c i t e , i n t e r s t i t i a l t o 
aegerine and nepheline. The a n a l c i t e 
shows the c h a r a c t e r i s t i c p o l y s y n t h e t i c 
twinning and ver y low b i r e f r i n g e n c e . 
(Unit SN.IA, Sp.No. 46295, crossed 
p o l a r s , X30) . 

Plat e 22. Typi c a l r a d i a t i n g f a n - l i k e patches of 
the l a t e stage mineral n a t r o l i t e . 
(Unit SN.IA, Sp.No. 155018, crossed 
p o l a r s , X30) . 
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outcrop, as already surmised from f i e l d observations. 

To see the geographical d i s t r i b u t i o n of these types, 

SN.lA can be d i v i d e d i n t o three facies designated A, B 

and C. This d i v i s i o n has been made on a number o f 

m i n e r a l o g i c a l c r i t e r i a o u t l i n e d i n Table 2. I t must be 

emphasised t h a t these three facies grade i n t o each other, 

and t h a t a l l i n t e r m e d i a r i e s can be found. 

F i g . 3.1 shows the d i s t r i b u t i o n of these three 

f a c i e s . F i g . 3.2 shows the occurrence of (a) o l i v i n e 

and (b) c a n c r i n i t e , two minerals used as c r i t e r i a i n 

p l a c i n g rocks i n t o a p a r t i c u l a r f a c i e s . 

3.2.2. SN.IB 

This u n i t i s f i n e r - g r a i n e d than SN.lA and has 

markedly p o r p h y r i t i c f eldspars. However, apart from 

these features, i t shows a strong petrographic reseniblence 

t o SN.lA. Whereas SN.lA showed mine r a l o g i c a l v a r i a t i o n i n 

a l a t e r a l sense, SN.IB i s more i n c l i n e d t o show v e r t i c a l 

v a r i a t i o n , w i t h the l e a s t f r a c t i o n a t e d rocks being exposed 

at the highest topographic l e v e l s . This i s i n accordance 

w i t h observations from the f i e l d r e l a t i o n s , t h a t the l e v e l 

of erosion has exposed the r o o f zone of SN.IB. 

I n the highest l e v e l s of the u n i t , the rocks contain 

occasional pseudomorphs a f t e r o l i v i n e , p ink a u g i t i c 

pyroxene, anphibole (X = brown-green, Y = green-brown, 

X = o l i v e green), abundant Fe/Ti oxides rimmed by 
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TABLE 2 

Facies A: Marginal rocks of the u n i t . 
1. F a y a l i t i c o l i v i n e or pseudomorphs a f t e r o l i v i n e . 
2. Pale pink or pale green euhedral or subhedral 

augites and f e r r o - a u g i t e s . 
3. Nepheline occurring as blebs i n feldspar or as 

i n t e r s t i t i a l patches. 
4. Arr^hibole p l eochroic i n shades of brown. 
5. Abundant Fe/Ti oxides and apatite,^ occurring 

i n mafic c l u s t e r s . 
6. Thick r e a c t i o n rims of lepidomelane around 

the Fe/Ti oxides. 
7. L i t t l e , i f any, c a n c r i n i t e , s o d a l i t e , a n a l c i t e 

or n a t r o l i t e . 
8. Fine scale p e r t h i t i c feldspars w i t h i r r e g u l a r 

i n t e r l o c k i n g margins. 
Facies B: Intermediate between A and C. 

1. Anhedral apple-green a e g i r i n e - a u g i t e . 
2. Aitphibole p l eochroic i n shades or green. 
3. Nepheline more abundant. 
4. C a n c r i n i t e , a n a l c i t e , s o d a l i t e and n a t r o l i t e 

becoming prominent. 
5. Fe/Ti oxides and a p a t i t e becoming much less abundant. 

Facies C: H i g h l y f r a c t i o n a t e d i n t e r i o r of SN.IA. 
1. Pale green ae g i r i n e or brown acmite as the dominant 

mafic mineral. 
2. Aittphibole absent, or where present pleochroic i n 

shades of blue and green, and rimmed by sodic pyroxene. 
3. Nepheline euhedral, o f t e n rimmed by c a n c r i n i t e . 
4. Ca n c r i n i t e , s o d a l i t e , a n a l c i t e and n a t r o l i t e 

forming up t o 40% o f the rock. 
5. Occasional aenigmatite. 
6. Fe/Ti oxides only present i n small granular patches. 
7. A p a t i t e absent. 



Fig.3.1 The d i s t r i b u t i o n of the three 
•f a c i e s ' of u n i t SN.IA, o u t l i n e d 
i n Table 2. 

Fig.3.2 The occurrence o f o l i v i n e and 
c a n c r i n i t e i n u n i t SN.IA. These 
are two o f the minerals used as 
c r i t e r i a f o r d i v i d i n g the u n i t 
i n t o ' f a c i e s ' . 

O - O l i v i n e . 

• - C a n c r i n i t e . 
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lepidomelane,and a p a t i t e . The feldspars are micro-

p e r t h i t i c and occur as subhedral, somewhat embayed 

c r y s t a l s . Nepheline and other a l u m i n o s i l i c a t e s are r a r e , 

and only occur as i n t e r s t i t i a l patches. I n the ro o f zone 

the dominant mafic mineral i s araphibole, although the 

amphibole t o pyroxene r a t i o can be v a r i a b l e , even over 

small areas. 

With decreasing height i n SN.lB, the f o l l o w i n g changes 

are observed. Pyroxene becomes more sodic and occurs as 

l a t e stage i n t e r s t i t i a l patches and small p r i s m a t i c 

needles (Plate 23). Amphibole (X = blue, Y = grey, Z = blue-

green) becomes scarcer and may disappear completely. Where 

present, i t i s rimmed by sodic pyroxene. Oxides are e i t h e r 

absent or occur as granular patches, together w i t h pyroxene, 

b i o t i t e and a n a l c i t e , r e p l a c i n g anphibole. The b i o t i t e has 

a strong red colour (X = brown, Y = Z = red-brown), and i s 

i n t i m a t e l y associated w i t h amphibole. Feldspar i s again 

m i c r o p e r t h i t i c , but now occurs as euhedral, tabular c r y s t a l s . 

Nepheline also occurs as euhedral c r y s t a l s , forming up t o 

20% of the rock, and shows extensive replacement, o f t e n by 

a mixture of a n a l c i t e and c a n c r i n i t e . The c a n c r i n i t e occurs 

as 'peg-like' c r y s t a l s o r i e n t a t e d i n two pr e f e r r e d d i r e c t i o n s , 

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

the nepheline. The l a t e stage a l u m i n o s i l i c a t e s , s o d a l i t e , 

c a n c r i n i t e , a n a l c i t e and n a t r o l i t e , are abundant, n a t r o l i t e 
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g i v i n g the impression of being the l a s t mineral t o form, 

and tending t o v e i n other minerals i n a r a t h e r d i f f u s e 

fashion. 

Accessory minerals include f l u o r i t e , c a l c i t e , z i r c o n 

and monazite. 

3.2.3. SN.2 

This r e l a t i v e l y small u n i t shows l i t t l e petrographic 

v a r i a t i o n . O l i v i n e i s absent and pyroxene and amphibole 

occur, together w i t h rounded opaques, i n c l u s t e r s . The 

opaques are magnetite w i t h exsolved lamellae o f i l m e n i t e , 

and have occasional rims o f b i o t i t e . The pyroxene occurs 

as l a r g e euhedral t o subhedral augite c r y s t a l s rimmed by a 

brown artphibole (X = yellow-brown, Y = red-brown, Z = dark 

brown), which i t s e l f zones outwards t o a green-brown 

amphibole (X = brown-green, Y = olive-green, Z = o l i v e -

green) . The u n i t ' s greatest v a r i a t i o n i s i n the r e l a t i v e 

abundances of pyroxene and amphibole, amphibole being more 

abundant towards the margins, where i t can occur as 

p o i k i l i t i c c r y s t a l s up t o 10 cm. i n diameter. 

A l k a l i feldspar i s present as large i r r e g u l a r micro-

p e r t h i t i c c r y s t a l s , the Na-rich phase showing a l b i t e twins, 

and being enclosed i n a cloudy K-rich host. A l b i t e rims 

are common and occasional d i s c r e t e grains of a l b i t e occur. 

A few c r y s t a l s show a degree of compositional zoning, 

r e l a t i v e l y small clear cores c o n t r a s t i n g w i t h t h i c k , p a r t l y 
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a l t e r e d , p e r t h i t e rims. Nepheline i s always present but 

never forms euhedral c r y s t a l s . I t i s a l t e r e d , e i t h e r t o 

g i e s e c k i t e , or t o a coarser-grained combination of mica 

and z e o l i t e . SN.2 does not show any extensive development 

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

3.2.4. ?SN.3 

So few samples (5) could be c o l l e c t e d of t h i s u n i t , 

t h a t i t i s impossible t o say whether they are represent

a t i v e o f the whole u n i t , or merely a marginal phase. The 

rocks show c h a r a c t e r i s t i c s o f d e r i v a t i o n from a h i g h l y 

f r a c t i o n a t e d magma. O l i v i n e i s absent and both opaques 

and a p a t i t e uncommon. The pyroxene i s t y p i c a l l y anhedral 

a e g i r i n e - a u g i t e or 'blades' o f a e g i r i n e . Aegirine may 

also r i m a green anphibole (X = green, Y = grey-green, 

Z = blue-grey) . 

The b i o t i t e of ?SN.3 i s a red-brown v a r i e t y (X = brown, 

Y = Z = red-brown). I t rims opaques and also occurs, w i t h 

opaques, separating amphibole cores from rims of aeg i r i n e . 

The feldspars are l a r g e l a t h s o f Carlsbad twinned 

m i c r o p e r t h i t e s w i t h a l b i t e rims. Nepheline occurs as 

blebs i n feldspar, but i s more common as large subhedral 

c r y s t a l s , forming up t o 30% o f the s l i d e . The most 

d i s t i n c t i v e f e a t u r e of a l l the samples i s the abundant 

presence of c a n c r i n i t e . I t occurs i n r a d i a t i n g mosaics. 
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rimming and re p l a c i n g embayed nepheline (Plate 24). The 

general impression i s of a magma w i t h a r e l a t i v e l y high 

CÔ  content, which, w i t h f r a c t i o n a t i o n , forms the carbonate 

bearing phase c a n c r i n i t e at the expense o f nepheline. This 

i s supported by the occasional presence of c a l c i t e as a 

l a t e stage phase, c r y s t a l l i s i n g together w i t h t i n y blades 

of a e g i r i n e . Sodalite, a n a l c i t e and f l u o r i t e were a l l 

found, i n v a r i a b l e amounts, i n the f i v e specimens of 

7SN.3. 

I t i s i n t e r e s t i n g t o note t h a t the f i v e specimens 

c o l l e c t e d , apart from a greater abundance of c a n c r i n i t e , 

resemble i n many petrographic features u n i t SM.4 of the 

Mo t z f e l d t Centre. Perhaps, as suggested i n the chapter 

on f i e l d r e l a t i o n s , 7SN.3 i s r e a l l y a member of the 

M o t z f e l d t Centre, and the i n t r u s i o n o f Motzfeldt post-dates 

North Qoroq. 

3.2.5. SN.4A 

This outer u n i t o f SN.4 has a u n i f o r m l y fine-grained 

groundmass and contains a number of types of phenocryst. 

Close t o the margins w i t h older u n i t s , the groundmass i s 

so f i n e - g r a i n e d t h a t the rock must approximate t o a ' c h i l l ' , 

the phenocrysts i n d i c a t i n g minerals on the l i q u i d u s at 

depth. The phenocrysts are of f i v e types: 



P l a t e 23. Prismatic needles of sodic pyroxene i n 
u n i t SN.lB, associated w i t h s o d a l i t e , 
a n a l c i t e and n a t r o l i t e . (Unit SN.lB, 
Sp.No. 155108, X60). 

Pl a t e 24. Nepheline c r y s t a l (grey) rimmed and 
e x t e n s i v e l y embayed by r a d i a t i n g mosaics 
of c a n c r i n i t e (high b i r e f r i n g e n c e ) . 
Section s l i g h t l y t h i c k e r than normal. 
(Unit PSN.3, Sp.No. 155180, crossed 
p o l a r s , X30). 
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a) Stout a p a t i t e needles up t o 4 mm. i n length. 

b) Rounded Fe/Ti oxides o f t e n rimmed by b i o t i t e . 

c) O l i v i n e , rounded and rimmed by opaques, w i t h 

an outer r i m e i t h e r o f pale green pyroxene or 

blue-green amphibole (Plate 25). 

d) Euhedral pale pink a u g i t i c pyroxenes, w i t h 

pale green f e r r o - a u g i t e rims (Plate 26). 

e) Numerous t a b u l a r feldspars up t o 3 cm. i n 

le n g t h . 

The feldspar phenocrysts are the l a r g e s t and most 

numerous, and are present even when other phenocrysts are 

not. They pose problems because of t h e i r v a r i a t i o n . Some 

c r y s t a l s are r e l a t i v e l y unzoned, tabular and show p e r t h i t i c 

e x s o l u t i o n on a f i n e scale. Other c r y s t a l s , however, show 

a marked cornpositional zoning, borne out by probe work, 

w i t h a d e f i n i t e core and c o n t r a s t i n g r i m . The rims may be 

extensive or narrow and again are conposed of microperthite, 

The cores are d i s t i n c t l y d i f f e r e n t , being u s u a l l y clear and 

free o f obvious e x s o l u t i o n . Some c r y s t a l cores show a . 

d i f f u s e cross-hatch twinning, suggestive of anorthoclase, 

and resemble feldspars found i n dyke rocks of the area. 

Other cores are apparently untwinned. The feldspar pheno

c r y s t cores may occur as c l u s t e r s w i t h a m i c r o p e r t h i t i c 

r i m surrounding the c l u s t e r . Whether the cores are si n g l e 



Plate 25. Large o l i v i n e phenocryst enclosing s t o u t 
p r i s m a t i c needles o f a p a t i t e . The o l i v i n e 
i s rimmed and veined by Fe/Ti oxides and 
f u r t h e r rimmed by pale pyroxene and green-
brown amphibole. (Unit SN.4A, Sp.No. 
59758, X60). 

Plate 26. Large, euhedral, pale p i n k augite 
phenocryst i n f i n e grained groundmass 
of pyroxene, amphibole, Fe/Ti oxides 
and a l k a l i f e l d s p a r . (Unit SN.4A, 
Sp.No. 155152, X60). 
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c r y s t a l s or c l u s t e r s , a t h i n l i n e of t i n y d r o p - l i k e augite 

and/or arrphibole c r y s t a l s , s i m i l a r t o those found i n the 

groundmass, separates core from r i m (Plates 27 and 28) . 

Occasional samples show feldspar patches w i t h a myrmekitic 

i n t e r g r o w t h i n v o l v i n g feldspar, nepheline and pyroxene 

(Plate 2 9 ) . These are probably r e c r y s t a l l i z a t i o n t e x t u r e s . 

Many features o f the feldspars of SN.4A c l o s e l y resemble 

those found i n feldspars o f the Oslo L a r v i k i t e s (Muir and 

Smith, 1956; Widenfalk, 1972). 

As i n the outer p a r t of SN.IA, nepheline can be found 

as numerous e x s o l u t i o n blebs i n feldspar. 

The groundmass o f SN.4A consists of an in t i m a t e i n t e r 

growth of small, well-formed l a t h s of m i c r o p e r t h i t i c feldspar, 

s i m i l a r t o the phenocryst rims, occasional small o l i v i n e s 

and opaques, pale green f e r r o - a u g i t e s and brown or brown-

green amphibole. The amphibole occurs both rimming pyroxene, 

and as small p o i k i l i t i c g r a i n s . The pyroxene/arrphibole • 

groundmass r e l a t i o n s h i p i s of i n t e r e s t . I n some specimens 

pyroxene i s the dominant groundmass phase, whereas i n 

others i t i s amphibole, even t o the complete exclusion of 

pyroxene. Specimens occur i n which, over a distance of a 

few m i l l i m e t r e s , there are patches r i c h i n amphibole and 

other patches r i c h i n pyroxene. This demonstrates t h a t 

the water content of the magma i s v a r i a b l e , even on a 



Plate 27. Large feldspar phenocryst showing 
separation of core from r i m by a 
t h i n l i n e of t i n y d r o p - l i k e pyroxene 
and amphibole c r y s t a l s . (Unit SN.4A, 
Sp.No. 59787, X60). 

Plat e 28. Same c r y s t a l , showing t h a t the r i m 
mentioned above separates a core 
showing f a i n t d i f f u s e twinning from 
a p e r t h i t i c r i m . (Unit SN.4A, Sp.No. 
59787, crossed p o l a r s , X60). 
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microscopic scale. Nepheline, and t o a lesser extent 

s o d a l i t e and a n a l c i t e are present as very small and sub

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

3.2.6. SN.4B 

This u n i t develops a ' c h i l l ' against SN.4A, but 

q u i c k l y increases i n g r a i n s i z e towards the centre o f 

the i n t r u s i o n , although always remaining f i n e r grained 

than the other North Qoroq u n i t s . I t shows the same 

petrographic features as SN.4A, containing phenocrysts 

of a p a t i t e , Fe/Ti oxides, pyroxene, o l i v i n e and feldspar. 

Moving towards the centre o f the u n i t , a v a r i a t i o n can be 

seen. The most noticeable feature i s a decrease i n the 

phenocryst content o f the rock. A p a t i t e , pyroxene, Fe/Ti 

oxide and o l i v i n e phenocrysts become n o t i c e a b l y less common 

and e v e n t u a l l y absent, away from the margins of the u n i t , 

but feldspar phenocrysts p e r s i s t , and i t i s only i n ex

posures close t o the u n i t ' s centre t h a t they become r a r e . 

As the phenocryst content decreases, the groundmass 

c r y s t a l s become l a r g e r and tend t o show some changes i n 

composition, when compared w i t h the same phases at the 

u n i t ' s margins. A u g i t i c pyroxene has t h i c k rims of 

ae g i r i n e - a u g i t e and airqphibole i s pleochroic i n shades of 

green r a t h e r than brown. Anphibole i s also present i n 

greater q u a n t i t i e s than the pyroxene. B i o t i t e occurs as 
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f l a k e s i n araphibole and as rims t o rounded Fe/Ti oxides. 

These mafic minerals and opaques occur together i n 

c l u s t e r s (Plate 30). The dominant opaque i s magnetite 

w i t h f i n e scale e x s o l u t i o n lamellae o f i l m e n i t e . 

Occasional small, rounded blebs o f p y r r h o t i t e were 

i d e n t i f i e d . Much o f the exposure i n the i n t e r i o r has 

been l o s t by the i n t r u s i o n o f SN.5, but nepheline, although 

s t i l l i n t e r s t i t i a l , can be seen t o form up t o 10% of the 

rock, and s o d a l i t e , a n a l c i t e and occasionally c a n c r i n i t e 

are more prominent. 

3.2.7. SN.5 

This innermost u n i t i s coarse-grained, lacks abundant 

mafics and i s f o y a i t i c . Some v a r i a t i o n can be seen i n the 

u n i t , although not i n a systematic sense ( i . e . from margins 

t o c e n t r e ) , due t o the complex f i e l d r e l a t i o n s h i p s w i t h 

SN.4. A l l samples show the u n i t t o be h i g h l y f r a c t i o n a t e d . 

O l i v i n e i s absent and the t y p i c a l pyroxene i s a pale yellow-

green a e g i r i n e , although, at contacts w i t h e a r l i e r SN.4B, 

ae g i r i n e - a u g i t e can be found. Pyroxene c r y s t a l s are 

f r e q u e n t l y t a b u l a r and may show zoning at t h e i r rims from 

yellow-green, t o blue-green, t o extreme rims o f pale brown 

acmite. Radiating needles o f pyroxene are also present. 

Araphibole may be absent from SN.5, and when present occurs 

as anhedral c r y s t a l s (?X = blue-green, ?Y = grey, ?Z = blue-

g r e y ) , rimmed by sodic pyroxene (Plate 31). Just as i n 



Plate 29. Myrmekitic i n t e r g r o w t h i n v o l v i n g f e l d s p a r , 
nepheline and pyroxene. Probably a r e -
c r y s t a l l i z a t i o n t e x t u r e . (Unit SN.4A, 
Sp.No. 59800, crossed p o l a r s , X60). 

Plate 30. Typi c a l mafic c l u s t e r i n SN.4B, 
i n v o l v i n g pale green f e r r o - a u g i t e , 
brown amphibole, Fe/Ti oxides and 
b i o t i t e . The phases surrounding the 
c l u s t e r are a l k a l i feldspar and cloudy 
nepheline. (Unit SN.4B, Sp.No. 59788, 
X20) . 
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other h i g h l y f r a c t i o n a t e d rocks of North Qoroq, aegirine 

occurs, together w i t h granular magnetite, b i o t i t e , c a l c i t e 

and a n a l c i t e , probably r e p l a c i n g amphibole. Some areas, 

e i t h e r o r i g i n a l l y o f amphibole or sodic pyroxene, are now 

composed o f c a l c i t e , a n a l c i t e and f l u o r i t e . This may 

i n d i c a t e l a t e stage replacement by a v o l a t i l e r i c h f l u i d , 

p o s s i b l y an aqueous phase c o - e x i s t i n g w i t h the l a s t dregs 

of SN.5 magma (see Chapter 6 ) . Aenigmatite occurs occasion

a l l y i n SN.5, although, as i n SN.IA, p o s i t i v e i d e n t i f i c a t i o n 

i s made d i f f i c u l t by the opaque character of the mineral. 

The feldspars i n SN.5 are tabular and o f t e n coarsely 

p e r t h i t i c . A l b i t e twins can c l e a r l y be seen i n the 

exsolved blebs, and a l b i t e rims i n o p t i c a l c o n t i n u i t y 

w i t h these blebs are common. Small amounts of i n t e r s t i t i a l 

a l b i t e also occur, p o s s i b l y not r e l a t e d t o exsolution of 

an o r i g i n a l l y homogeneous feldspar, but t o formation o f 

a l b i t e from a l a t e stage f l u i d . Nepheline i s abundant and 

may be euhedral, although i t i s o f t e n embayed and rimmed 

by c a n c r i n i t e . I t f r e q u e n t l y shows a l t e r a t i o n t o white 

mica c r y s t a l s i n an a n a l c i t e background (Plate 32). 

S o d a l i t e i s prominent as i n t e r s t i t i a l wedges or p o i k i l i t -

i c a l l y enclosing euhedral nepheline and feldspar (Plate 33). 

Both n a t r o l i t e and a n a l c i t e are abundant and, together 

w i t h c a n c r i n i t e and s o d a l i t e , may form 40% of the rock. 



Plate 31. Sodic pyroxene, showing high b i r e 
fringence colours, rimming blue-green 
amphibole. Also on the p l a t e are 
euhedral nepheline c r y s t a l s w i t h a 
narrow r i m of c a n c r i n i t e . (Unit SN.5, 
Sp.No. 155194, crossed p o l a r s , X30). 

Plate 32. Nepheline c r y s t a l , now a l t e r e d t o white 
mica c r y s t a l s i n a background o f a n a l c i t e . 
The o r i e n t a t i o n o f the mica presumably 
r e f l e c t s c r y s t a l l o g r a p h i c d i r e c t i o n s i n 
the o r i g i n a l nepheline c r y s t a l . (Unit 
SN.5, Sp.No. 155187, crossed p o l a r s , X30). 

Plat e 33. So d a l i t e , p o i k i l i t i c a l l y enclosing t i n y 
f eldspar and nepheline c r y s t a l s . (Unit 
SN.5, Sp.No. 155103, crossed p o l a r s , X60). 
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C a l c i t e occurs i n SN.5, both as i n t e r s t i t i a l c r y s t a l s 

and i r r e g u l a r patches. Of the r a r e minerals, monazite 

again i s present and a l a t e stage z e o l i t i c mineral, which 

probe analyses show t o be thompsonite. 

3.2.8. Conclusions from the major u n i t s 

Extensive discussion w i l l be deferred u n t i l mineral-

o g i c a l and geochemical evidence has been presented (Chapter 

4 and Chapter 5 ) . A number of t e n t a t i v e conclusions can, 

however, be drawn at t h i s stage. 

1. Many of the u n i t s show marginal facies, and even 

' c h i l l s ' , of a rock type akin t o augite syenite. 

2. There i s a noticeable and systematic v a r i a t i o n i n 

petrographic character over the outcrop o f c e r t a i n u n i t s . 

This can be seen t o be i n a l a t e r a l sense, i . e . from margin 

t o centre, f o r SN.lA and SN.lB, although much more marked 

f o r SN.lA. SN.lB shows v a r i a t i o n i n a v e r t i c a l sense, as 

might be expected i n the v i c i n i t y o f a r o o f zone and SN.5 

shows i r r e g u l a r v a r i a t i o n , consistent w i t h the complex 

f i e l d r e l a t i o n s shown between t h i s u n i t and SN.4. 

3. The phenocryst content of SN.4B decreases from 

margin t o centre o f the u n i t , the e f f e c t being more 

notic e a b l e f o r the denser phases, opaques, o l i v i n e and 

au g i t e , and less noticeable f o r the less dense feldspar. 

A s i m i l a r , but even more marked, decrease i s suggested 

f o r SN.lA where the occurrence o f o l i v i n e , augite etc. i s 
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r e s t r i c t e d t o the extreme margins. 

4. The v a r i a b l e q u a n t i t i e s of amphibole and pyroxene 

over small distances i n many u n i t s suggest v a r i a b l e 

contents of water i n the magma. This i s e s p e c i a l l y 

n o t i c e a b l e i n both SN.4A and SN.4B, where the patchy 

d i s t r i b u t i o n of groundmass amphibole and pyroxene occurs 

on a microscopic scale. 

5. The mode o f occurrence o f l a t e stage minerals such 

as a n a l c i t e , s o d a l i t e and c a n c r i n i t e i n d i c a t e s a magmatic 

o r i g i n . This would suggest t h a t c r y s t a l l i z a t i o n took 

place over a considerable temperature i n t e r v a l . 

3.3. The minor u n i t s o f North Qoroq 

3.3.1. Microsyenite sheets 

Examination o f mafic bands i n the microsyenite 

sheets shows concentrations o f amphibole (X = brown-green, 

Y = o l i v e , Z = green-yellow). Opaques occur as rounded 

gra i n s i n the aitphibole, and the amphiboles themselves 

may be replaced by sodic pyroxene and b i o t i t e along rims 

and p a t c h i l y along cleavages. 

Feldspars i n the microsyenites are tabular Carlsbad 

twinned m i c r o p e r t h i t e s and show a strong lamination. 

Nepheline i s abundant, but i n t e r s t i t i a l t o feldspar and 

n a t r o l i t e occurs s p o r a d i c a l l y , p o i k i l i t i c a l l y enclosing 

e a r l i e r formed minerals. 
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3.3.2. Carbonate-rich b r e c c i a plug 

The br e c c i a plug shows a marked s i m i l a r i t y i n t h i n 

s e c t i o n t o bodies described by Stewart (1970) and Walton 

(1965), occurring i n the v i c i n i t y of Qagssiarssuq. A l l 

sections o f the North Qoroq plug show extensive carbonate 

a l t e r a t i o n . The dominant replacement mineral, apart from 

the carbonate, i s a pale honey-coloured p h l o g o p i t i c mica 

(X = yellow, Y = Z = brown-red). This occurs w i t h 

carbonate, both i n the groundmass and replac i n g pre

e x i s t i n g 'phenocrysts'. The groundmass also contains 

opaque m a t e r i a l , serpentine and rare t i t a n i f e r o u s augite 

or pale green f e r r o - a u g i t e . Megacrysts of both mica and 

pyroxene were encountered i n hand specimens. 

The l a r g e pseudomorphs a l t e r e d t o mica, carbonate 

and opaques are o f t e n d i f f i c u l t t o i d e n t i f y . I n sections 

showing less a l t e r a t i o n , many can be seen t o be micro-

p e r t h i t i c a l k a l i f eldspar. Usually these pseudomorphs 

a f t e r feldspar are euhedral. Smaller pseudomorphs of 

carbonate and opaques occur a f t e r what was probably pre

e x i s t i n g o l i v i n e , although nowhere does even a trace of 

the o r i g i n a l o l i v i n e remain. Broad p r i s m a t i c pseudomorphs 

w i t h pointed terminations, found i n the carbonate plugs 

at Qagssiarssuq, were i n t e r p r e t e d by Stewart as representing 

o r i g i n a l o l i v i n e . Pseudomorphs occurring i n the North Qoroq 
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p l u g are s i m i l a r i n shape. Stewart also i n t e r p r e t e d 

c e r t a i n c h a r a c t e r i s t i c a l l y - s h a p e d pseudomorphs as being 

a f t e r the minerals m e l i l i t e and per o v s k i t e . This type 

of pseudomorph also occurs i n North Qoroq and may w e l l 

represent s i m i l a r o r i g i n a l m a t e r i a l . 

Rounded dark i n c l u s i o n s are abundant i n the North 

Qoroq p l u g and i n those at Qagssiarssuc^, Examination shows 

them t o co n s i s t , most f r e q u e n t l y , of well-formed c a l c i t e 

c r y s t a l s surrounded by rims o f p h l o g o p i t i c mica. I t i s 

tempting t o suggest t h a t these i n c l u s i o n s are i n f a c t 

'bubbles', i n d i c a t i n g i m m i s c i b i l i t y between a s i l i c a t e 

melt and a carbonate-rich f l u i d phase. 

Numerous x e n o l i t h s o f s y e n i t i c m a t e r i a l , o f t e n 

i d e n t i f i a b l e as North Qoroq syenites, occur i n the plug. 

Perhaps many, or a l l , o f the p a r t l y pseudomorphed micro-

p e r t h i t e c r y s t a l s are xenocrysts derived from the surround

i n g s y e n i t e s . Indeed, t h e i r very v a r i a b l e and o f t e n p a r t i a l 

replacement by carbonate and mica would support t h i s . 

Whether the o r i g i n a l magma type could be described 

as a monchiquite or a l n o i t e remains unc e r t a i n . Whatever 

the m a t e r i a l , i t has incorporated a mass o f high l e v e l 

x e n o l i t h s and xenocrysts, and these, together w i t h the 

o r i g i n a l magma type, have undergone extensive carbonat-

i z a t i o n . I t seems f e a s i b l e t h a t the ascending magma was 
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accompanied by a considerable q u a n t i t y o f an immiscible 

carbonate-rich f l u i d phase, which was responsible f o r 

the replacement and, by v i r t u e of the high f l u i d pressure, 

f o r e x p l o s i v e l y b r e c c i a t i n g the surrounding s y e n i t i c 

rocks. 

3.4. The r e c r y s t a l l i z e d rocks 

3.4.1. I n t r o d u c t i o n 

This s e c t i o n deals w i t h the r e c r y s t a l l i z a t i o n of 

major s y e n i t i c u n i t s by l a t e r s i m i l a r u n i t s . Emeleus and 

Harry (1970) noted t h a t the l a t e r I g d l e r f i g s s a l i k Centre 

a f f e c t e d rocks of South Qoroq. Similar features are seen 

where South Qoroq cuts the older North Qoroq Centre. 

R e c r y s t a l l i z a t i o n phenomena are not, however, r e s t r i c t e d 

t o areas where l a t e r centres cut e a r l i e r centres, but 

occur w i t h i n the centres where l a t e r u n i t s i n t r u d e i n t o , 

and undeniably metamorphose, e a r l i e r ones. The zone of 

r e c r y s t a l l i z a t i o n i s never very extensive, the e f f e c t 

seldom occurring more than 100 m. from the contact. I n 

North Qoroq the best developments of r e c r y s t a l l i z e d rocks 

occur where South Qoroq cuts North Qoroq, where SN.5 

i n t r u d e s SN.4 and where SN.lB intr u d e s SN.IA. Indeed, the 

obvious r e c r y s t a l l i z a t i o n o f SN.IA by SN.lB was the primary 

reason f o r designating SN.lB as a separate u n i t . 
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3.4.2. Textures 

D i s t i n c t i v e t e x t u r e s are one o f the main c r i t e r i a f o r 

i d e n t i f y i n g r e c r y s t a l l i z e d rocks. One of the dominant 

t e x t u r e s i s the formation o f a gra n o b l a s t i c mosaic. Some 

distance from the contact the older rocks show a tendency 

f o r the groundmass minerals t o form a fine-grained mosaic, 

w i t h the rims of the l a r g e r feldspars and mafic minerals 

beginning t o break up and c o n t r i b u t e t o i t . As the contact 

i s approached, the mosaic appears coarser, w i t h simple 

i n t e r c r y s t a l boundaries occurring between equigranular sodic 

pyroxene, feldspar, amphibole and opaques (Plate 34). I n 

these rocks only a few l a r g e r c r y s t a l s o f p e r t h i t e and 

nepheline r e s i s t the breakdown, and the net r e s u l t i s a 

rock w i t h a p o r p h y r i t i c appearance. The occurrence, i n 

other Gardar c e n t r a l complexes, of p o r p h y r i t i c syenites, 

e s p e c i a l l y when occu r r i n g as x e n o l i t h s , can perhaps be 

a t t r i b u t e d t o r e c r y s t a l l i z a t i o n o f an e a r l i e r syenite, 

t h a t may not have been p o r p h y r i t i c . Indeed, x e n o l i t h s 

o f SN.lA i n SN.lB show a d i s t i n c t p o r p h y r i t i c tendency, 

whereas unaltered SN.lA i s obviously non-porphyritic. 

Very close t o the contact, or i n x e n o l i t h s , the e f f e c t of 

r e c r y s t a l l i z a t i o n may have been such as t o cause even the 

l a r g e r e s i s t a n t feldspars t o breakdown, r e s u l t i n g i n a 

f i n e - g r a i n e d metamorphic syenite. Rocks described under 

the heading 'melange' i n the North Qoroq Centre, where 
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SN.5 i n t r u d e s SN.4, are probably of t h i s type. I t i s 

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

f eldspars are breaking down t o separate c r y s t a l s of a 

Na-rich and K-rich feldspar, because of the small g r a i n 

s i z e and general untwinned appearance of c r y s t a l s i n the 

mosaic. For some, t h i s i s not the case, as occasional 

small feldspar grains can be seen t o be p e r t h i t i c . 

The second type o f t e x t u r e developed on metamorphism 

i s a p o i k i l i t i c , or more c o r r e c t l y p o i k i l o b l a s t i c , t e x t u r e . 

This t e x t u r e i s p a r t i c u l a r l y shown by the r e c r y s t a l l i z e d 

mafic minerals, but never by feldspar, which always occurs 

as p a r t o f the g r a n o b l a s t i c mosaic, or as grains enclosed 

i n the p o i k i l o b l a s t i c c r y s t a l s . Aegirine-augite, amphibole 

and newly formed aenigmatite may a l l be markedly p o i k i l o 

b l a s t i c (Plates 35 and 36). Both a n a l c i t e and s o d a l i t e 

can o c c a s i o n a l l y be seen as p o i k i l o b l a s t i c c r y s t a l s , and 

rims of l a r g e nepheline c r y s t a l s may develop the t e x t u r e 

(Plate 37), i n d i c a t i n g secondary metamorphic growth. A 

f i n a l mineral which can occur p o i k i l o b l a s t i c a l l y , i s one 

which i s r a r e l y , i f ever, observed i n u n r e c r y s t a l l i z e d 

rocks. I t more commonly occurs i n r e c r y s t a l l i z e d rocks as 

p r i s m a t i c , high r e l i e f c r y s t a l s w i t h ragged ends (Plate 38). 

O p t i c a l examination shows the c r y s t a l s t o be e i t h e r colour

less or very f a i n t l y pleochroic, from colourless t o very 



P l a t e 34. A r e c r y s t a l l i z e d rock showing a t y p i c a l 
g r a n o b l a s t i c mosaic o f a l k a l i f e l d s p a r , 
amphibole, pyroxene and opaques. (Unit 
SN.4B, Sp.No. 59747, crossed p o l a r s , X30) 

Plat e 35. A r e c r y s t a l l i z a t i o n t e x t u r e showing the 
development of p o i k i l o b l a s t i c rims of 
ae g i r i n e - a u g i t e t o pyroxene, and p o i k i l 
o b l a s t i c aenigmatite (opaque). (Unit 
SN.lA, Sp.No. 155061, X20). 
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Plate 36. A r e c r y s t a l l i z a t i o n t e x t u r e , showing 
p o i k i l o b l a s t i c development of brown 
amphibole i n a g r a n o b l a s t i c groundmass, 
dominantly of a l k a l i f e l d s p a r . (Unit 
SN.IA, Sp.No. 59751, crossed p o l a r s , 
X30) . 

Plate 37. A r e c r y s t a l l i z a t i o n t e x t u r e , showing the 
development of a p o i k i l o b l a s t i c r i m t o a 
lar g e nepheline c r y s t a l . The unaffected 
core gives the rock a p o r p h y r i t i c appear
ance. (Unit SN.4B, Sp.No. 5973 9, crossed 
p o l a r s , X30) . 
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p a l e y e l l o w - b r o w n . iTie c r y s t a l s show p o l y s y n t h e t i c 

t w i n n i n g and a low b i r e f r i n g e n c e , up t o f i r s t o r der y e l l o w . 

When t h e b i r e f r i n g e n t c o l o u r i s grey, an anomalous b l u e 

t i n t i s observed. The o p t i c a l p r o p e r t i e s suggest t h a t 

t h e m i n e r a l i s a member o f t h e r i n k i t e group and p a r t i a l 

probe analyses c o n f i r m i t t o be a z i r c o n i u m - r i c h r i n k i t e . 

The d i s t r i b u t i o n o f t h i s m i n e r a l w i l l be discussed l a t e r 

i n t h e c h a p t e r . 

3.4.3. M i n e r a l o g i c a l changes 

Metamorphism o f t h e s y e n i t e s o f N o r t h Qoroq, as w e l l 

as r e s u l t i n g i n r e c r y s t a l l i z a t i o n , can cause a number o f 

m i n e r a l o g i c a l changes. These changes o f t e n appear t o 

i n v o l v e a c o m b i n a t i o n o f metamorphism and metasomatism. 

Evidence f o r metasomatism occurs i n r o c k s some 

d i s t a n c e from t h e c o n t a c t . The pyroxenes tend t o be 

r e p l a c e d a l o n g r i m s and cleavages by a more s o d i c pyroxene, 

t h e replacement o c c u r r i n g i n an i r r e g u l a r and p a t c h y manner. 

S i m i l a r l y t h e brown-green or green amphiboles are p a t c h i l y 

r e p l a c e d b y a b l u e , more s o d i c araphibole. The pyroxene 

and amphibole so formed are s i m i l a r t o those c o n t r i b u t i n g 

t o t h e g r a n o b l a s t i c mosaic c l o s e r t o t h e c o n t a c t . 

Some c o n t a c t zones show breakdown o f p r e - e x i s t i n g 

a i t p h i b o l e , p o s s i b l y a l r e a d y metasomatised, t o a mosaic o f 

m a g n e t i t e , a e g i r i n e - a u g i t e and n e p h e l i n e , w i t h o c c a s i o n a l 

b i o t i t e ( P l a t e 3 9 ) . This process may be r e p r e s e n t e d by a 



P l a t e 38. High r e l i e f , p r i s m a t i c c r y s t a l s o f 
r i n k i t e , developed a s h o r t d i s t a n c e 
from t h e c o n t a c t o f s y e n i t i c u n i t s , 
w i t h i n t h e o l d e r u n i t . ( U n i t SN.IA, 
Sp.No. 59755, X60). 

P l a t e 39. A r e c r y s t a l l i z a t i o n t e x t u r e . Breakdown 
o f p r e - e x i s t i n g amphibole t o g i v e a 
mosaic o f m a g n e t i t e , a e g i r i n e a u g i t e 
and n e p h e l i n e . ( U n i t SN.IA, Sp.No. 
54221, X30). 
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r e a c t i o n such as t h a t g i v e n below: 

Na^CaFe^Si^Al^O^^ (OH)^+Na"'"+^0^ = 2NaAlSiO +NaFeSi-0-+CaFeSi_0, 2 5 6 2 22 2 2. 4 
a l k a l i amphibole n e p h e l i n e a e g i r i n e - a u g i t e 

m a g n e t i t e 

One o f t h e most i m p o r t a n t m i n e r a l o g i c a l changes i n t h e 

r e c r y s t a l l i z e d r o c k s i s t h a t i n v o l v i n g t h e t o t a l m a f i c and 

opaque c o n t e n t o f t h e r o c k . A common occurrence i s f o r t h e 

o r i g i n a l assemblage o f Fe/Ti o x i d e s , amphibole, pyroxene 

and b i o t i t e t o be r e p l a c e d by a s o d i c arrphibole, a s o d i c 

pyroxene and a e n i g m a t i t e . A t ti m e s , two assemblages can be 

observed i n d i f f e r e n t r o c k s o f t h e same u n i t c o l l e c t e d from 

t h e same g e n e r a l v i c i n i t y . The f i r s t assemblage i s where 

s t r o n g l y p o i k i l o b l a s t i c a e g i r i n e - a u g i t e and a e n i g m a t i t e 

occur i n c e r t a i n patches i n t h e s l i d e , whereas i n o t h e r 

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

a n p h i b o l e . Other r o c k s , however, show a second assemblage 

i n w h i c h patches o f p o i k i l o b l a s t i c amphibole are i n t i m a t e l y 

a s s o c i a t e d w i t h p o i k i l o b l a s t i c a e n i g m a t i t e . I n these rocks 

o t h e r patches occur i n which g r a n o b l a s t i c a e g i r i n e - a u g i t e 

i s t h e o n l y m a f i c phase. I t i s i n t e r e s t i n g t h a t these 

v a r y i n g assemblages are b e s t seen i n r e c r y s t a l l i z e d r o cks 

o f SN.4, which shows a v e r y p a t c h y development o f o r i g i n a l 



igneous amphibole and pyroxene. They can perhaps be 

e x p l a i n e d by r e a c t i o n s o f t h e f o l l o w i n g t y p e : 
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Igneous m i n e r a l s 
C l i n o p y r o x e n e 

C l i n o p y r o x e n e + 
Fe/Ti o x i d e s 
A i t p h i b o l e 

A n p h i b o l e + 
Fe/Ti oxides 

Process 
Metasomatism 

(Na+) 
Metamorphism + 
metasomatism 
Metasomatism 

(Na+) 
Metamorphism + 
metasomatism 

Metamorphic m i n e r a l s 
Sodic c l i n o p y r o x e n e 

A e n i g m a t i t e + s o d i c 
c l i n o p y r o x e n e 
Sodic amphibole 

A e n i g m a t i t e + s o d i c 
araphibole 

The f i n a l m i n e r a l o g i c a l change may w e l l be a r e t r o 

g r e s s i v e one. Around t h e r i m s , and along cleavages, o f 

some o f t h e p o i k i l o b l a s t i c b l u e - g r e e n a n p h i b o l e s a r e 

a c t i o n r i m o f acmite + opaques - b i o t i t e - green amphibole 

i s formed. This r e a c t i o n m i r r o r s t h a t seen i n c e r t a i n 

unmetamorphosed s y e n i t e s and may w e l l be due t o artphibole 

r e a c t i n g and r e - e q u i l i b r a t i n g w i t h a l a t e stage f l u i d . 

T h i s rimming o f amphibole c o u l d a l s o be r e l a t e d t o a 

l o c a l i n c r e a s e i n oxygen f u g a c i t y . E r n s t (1962) p o i n t e d 

o u t t h a t t h e amphiboles o f t h e r i e b e c k i t e - a r f v e d s o n i t e 

s o l i d s o l u t i o n s e r i e s are s t a b l e a t r e l a t i v e l y low p a r t i a l 

p r e s s u r e s o f oxygen and t h a t a t h i g h e r pressures acmite 

and opaques c r y s t a l l i z e . Probe analyses show t h a t t h e 

b l u e - g r e e n metamorphic amphibole found i n the rocks i s 

n o t f a r removed from a r f v e d s o n i t e i n c o m p o s i t i o n . 
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3.4.4. Conclusions 

I n x e n o l i t h s and a t c o n t a c t zones b o t h metamorphic 

and metasomatic processes can be observed. T e x t u r a l and 

m i n e r a l o g i c a l changes occur, depending on t h e n a t u r e o f 

t h e newly i n t r u d e d u n i t . The i n t r u s i o n s o f SN.IB, SN.5 

and South Qoroq (SS.2) were acconpanied by marked meta

somatism and t h e development o f a l k a l i pyroxene, a l k a l i 

amphibole and a e n i g m a t i t e . The main e f f e c t o f t h e 

i n t r u s i o n o f SN.4, however, was t o r e c r y s t a l l i z e t h e p r e 

e x i s t i n g m i n e r a l s i n t o a g r a n o b l a s t i c mosaic. SN.4 may 

have been a d r i e r body o f magma, e x t e n s i v e metasomatism 

n o t accompanying i t s i n t r u s i o n . The presence o f a N a - r i c h 

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

o t h e r u n i t s , may a l s o have f a c i l i t a t e d metamorphic r e 

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

I t i s i n t e r e s t i n g t o note t h a t Carmichael (1968) produced 

evidence t h a t , under metamorphic c o n d i t i o n s , t he r a t e o f 

d i f f u s i o n o f A l i o n s was an o r d e r o f magnitude lower t h a n 

t h a t o f many o t h e r common i o n i c s p e c i e s . Perhaps t h i s 

e x p l a i n s t h e p o i k i l o b l a s t i c n a t u r e o f t h e A l - f r e e or A l -

poor phases a e n i g m a t i t e , pyroxene and amphibole, and t h e 

much s m a l l e r tendency f o r t h e A l - r i c h phases, f e l d s p a r 

and n e p h e l i n e , t o occur p o i k i l o b l a s t i c a l l y . 

Comment must be made on t h e occurrence o f t h e m i n e r a l 
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i d e n t i f i e d as r i n k i t e . I t i s o n l y commonly found i n areas 

o f r e c r y s t a l l i z a t i o n and tends t o be c o n c e n t r a t e d some 

50 m. or more away from t h e c o n t a c t , u s u a l l y as d i s t i n c t i v e 

p r i s m a t i c c r y s t a l s . Probe t r a c e s along i n t e r c r y s t a l l i n e 

b o u n d a r i e s i n unmetamorphosed s y e n i t e s show s p o r a d i c , 

h i g h c o n c e n t r a t i o n s o f Zr and Nb, elements thought t o be-

p r e s e n t i n r i n k i t e . The e f f e c t o f a l a t e r i n t r u s i v e u n i t 

on t h e r i n k i t e i n t h e e a r l i e r r o c k s has been t o m o b i l i z e 

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

phase, and r e c r y s t a l l i z e them as l a r g e r p r i s m a t i c c r y s t a l s 

some d i s t a n c e from t h e c o n t a c t . F i g s . 3.3 and 3.4 show 

t h e d i s t r i b u t i o n o f r i n k i t e and a e n i g m a t i t e over North 

Qoroq. T h e i r p r o x i m i t y t o c o n t a c t s , i . e . t h e i r presence 

i n r e c r y s t a l l i z e d r o c k s , can be c l e a r l y seen. A e n i g m a t i t e 

can a l s o be seen t o occur o c c a s i o n a l l y i n the more f r a c t 

i o n a t e d s y e n i t e s . Compositions o f t h e metamorphic/ 

metasomatic phases are i n c l u d e d i n t h e m i n e r a l o g y cha p t e r . 



Fig.3.3 The d i s t r i b u t i o n o f r i n k i t e i n t h e 
N o r t h Qoroq C e n t r e . C o n c e n t r a t i o n s 
o f t h e m i n e r a l occur, c l o s e t o 
younger i n t r u s i v e u n i t s and i n 
x e n o l i t h s . 

O - R i n k i t e o c c u r r i n g i n s y e n i t e s , 
o f t e n r e c r y s t a l l i z e d . 

0 - R i n k i t e o c c u r r i n g i n x e n o l i t h s , 
? - U n c e r t a i n i d e n t i f i c a t i o n o f 

r i n k i t e . 

F i g . 3 . 4 The d i s t r i b u t i o n o f a e n i g m a t i t e i n t h e 
N o r t h Qoroq C e n t r e . A e n i g m a t i t e i s 
c o n c e n t r a t e d c l o s e t o younger i n t r u s i v e 
u n i t s , i n x e n o l i t h s and o c c a s i o n a l l y i n 
h i g h l y f r a c t i o n a t e d r o c k s o f u n i t s SN.IA, 
SN.IB and SN.5. Symbols as f o r Fig.3.3 
(above). 
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CHAPTER FOUR; MINERALOGY 

4.1. O l i v i n e s 

4.1.1. I n t r o d u c t i o n 

O l i v i n e occurs i n f o u r major u n i t s o f t h e N o r t h 

Qoroq Centre; SN.IA, SN.4A, SN.4B and r a r e l y i n SN.IB. 

I t i s absent f r o m more h i g h l y f r a c t i o n a t e d u n i t s , and 

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

mentioned. O l i v i n e occurs as an e a r l y formed phase, 

o f t e n i n m a f i c aggregates. Rounded g r a i n s a re always 

rimmed by opaque Fe/Ti o x i d e s , which extend along 

f r a c t u r e s . Rims o f p a l e green pyroxene or b l u e amphibole 

are o c c a s i o n a l l y p r e s e n t (see Chapter 3 ) . 

4.1.2 Major element v a r i a t i o n 

O l i v i n e s from t e n r o c k samples were analysed by 

e l e c t r o n m icroprobe. For each sample, s e v e r a l p o i n t s on 

each c r y s t a l , and s e v e r a l c r y s t a l s , were analysed (probe 

d e t a i l s i n Appendix I I I ) . 

A nalyses showed a l l o l i v i n e s t o be e x t r e m e l y f a y a l i t i c 

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

p a r e n t magma, and t o c o n t a i n a p p r e c i a b l e q u a n t i t i e s o f Mn. 

The o l i v i n e s are s i m i l a r t o those d e s c r i b e d by Stephenson 

(1974), and t o those from t h e I g d l e r f i g s s a l i k c e n t r e 

(M. P o w e l l , p e r s o n a l communication). The major element 

v a r i a t i o n can be r e p r e s e n t e d by th e f a y a l i t i c p o r t i o n o f 



86, 

t h e system F o s t e r i t e - F a y a l i t e - T e p h r o i t e . The t r e n d s 

o b t a i n e d can be seen i n F i g . 4 . 1 (a and b ) . No 

v a r i a t i o n between SN.4A and SN.4B can be d i s t i n g u i s h e d , 

c o n s e q u e n t l y t h e y are p l o t t e d t o g e t h e r as SN.4. There 

i s a l s o l i t t l e v a r i a t i o n shown between SN.4 and SN.IA. 

A s t e a d y t r e n d towards Fe-enrichment can be seen, 

t o g e t h e r w i t h a s l i g h t i n c r e a s e i n Mn. S i m i l a r b u t more 

i r r e g u l a r t r e n d s can be seen i n i n d i v i d u a l c r y s t a l s from 

c o r e t o r i m (see F i g . 4 . 2 ) . I t i s i n t e r e s t i n g t o note 

t h a t i n b o t h p l o t s one sample shows a marked t r e n d towards 

an i n c r e a s e i n Mn w i t h a decrease i n Fe. Both these 

samples show evidence o f r e c r y s t a l l i z a t i o n , due t o t h e 

p r o x i m i t y o f a younger i n t r u s i v e u n i t . Perhaps t h e normal 

t r e n d i s c o n t r o l l e d by crystal-magma e q u i l i b r i u m , whereas 

t h e t r e n d towards Mn-enrichment may r e f l e c t a p p r e c i a b l e 

d i f f u s i o n i n t h e s o l i d s t a t e . The source o f Mn may be 

t h e opaque m a t e r i a l rimming t h e o l i v i n e . A s i r r p l e i o n -

exchange r e a c t i o n can e x p l a i n t h e observed t r e n d . 

Fe^SiO^ + 2MnFe20^ > Mn^SiO^ + 2Fe^0^ 
f a y a l i t e Mn-magnetite t e p h r o i t e magnetite 

I t i s a l s o p o s s i b l e t h a t t h e t r e n d can be e x p l a i n e d by 

h i g h e r oxygen f u g a c i t y ( f . 0 ^ ) . This would r e s u l t i n 
2+ 3 + 

o x i d a t i o n o f Fe t o Fe and t h e o l i v i n e f o l l o w i n g a 

t r e n d towards Mn-enrichment e a r l i e r t h a n rocks w i t h 



F i g . 4 . 1 
(a) Major element v a r i a t i o n o f o l i v i n e s 

f r o m u n i t SN.IA, shown i n t h e 
f a y a l i t i c p o r t i o n o f t h e system 
F o s t e r i t e - F a y a l i t e - T e p h r o i t e . 

(b) Major element v a r i a t i o n o f 
o l i v i n e s f rom u n i t s SN.4A and 
SN.4B, p l o t t e d t o g e t h e r . 
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Fig.4.2 I r r e g u l a r major element v a r i a t i o n 
found i n i n d i v i d u a l o l i v i n e c r y s t a l s , 
f r o m core t o r i m . Arrows i n d i c a t e 
t h e d i r e c t i o n t o t h e r i m s . 
Represented i n t h e system F o s t e r i t e -
F a y a l i t e - T e p h r o i t e . 



88, 

J) 

o 

in 

o sp 

o 2: 

in 

o 

o 



89. 

a lower f-O^. 

The cause of the termination of o l i v i n e c r y s t a l l i 

z a t i o n i s i n d i c a t e d by the rims of oxide ma t e r i a l , and 

can be represented by the r e a c t i o n : 

SFe^SiO^ + 0^ > ^^®3°4 •^^^°2 
f a y a l i t e magnetite l i q u i d 

The termination may be caused by e i t h e r an i n c r e a s e 

i n ^'0^, as suggested by Stephenson (1974), or a decrease 

i n s i l i c a a c t i v i t y ( a . S i O ^ ) . These two parameters w i l l be 

d i s c u s s e d l a t e r i n the chapter. 

4.1.3. Minor element v a r i a t i o n 

Neither Cr nor Ni were detected i n the o l i v i n e s and 

T i and A l are only present i n very small q u a n t i t i e s . The 

only minor element of importance i s Ca, and the o l i v i n e s 

show Ca-contents ranging from 0.34 to 1.27 wt.%. Fig.4.3 

shows the v a r i a t i o n i n Ca-content with f r a c t i o n a t i o n i n 

three samples, one from u n i t SN.lA and one from each of 

the SN.4 u n i t s , using a f r a c t i o n a t i o n index of (Mn-Mg). 

A trend can be seen for Ca-depletion with f r a c t i o n a t i o n 

i n SN.lA, and enrichment i n SN.4A and SN.4B. A l l analysed 

o l i v i n e samples showed comparable trends. I n d i v i d u a l 

g r a i n s show v a r i a t i o n i n Ca-content from core to rim. 

Again, an i r r e g u l a r decrease i n Ca from core to rim can 

be seen i n SN.lA, and an i n c r e a s e i n SN.4 u n i t s . 



Fig.4.3 T y p i c a l Ca - zoning for o l i v i n e s 
from v a r i o u s of the s y e n i t e u n i t s , 
with 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 
Index i s (Mn - Mg)(atoms). 
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Simkin and Smith (1970) showed a p o s i t i v e c o r r e l a t i o n 

to e x i s t between Ca-content of o l i v i n e s and depth of 

formation. They a l s o noted a weak p o s i t i v e c o r r e l a t i o n 

between Ca-content and degree of undersaturation (normative 

n e p h e l i n e ) . Stormer (1975) expanded on t h e i r work and 

considered r e a c t i o n s i n v o l v i n g the C a - o l i v i n e cortponent 

i n o l i v i n e , clinopyroxene and s i l i c a i n the l i q u i d . 

Taking one of these r e a c t i o n s : 

CaFeSi^O^ > C a ( s i o J , + F e ( S i o J , -f SiO^ 
hedenbergite C a - o l i v i n e f a y a l i t e l i q u i d 

l i q u i d o l i v i n e o l i v i n e 
SiO^ ' f a y a l i t e * C a - o l i v i n e 

'2 
K = pyroxene 

•hedenbergite 

where K i s the e q u i l i b r i u m constant for the r e a c t i o n , and 

a i s the a c t i v i t y of the s p e c i e s subscripted i n the super

s c r i p t phase (see s e c t i o n 4.16). O l i v i n e s from North 

Qoroq approximate to pure f a y a l i t e , hence the a c t i v i t y of 

f a y a l i t e i n the o l i v i n e i s c l o s e to u n i t y . I f pressure and 

temperature are constant, K i s a constant, hence: 

pyroxene 
o l i v i n e o< hedenberqite 
C a - o l i v i n e l i q u i d 

^SiO^ 

For North Qoroq o l i v i n e s the Ca content i s dependent on 

(a) a.Si02 i n the magma, and (b) a c t i v i t y of the hedenbergite 



92. 

component i n the pyroxene (at constant P.T.). I t i s 

l i k e l y t h a t i n the rocks examined a.SiO^ i s buffered 

(see s e c t i o n 4.16.4). Stormer, considering the r e l a t i o n 

ship between diopside, Ca-forsterite and s i l i c a , showed 

t h a t i n buffered rocks a decrease i n temperature leads 

to a decrease i n the Ca-content of the o l i v i n e , whereas 

a decrease i n pressure, i n e i t h e r a buffered or unbuffered 

magma, r e s u l t s i n an i n c r e a s e i n the Ca-content. A more 

s u i t a b l e r e a c t i o n for the Mg-poor, North Qoroq s y e n i t e s 

i s the complementary one i n v o l v i n g hedenbergite and 

f a y a l i t e , presented above. A fu r t h e r d i f f e r e n c e to 

Stormer's co n s i d e r a t i o n s i s that the a c t i v i t y of heden

b e r g i t e i n the pyroxene i s v a r i a b l e , although not 

e x t e n s i v e l y so. Augites, probably i n e q u i l i b r i u m with 

o l i v i n e , show small chemical v a r i a t i o n , and no c o r r e l a t i o n 

of mole f r a c t i o n hedenbergite i n the pyroxene with Ca-

content of the o l i v i n e was found. Use of the r e a c t i o n 

i n v o l v i n g hedenbergite and f a y a l i t e , and the s l i g h t 

v a r i a b i l i t y of the a c t i v i t y of hedenbergite i n the 

pyroxene, w i l l not a f f e c t the trends towards Ca-depletion 

and enrichment with temperature drop and pressure drop 

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

I f the observed trends i n the o l i v i n e can be explained 

by P.T. v a r i a t i o n , as seems l i k e l y , then those observed for 
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both u n i t s of SN.4 would i n d i c a t e a pressure c o n t r o l . A l l 

o l i v i n e s analysed from these u n i t s are phenocrysts and 

growth of these o l i v i n e s i n an ascending magma, where 

p r e s s u r e was decreasing, seems a reasonable explanation. 

I n SN.lA the Ca-depletion with f r a c t i o n a t i o n , both i n a 

rock specimen and from core to rim of a s i n g l e c r y s t a l , 

i n d i c a t e s a temperature c o n t r o l . This could be i n t e r 

preted as growth of o l i v i n e i n a high l e v e l (constant 

p r e s s u r e ) , cooling magma body. The Ca may have been r e 

d i s t r i b u t e d by sub-solidus d i f f u s i o n . The coarser g r a i n 

s i z e and greate r volume of SN.lA, r e l a t i v e to both SN.4A 

and SN.4B, i n d i c a t e s slower cooling, which would have 

aided the d i f f u s i o n process. 

I n conclusion, i t appears t h a t the high Ca-content of 

the North Qoroq o l i v i n e s r e f l e c t s the low a.SiO^ i n the 

immediate p a r e n t a l magma, and th a t v a r i a t i o n i n the Ca-

content can perhaps be a t t r i b u t e d to v a r i a t i o n s i n 

tenperature and p r e s s u r e . 

4.2. Pyroxenes 

4.2.1. I n t r o d u c t i o n 

Pyroxenes are present as one of the p r i n c i p l e mafic 

phases i n a l l u n i t s of the North Qoroq Centre. I n Chapter 

3, o p t i c a l p r o p e r t i e s showed .them to possess considerable 



compositional v a r i a t i o n , both i n and between u n i t s , even 

s i n g l e c r y s t a l s being e x t e n s i v e l y zoned. 

A u g i t i c pyroxene occurs, together with o l i v i n e , Fe/Ti 

oxides and a p a t i t e , as an e a r l y formed phase i n the 

marginal p a r t s of SN.lA and SN.lB, and i n u n i t s SN.2, 

SN.4A and SN.4B. More hedenbergite-rich and acmite-rich 

pyroxenes are found i n the inner p a r t s of SN.lA and SN.lB, 

and i n u n i t SN.5. The augites may be rimmed by amphibole, 

or may be zoned to apple-green a e g i r i n e - a u g i t e . Acmitic 

pyroxenes are found, e i t h e r rimming blue aitphibole, or i n 

amphibole free rocks of a h i g h l y f r a c t i o n a t e d nature (inner 

p a r t s of SN.lA and SN.5). 

The present account i s based on over 300 conplete 

probe analyses (see Appendix I I I . 4 . ) , performed on 40 

samples s e l e c t e d from the major North Qoroq u n i t s and the 

r e c r y s t a l l i z e d r o c k s . 

4.2.2. Major element v a r i a t i o n 

The p r i n c i p a l s u b s t i t u t i o n s occurring as the pyroxenes 
2+ 

evolve are f i r s t l y a replacement of Mg by Fe , and 
2+ 3 + secondly a coupled replacement of Ca(Fe ,Mg) by NaFe 

This v a r i a t i o n i s expressed i n Fig.4.4, where pyroxene 

analyses for each major u n i t are p l o t t e d separately, i n 

terms of the end members Diopside-Hedenbergite-Acmite. 

For a d i s c u s s i o n of the method of r e c a l c u l a t i o n see 



Fig.4.4 Pyroxene an a l y s e s from each of the 
major u n i t s of North Qoroq, p l o t t e d 
i n terms of the end-members, Diopside-
Hedenbergite-Acmite. 

• - Pyroxenes from normal, 
un a l t e r e d s y e n i t e s . 

O - Pyroxenes from r e c r y s t a l l i z e d 
s y e n i t e s . 

Dashed l i n e s r e p r e s e n t i n d i v i d u a l 
trends from two r e c r y s t a l l i z e d samples 
of u n i t SN.lA. 
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Appendix I I I . 2 . 2 . I n Fig.4.4, the s o l i d c i r c l e s represent 

pyroxenes from the t y p i c a l s y e n i t e , whereas open c i r c l e s 

r e p r e s e n t pyroxenes from r e c r y s t a l l i z e d rocks. 

As mentioned i n the chapter on petrography, u n i t SN.lA 

shows a considerable range i n pyroxene cortposition from 

Dig^Hd^^Ac^g to Di^^Hd^^ACgg. SN.lB, despite there being 

fewer analyses, would appear to show a s i m i l a r range i n 

coirpositions. U n i t s SN.2, SN.4A and SN.4B have a more 

l i m i t e d range, as was expected from petrographic observ

a t i o n s . A l l the pyroxenes are a u g i t i c and only the most 

hedenbergite-rich show an i n c r e a s e i n Na. Unit SN.5 i s 

unusual i n that the l e a s t evolved pyroxenes are Na-rich 

and there i s a continuous s e r i e s to almost pure acmite. 

I t i s worthwhile to compare the trend shown by the 

two u n i t s showing g r e a t e s t v a r i a t i o n with that obtained 

from the adjacent South Qoroq Centre (Stephenson, 1972). 

Unit s SN.lA and SN.lB show a greater range i n pyroxene 

coitpositions than any of the major s y e n i t i c u n i t s of 

South Qoroq. Whereas i n South Qoroq a c m i t i c pyroxenes 

are only present i n pegmatites and as secondary minerals, 

i n North Qoroq they occur as major, primary phases i n the 

s y e n i t e s themselves. Unlike South Qoroq, the coitpositional 

f i e l d s of the pyroxenes from the major u n i t s show a marked 

overlap. The f a c t t h at a l l u n i t s , apart from SN.5, have 
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s i m i l a r i n i t i a l pyroxene compositions suggests that, 

d e s p i t e these u n i t s having evolved to d i f f e r i n g extents, 

they o r i g i n a t e d from a common p a r e n t a l magma type. The 

i m p l i c a t i o n of t h i s i s discussed i n Chapter 7. 

Pyroxenes from r e c r y s t a l l i z e d rocks c l o s e to l a t e r 

i n t r u s i o n s tend to p l o t away from the f i e l d of 'normal 

pyroxenes'. As with South Qoroq, the r e c r y s t a l l i z e d 

rocks appear to be following a trend towards acmite, a 

phenomenon discussed i n the thermodynamics s e c t i o n of 

t h i s chapter ( s e c t i o n 4.16). 

Zoning i n i n d i v i d u a l c r y s t a l s i s shown i n Fig.4.5, 

where s e v e r a l pyroxene analyses, taken from core to rim, 

are j o i n e d by an arrowed l i n e , the arrow pointing towards 

the rim. S i n g l e c r y s t a l s can show extensive, i f i r r e g u l a r , 

compositional zoning. C r y s t a l s may be rimmed by anphibole 

before they get appreciably s o d i c or, i n an adjacent sample, 

may zone r i g h t through to a e g i r i n e - a u g i t e . This suggests 

l o c a l v a r i a t i o n , p o s s i b l y i n water pressure (P.H^O). 

An important point to consider, when dealing with 

the major element v a r i a t i o n , i s what causes the pyroxene 

analyses to trend towards acmite, i e . why does the sub-
3+ 2 + 

s t i t u t i o n NaFe Ca(Fe ,Mg) become dominant over the 
2+ 

s u b s t i t u t i o n CaFe CaMg? Many workers (Aoki, 1964; 

Yagi, 1966; Nash and Wilkinson, 1970) have postulated that 

f.02 i s the c o n t r o l l i n g f a c t o r . From recent work on the 
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Nunarssuit complex, Anderson suggests that the pyroxene 

trend towards acmite i s c o n t r o l l e d by the Na/Ca r a t i o i n 

the magma. Further d i s c u s s i o n of t h i s i s made i n the 

thermodynamics s e c t i o n of t h i s chapter, but an a p p r a i s a l 

of a r e l e v a n t feature of the North Qoroq pyroxenes i s 

worthwhile a t t h i s stage. F i g . 4.6 shows two c l e a r l y 

d i f f e r i n g trends of Na enrichment shown by two samples 

of the same un i t , SN.lA. The saitples were taken only a 

short d i s t a n c e apart, and n e i t h e r has undergone any r e -

c r y s t a l l i z a t i o n . Both trends are c l o s e l y defined, and 

demonstrate that whatever c o n t r o l s the tendency towards 

an i n c r e a s e i n the acmite molecule i s a v a r i a b l e parameter 

i n a p a r t i c u l a r rock u n i t , as w e l l as between u n i t s , and 

between d i f f e r e n t complexes. This suggests that the rocks 

evolved, a t l e a s t i n t h e i r l a t e r stages, i n t h e i r own 

unique microsystem. A s i m i l a r phenomenon was observed i n 

rocks from Shonkin Sag L a c c o l i t h where the d i f f e r i n g trends 

are even more apparent (Nash and Wilkinson, o p . c i t . ) . This 

f e a t u r e of the pyroxenes means that i t i s not s t r i c t l y 

v a l i d to r e p r e s e n t a 'trend' for a p a r t i c u l a r u n i t , or 

e s p e c i a l l y a p a r t i c u l a r centre, by a s i n g l e l i n e . The 

North Qoroq pyroxenes would be b e t t e r represented by a 

' f i e l d ' of coirpositions. 

4.2.3. Minor element v a r i a t i o n 

The v a r i a t i o n i n s e l e c t e d minor elements i s given i n 



Fig.4.5 Zoning shown by i n d i v i d u a l pyroxene 
c r y s t a l s from core to rim, represented 
i n the system Diopside-Hedenbergite-
Acmite. Arrows i n d i c a t e the d i r e c t i o n 
to rims. 

a - Unit SN.lA, Sp.No. 155005 
b - Unit SN.lA, Sp.No. 52221 
c - Unit SN.lA, Sp.No. 52215 
d - Unit SN.4B, Sp.No. 54193 
e - Unit SN.5, Sp.No. 155159 

Fig.4.6 Two c l e a r l y d i f f e r i n g trends of Na 
enrichment shown by two samples of 
the same u n i t , SN.lA, n e i t h e r having 
undergone any r e c r y s t a l l i z a t i o n . 

a - Sp.No. 155078 
b - Sp.No. 155005 
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F i g . 4.7 (a-d ) . A l l elements are pl o t t e d as atoms per 6 

oxygens, against a f r a c t i o n a t i o n index of atoms (Na-Mg) 

(Stephenson, 1972). 

Mn shows a steady b u i l d up i n the l e a s t f r a c t i o n a t e d 

pyroxenes, reaches a peak, and then d e c l i n e s to almost 

zero i n the acmites. The peak for Mn coincides with the 

general area where the pyroxene trend turns up towards 
2+ 2 + acmite, i . e . where Fe begins to decrease. Mn obviously 

2+ 

c l o s e l y follows Fe and has the a b i l i t y to r e a d i l y sub

s t i t u t e for i t i n the pyroxene l a t t i c e . 

The two dashed l i n e s represent i n d i v i d u a l trends for 

two r e c r y s t a l l i z e d r o c k s . Both these show Mn reaching a 

maximum value a t a much e a r l i e r stage than occurs i n the 
2+ 

normal s y e n i t e s , r e s u l t i n g from an e a r l i e r decrease i n Fe 

with the r e c r y s t a l l i z a t i o n trend towards acmite. 

Four samples of i n t e r e s t are those from a r e c r y s t a l l i z e d 

and sheared sanple of SN.IB. They p l o t w e l l above the 

other analyses and have approximately twice the Mn-content 

of a s i m i l a r 'normal' pyroxene. The analyses come from 

ae g t r i n e - a u g i t e occurring i n a mosaic of magnetite, 

nepheline, b i o t i t e and pyroxene, r e p l a c i n g o r i g i n a l 

amphibole. I t i s i n t e r e s t i n g to note that the high Mn-

content, while w e l l above t h a t i n the normal pyroxenes, 

i s approximately equivalent to that found i n nearby 

amphibole, supporting the theory that these mosaics are 



Fig.4.7 (two pages) The v a r i a t i o n , w i t h 
f r a c t i o n a t i o n , shown by s e l e c t e d minor 

• elements p r e s e n t i n the pyroxenes. 
F r a c t i o n a t i o n Index (Na-Mg)(atoms). 

0 - u n i t SN.lA 
- u n i t SN.lB 
- u n i t SN.2 

k - u n i t 7SN.3 
X - u n i t SN.4A 

- u n i t SN.4B • - u n i t SN.5 
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areas o f amphibole breakdown and not primary magmatic 

f e a t u r e s . 

Only a selected number of specimens were analysed 

f o r Zr. I t was found t o occur i n varying amounts i n 

almost a l l the pyroxenes analysed, but only i n any 

q u a n t i t y i n the more sodic members. Occasionally the 

content o f ZrO^ approached 1.5 wt.%. Zr probably 

resides i n the Y-site, the charge excess being balanced 

by Na i n the X-site and A l i n the Z - s i t e . 

The d i s t r i b u t i o n of T i and A l i n the various pyroxene 

types i s p a r t i c u l a r l y i n t e r e s t i n g . I n the more basic rocks 

both are r e l a t i v e l y concentrated and t h i s concentration i s 

i n the r a t i o 2 A l : l T i , suggesting the molecule CaTiAl^O^ 

(see Appendix I I I . 2.2). Both elements decrease r a p i d l y 
2+ 

as the pyroxenes become more Fe - r i c h , and then continue 

at a low l e v e l o f concentration u n t i l the pyroxenes 

become extremely a c m i t i c . As can be seen from Fig. 4.7 

(c and d ) , the a c m i t i c pyroxenes show very v a r i a b l e 

contents o f both A l and T i . Values of up t o 2.5 wt.% 

TiO and 1.4 wt.% A l 0 have been recorded. There i s a 

negative c o r r e l a t i o n of A l w i t h T i and, almost c e r t a i n l y , 

the b u l k o f the A l i s present as the j a d e i t e molecule 
.4+ 3+ . NaAlSi^O^, and the T i as a t i t a n - a c m i t e NaTi Fe SiO^. 2 6 D 

Flower (1974) describes r e s u l t s obtained i n the 



system Na 0 - Fe 0 - A l 0 - TiO - SiO at iKb. P.HO, 

and notes t h a t there i s extensive s o l i d s o l u t i o n of the 
.4+ 3+ . . . . . NaTi Fe SiO^ conponent i n acmite. This v a r i e s w i t h 5 

f.O^, but i s up t o 28% at the Mn̂ Ô -Mn̂ Ô  b u f f e r and 
4+ 

up t o 15% at the Ni-NiO b u f f e r . The molecule NaTi AlSiO^ 
6 

also shows a moderate degree of s o l i d s o l u t i o n w i t h acmite. 

Flower goes on t o suggest t h a t f-Oj f a c t o r s 

which c o n t r o l s whether T i enters oxide phases, or s i l i c a t e s 

such as acm i t i c pyroxenes. He notes t h a t published r e s u l t s 

from South Qoroq show no l a t e stage increase of Ti i n 

acmite and suggests t h a t t h i s i n d i c a t e s South Qoroq t o 

have evolved under r e l a t i v e l y low ^-0^ conditions. I f 

t h i s were t r u e i t would mean t h a t North Qoroq, which can 

show appreciable T i enrichment i n the acmites, must have 

formed under higher f-O^ conditions, at l e a s t i n i t s l a t e 

stages. Careful study o f Stephenson's tabulated analyses 

f o r South Qoroq does, however, show t h a t c e r t a i n acmitic 

pyroxenes have high Ti values, but were not p l o t t e d on 

the published diagrams. 

Examination of Fig. 4.7 shows the contents of both 

T i and A l i n the acmites t o be extremely v a r i a b l e , a 

feat u r e noticed even i n i n d i v i d u a l specimens. This could 

be caused by sector zoning, which Leving (1974) has shown 

t o be an i i t p o r t a n t f a c t o r i n the f r a c t i o n a t i o n of trace 

elements. He showed t h a t the 111 zone of a pyroxene 
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contained 3.1 wt.% A l 0 and 0.82 wt.% TiO , whereas 

the 100 zone o f the same c r y s t a l contained 7.15 wt.% 

Al^O^ and 1.95 wt.% TiO^. Admittedly, t h i s c r y s t a l was 

a t i t a n - a u g i t e r a t h e r than a t i t a n - a c m i t e , but there 

seems no reason t o suppose t h a t the same process could 

not apply t o the North Qoroq l a t e stage pyroxenes, 

p a r t i c u l a r l y as the v o l a t i l e - r i c h l i q u i d surrounding 

the c r y s t a l s would have a low v i s c o s i t y , which would aid 

i o n i c d i f f u s i o n . 

Apart from the p o s s i b i l i t y of sector zoning, there 

i s a degree o f i r r e g u l a r core t o r i m zoning w i t h respect 

t o A l and T i . 

Popp and G i l b e r t (1972) discussed the s t a b i l i t y of 

acm i t e - j a d e i t e pyroxenes at low pressure. They i n d i c a t e d 

t h a t acmites from s i l i c a - u n d e r s a t u r a t e d environments 

should have a higher p r o p o r t i o n of the j a d e i t e molecule 

than those from s i l i c a - s a t u r a t e d rocks. This i s i n 

accord w i t h the r e l a t i v e l y high j a d e i t e cortponent i n the 

acmites o f the undersaturated! North Qoroq syenites. They 

der i v e an expression r e l a t i n g pressure of formation of 

pyroxenes t o temperature, a c t i v i t y of a l b i t e i n the 

feldspar and a c t i v i t y of j a d e i t e i n the pyroxene. A 

s i m i l a r expression, they maintain, could be applied t o 

undersaturated rocks. The great v a r i a t i o n i n the j a d e i t e 
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content o f adjacent North Qoroq acmites, which obviously 

formed under the same t o t a l pressure, suggests t h a t the 

geobarometer i s i n a p p l i c a b l e . 

4.2.4. Colour i n North Qoroq pyroxenes 

Pyroxenes from North Qoroq show a wide range of 

colours, and i t i s i n t e r e s t i n g t o attenpt t o c o r r e l a t e 

colour w i t h chemical coirposition. 

I n the l e a s t f r a c t i o n a t e d syenites, the pyroxenes 

show the pale pink or purple colours commonly described 

f o r t i t a n - a u g i t e s (Yagi, 1953). This, according t o 

Burns (1970), i s due t o the presence of Ti"^"*" ions. The 

d - o r b i t a l electrons o f these ions absorb r a d i a t i o n i n 

the v i s i b l e p a r t o f the spectrum (green) and the comple

mentary colour i s seen (pink or p u r p l e ) . The f e r r o -

augites possess a pale green colour which deepens i n the 

more sodic f e r r o - a u g i t e s and aegirine-augites (X = apple 

green, Y = yellow green, Z = yellow brown). Many 
2+ 

mi nerals w i t h Fe have a c h a r a c t e r i s t i c green colour. 
2+ 3 + 

and the presence o f both Fe and Fe f a c i l i t a t e s charge 

t r a n s f e r and r e s u l t s i n strong c o l o u r a t i o n . 

A marked v a r i a t i o n i n colour can be seen i n the 

acm i t i c members o f the North Qoroq pyroxene series. The 

normal colour i s a pale green. This i s the colour of 

pure acmite obtained experimentally (Bailey, 1969). 

Variants do occur, however, and Fig.4.8 shows a probe 



Fig.4.8 Probe traverses, f o r selected 
elements, over the r i m of an 
acmite c r y s t a l . Also shown i s 
the colour appropriate t o various 
p a r t s of the c r y s t a l . 
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t r a v e r s e , f o r selected elements, over the r i m area of 

an acmite g r a i n , together w i t h the colour observed i n 

various p a r t s o f the g r a i n . I n the extreme r i m are 

zones r i c h i n T i and zones r i c h i n A l . The two elements 

show an inverse c o r r e l a t i o n , A l reaching a maximum when 

Ti i s at a minimum, and v i c e versa. The pale blue colour 
3+ 2+ 

c o r r e l a t e s w i t h T i , but i n acmite, w i t h i t s high Fe /Fe 
r a t i o , i t i s inconceivable t h a t T i should occur as Ti"^"*^. 

4+ 4+ 

I t must be present as T i . T i , however, has no d-

o r b i t a l electrons and cannot absorb i n the v i s i b l e range 

of the spectrum. A strong c o r r e l a t i o n w i t h the blue 

colour i s also shown by Zr. Although Zr i t s e l f w i l l not 

absorb i n the v i s i b l e , when occurring i n pyroxenes i t i s 

f r e q u e n t l y associated w i t h small q u a n t i t i e s of rare earth 

elements (Washington and Merwin, 1927). Certain of these 

possess f - o r b i t a l electrons capable of absorbing i n the 

v i s i b l e p a r t o f the spectrum. Colours produced by absor

p t i o n by these r a r e earth elements are u s u a l l y i n p a s t e l 

shades. Hence, the pale blue bands occurring i n the 

acmite are probably caused by r a r e earth elements assoc

i a t e d w i t h Zr. 

4.3. Amphibole 

4.3.1. I n t r o d u c t i o n 

Amphiboles occur i n a l l the s y e n i t i c rocks of North 
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Qoroq, except f o r h i g h l y f r a c t i o n a t e d members where the 

dominant, and at times on l y mafic phase i s acmite. 

The amphiboles vary i n colour and chemical conpos-

i t i o n , depending on the s t a t e o f f r a c t i o n a t i o n o f the 

parent rock. Those from the marginal augite syenites 

of SN.IA and SN.lB, and the syenites SN.2, SN.4A and 

SN.4B are dominantly pleochroic i n shades of brown 

(X = straw yellow, Y = red-brown, Z = dark brown) or, 

i f more h i g h l y evolved, i n shades of green and brown 

(X = green-brown, Y = Z = o l i v e ) . Where amphibole i s 

present i n the inner p a r t s o f SN.IA, SN.lB and SN.5, 

i t t y p i c a l l y shows blue-green pleochroism (?X = Indigo, 

?Y = grey-blue, ?Z = green-blue). 

Amphibole tends t o r i m pyroxene grains, brown 

amphiboles rimming augites, and green anphiboles rimming 

f e r r o - a u g i t e and ae g i r i n e - a u g i t e . The amphibole i t s e l f 

may have a r i m o f pale green acmite. This 'discontinuous 

r e a c t i o n s e r i e s ' c l o s e l y resembles t h a t described from 

the syenites of Tugtutoq (Upton, 1964). 

The present account i s based on 130 araphibole 

analyses. A l l aitphiboles were analysed f o r 10 major 

elements and a selected number f o r Zr and F. 

4.3.2. C l a s s i f i c a t i o n and nomenclature 

Previous workers on Gardar centres have tended t o 
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avoid d e t a i l e d discussion o f the chemical v a r i a t i o n 

which characterizes the amphiboles. A n a l y t i c a l work 

has o f t e n been r e s t r i c t e d t o p a r t i a l analyses. 

The dominant problem w i t h the amphiboles i s t h e i r 

complexity. I n terms o f chemical v a r i a t i o n , arrphiboles 

are the most complex and v a r i a b l e of a l l the rock 

forming minerals. This v a r i a b i l i t y arises from the wide 

v a r i e t y of c a t i o n s i t e s i n the aitphibole s t r u c t u r e , 

which allow a complex range o f c a t i o n s u b s t i t u t i o n s and 

the accommodation o f ions showing a larg e range i n i o n i c 

r a d i i (Ernst, 1968). 

Any attempt t o understand anphibole v a r i a t i o n i s 

ass i s t e d by a sound c l a s s i f i c a t i o n scheme. Many workers 

have attempted t o formulate such a scheme, w i t h varying 

degrees o f success. The most s u i t a b l e method of c l a s s i 

f i c a t i o n i s t o place the analyses on t o some form of 3-

dimensional diagram. This approach was f i r s t attenpted 

by Smith (1959) . The scheme adopted i n t h i s account i s 

t h a t proposed by P h i l l i p s and Layton (1964) and P h i l l i p s 

(1966). I t i s one used by Stephenson (1973) and Rowbotham 

(1973) t o describe aitphiboles from other Gardar centres. 

P h i l l i p s and Layton took the t r e m o l i t e composition and 

worked out possible i o n i c s u b s t i t u t i o n s , taking account 

o f charge, i o n i c size and a v a i l a b l e l a t t i c e s i t e s i n the 

amphibole. S u b s t i t u t i o n s i n v o l v i n g cations of the same 
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2 + charge and s i m i l a r i o n i c radius, e.g. Mg ^ Fe , were 
regarded as t r i v i a l f o r the purpose of e s t a b l i s h i n g a 
general c l a s s i f i c a t i o n . This r e s u l t e d i n the f o l l o w i n g 
p o s s i b l e s u b s t i t u t i o n s : 

2Na 

NaAl 

• A l 

A l \ l ^ 

CaAl 

NaAl ~ 

Na^Ca2Al 

D Ca 

Ca Mg 

Ca Mg 

Mg S i 

Na S i 

a S i 

± • Na'^2Si 

(General airphibole formula. 

AX^Y^Z^O^^(OH)^ 2 5 8 22' '2 

A s i t e = 10 t o 12 -
f o l d coordination 

X s i t e (M4) = 6 t o 8 -
f o l d coordination 

Y s i t e (M^ 2̂  = 6 - f o l d 
coordination 

Z s i t e = 4 - f o l d coordination 
a = vacancy) 

This i n t u r n gave 9 araphibole end members: 

Tremolite 

Edenite 

Pargasite 

Tschermakite 

Glaucophane 

R i c h t e r i t e 

Eckermannite 

M i y a s h i r o i t e 

Sundiusite 

n Ca2Mg^Sig022(OH)2 

NaCa2Mg^Si^Al022(OH)2 

NaCa2Mg^AlSigAl2022(OH)^ 

• Ca2Mg3Al2SigAl2022(OH)2 

o Na2Mg3Al2Sig022(OH)2 

NaNaCaMg^Sig022(OH)^ 

NaNa2Mg^AlSig022(OH)2 

NaNa2Mg3Al2Si^Al022(OH)2 

NaNaCaMg3Al2SigAl2022(OH)2 

The l a s t two on the l i s t were types t h a t were not 

known i n the n a t u r a l s t a t e . Subsequent t o p u b l i c a t i o n , the 
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iron analogue of sundi u s i t e was i d e n t i f i e d and c a l l e d 

m boziite (Brock e t a l . , 1964). 

P h i l l i p s places the various end members on a 3-

dimensional diagram. The three mutually perpendicular 

axes represent r e s p e c t i v e l y , the number of Na ions i n 

the X s i t e , the number of A l ions i n the Z s i t e and the 

number o f A l ions i n the Y s i t e . An a l t e r n a t i v e , but 

s i m i l a r c l a s s i f i c a t i o n was proposed by Whittaker (1968). 

Whereas P h i l l i p s ignores vacancies i n X and Z s i t e s , 

Whittaker makes these s i t e s up t o whole numbers. 'Good' 

amphibole analyses p l o t on complementary p o i n t s i n both 

diagrams. The P h i l l i p s diagram used i n t h i s account i s 

given i n Fig. 4.9, the 9 end members being denoted by 

t h e i r f i r s t l e t t e r s . Amphibole c o i t p o s i t i o n a l space i s 

a diagonal s l i c e taken through the cube seen i n the 

diagram. I t i s 'sandwiched' between the t r i a n g l e 

Ts-Tr-G and the hexagon Ed-Pa-Su-M-Ec-R. 

Figs. 4.10 i s a view i n t o the P h i l l i p s diagram along 

A l ^ , on which analyses o f North Qoroq anphiboles are 

p l o t t e d . The dashed l i n e s represent the l i m i t s of 

amphibole compositional space, and the vast m a j o r i t y of 

analyses p l o t i n s i d e i t . Various symbols are used t o 

d i f f e r e n t i a t e between u n i t s . I t must be remembered t h a t 

the P h i l l i p s diagram r e f l e c t s the Na,Mg,Al-analogues of 

the t r u e amphiboles. 



Fig.4.9 3-dimensional diagram ( P h i l l i p s , 1 9 6 6 ) 
used i n t h i s account f o r the c l a s s i 
f i c a t i o n o f the amphiboles. The 9 
end-member amphibole compositions are 
denoted by t h e i r f i r s t l e t t e r s (see t e x t ) 
'Amphibole compositional space' i s 
'sandwiched', on t h i s diagram, between 
the t r i a n g l e Ts - Tr - G and the 
hexagon Ed - Pa - Su - M - Ec - R. 

Fig.4.10 View i n t o the P h i l l i p s diagram along 
the parameter A l ^ (see t e x t ) . Amphibole 
analyses from North Qoroq rocks are 
p l o t t e d , showing the v a r i a t i o n o f A l 
content of the Z- s i t e w i t h the Na 
content of the X - s i t e . 

0 - U n i t SN.IA 
A - U n i t SN.lB 

- Unit SN.2 
+ - U n i t ?SN.3 
X - U n i t SN.4A 
® - U n i t SN.4B 
• - U n i t SN.5 
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The ainphibole analyses were r e c a l c u l a t e d , t h e i r ions 

assigned t o s i t e s , and named using the coirputer program 

MINDATA 5. D e t a i l s o f the procedure are given i n Appendix 
3+ 2+ 

I I I . 2 . 3 . An estimate o f the Fe /Fe r a t i o i s also made 
by the MINDATA 5 program. To obt a i n a t r u e idea o f the 

2+ 

types o f amphibole present, account i s taken of the Fe 

and Fe"^^ s u b s t i t u t i o n s , as demonstrated i n Fig. 4.11. 

Here, araphiboles classed as eckermannites by MINDATA 5 

are seen t o l i e close t o the arfvedsonite end member 
composition. Likewise, those termed pargasites are i n 
f a c t f e r r o - p a r g a s i t e s and f e r r o - h a s t i n g s i t e s . The 

p o s i t i o n o f an analysis i n F i g . 4.11 does depend on the 
3+ 2+ 

Fe /Fe estimate. This estimate i s thought t o be 

reasonable, as i t suggests t h a t i n the l e a s t evolved 

amphiboles Fê "*̂  i s n e g l i g i b l e , whereas i n more h i g h l y 

evolved amphiboles Fê "*" i s much more important. This 

l a t e stage increase i n Fe"^^ w i t h f r a c t i o n a t i o n probably 

does occur, as w i t h the pyroxenes, and the o p t i c a l pro

p e r t i e s o f the most f r a c t i o n a t e d aitrphiboles are i n 

keeping w i t h t h e i r being Fe'^'^-rich arfvedsonites. 

The North Qoroq airphiboles, w i t h f r a c t i o n a t i o n , 

f o l l o w a trend from T i - r i c h f e r r o - p a r g a s i t e s and f e r r o -

h a s t i n g s i t e s , through ferro-edenites and f e r r o -

r i c h t e r i t e s , t o arfvedsonites. 



2 + Fig.4.11 Diagram t o show the e f f e c t of Fe and 
Fe^ s u b s t i t u t i o n s on amphiboles c l a s s i 
f i e d by the ' P h i l l i p s system' as pargasites 
(top) and eckermannites (bottom) . 

Appreviations used: 
P - Pargasite 
FP - Ferropargasite 
FH - F e r r o h a s t i n g s i t e ( h a s t i n g s i t e ) 
MH - Magnesiohastingsite 
Ec - Eckermannite 

FEc - Ferroeckermannite 
A - Arf v e d s o n i t e 
MA - Magnesioarfvedsonite 

Symbols used: 
O - Un i t SN.IA 
A - U n i t SN.IB 

- U n i t SN.2 
+ - U n i t PSN.3 
X - U n i t SN.4A 
®' - U n i t SN.4B 
• - U n i t SN.5 
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NaCa2Fe^AlSi5Al2022(OH)2 

(FP) 

(P) 

O 8^ 
o ®s 
o o 

NaCa2Fe^FeSigAl2022{OH)2 

(FH) 

NaCa2Mg^AlSi5Al2022(0H)2 

NaNa2Fe^AtSi3022{OH)2 

(FEc) 

(EC) 

NaNa2Mg^AlSiQ022(OH)2 

(MH) 

NaCa2M9/eSigAl2022{OH)2 

NaNa2Fe^FeSi8022(OH)2 

(A) 

(MA) 

NaNa2Mg^FeSi8022(OH)^ 
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A d e t a i l e d breakdown o f the airphibole types from 

u n i t i s given below: 

UNIT 
No. OF 
ANALYSES AMPHIBOLE TYPES 

SN.IA 34 12(FP) 2(FH) 11(FE) 
5(FR) 4(A) 

SN.IB 2 2 (FP) 

SN.2 11 2 (FP) 9(FH) 

PSN.3 5 5 (FH) 

SN.4A 28 12 (FP) 16(FH) 

SN.4B 20 4(FP) 12 (FH) 2 (FE) 2 (FR) 

SN.5 15 2(FH) 6(FE) 3 (FR) 4(A) 

R e c r y s t a l l i z e d 
rocks 

15 10 (FR) 5(A) 

Abbreviations used: FP - fe r r o - p a r g a s i t e 

FH - f e r r o - h a s t i n g s i t e FE - ferro-edenite 

FR - f e r r o - r i c h t e r i t e A - arfvedsonite 

4.3.3. Chemical v a r i a t i o n 

Previous Gardar workers have p l o t t e d amphibole 

analyses i n terms o f modified a l k a l i pyroxene p l o t , 

p l o t t i n g t o t a l Fe <̂  Mg (Na + K) . As w i l l be shown below, 

of the two major s u b s t i t u t i o n s simultaneously a f f e c t i n g 
/\ 2 + North Qoroq amphiboles, one r e s u l t s i n an increase i n Fe 

and one i n an increase i n Na. On the t r i a n g u l a r p l o t the 

r e s u l t a n t i s a trend at almost r i g h t angles t o the pyroxene 
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t r e n d , and one which f a i l s t o adequately i n d i c a t e the 

r e l e v a n t s u b s t i t u t i o n s . 

Fig. 4.10 shows North Qoroq analyses on a p l o t of 
X Z X Na oc A l . A systematic and extensive increase i n Na 

and decrease i n A l can be seen, as the parent magma 

becomes more h i g h l y f r a c t i o n a t e d . This i s a r e f l e c t i o n 

o f the major coupled s u b s t i t u t i o n a f f e c t i n g the airphiboles: 

Na + s i ^ Ca + A l 

This important s u b s t i t u t i o n has been described from 

other Gardar centres as being o f major importance. 

Rowbotham ( o p . c i t . ) i n d i c a t e s t h a t aitphiboles from 

Ilimaussag show i t , and Anderson (1974) describes i t as 

the dominant s u b s t i t u t i o n i n c e r t a i n o f the Nunarssuit 

amphiboles. Stephenson ( o p . c i t . ) appears t o have the 

same dominant s u b s t i t u t i o n i n South Qoroq, but has 

apparently m i s i n t e r p r e t e d h i s data. He suggests the cortplex 

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

X ,Z A „ 3+ ^ X .Z 2 + 
Na + A l + Na + Fe ^ Ca + Si + Fe 

Z X This i n p l i e s a decrease of Si w i t h decreasing Ca , whereas 

h i s data show the reverse t o be the case. 

On Fig . 4.10 araphiboles from SN.2 and PSN.3 p l o t 

somewhat removed from the main trend, a feature seen on 

the m a j o r i t y o f p l o t s given i n t h i s s ection. Anphiboles o f 
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these two u n i t s show l i t t l e chemical v a r i a t i o n , but possess 

a higher content o f A l i n the t e t r a h e d r a l s i t e (Al ) . 

Leake (1962), Boyd and England (1962), and e a r l i e r workers 

have suggested t h a t high A l i n t e t r a h e d r a l coordination 

i n d i c a t e s a high teitperature o r i g i n . I t may be t h a t both 

SN.2 and ?SN.3 amphiboles, w i t h t h e i r high A l values, 

c r y s t a l l i z e d at higher temperatures than those from the 

other North Qoroq u n i t s . Of the two u n i t s showing the 

l a r g e s t v a r i a t i o n i n amphibole coitposition, SN.5 seems t o 

have a higher content o f t e t r a h e d r a l A l than SN.lA, again 

p o s s i b l y a teitperature e f f e c t . 
X Z X z 

As the dominant coupled s u b s t i t u t i o n i s Na Si ^ Ca A l , 
the other elements present i n the amphiboles have been 

X Z 

p l o t t e d against a f r a c t i o n a t i o n index o f Na -Al (atoms), 

r e f l e c t i n g t h i s s u b s t i t u t i o n (Fig. 4.12 ( a ) - ( i ) ) . 

Figs. 4.12 (a) and (b) simply show the expected 

v a r i a t i o n i n Ca and Si f o r the above mentioned s u b s t i t u t i o n . 

The v i r t u a l absence o f any d e v i a t i o n from a s t r a i g h t l i n e 

t r e n d i n d i c a t e s t h a t these elements are not p a r t i c i p a t i n g 

i n any other s u b s t i t u t i o n , unless of a minor nature. 

Figs. 4.12 (c) and (d) show t h a t K tends t o increase 

w i t h amphibole f r a c t i o n a t i o n , and t h a t Na allocated t o the 

A s i t e increases, reaches a maximum, and then decreases i n 

the more evolved amphiboles. 
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From Fi g . 4.12(a) F can be seen t o increase s t e a d i l y 

w i t h anphibole f r a c t i o n a t i o n . I t i s p a r t i c u l a r l y concent

r a t e d i n some o f the r e c r y s t a l l i z e d airphiboles, reaching 

values up t o 2.5 wt.%. 

Figs. 4.12 ( f ) - ( i ) show how the remaining major 

elements vary (N.B. FeO = Total Fe as FeO). Total Fe 

increases s t e a d i l y from 20 t o 30 wt.% and Mn, which r e a d i l y 
2+ 

s u b s t i t u t e s for Fe , increases w i t h i t . Both Mg and Ti 

decrease, and only occur i n very low concentrations i n 

the more h i g h l y evolved artphiboles. 

I n many of the p l o t s the airphiboles from u n i t s SN.2 

and PSN.3 are o u t l i n e d w i t h a dashed l i n e and can be seen 

t o d i f f e r from the other aitphiboles i n t h e i r chemistry. 

They are characterised by higher K, FeO and MnO, and 

lower Na , MgO and TiO^. 

The observed chemical v a r i a t i o n f o r the North Qoroq 

amphiboles can be explained i n terms of a number of major 

and minor i o n i c s u b s t i t u t i o n s : 
X 2 X Z Major s u b s t i t u t i o n s : Na + Si 7 - ^ Ca + A l - (1) 

2+ 2+ Fe"̂  ^ Mg - (2) 
2+ 2 + 

Minor s u b s t i t u t i o n s : Mn :̂ Z±' Mg - (3) 
± OH - (4) 

The decrease i n Ti may be explained by one or more 

of the f o l l o w i n g s u b s t i t u t i o n s : 



120, 

Fe"̂"*" + Na^(K) Ti'*"^ + - (5) 
3+ 4+ Fe + Si ^ Ti + A l - (6) 

Fe"̂"*" + Si — t Ti^"*" + 2A1 - (7) 

S u b s t i t u t i o n (5) i s considered the most l i k e l y , as i t 

i s i n accordance w i t h the observed increase i n Na (K) and 

w i t h the postulated increase i n Fe^^. 

Mention should be made here of the amphiboles occurring 

i n the r e c r y s t a l l i z e d rocks. Just as w i t h the pyroxenes, 

r e c r y s t a l l i z e d araphiboles tend t o l i e o f f the dominant 

magmatic tr e n d . I n Figs. 4.12(f), (g) and (h) analyses o f 

r e c r y s t a l l i z e d amphiboles are o u t l i n e d w i t h a dotted l i n e . 

Anphiboles from one r e c r y s t a l l i z e d sample are o u t l i n e d on 

a l l three diagrams, and amphiboles f o r a f u r t h e r two r e 

c r y s t a l l i z e d rocks on the diagram showing MnO v a r i a t i o n . 

I t would appear t h a t these amphiboles have a high Na-content 

i n the X - s i t e , w h i l e showing the Fe, Mn and Mg-contents of 

much le s s evolved araphiboles. This p a r a l l e l s the trend 

shown by the r e c r y s t a l l i z e d pyroxenes, w i t h t h e i r e a r l y 

enrichment i n Na. The e f f e c t has been a t t r i b u t e d t o high 

oxygen f u g a c i t i e s i n the pyroxenes. I n the artphiboles, 

however, the increase i n Na i s not connected w i t h an 
3+ 2 + 

increase i n the Fe /Fe r a t i o , but w i t h the coupled sub-
X Z X z s t i t u t i o n Na Si Ca A l . Hence, i t would appear t h a t 

other f a c t o r s must c o n t r o l the amphibole r e c r y s t a l l i z a t i o n 



Fig.4.12 (hhnee pages) The v a r i a t i o n of selected 
major elements and minor elements w i t h 
f r a c t i o n a t i o n . The chosen F r a c t i o n a t i o n 
Index of Na^ - A l ^ (atoms) r e f l e c t s the 
dominant s u b s t i t u t i o n e f f e c t i n g North 
Qoroq amphibole compositions (see t e x t ) . 
On c e r t a i n of the diagrams, analyses from 
u n i t s SN.2 and PSN.3 are o u t l i n e d w i t h a 
dashed l i n e and those from r e c r y s t a l l i z e d 
samples w i t h a dotted l i n e . L e t t e r s a f t e r 
the symbol f o r an element r e f e r t o the 
supposed s i t e t h a t the element resides i n . 
The a l l o c a t i o n of elements t o s i t e s i s 
made using the computer program MINDATA 5 
(see Appendix I I I . 2 . 3 . ) . 
Symbols used: 

0 - U n i t SN.IA 
A - U n i t SN.IB 

- U n i t SN.2 
+ - U n i t PSN.3 

- U n i t SN.4A 
® - U n i t SN.4B 
• - U n i t SN.5 
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t r e n d , and these other f a c t o r s may also have i m p l i c a t i o n s 

f o r the pyroxene t r e n d . A discussion of these f a c t o r s i s 

given l a t e r . 

No s i g n i f i c a n t amounts of A l were al l o c a t e d t o the Y 
Y 

s i t e . As A l i n d i c a t e s a high pressure environment (e.g. 

glaucophane), t h i s absence i s consistent w i t h the high 

l e v e l , low pressure environment that, these aitphiboles 

c r y s t a l l i z e d i n . 

Zr was found t o be present i n moderate amounts, but 

the concentration i s v a r i a b l e and not r e l a t e d t o amphibole 

type. 

Two l a r g e amphiboles taken from l a t e stage pegmatitic 

veins were analysed f o r t r a c e elements by X-ray fluorescence 

a n a l y s i s . Zr values of over 5000 p.p.m. were obtained, 

c o n s i s t e n t w i t h those obtained by microprobe analysis. 

Other elements present i n q u a n t i t y were Nb, 1000 p.p.m., 

and Zn, 2000 p.p.m. Although Zn was analysed f o r by 

microprobe, i t was not encountered, and probably only 

reaches high concentrations i n l a t e stage pegmatites. This 
i s i n accordance w i t h the f i n d i n g s of Rowbotham. He says 

2+ 2 + t h a t , although Zn has the same i o n i c radius as Fe , 

the Zn-0 bond i s less i o n i c than the Fe-0 bond, and hence 
2+ 2+ 

Zn /Fe w i l l increase during f r a c t i o n a t i o n . Values 

obtained by Rowbotham on l a t e stage Ilimaussaq amphiboles 
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from l u j a v r i t e s show Zn contents of around 2000 p.p.m., 

c l o s e l y p a r a l l e l i n g North Qoroq. 

Amphibole s t a b i l i t y f i e l d s and experimental work on 

anqphiboles under varying T, ^^'^ ̂ ''^2 

w i l l be discussed i n the thermodynamics section. 

4.4. B i o t i t e s 

4.4.1. I n t r o d u c t i o n 

B i o t i t e occurs i n a l l u n i t s o f the North Qoroq Centre. 

Unlike South Qoroq, where i t i s a common and important 

phase, i t s occurrence i s u s u a l l y very r e s t r i c t e d . The 

exception t o t h i s i s the marginal rocks o f u n i t SN.IA, 

where b i o t i t e i s abundant, forming up t o 10 v o l . % o f the 

rock. Here, i t shows the pleochroic scheme of an Fe-rich 

b i o t i t e (X = straw yellow, Y = Z = dark brown). I t i s 

found as extensive rims t o Fe/Ti oxide grains, or as 

apparently d i s c r e t e c r y s t a l s . I n the more h i g h l y f r a c t i o n 

ated i n t e r i o r o f t h i s u n i t , and i n other u n i t s , b i o t i t e i s 

much le s s abundant and occurs e i t h e r as small i n t e r s t i t i a l 

c r y s t a l s , as rims t o opaques, or commonly as p a r t of a 

patchy replacement mineralogy where b i o t i t e , pyroxene, 

opaques and a n a l c i t e have replaced aitphibole. Where 

b i o t i t e i s a minor phase, the pleochroic scheme i t shows i s 

e i t h e r X = brown, Y = Z = red-brown; or X = brown, Y = Z = 
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green-brown. According t o Deer, Howie and Zussman (1962) 

high T i content gives a red-brown colour while high Fe"̂"*" 

gives green. No systematic v a r i a t i o n o f b i o t i t e colour 

w i t h the presence or absence o f other Fe"̂"*" and Ti-bearing 

minerals, such as magnetite, aenigmatite or amphibole, 

was noted. 

The present account i s based on 28 analyses for 10 

major elements and a selected number o f Zr and F. Results 

of the probe analyses are given i n Appendix I I I . 4 . As 
3+ 2+ 

w i t h other mineral groups, the Fe /Fe r a t i o was not 
determinable by the technicjues enployed, and a l l Fe i n the 

2 + 
b i o t i t e s i s expressed as Fe . The p o s s i b i l i t y of the 
existence o f b i o t i t e s where Fe"̂ "̂  i n the octahedral s i t e 

2-

i s balanced by 0 s u b s t i t u t i n g f o r OH- i s neglected. 

4.4.2. Chemical v a r i a t i o n 
A general formula f o r the micas i s X^Y (Si,Al)_,0-_ 

2. 4-D o zl 

(OH,F)^, where X - s i t e ions show 12-fold coordination, Y-site 

ions octahedral c o o r d i n a t i o n and Si and A l ions t e t r a h e d r a l 

c o o r d i n a t i o n . Taking the analyses of b i o t i t e from North 

Qoroq, and a l l o c a t i n g elements t o l a t t i c e s i t e s , a number 

o f i n t e r e s t i n g p o i n t s emerge. 

The t e t r a h e d r a l s i t e t o t a l , t o a base of 22 oxygens, 

i s g e n e r a l l y below 8 f o r b i o t i t e s from u n i t s SN.IA, SN.IB, 

SN.4A and SN.4B (range 7.8-7.9). This maybe a r e s u l t of 
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t r u e vacancies i n the t e t r a h e d r a l s i t e , or the f a c t t h a t 
2 + 

some o f the Fe, tabulated as octahedral Fe , i s i n f a c t 

t e t r a h e d r a l Fe"̂ "*". I n contrast t o these t e t r a h e d r a l 

d e f i c i e n t b i o t i t e s , those from SN.2 and ?SN.3 show 

s u f f i c i e n t A l t o f i l l the t e t r a h e d r a l s i t e and t o c o n t r i 

bute t o the octahedral s i t e . SN.5 b i o t i t e s , although 

w i t h o u t t e t r a h e d r a l vacancies, show the lowest content 

o f A l f o r any o f the syenites. 

A l l the analyses show d e f i c i e n t octahedral s i t e s 

t o t a l l i n g i n the range 5.5-5.9. This i s a common feature 

o f b i o t i t e s from a l l types o f environment, and suggests 

t h a t the minerals may be intermediate between dominant 

t r i o c t a h e d r a l micas, w i t h 6 octahedral cations, and d i o -

ctahedral micas, w i t h 4 octahedral cations. 

The 12-coordinated X - s i t e u s u a l l y contains 2 ions 

(-0.1). Ca i s never present i n more than trace amounts 

and Na c o n s t i t u t e s between 0.1 and 0.3 ions per 22 oxygens. 

B i o t i t e s o f SN.5 show a s l i g h t l y higher X-site content (2.1), 

due t o increased K. 

A l l b i o t i t e analyses from the major s y e n i t i c u n i t s 

are p l o t t e d on Fig.4.13. This f i g u r e includes 4 end-members; 

phl o g o p i t e , annite, eastonite and s i d e r o p h y l l i t e , and 

assumes the micas t o be of a t r i o c t a h e d r a l nature. The 

4 end-member composition p o s i t i o n s are indi c a t e d on the 

f i g u r e by means o f t h e i r f i r s t l e t t e r s . A l l the analyses 



Fig.4.13 The v a r i a t i o n i n the composition o f the 
b i o t i t e s from the major u n i t s of North 
Qoroq. The 4 end-member compositions 
are i n d i c a t e d by t h e i r f i r s t l e t t e r s . 

Abbreviations used: 
P - Phlogopite 
E - Eastonite 
A - Annite 
S - S i d e r o p h y l l i t e 

Symbols used: 
O - Un i t SN.IA 
A - Un i t SN.IB 
cf) - U n i t SN.2 
+ - U n i t PSN.3 
X - Un i t SN.4A 
® - U n i t SN.4B 
• - U n i t SN.5 
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can be seen t o be l o w i n Mg and h i g h i n t o t a l Fe 

2 + 

( expressed as Fe on t h i s d i a g r a m ) . The b i g g e s t 

v a r i a t i o n can be seen t o be i n t h e A l c o n t e n t o f t he 

t e t r a h e d r a l s i t e s . A l t h o u g h most ana lyses p l o t q u i t e 

c l o s e t o t h e a n n i t e end member, a l l ana lyses f o r u n i t s 

SN.2 and ?SN.3 c o n t a i n a p p r e c i a b l y more t e t r a h e d r a l A l , 

c a u s i n g them t o p l o t be tween a n n i t e and s i d e r o p h y l l i t e . 

I t i s s i g n i f i c a n t t h a t , i n b o t h these u n i t s , t h e a n p h i -

b o l e s a l s o show h i g h t e t r a h e d r a l A l . As w i t h t h e 

a mph ibo l e s , t h i s c o u l d r e f l e c t a t e m p e r a t u r e e f f e c t , 

SN.2 and ?SN.3 b i o t i t e s f o r m i n g a t h i g h e r t empera tu re s 

t h a n b i o t i t e s f r o m t h e o t h e r s y e n i t e s . 

I n t h e o t h e r s y e n i t e s , b i o t i t e . a p p e a r s t o show a 

decrease i n t e t r a h e d r a l A l and an i n c r e a s e i n S i w i t h 

i n c r e a s e d degree o f f r a c t i o n a t i o n o f t h e p a r e n t r o c k . 

The o n l y o t h e r e lements t o show s y s t e m a t i c v a r i a t i o n 

w i t h f r a c t i o n a t i o n ( i . e . w i t h decrease i n t e t r a h e d r a l A l ) 

a r e T i and Mn. F i g . 4 . 1 4 ( a ) and (b) summarize t h i s 

v a r i a t i o n , showing Mn t o i n c r e a s e and T i t o decrease . 

F was ana ly sed f o r i n c e r t a i n o f t h e b i o t i t e s , b u t 

o n l y o c c u r s i n v e r y s m a l l q u a n t i t i e s , excep t f o r b i o t i t e s 

f r o m a r e c r y s t a l l i z e d r o c k where 0.5 w t . % F was d e t e c t e d . 

G i l l b e r g (1964) r e p o r t s t h a t b i o t i t e s and amphiboles f r o m 

Swedish g r a n i t e s have s i m i l a r F c o n t e n t s . B i o t i t e i s known 

t o p a r t i c i p a t e i n i o n exchange w i t h ground wa te r much more 



F i g . 4 . 1 4 V a r i a t i o n i n Mn and T i c o n t e n t s o f 
t h e N o r t h Qoroq b i o t i t e s w i t h 
v a r i a t i o n i n t e t r a h e d r a l A1(A1- ' -^ ) . 

Symbols u sed : 

o - U n i t SN. IA 

A - U n i t S N . l B 

- U n i t SN.2 

+ - U n i t PSN.3 

X - U n i t SN.4A 

- U n i t SN.4B 

• - U n i t SN.5 
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r e a d i l y t h a n amphibo le , t h e F b e i n g r e p l a c e d b y OH . 

T h i s p o s s i b l y happened t o N o r t h Qoroq b i o t i t e s , w h i c h now 

may c o n t a i n somewhat l e s s F t h a n o r i g i n a l l y . The h i g h e r 

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

may be a r e s u l t o f i n t r o d u c t i o n o f F b y t h e metasomat ic 

f l u i d s t h a t accompanied metamorphism (Chapter 6 ) . 

Zr never o c c u r s i n more t h a n t r a c e amounts i n any o f 

t h e a n a l y s e d b i o t i t e s . 

Ba and C l were ana lysed f o r . A l t h o u g h b o t h can 

o c c u r i n s i g n i f i c a n t amounts i n b i o t i t e s , t h e y were n o t 

d e t e c t e d i n t h o s e o f N o r t h Qoroq . 

A d i s c u s s i o n o f t h e s t a b i l i t y f i e l d o f b i o t i t e , w i t h 

v a r y i n g c o n d i t i o n s o f t e m p e r a t u r e , P . H O and f . O , i s 

g i v e n i n t h e thermodynamics s e c t i o n . 

4 . 5 . F e / T i o x i d e s 

4 . 5 . 1 . I n t r o d u c t i o n 

F e / T i o x i d e s a re p r e s e n t i n a l l u n i t s o f t he N o r t h 

Qoroq C e n t r e . I n t h e l e a s t e v o l v e d r o c k s t h e y occur as 

an e a r l y - f o r m e d m a j o r phase, a s s o c i a t e d w i t h pyroxene and 

o l i v i n e , and f r e q u e n t l y rimmed b y b i o t i t e . I n h i g h l y f r a c t 

i o n a t e d r o c k s t h e y occur o n l y as s m a l l i n t e r s t i t i a l c r y s t a l s 

and g r a n u l a r p a t c h e s , and are o f t e n a s s o c i a t e d w i t h py roxene , 

b i o t i t e and a n a l c i t e as an ' a n p h i b o l e r ep lacemen t m i n e r a l o g y ' 
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4 . 5 . 2 . E x s o l u t i o n i n t h e o x i d e s 

A l l t h e p r i m a r y F e / T i o x i d e s a re m a g n e t i t e s w i t h 

e x s o l v e d i l m e n i t e l a m e l l a e . The e x s o l u t i o n t akes p l a c e 

a l o n g t h e (111) p l a n e s i n t h e m a g n e t i t e r e s u l t i n g i n a 

' t r e l l i s t e x t u r e ' . S i m i l a r t e x t u r e s a re d e s c r i b e d f r o m 

o x i d e s i n t h e South Qoroq Cen t re (Stephenson, 1973) and 

i n N u n a r s s u i t s y e n i t e s (Anderson, 1 9 7 4 ) . I n t h e 

A l a n g o r s s u a q Gabbro, Anderson d e s c r i b e s v e r y f i n e s c a l e 

e x s o l u t i o n o f u lv<! i sp ine l a l ong t h e (100) p l anes i n t h e 

m a g n e t i t e , a t y p e o f e x s o l u t i o n n o t encoun te red i n N o r t h 

Qoroq o x i d e s , because o f t o o h i g h an ^-0^. B u d d i n g t o n 

and L i n d s l e y (1964) m a i n t a i n t h a t t h e r e i s no s o l i d 

s o l u t i o n between i l m e n i t e and m a g n e t i t e , and t h a t t h e 

i l m e n i t e r e p r e s e n t s u l v i J s p i n e l t h a t has been o x i d i s e d . 

Duchesne (1970) f a v o u r s d i r e c t o x i d a t i o n - e x s o l u t i o n , 

o c c u r r i n g m a i n l y a t s u p e r - s o l v u s t e m p e r a t u r e s , w i t h (100) 

t y p e u l v O s p i n e l e x s o l u t i o n o c c u r r i n g a t l o w e r t e n p e r a t u r e s . 

I t s h o u l d be n o t e d t h a t t h e o x i d a t i o n o f u l v d s p i n e l and 

t h e e x s o l u t i o n o f i l m e n i t e does n o t i m p l y an i n c r e a s e i n 

t h e f u g a c i t y o f oxygen . T h i s r e a c t i o n must occur i f t he 

f u g a c i t y i n t h e r o c k p a r a l l e l s t h e f a y a l i t e - m a g n e t i t e -

q u a r t z b u f f e r ( F . M . Q . ) . 

I n N o r t h Q3roq o x i d e s t h e s c a l e o f e x s o l u t i o n i s 

v a r i a b l e . I t i s u s u a l l y v e r y f i n e i n t h e m a r g i n a l r o c k s 
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o f SN. IA and i n u n i t s SN.2, SN.4A and SN.4B, b u t on a 

c o a r s e r s c a l e i n t h e i n n e r p a r t s o f SN. lA and i n SN.5. 

Much o f t h e v a r i a t i o n can be i n t e r p r e t e d as b e i n g caused 

b y d i f f e r i n g r a t e s o f c o o l i n g , s l ower c o o l e d r o c k s showing 

much c o a r s e r s c a l e e x s o l u t i o n . A n o t h e r f a c t o r may be t h e 

p r e sence o f m i n e r a l i z e r s (Ramdohr, 1969) , p o s s i b l y assoc

i a t e d w i t h a vapour phase c o - e x i s t i n g w i t h t he magma ' 

( B u d d i n g t o n and L i n d s l e y o p . c i t . ) . T h i s would a i d d i f f 

u s i o n and f a v o u r c o a r s e - s c a l e e x s o l u t i o n . A c o m b i n a t i o n 

o f t h e s e two f a c t o r s may e x p l a i n t h e e x t r e m e l y coa r se -

s c a l e e x s o l u t i o n seen i n t h e F e / T i o x i d e s f r o m p a r t s o f 

N o r t h Qoroq . 

V e r y o c c a s i o n a l g r a n u l a r m a g n e t i t e and i l m e n i t e occur 

where samples were t a k e n a d j a c e n t t o younger u n i t s o r t o 

t h e younger South Qoroq C e n t r e . Stephenson has a t t r i b u t e d 

s i m i l a r t e x t u r e s , shown b y South Qoroq o x i d e s f r o m r e 

c r y s t a l l i z e d r o c k s , t o i n c r e a s e d f - O ^ and h i g h d i f f u s i o n 

r a t e s . 

M e n t i o n s h o u l d be made he re o f c e r t a i n sanples w h i c h 

show h a e m a t i t e r i m m i n g t h e m a g n e t i t e - i l m e n i t e g r a i n s . I t 

i s u n c e r t a i n a t p r e c i s e l y what s tage t h i s o x i d a t i o n t o o k 

p l a c e , b u t i t o c c u r r e d l a t e , and may even have been t h e 

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

When a n a l y s i n g t h e F e / T i o x i d e s o f N o r t h Qoroq, t h e 
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t e c h n i q u e e i tp loyed was t o d e f o c u s t h e e l e c t r o n beam and 

sum t h e coun t s o b t a i n e d a l o n g s e v e r a l t r a v e r s e s . T h i s 

r e s u l t e d i n combined b u l k ana lyses o f h o s t and l a m e l l a e . 

The method has been employed b y s e v e r a l o t h e r w o r k e r s 

( L i n d h , 1973; E l s d o n , 1972; Simmons e t a l . , 1 9 7 4 ) . 

Comparable r e s u l t s were o b t a i n e d f r o m d i f f e r e n t g r a i n s 

a n a l y s e d i n t h e same r o c k sample, s u g g e s t i n g t h a t o r i e n t 

a t i o n e f f e c t s a re n o t an i m p o r t a n t f a c t o r . By employ ing 

t h i s method, an a n a l y s i s can be o b t a i n e d o f what was 

p r e s u m a b l y an o r i g i n a l t i t a n o - m a g n e t i t e . The method o f 

c a l c u l a t i n g t h e m o l e c u l a r p r o p o r t i o n o f u lvdJsp ine l i n 

t h i s t i t a n o - m a g n e t i t e i s e x p l a i n e d i n Append ix I I I . 2 . 4 . , 

and t h e r e s u l t s t a b u l a t e d . The 41 b u l k ana lyses t hus 

o b t a i n e d p r o v e d u s e f u l i n c a l c u l a t i n g t h e f . O ^ o f t he 

N o r t h Qoroq magmas ( s e c t i o n 4 . 1 6 ) . 

4 . 5 . 3 . Chemica l v a r i a t i o n 

The m a j o r c h e m i c a l v a r i a t i o n shown i s a decrease i n 

t h e T i c o n t e n t o f t h e b u l k o x i d e s w i t h f r a c t i o n a t i o n , 

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

be tween u n i t s . The l e a s t e v o l v e d m a r g i n a l r o c k s o f SN.IA 

show up t o 30 w t . % T i O ^ . Oxides f r o m SN.2, SN.4A and SN.4B 

show 18-25 w t . % T i O ^ , and t h o s e f r o m t h e h i g h l y f r a c t i o n a t e d 

i n t e r i o r o f SN. IA and u n i t SN.5 8-14 w t . % TiO^- T h i s 

d i f f e r e n c e i n t h e T i c o n t e n t shows i t s e l f n o t o n l y i n t h e 



p r o p o r t i o n o f i l m e n i t e l a m e l l a e , b u t a l s o i n t he T i 

c o n t e n t o f t h e m a g n e t i t e h o s t . I n o x i d e s showing f i n e 

s c a l e e x s o l u t i o n , i t was p o s s i b l e t o d e t e c t a s l i g h t , 

b u t d e f i n i t e , z o n a t i o n towards T i - p o o r e r r i m s . 

M i n o r e lements p r e s e n t i n t h e o x i d e s a re S i , A l , Cr, 

Ca, Mg and Mn. Of these A l and Mn occur i n t h e g r e a t e s t 

q u a n t i t i e s , and are t h e o n l y e lements t o show a s y s t e m a t i c 

v a r i a t i o n w i t h degree o f f r a c t i o n a t i o n o f t h e h o s t r o c k . 

I n F i g . 4 .15 b o t h t he se e lements are p l o t t e d , i n terms 

o f t h e i r o x i d e s , a g a i n s t w t . % '^^^^ . I t can be seen 

t h a t w i t h f r a c t i o n a t i o n , i . e . a decrease i n TiO^/ t h e 

A l c o n t e n t o f t h e b u l k o x i d e shows a marked decrease , 

and t h e Mn c o n t e n t a s l i g h t dec rease . The decrease i n 

Mn m i r r o r s t h a t shown b y F e / T i o x i d e s f r o m t h e South 

Qoroq C e n t r e , b u t t h e A l v a r i a t i o n i s t h e o p p o s i t e . 

L i n d h (1972) sugges t s t h a t t h e A l c o n t e n t o f a t i t a n o -

m a g n e t i t e i s governed b y a r e a c t i o n o f t h e t y p e g i v e n 

b e l o w : 

FeAl^O^ + SiO^ F e A l . S i O ^ 2 4 2 Z b 

s p i n e l pyroxene 

From t h i s i t w o u l d appear t h a t t h e A l c o n t e n t depends 

on t h e a c t i v i t y o f s i l i c a ( a . S i 0 2 ) i n t h e magma. As a .SiO^ 

w o u l d be expec ted t o decrease w i t h f r a c t i o n a t i o n i n t h e 



F i g . 4 . 1 5 V a r i a t i o n i n t h e Mn and A l c o n t e n t s 
( p l o t t e d as w t . % o x i d e s ) , w i t h t h e 
decrease i n t h e T i c o n t e n t ( w t . % o x i d e ) 
t h a t o c c u r s w i t h i n c r e a s e d f r a c t i o n a t i o n 
s t a t e o f t h e h o s t r o c k . 

Symbols u sed : 

0 - U n i t SN. IA 

^> - U n i t SN.2 

- U n i t PSN.3 

X - U n i t SN.4A 

- U n i t SN.4B 

• - U n i t SN.5 
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u n d e r s a t u r a t e d r o c k s o f N o r t h Qoroq, t h e observed decrease 

i n A l i n t h e o x i d e s i s t h e r e v e r s e o f t h a t e x p e c t e d . 

C l o s e r e x a m i n a t i o n o f F i g . 4.15 shows t h a t many o f t h e 

a n a l y s e s showing h i g h e r A l a re f r o m u n i t s SN.2 and ?SN.3, 

w h i c h a l s o showed h i g h A l c o n t e n t s i n t h e i r amphiboles 

and b i o t i t e s . Perhaps t he se h i g h A l v a l u e s s i m p l y r e f l e c t 

a h i g h A l c o n t e n t i n t h e magmas w h i c h formed SN.2 and 

7SN.3 ( i . e . h i g h a c t i v i t y o f A l 0 ) . 

The e lements Zn and N i were ana lysed f o r b y m i c r o p r o b e , 

b u t were n o t d e t e c t e d , a r e s u l t c o n s i s t e n t w i t h t h e low 

' w h o l e r o c k ' v a l u e s f o r t he se e l e m e n t s . V may be p r e s e n t 

i n s m a l l q u a n t i t i e s , b u t d i f f i c u l t i e s i n s e p a r a t i n g t he V 

and T i peaks d u r i n g p robe a n a l y s i s make t h i s u n c e r t a i n . 

4 . 6 . F e l d s p a r s 

4 . 6 . 1 . I n t r o d u c t i o n 

A l k a l i f e l d s p a r i s t h e m a j o r m i n e r a l phase i n a l l 

u n i t s o f t h e N o r t h Qoroq C e n t r e . I n t h e l e a s t f r a c t i o n a t e d 

r o c k s i t o c c u r s as one o f t h e l a t e r phases, c r y s t a l l i z i n g 

a f t e r o l i v i n e , py roxene and F e / T i o x i d e s . I n more f r a c t 

i o n a t e d r o c k s i t i s e a r l y - f o r m e d , o c c u r r i n g t o g e t h e r w i t h 

n e p h e l i n e . The e f f e c t o f f e l d s p a r f r a c t i o n a t i o n on t h e 

c o m p o s i t i o n o f r e s i d u a l l i q u i d s i s d i s c u s s e d i n Chapter 5. 

The N o r t h Qoroq f e l d s p a r s are p e r t h i t i c and b u l k 

a n a l y s e s o f t he se p e r t h i t e s have been o b t a i n e d . The 
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t e c h n i q u e e i rp loyed was s i m i l a r t o t h a t used f o r t he 

e x s o l v e d F e / T i o x i d e s . The e l e c t r o n beam was defocussed 

t o a p p r o x i m a t e l y 50^Tn , and coun t s accumula ted over a 

t r a v e r s e , t h e t r a v e r s e b e i n g r e p e a t e d f o r a l l e l emen t s . 

For v e r y f i n e l y e x s o l v e d m a t e r i a l o n l y a s h o r t t r a v e r s e 

was neces sa ry t o ensure a r e a s o n a b l e v a l u e f o r t h e b u l k 

f e l d s p a r c o m p o s i t i o n . When coa r se r s c a l e e x s o l u t i o n was 

e n c o u n t e r e d , e . g . SN.5 and i n n e r p a r t s o f SN.IA, i t was 

o f t e n neces sa ry t o p e r f o r m s e v e r a l t r a v e r s e s pe r c r y s t a l , 

and t o average t h e ana lyses f r o m s e v e r a l c r y s t a l s , t o 

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

p r i o r t o e x s o l u t i o n . 

4 . 6 . 2 . S t r u c t u r a l s t a t e and e x s o l u t i o n 

The f e l d s p a r s were t r e a t e d f r o m t h e p o i n t o f v i e w 

o f t h e c h e m i c a l v a r i a t i o n t h e y showed, and n o t t h a t o f 

v a r i a t i o n i n t h e i r s t r u c t u r a l s t a t e . No a t t e m p t was made 

t o d e f i n e s t r u c t u r a l s t a t e , e i t h e r b y X - r a y d i f f r a c t i o n 

methods, o r b y d e t e r m i n a t i o n o f t h e o p t i c a x i a l ang le 

c o u p l e d w i t h c o i t p o s i t i o n . I n v e s t i g a t i o n o f t h e s t r u c t u r a l 

s t a t e o f f e l d s p a r s f r o m Gardar i n t r u s i o n s has p roved 

i n f o r m a t i v e , and t h o s e f r o m N o r t h Qoroq may r epay s i m i l a r 

i n v e s t i g a t i o n . Stephenson (1973) used t h e p l o t o f o p t i c 

a x i a l a n g l e a g a i n s t c o m p o s i t i o n f o r South Qoroq f e l d s p a r s , 

and e s t a b l i s h e d t h a t t h e b u l k o f them f e l l between t h e low 



138. 

a l b i t e - o r t h o c l a s e s e r i e s , and t h e l o w a l b i t e - m i c r . o c l i n e 

s e r i e s . Most N o r t h Qoroq f e l d s p a r s are p r o b a b l y s i m i l a r , 

b u t r a p i d l y c o o l e d , v o l a t i l e - p o o r r o c k s , such as u n i t s 

SN.4A and SN.4B, may c o n t a i n f e l d s p a r s showing a h i g h e r 

s t r u c t u r a l s t a t e . 

The degree o f f e l d s p a r u n m i x i n g i s v e r y v a r i a b l e i n 

t h e N o r t h Qorog r o c k s . F e l d s p a r s f r o m m a r g i n a l SN. IA, 

SN.2, SN.4A and SN.4B are c r y p t o p e r t h i t e s and m i c r o -

p e r t h i t e s , w i t h b l e b s o f a l b i t e i n w h i c h t h e a l i b i t e 

t w i n n i n g i s j u s t d i s c e r n a b l e . The e x t e n t o f u n m i x i n g 

i n c r e a s e s i n an i r r e g u l a r f a s h i o n f r o m co re t o r i m and i s 

more n o t i c e a b l e a l o n g f r a c t u r e s . I n t h e i n t e r i o r o f SN. IA, 

and i n u n i t SN.5, p e r t h i t i c e x s o l u t i o n i s on an e x t r e m e l y 

coa r se s c a l e and i r r e g u l a r , i n t e r l o c k i n g pa t ches o f a l b i t e , 

up t o 1 mm. l o n g , show c l e a r l y d i s c e r n i b l e . a l b i t e t w i n n i n g . 

The p o t a s s i c phase t ends t o be c l o u d y and m i c r o c l i n e 

t w i n n i n g i s never o b s e r v e d . The coarse p e r t h i t e s show 

a l b i t e r i m s and 'swapped r i m s ' , b o t h p r o b a b l y e x s o l u t i o n 

f e a t u r e s . A t t i m e s t h e N a - f e l d s p a r component i s dominant , 

when t h e f e l d s p a r s h o u l d s t r i c t l y be termed a n t i p e r t h i t e s . 

E x s o l u t i o n i n N o r t h Qoroq f e l d s p a r s may be c o n t r o l l e d 

b y a number o f f a c t o r s . F e l d s p a r s f r o m t h e r a p i d l y c o o l e d 

a u g i t e s y e n i t e s and m a r g i n a l r o c k s show f i n e s c a l e e x s o l u t i o n , 

s u g g e s t i n g t h a t r a t e o f c o o l i n g may be a f a c t o r . O c c a s i o n a l 

p o i n t ana lyses were made o f h o s t and a s s o c i a t e d b l e b s i n 
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t h e p e r t h i t e s . These show extreme c o m p o s i t i o n s f o r 

f r a c t i o n a t e d r o c k s , w h i c h , when r e l a t e d t o t h e f e l d s p a r 

s o l v u s , sugges t u n m i x i n g t o a v e r y l o w t e m p e r a t u r e . The 

a u g i t e s y e n i t e f e l d s p a r s show l e s s ext reme c o m p o s i t i o n s , 

c o i r p a t i b l e w i t h u n m i x i n g t o t e m p e r a t u r e s o f 5 0 0 - 6 0 0 ° C . 

There i s , however, w i t h t he se m i c r o p e r t h i t e s t h e p o s s i b i l i t y 

o f n o t h a v i n g been a b l e t o ana lyse p u r e h o s t o r p u r e b l e b , 

and t h e r e s u l t can n o t be v i ewed w i t h much c o n f i d e n c e as 

t h a t f o r t h e more f r a c t i o n a t e d f e l d s p a r s . 

U n d o u b t e d l y o f i m p o r t a n c e w i t h r e g a r d t o t h e e x s o l 

u t i o n phenomenon i s t h e Ca c o n t e n t o f t h e f e l d s p a r s . I n 

many f e l d s p a r s w i t h o p t i c a l l y homogeneous cores and m i c r o -

p e r t h i t e r i m s , t h e co res show h i g h e r C a - v a l u e s . Ca, 

a l t h o u g h r a i s i n g t h e s o l v u s and hence t h e t e m p e r a t u r e a t 

w h i c h u n m i x i n g b e g i n s , i n h i b i t s t h e r a t e o f u n m i x i n g . Th i s 

i s because d i f f u s i o n o f t h e d i v a l e n t Ca i o n i n t o t h e s o d i c 

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

a l u m i n o - s i l i c a t e f r amework and hence a h i g h energy i n p u t , 

whereas d i f f u s i o n o f Na and K i o n s does n o t . 

A f u r t h e r i i r p o r t a n t f a c t o r i s t h e p r o b a b l e presence 

o f a v o l a t i l e phase . Smi th (1974) sugges ts t h a t i n t e r 

l o c k i n g p e r t h i t e s , a common f e a t u r e o f t h e more f r a c t i o n a t e d 

r o c k s o f N o r t h Qoroq, a re i n d i c a t i v e o f metasomatism. The 

c o n c e n t r a t i o n o f c o a r s e r p e r t h i t e a long f r a c t u r e s and 

a round c r y s t a l marg ins a l s o suggests t h a t e x s o l u t i o n i s 
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b e i n g a i d e d by a v o l a t i l e phase . Emeleus and Smi th (1959) 

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

u r a l s t a t e . T h i s has been c o n f i r m e d b y M a r t i n (1969) , 

who d e m o n s t r a t e d e x p e r i m e n t a l l y t h a t t h e presence o f sodium 

d i s i l i c a t e (Na S i 0 ) g r e a t l y a i d s t h e a t t a i n m e n t o f a l ow 

s t r u c t u r a l s t a t e b y a l b i t e ( a t 300°C and lOKb. P-H^O). He 

c l a i m s t h a t t h e w idesp read o c c u r r e n c e o f o r d e r e d a l b i t e 

sugges t s t h e common p resence o f a p e r s o d i c f l u i d i n c e r t a i n 

i g n e o u s r o c k s . H i g h l y f r a c t i o n a t e d members o f the N o r t h 

Qoroq C e n t r e a re p e r s o d i c , c o n t a i n i n g acmi t e and o c c a s i o n 

a l l y sodium m e t a s i l i c a t e (Na^SiO^.) i n t h e norm. The 

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

degree o f e x s o l u t i o n and p r o b a b l y s t r u c t u r a l s t a t e i n N o r t h 

Qoroq f e l d s p a r s i s t h e p resence o f a p e r s o d i c l i q u i d , 

e i t h e r magmatic , o r more p r o b a b l y a c o - e x i s t i n g vapour 

phase (Chapter 6 ) . Other f a c t o r s , such as v a r i a b l e Ca 

c o n t e n t s and v a r i a b l e r a t e s o f c o o l i n g , may a l s o c o n t r i b u t e 

t o t h e f i n a l s t a t e o f t h e f e l d s p a r s . 

M e n t i o n must be made o f t h e p r o b l e m a t i c a l f e l d s p a r 

t y p e s encoun t e r ed i n u n i t s SN.4A and SN.4B, and d e s c r i b e d 

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

c l e a r u n t w i n n e d cores and m i c r o p e r t h i t i c r i m s , t h e two 

b e i n g s epa ra t ed b y a ' d u s t i n g ' o f t i n y rounded pyroxene 

a n d / o r a n p h i b o l e c r y s t a l s . Rare cores showing d i f f u s e 
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c r o s s - h a t c h t w i n n i n g , r e m i n i s c e n t o f a n o r t h o c l a s e , proved 

t o be o l i g o c l a s e on a n a l y s i s . Smith and Muir (1958), des

c r i b i n g o l i g o c l a s e from t h e i r 'Sp.8 f e l d s p a r ' from t h e 

Oslo l a r v i k i t e s , comment t h a t these show b o t h a l b i t e and 

p e r i c l i n e t w i n n i n g , so r e s e m b l i n g a n o r t h o c l a s e . 

P l a g i o c l a s e cores t o p e r t h i t i c a l k a l i f e l d s p a r are 

f r e q u e n t l y mentioned i n t h e l i t e r a t u r e . Among Gardar 

workers Upton {1964a) g i v e s a d e t a i l e d d e s c r i p t i o n , w i t h 

sketches, o f s i m i l a r p r o b l e m a t i c a l f e l d s p a r s from t h e 

T u g t u t o q c e n t r a l r i n g complex. Parsons (1972) d e s c r i b e s 

p l a g i o c l a s e cores from g r a n i t i c r o c ks o f t h e Puklen 

i n t r u s i o n , p r e f e r r i n g t o e x p l a i n them as b e i n g x e n o c r y s t s 

a s s i m i l a t e d from t h e n e i g h b o u r i n g J u l i a n e h a b g r a n i t e . 

Stephenson (1973) d e s c r i b e s o l i g o c l a s e cores f o r f e l d s p a r s 

o f u n i t SS.4B o f South Qoroq and Anderson (1974) s i m i l a r 

cores t o f e l d s p a r s from t h e N u n a r s s u i t s y e n i t e and B i o t i t e 

g r a n i t e . P r o b a b l y t h e b e s t documented example i s presente d 

b y t h e l a r v i k i t e s o f t h e Oslo r e g i o n (Muir and Smith, 1956; 

Smith and Muir, o p i i c i t . ; H a r n i k , 1969). 

The f i r s t p r oblem p r e s e n t i n g i t s e l f i s whether these 

r o c k s are sub-solvus, two f e l d s p a r monzonites, or hyper-

s o l v u s , one f e l d s p a r s y e n i t e s showing a simple f r a c t i o n a t i o n 

sequence f r o m p l a g i o c l a s e t o a l k a l i f e l d s p a r . Workers on 

t h e Oslo l a r v i k i t e s have expressed b o t h views, b u t Smith 
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and Muir conclude t h a t t h e y are s i n g l e f e l d s p a r r o c k s . 

Upton ( o p . c i t . ) encounters a s i m i l a r problem f o r f e l d s p a r s 

from t h e T u g t u t o q c e n t r a l r i n g complex. S y e n i t e s o f t h e 

N o r t h Qoroq Centre are d e f i n i t e l y h y p e r - s o l v u s , c o n t a i n i n g 

a s i n g l e f e l d s p a r , and i t seems u n l i k e l y t h a t t h e SN.4 

u n i t s , t h o u g h t from t h e i r p e t r o g r a p h y t o be r e l a t i v e l y 

d r y , would be sub - s o l v u s . I t i s proposed t h e r e f o r e , t h a t 

t h e p l a g i o c l a s e r e p r e s e n t s an e a r l y formed member o f t h e 

f e l d s p a r s e r i e s which, i f e q u i l i b r i u m had been main t a i n e d , 

would have been r e s o r b e d t o become a l i m e - r i c h a l k a l i 

f e l d s p a r . E x a m i n a t i o n o f Bowen's o r i g i n a l work on t h e 

s i m p l e system Ab-An (1912), shows t h a t o l i g o c l a s e c o u l d 

p r e c i p i t a t e from a l i q u i d c o n t a i n i n g as l i t t l e as 1 w t . % 

CaO. 

F i g . 4.16 shows probe t r a c e s across a f e l d s p a r pheno-

c r y s t from SN.4A. The core o f o l i g o c l a s e can be seen t o 

c o n t a i n o c c a s i o n a l t h i n zones (~20nm) o f B a - r i c h K - f e l d s p a r , 

a f e a t u r e noted i n Oslo l a r v i k i t e p l a g i o c l a s e cores (Harnik, 

o p - c i t . ) . The r i m c o n s i s t s o f t y p i c a l m i c r o p e r t h i t e . The 

c h a r a c t e r i s t i c sharp c o r t p o s i t i o n a l break between core and 

r i m i s v e r y n o t i c e a b l e i n these t r a c e s . These l a r g e 

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

t o have formed a t de p t h . I t may be t h a t t h e r i s e o f t h e 

magma t o t h e s u r f a c e and consequent p r e s s u r e drop removed 

s o d i c p l a g i o c l a s e from t h e l i q u i d u s s u r f a c e , and t h a t when 



Fig„4„16 The r e s u l t s o f a probe t r a v e r s e f o r 
s e l e c t e d elements across a f e l d s p a r 
p h e n o c r y s t f r o m u n i t SN,4A. 
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f e l d s p a r r e t u r n e d t o the l i q u i d u s a t low pr e s s u r e , i . e . 

when t h e magma was emplaced, i t s c o m p o s i t i o n was t h a t o f 

an a l k a l i f e l d s p a r . Jorgensen (1971) proposed a s i m i l a r 

p r e s s u r e c o n t r o l t o account f o r c o i t p o s i t i o n a l change i n 

p l a g i o c l a s e f e l d s p a r s . He demonstrated t h a t a drop i n 

p r e s s u r e moves t h e p l a g i o c l a s e - p y r o x e n e phase boundary i n 

t h e system Ab-An-Di, and r e s u l t s i n a l i q u i d t h a t was 

o r i g i n a l l y c r y s t a l l i z i n g p l a g i o c l a s e now c r y s t a l l i z i n g 

p yroxene. When p l a g i o c l a s e r e t u r n s t o t h e l i q u i d u s , 

a f t e r a p e r i o d o f pyroxene c r y s t a l l i z a t i o n , i t i s much 

more s o d i c . 

The d u s t i n g o f f i n e pyroxene and a i t p h i b o l e c r y s t a l s 

o c c u r r i n g between core and r i m p r o b a b l y r e p r e s e n t s m a l l 

c r y s t a l s t r a p p e d when t h e f e l d s p a r resumed c r y s t a l l i z a t i o n . 

4.6.3. Major element v a r i a t i o n 

The major element v a r i a t i o n f o r t h e f e l d s p a r s i s g i v e n 

i n F i g , 4.17, i n terms o f t h e end members Ab-An-Or. U n i t s 

SN.2, SN.4A and SN,4B show t h e e a r l y formed p l a g i o c l a s e 

cores, p l o t t i n g i n t h e f i e l d o f o l i g o c l a s e . F i g . 4.16 

demonstrated t h e presence o f K i n t h e cores, which from 

F i g . 4.17 can be seen t o be u s u a l l y low, b u t o c c a s i o n a l l y 

r e a c h i n g almost 12 w t . % Or. The c l e a r c o m p o s i t i o n a l break 

between these c o m p o s i t i o n s and t h e p e r t h i t i c a l k a l i f e l d s p a r s 

i s a p parent. A s u r p r i s i n g f e a t u r e o f t h e a l k a l i f e l d s p a r s 



Fig.4.17 The major element v a r i a t i o n shown by 
t h e f e l d s p a r s o f N o r t h Qoroq, i n terms 
o f t h e end members A l b i t e - A n o r t h i t e -
O r t h o c l a s e . Each s y e n i t e u n i t i s 
p l o t t e d s e p a r a t e l y . 

Symbols used: 

• - F e l d s p a r s f r o m normal r o c k s 
O - F e l d s p a r s f r o m r e c r y s t a l l i z e d 

r o c k s 
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i s t h e i r extreme v a r i a b i l i t y from O r - r i c h t o A b - r i c h 

members. This v a r i a b i l i t y was c a r e f u l l y checked and 

r e f l e c t s a t r u e change i n c o n p o s i t i o n . For c o a r s e l y 

e x s o l v e d f e l d s p a r s t h e p o i n t s p l o t t e d r e p r e s e n t t h e 

average o f s e v e r a l g r a i n s , each g r a i n b e i n g analysed 

over a c o n s i d e r a b l e area. Zoning can be d e t e c t e d i n 

i n d i v i d u a l c r y s t a l s i f t h e y are n o t t o o p e r t h i t i c . An-

r i c h a l k a l i f e l d s p a r cores t e n d t o zone towards more 

An-poor, K - r i c h r i m s . I n t h e low An f e l d s p a r s z o n a t i o n 

f r o m c o r e t o r i m proceeds e i t h e r towards Na o r K e n r i c h 

ment. The groundmass f e l d s p a r s c o - e x i s t i n g w i t h n e p h e l i n e 

are r e l a t i v e l y o r t h o c l a s e r i c h . An e x p l a n a t i o n must be 

p r o v i d e d , b o t h f o r t h e e x t e n t o f v a r i a b i l i t y i n t h e 

f e l d s p a r c o i t p o s i t i o n s , and t h e v a r i a b l e t r e n d s towards 

b o t h Na and K-enrichment. 

C o n s i d e r a t i o n o f t h e e x p e r i m e n t a l system NaAlSiO^ -

KAlSiO - SiO - H O ( H a m i l t o n and MacKenzie, 1965) h e l p s 

t o e l u c i d a t e t h i s problem. A d i s c u s s i o n on l i q u i d l i n e s 

o f descent shown by N o r t h Qoroq r o c k s i s r e s e r v e d f o r 

Chapter 5, b u t i t can be mentioned here t h a t a l i c f u i d 

c l o s e t o t h e f e l d s p a r boundary i n t h e r e s i d u a system, 

and on t h e p o t a s s i c s i d e o f t h e unique f r a c t i o n a t i o n curve 

( H a m i l t o n and MacKenzie, o p . c i t . F i g . 3 ) , w i l l i n i t i a l l y 

p r e c i p i t a t e an e x t r e m e l y p o t a s s i c f e l d s p a r , which w i l l be 

zoned t o more s o d i c r i m s . When t h e l i q u i d reaches t h e 
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n e p h e l i n e - f e l d s p a r phase boundary, and n e p h e l i n e c r y s t a l 

l i z e s , a more p o t a s s i c f e l d s p a r i s a g a i n produced. The 

f i n a l f e l d s p a r t o c r y s t a l l i z e w i l l have a c o m p o s i t i o n 

around t h e Or Ab^ p o i n t , which i s where many o f t h e 50 50 ^ 

N o r t h Qoroq groundmass f e l d s p a r s occur. The A n - r i c h 

a l k a l i f e l d s p a r s , showing z o n a t i o n towards K - r i c h Ca-poor 

r i m s , occur i n r o c k s c o n t a i n i n g a p p r e c i a b l e m a f i c m i n e r a l s 

and can n o t be r e p r e s e n t e d by t h e r e s i d u a system. For t h e 

o t h e r f e l d s p a r s t h e ob s e r v a b l e v a r i a t i o n can be e x p l a i n e d 

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

e q u i l i b r i a r e l a t i o n s . A l t e r n a t i v e l y , complex f r a c t i o n a t i o n 

c u r v e s , such as those suggested by Nash e t a l . (1969) t o 

e x p l a i n s i m i l a r z o n a t i o n i n Mt. Suswa f e l d s p a r s , would 

produce t h e r e q u i r e d K and Na enrichment observed i n North 

Qoroq f e l d s p a r s . 

I t s h ould be mentioned t h a t a number o f t h e K - r i c h 

f e l d s p a r s occur i n r e c r y s t a l l i z e d r o c k s where K-metasomatism 

may be a f a c t o r . 

Stephenson (1973, pp.107) m a i n t a i n s t h a t i t i s necessary 

f o r f e l d s p a r s from South Qoroq t o cross t h e 5Kb. c o t e c t i c 

(Yoder e t a l . , 1957). I t i s arguable t h a t t h e c o t e c t i c a t 

5Kb. i s h a r d l y a p p r o p r i a t e f o r e i t h e r N o r t h or South Qoroq 

r o c k s , w h i c h must have formed a t h i g h e r l e v e l s and much 

reduced p r e s s u r e s . P u t t i n g aside t h i s f a c t o r , , t h e r e i s no 
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r e a s o n why f e l d s p a r c o n p o s i t i o n s should n o t cross t h e 

c o t e c t i c , as i t o n l y r e p r e s e n t s a b a r r i e r f o r l i q u i d s o f 

f e l d s p a r c o m p o s i t i o n . Both N o r t h and South Qoroq l i q u i d s 

must have r a p i d l y proceeded towards t h e u n d e r s a t u r a t e d 

minimum i n t h e r e s i d u a system, and hence are not r e p r e s 

ented b y t h e system Ab-An-Or. I t i s t h e l i q u i d which must 

n o t a r b i t r a r i l y c r o ss phase b o u n d a r i e s . The f e l d s p a r 

c o m p o s i t i o n s c r y s t a l l i z i n g from t h i s l i q u i d are not 

s i m i l a r l y r e s t r i c t e d . 

4.6.4. Trace element v a r i a t i o n 

Among t h e t r a c e elements analysed f o r Fe, Mg and T i 

were p r e s e n t i n s m a l l q u a n t i t i e s . No s y s t e m a t i c v a r i a t i o n 

i n t h e s e elements was observed. The o n l y t r a c e element 

p r e s e n t i n s i g n i f i c a n t amounts was Ba, which could reach 

v a l u e s o f 1 w t . % BaO. I t was found c o n c e n t r a t e d i n f e l d 

s pars from t h e l e a s t f r a c t i o n a t e d r o c k s , and reached t h e 

h i g h e s t v a l u e s i n t h e margins o f u n i t SN.IA. F i g . 4.18 

shows t h e c o n c e n t r a t i o n o f BaO i n t h e f e l d s p a r , a g a i n s t 

d i s t a n c e from a u n i t ' s margins f o r SN.IA and SN.4 (A and 

B) . I t can be seen t h a t t h e Ba c o n t e n t decreases r a p i d l y 

as t h e more h i g h l y f r a c t i o n a t e d i n t e r i o r s o f u n i t s are 

approached. U n i t SN.IA shows a more r a p i d i n c r e a s e i n 

degree o f f r a c t i o n a t i o n from margin t o core o f the u n i t 

t h a n e i t h e r o f t h e SN.4 u n i t s . This i s p a r a l l e l e d b y 

t h e more r a p i d decrease i n t h e Ba c o n t e n t o f the f e l d s p a r s . 



Fig.4.18 The v a r i a t i o n i n Ba c o n t e n t s o f t h e 
f e l d s p a r s w i t h d i s t a n c e from t h e 
margins o f a u n i t . 

Symbols used: 

O - U n i t SN.IA 
X - U n i t s SN.4A and SN.4B 
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Many workers have s t a t e d t h a t Ba r e a d i l y s u b s t i t u t e s f o r 

K i n t h e f e l d s p a r s t r u c t u r e (Flower, 1973; Smith, o p . c i t . ) . 

An i n s p e c t i o n o f F i g . 4,16 c o n f i r m s t h e s t r o n g p o s i t i v e 

c o r r e l a t i o n o f Ba and K. Indeed, by v i r t u e o f th e d i v a l e n t 

n a t u r e o f Ba, i t i s tak e n p r e f e r e n t i a l l y i n t o t h e f e l d s p a r 

s t r u c t u r e . The massive c o n c e n t r a t i o n s o f Ba i n t h e margins 

o f u n i t s , p a r t i c u l a r l y SN.IA, suggests t h a t here, one had 

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

f r om t h e magma. Any p r e v i o u s c r y s t a l l i z a t i o n a t depth would 

r a p i d l y have d e p l e t e d t h e magma i n Ba. The c o n s i s t e n t l y 

low Ba v a l u e s from u n i t SN.5 suggest t h a t c r y s t a l l i z a t i o n 

and f r a c t i o n a t i o n o f a l k a l i f e l d s p a r t o o k p l a c e a t depth, 

and t h a t a Ba-depleted magma was emplaced. 

Sr and Rb never o c c u r r e d i n s u f f i c i e n t q u a n t i t i e s i n 

t h e f e l d s p a r t o be d e t e c t e d by e l e c t r o n probe. 

4.6.5. The f e l d s p a r s o l v u s , T and P«H^O 

The h y p e r - s o l v u s n a t u r e o f N o r t h Qoroq f e l d s p a r s s e t s 

l i m i t s on th e t e m p e r a t u r e and P.Ĥ O o f t h e i r f o r m a t i o n , as 

beyond these l i m i t s , i . e . a t lower temperatures or h i g h e r 

P.H^O, t h e i n t e r s e c t i o n o f so l v u s and s o l i d u s would have 

r e s u l t e d i n t h e s e p a r a t i o n o f 2 f e l d s p a r s . Maximum P.Ĥ O 

and minimum t e r t p e r a t u r e s have been o b t a i n e d f o r o t h e r 

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

f e l d s p a r c o m p o s i t i o n (Parsons, 1965; Morse, 1969; Parsons, 

1972; Parsons and Smith, 1974). 
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The f i r s t p r o blem i s t h e choi c e o f s u i t a b l e s o l v u s 

and l i q u i d u s (and hence s o l i d u s ) d a t a . The solvus used 

i s t h a t determined by Smith and Parsons (1974) a t 1 Kb. 

P.H^O. Th i s s o l v u s i s i n c l o s e agreement w i t h t h a t d e t e r 

mined by O r v i l l e (1963), when a s u i t a b l e p r e s s u r e c o r r 

e c t i o n (16°/Kb.) i s a p p l i e d , and a l s o w i t h t h a t o f Thonpson 

and Wauldbaum (1969), u s i n g d a t a o f O r v i l l e , and Lut h and 

T u t t l e (1966). L i q u i d u s d a t a was o b t a i n e d f o r t h e Ab-Or 

system under v a r y i n g P.Ĥ O from Bowen and T u t t l e (1958). 

These d a t a , however, are o n l y a p p l i c a b l e t o ro c k s l y i n g 

on t h e f e l d s p a r d i v i d e i n t h e r e s i d u a system. For under-

s a t u r a t e d r o c k s , l i q u i d u s d a t a was t a k e n from H a m i l t o n and 

MacKenzie ( o p . c i t . ) f o r 1 Kb. P.H^O, and Morse f o r 5 Kb. 

P.H^O. The change i n l i q u i d u s temperatures between these 

v a l u e s was assumed t o p a r a l l e l t h e Ab-Or l i q u i d u s . The 

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

by 16°/Kb. a p p r o x i m a t e l y . A n o r t h i t e i n t h e f e l d s p a r s 

d r a m a t i c a l l y r a i s e s t h e s o l v u s ; B a c k i n s k i and M i i l l e r (1971), 

from d a t a o f Morse, s t a t e t h a t t h e s o l v u s i s r a i s e d by 

33°C/mol.%An. 

Hence da t a are a v a i l a b l e on t h e s o l v u s a t 1 Kb. P.Ĥ O, 

and on t h e e f f e c t o f p r e s s u r e and Ca c o n t e n t on t h i s s o l v u s . 

L i q u i d u s d a t a a p p r o p r i a t e t o No r t h Qoroq magmas are a l s o 

known, t o g e t h e r w i t h v a r i a t i o n o f l i q u i d u s temperatures 

w i t h changing P.E^O. I t i s p o s s i b l e t o take t h e b u l k 
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f e l d s p a r analyses and o b t a i n a maximum temperature, below 

which two f e l d s p a r s would form i n s t e a d o f t h e one observed. 

Using t h i s t e n p e r a t u r e , a maximum v a l u e f o r the water 

p r e s s u r e can be c a l c u l a t e d , above which two f e l d s p a r s 

would a g a i n form. The r e s u l t s o b t a i n e d f o r v a r i o u s u n i t s 

are g i v e n i n Table 4. 

UNIT 

SN. l A ( m a r g i n a l ) 
S N . I A ( i n t e r i o r ) 
SN.IB 
SN.2 
7SN.3 
SN.4A 
SN.4B 
SN.5 

TABLE 4 

o 
Tmm. C 

745 
665 
625 
83 5 
685 
820 
865 
675 

P.H^P max. bars 
( n e a r e s t 5 C) (nearest 100 bars) 

2700 
2200 
5000 
1300 
3200 
1500 
1000 
2200 

The l i m i t i n g v a l u e s o b t a i n e d f o r c e r t a i n u n i t s are 

not p a r t i c u l a r l y i n f o r m a t i v e b u t f o r u n i t s SN.2, SN.4A 

and SN.4B h i g h c r y s t a l l i z a t i o n temperatures are i n d i c a t e d 

and r e l a t i v e l y low v a l u e s f o r P.H^O. Thompson and MacKenzie 

(1967) demonstrated t h a t i n l a t e stage p e r a l k a l i n e r o cks 

acmite l o w e r s t h e l i q u i d u s s l i g h t l y and sodium m e t a s i l i c a t e 

more markedly. A l k a l i c h l o r i d e s a l s o produce a marked 

drop i n l i q u i d u s t e m p e r a t u r e s . The e f f e c t o f these 
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components, p r e s e n t i n N o r t h Qoroq s y e n i t e s , i s i g n o r e d 

i n t h e c a l c u l a t i o n s , b u t t h e y w i l l serve t o f u r t h e r lower 

P.H^O max. This suggests t h a t SN.4A f e l d s p a r s , f o r example, 

were c r y s t a l l i z e d a t t e r t p e r a t u r e s i n excess o f 865°C and a t 

a ^''^2'^ w e l l below 1000 b a r s . These r e s u l t s are discussed 

f u r t h e r i n t h e thermodynamics s e c t i o n ( 4 . 1 6 . ) . 

4.7. N epheline 

4.7.1. I n t r o d u c t i o n 

N e pheline o n l y occurs as a major phase i n the more 

f r a c t i o n a t e d o f t h e N o r t h Qoroq s y e n i t e s . I n m a r g i n a l 

SN.IA, SN.2, SN.4A and SN.4B t h e n e p h e l i n e i s r e s t r i c t e d 

t o s m a l l i n t e r s t i t i a l patches, and i s one o f t h e l a s t 

phases t o c r y s t a l l i z e . Moving i n t o more f r a c t i o n a t e d p a r t s 

o f SN.IA and i n u n i t SN.5, n e p h e l i n e r a p i d l y begins t o 

c o n s t i t u t e a g r e a t e r p r o p o r t i o n o f the r o c k . Together w i t h 

f e l d s p a r , i t tends t o be an e a r l y formed phase and occurs 

as l a r g e e u h e d r a l c r y s t a l s . I n these f r a c t i o n a t e d s y e n i t e s 

t h e n e p h e l i n e may be rimmed and p a r t l y r e p l a c e d by 

c a n c r i n i t e . The v a r i a t i o n i n n e p h e l i n e paragenesis, from 

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

i o n a t e d l a t e stage s y e n i t e s , i s comparable t o t h a t d e s c r i b e d 

b y Upton (1964b) f o r t h e H v i d d a l composite dyke, and by 

Stephenson (1973) f o r South Qoroq s y e n i t e s . 



An i n t e r e s t i n g mode of nepheline occurrence i s as 

blebs i n a l k a l i f e l d s p a r phenocrysts. This only occurs 

i n the augite s y e n i t e s and a s i m i l a r phenomenon has been 

described by Widenfalk (1972) for Oslo l a r v i k i t e s . He 

suggests that these blebs are an exsolution feature, and 

tha t l a r v i k i t i c f e l d s p a r s can contain 13-14 mol.% 

nepheline i n s o l i d s o l u t i o n . C e r t a i n l y , when considering 

a l l the North Qoroq feldspar analyses, there i s a tendency 

for them to show a s l i g h t s i l i c a d e f i c i e n c y , i n d i c a t i n g 

nepheline i n s o l i d s o l u t i o n . According to Widenfalk the 

nepheline 'exsolution process' i s encouraged by Ca i n the 

f e l d s p a r s and indeed, f e l d s p a r s from North Qoroq showing 

t h i s property have r e l a t i v e l y high Ca contents (up to 8 

mol.% An). The nepheline blebs i n a s i n g l e feldspar are 

i n o p t i c a l c o n t i n u i t y , suggesting exsolution, and against 

c o - p r e c i p i t a t i o n with f e l d s p a r i s the f a c t that nepheline 

i n the remainder of the s l i d e i s markedly i n t e r s t i t i a l and 

obviously formed a f t e r the f e l d s p a r . 

A l t e r a t i o n of nepheline i s common. I n SN.lB i t 

f r e q u e n t l y a l t e r s to a n a l c i t e containing p a r a l l e l peg-like 

c r y s t a l s of c a n c r i n i t e . A l t e r n a t i v e l y , nepheline may a l t e r 

to a n a l c i t e containing small mica c r y s t a l s orientated i n 

two mutually perpendicular d i r e c t i o n s . The most common 

type of a l t e r a t i o n i s to ' g i e s e c k i t e ' , where the nepheline 
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i s p a r t l y or completely a l t e r e d to a very fine-grained 

micaceous aggregate. 

Probe analyses were obtained using a defocu.ssed beam 

to prevent specimen decay, and analyses are tabulated i n 

Appendix I I I . 4 . 

4.7.2. Chemical v a r i a t i o n 

Most n a t u r a l nephelines, i n e q u i l i b r i u m with a l k a l i 

f e l d s p a r , have a l i m i t e d quantity of s i l i c a i n s o l i d 

s o l u t i o n . Previous workers have tended to r e f e r to t h i s 

as 'excess s i l i c a ' , and p l o t t e d nepheline analyses i n 

terms of the three end members, nepheline, k a l s i l i t e and 

'excess s i l i c a ' . North Qoroq nephelines are plotted i n 

a s i m i l a r fashion i n F i g . 4.19. Hamilton and MacKenzie 

(1960) and Hamilton (1961) determined the extent of the 

n e p h e l i n e - s i l i c a s o l i d s o l u t i o n at 500, 700 and 775°C 

(P.H^O = 1 Kb.). These l i m i t s , together with the approx

imate l i m i t at 1068°C, are a l s o given i n F i g . 4.19. 

The amount of excess s i l i c a i n nepheline has been 

used as an i n d i c a t i o n of temperature of formation. Barth 

(1963) p o i n t s out that, to use t h i s geothermometer, 

extremely accurate analyses are required, not only for SiO^, 

but for a l l elements. A further c o n p l i c a t i o n a r i s e s from 

p o s t - c r y s t a l l i z a t i o n r e - e q u i l i b r a t i o n . T i l l e y (1954) 

s t a t e d t h a t p l u t o n i c nephelines r e - e q u i l i b r a t e d at sub-

s o l i d u s temperatures and t h e i r compositions approached what 



Fig.4.19 The v a r i a t i o n shown by North Qoroq 
nepheline a n a l y s e s i n terms of the 
t h r e e end members, nepheline (Ne), 
k a l s i l i t e (Ks) and 'excess s i l i c a ' 
(3102). The an a l y s e s taken from the 
more f r a c t i o n a t e d r o c k s are o u t l i n e d 
and l a b e l l e d as f i e l d 'A', whereas 
those from the l e s s f r a c t i o n a t e d 
u n i t s , SN.4A and SN.4B, are o u t l i n e d 
and l a b e l l e d as f i e l d 'B'. A l s o 
marked on the f i g u r e are the l i m i t s 
of n e p h e l i n e - s i l i c a s o l i d s o l u t i o n 
a t v a r i o u s temperatures (Hamilton 
and MacKenzie, 1960; Hamilton, 1951). 
M-B r e f e r s t o the 'Morozewicz Buerger 
convergence f i e l d ' ( T i l l e y , 1954; see 
t e x t ) . 
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he termed the 'Morozewicz-Buerger convergence f i e l d ' . 

T u t t l e and Smith (1958) suggested that at low temperat

ures the composition Na.KAl^Si .0.^ was a confound, and 
3 4 4 ib 

t h i s was the i d e a l composition towards which nephelines 

r e - e q u i l i b r a t e d on cooling. Hamilton (op.cit.) proposed 

t h a t nepheline might r e - e q u i l i b r a t e with the magma by Al 

r e p l a c i n g S i and by a l k a l i exchange, but that i n the 

subsolidus condition the a l u m i n o s i l i c a t e framework could 

not be a l t e r e d and r e - e q u i l i b r a t i o n was l i m i t e d to Na/K 

exchange. 

I f F i g . 4.19 i s examined with these f a c t o r s i n mind, 

a number of points emerge. Nephelines from the more 

f r a c t i o n a t e d rocks, o u t l i n e d as f i e l d A, p l o t more towards 

the ' i d e a l c o n ^ o s i t i o n ' than those from u n i t s SN.4A and 

SN.4B, o u t l i n e d as f i e l d B. This may i n d i c a t e that 

nephelines i n SN.4A and SN.4B did form at a higher temp

e r a t u r e than those from the other u n i t s . C e r t a i n l y , both 

these u n i t s give the appearance of being d r i e r and hotter 

bodies of magma. Higher s i l i c a content, and the more 

so d i c nature of SN.4A and SN.4B nephelines may, however, 

simply r e f l e c t more r a p i d cooling and l e s s opportunity for 

r e - e q u i l i b r a t i o n . Much of the Na/K v a r i a t i o n shown on the 

fi g u r e may be due to a degree of subsolidus exchange with 

f e l d s p a r . This i s f u r t h e r i n d i c a t e d by rims of nepheline 

a g a i n s t feldspar, which tend to be more K - r i c h than e i t h e r 
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nepheline cores, or rims a g a i n s t other minerals. The 

blebs of nepheline i n the f e l d s p a r s of SN.4A and SN.4B 

show l i t t l e compositional v a r i a t i o n from the normal 

groundmass nephelines. 

The North Qoroq nephelines p l o t outside the 

Morozewicz-Buerger convergence f i e l d , as do those of 

South Qoroq and the Kangerdlugssuaq s y e n i t e (Kempe and 

Deer, 1970). This suggests minimal subsolidus r e -

e q u i l i b r a t i o n p a r t i c u l a r l y for SN.4A and SN.4B. I f core 

analyses of nepheline are considered, t h i s w i l l minimise 

sub-solidus Na/K exchange with feldspar, and i n the 

thermodynamics s e c t i o n compositions such as these have 

been used, together with those of c o - e x i s t i n g feldspar, 

i n a nepheline-feldspar geothermometer. 

Nash et al.(1969) points out that s o d a l i t e 

c o - p r e c i p i t a t i n g with nepheline renders the nepheline 

geothermometer u s e l e s s . S o d a l i t e g e n e r a l l y forms a f t e r 

nepheline i n North Qoroq (although i t may c o - p r e c i p i t a t e 

with groundmass nepheline and fel d s p a r ) and so t h i s 

problem can be neglected. I t i s i n t e r e s t i n g to note that 

Stephenson (1973), analysing nephelines surrounded by 

s o d a l i t e from South Qoroq rocks, found them to have no 

'excess s i l i c a ' , thus supporting the contention of Nash. 

Two analyses were made of the patches of ' g i e s e c k i t e ' 

a l t e r a t i o n occurring i n many of the nephelines. These 
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r e v e a l t h a t K, A l and S i are v i r t u a l l y i d e n t i c a l to that 

of the o r i g i n a l nepheline, but that Na has been e x t e n s i v e l y 

removed, apparently being replaced by water. 

Trace elements are v i r t u a l l y absent from the nephelines, 

Ca, as with most p l u t o n i c nephelines, i s extremely low, 

averaging 0.12 wt.% CaO i n the augite s y e n i t e s and being 

e f f e c t i v e l y absent from the more f r a c t i o n a t e d rocks. The 

only other t r a c e element occurring i n any quantity i s Fe 

which reaches 0.4-0.5 wt.% FeO i n the augite s y e n i t e s and 

0.6-0.8 wt.% FeO i n more f r a c t i o n a t e d rocks. 

4.8. C a n c r i n i t e 

C a n c r i n i t e occurs only i n the more fr a c t i o n a t e d rocks. 

I t may rim and embay nepheline, or occur together with 

a n a l c i t e i n i n t e r s t i t i a l patches. I n SN.lB i t a l s o occurs 

as peg-shaped lame l l a e i n a n a l c i t e , pseudomorphing o r i g i n a l 

nepheline. I t i s a c h a r a c t e r i s t i c mineral of u n i t ?SN.3, 

where i t occurs as a major phase, i n t e n s e l y embaying and 

r e p l a c i n g nepheline. 

The presence of c a n c r i n i t e suggests a l a t e stage 

b u i l d up of CO^ i n the magma. This i s further indicated 

by the presence of i n t e r s t i t i a l c a l c i t e , associated with 

c a n c r i n i t e . Although nepheline i s rimmed by c a n c r i n i t e , 

no examples were found of the r e a c t i o n sequence described 

by Saether (1957) of nepheline, rimmed by c a n c r i n i t e , 
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which i n turn i s rimmed by c a l c i t e . Koster van Groos 

and W y l l i e (1968) demonstrated the presence of a wide 

m i s c i b i l i t y gap between s i l i c a t e l i q u i d s and Na^CO^ 

l i q u i d s . I t i s p o s s i b l e t h a t c a n c r i n i t e and c a l c i t e 

are i n d i c a t i v e of the l a t e stage formation of an 

immiscible carbonate l i q u i d , due to steady b u i l d up of 

carbonate i n the s i l i c a t e magma. This separate carbonate 

l i q u i d may have remained trapped, and c r y s t a l l i z e d i n the 

i n t e r s t i c e s of the s y e n i t e . 

Two analyses of c a n c r i n i t e were made and are 

tabulated i n Appendix I I I . 4 . Of the determined elements 

only S i , A l , Ca and Na were present i n more than t r a c e 

amounts. Although carbonate was not analysed for, the 

low concentration of S confirms that the mineral i s c l o s e 

to end member c a n c r i n i t e i n the c a n c r i n i t e - v i s h n e v i t e 

s o l i d s o l u t i o n s e r i e s . 

4.9. S o d a l i t e 

S o d a l i t e occurs i n t e r s t i t i a l l y i n the vas t m a j o r i t y 

of specimens. I t i s most e a s i l y recognised under u l t r a 

v i o l e t l i g h t , where i t f l u o r e s c e s a v i v i d orange colour, 

probably due to the presence of small q u a n t i t i e s of 

sulphide (Kirk, 1955). I n the augite s y e n i t e s i t i s a 

ve r y minor phase, or even absent, whereas i n more evolved 
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rocks, although s t i l l i n t e r s t i t i a l , i t tends to form 

i n l a r g e wedge shaped patches or, more r a r e l y , to 

p o i k i l i t i c a l l y enclose feldspar and nepheline. 

The s o d a l i t e analyses, tabulated i n Appendix I I I . 4 , 

are v i r t u a l l y i d e n t i c a l to those obtained from South 

Qoroq, They correspond c l o s e l y to the i d e a l formula 

Na_ Al^Si^O^^ C l ^ , and MgO, CaO, FeO and K^O are o b o 2 4 ^ 2 

present i n only t r a c e amounts. CI reaches 7 wt.%, 

whereas S occurs i n much smaller q u a n t i t i e s , 0.15-0.35 

wt.%. No d i f f e r e n c e s i n composition between u n i t s occur. 

Wellman (1970) studied s t a b i l i t y i n the system 

Ab-Or-Ne-Ks-NaCl-KCl-H^O. This system, and h i s d i s c u s s i o n 

of i t , are a p p l i c a b l e to North Qoroq rocks. He maintains 

t h a t the abundance of C I - r i c h f l u i d i n c l u s i o n s , and of 

s o d a l i t e , i n s y e n i t e s suggests t h a t s y e n i t i c pore f l u i d s 

are e s s e n t i a l l y a l k a l i c h l o r i d e s . A l l the l a t e stage 

minerals i n the North Qoroq s y e n i t e s , with the exception 

of a n a l c i t e (and n a t r o l i t e - see l a t e r ) , are anhydrous, 

amphibole at t h i s stage having been replaced by acmite. 

Wellman suggests that the c r y s t a l l i z a t i o n of anhydrous 

phases from a hydrous melt must r e s u l t i n the evolution 

of an aqueous f l u i d . Even with a n a l c i t e c r y s t a l l i z i n g , 

i t would only be from very dry i n i t i a l melts that an 

aqueous f l u i d would not evolve. The more fr a c t i o n a t e d 

of the North Qoroq s y e n i t e s c r y s t a l l i z e d near the water 
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s a t u r a t e d minimum melting point i n the undersaturated 

p o r t i o n of r e s i d u a system. The presence or absence of 

s o d a l i t e i n t h i s f i n a l assemblage, assuming for the 

moment vapour s a t u r a t i o n , depends on the conposition 

of the c o - e x i s t i n g aqueous f l u i d , and hence the water 

and c h l o r i d e content of the o r i g i n a l magma. Wellman 

( o p . c i t . ) shows that, i f the f l u i d phase i s s u f f i c i e n t l y 

C l - r i c h , s o d a l i t e may w e l l c r y s t a l l i z e together with 

nepheline and feldspar, as i t appears to i n the more 

f r a c t i o n a t e d North Qoroq rocks. Indeed, at P.H^O2^1000 

bars the r a t i o E^O/{H^O + Cl) can be as high as 0.99 

and s o d a l i t e w i l l s t i l l c r y s t a l l i z e . 

A n a l c i t e occurs i n many of the North Qoroq rocks. 

I f s u f f i c i e n t water i s incorporated to prevent the 

ev o l u t i o n of a separate aqueous f l u i d , there i s a con

s e q u e n t i a l b u i l d up of C l i n the melt, which again 

r e s u l t s i n the formation of s o d a l i t e . I f a n a l c i t e merely 

dela y s the appearance of a c o - e x i s t i n g aqueous f l u i d , 

t h i s f l u i d when i t evolves w i l l be enriched i n C l 

r e l a t i v e to Ĥ O, because of the removal of Ĥ O by the 

a n a l c i t e . This C l - r i c h f l u i d w i l l promote the c r y s t a l 

l i z a t i o n of s o d a l i t e and may ex p l a i n the occurrence of 

c o - e x i s t i n g s o d a l i t e and a n a l c i t e , as observed i n North 

Qoroq r o c k s . 
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A s i g n i f i c a n t e f f e c t of c h l o r i d e phases i s to 

depress the l i q u i d u s i n the r e s i d u a system (the value 

for the undersaturated minimum i s 660°C at 2 Kb. P.H^O). 

As the f e l d s p a r s of North Qoroq are hyper-solvus, t h i s 

lowering of the l i q u i d u s further r e s t r i c t s the P-H^O 

at which the rocks evolved (see s e c t i o n 4.6.). For 

inner p a r t s of SN.lA and u n i t SN.5, where t h i s l i q u i d u s 

temperature i s a p p l i c a b l e , the maximum P.H^O p e r m i s s i b l e 

for hyper-solvus f e l d s p a r s i s lowered from around 2200 

bars to 1600 b a r s . 

Stormer and Carmichael (1971) determined the e f f e c t 

of the a c t i v i t y of s i l i c a (a.SiO^) on s o d a l i t e s t a b i l i t y . 

From the r e a c t i o n given below, i t can be seen that low 

a.SiO^ favours the formation of s o d a l i t e , whereas high 

a.Si02 favours the formation of a l b i t e , with C l probably 

being expelled as p a r t of a f l u i d phase: 

Na.Al^Si^O,,C1 + 6 SiO. ^ 3 NaAlSi 0 + NaCl 4 3 3 12 2. J O 

s o d a l i t e magma a l b i t e f l u i d 

Using t h i s r e a c t i o n , i t was demonstrated that, i n 

undersaturated l i q u i d s , s o d a l i t e may even precede nepheline 

i n the c r y s t a l l i z a t i o n sequence, depending on tenperature 

and f e l d s p a r composition. 

The presence of s o d a l i t e i n North Qoroq rocks does 

not n e c e s s a r i l y imply an unusually high C l content i n 



the parent magma. Oversaturated magmas may have s i m i l a r 

i n i t i a l c h l o r i d e contents, but, by v i r t u e of the higher 

a.SiO^/ the C l w i l l be l o s t to the aqueous phase. 

The p o s s i b i l i t i e s of North Qoroq being an open system, 

with r e s u l t a n t escape of a C l - r i c h aqueous f l u i d phase are 

di s c u s s e d i n Chapter 6. 

4.10.Analcite 

A n a l c i t e , l i k e s o d a l i t e , i s a common phase i n the most 

h i g h l y f r a c t i o n a t e d s y e n i t e s . I t i s i n t e r s t i t i a l and may 

be a s s o c i a t e d with c a n c r i n i t e and s o d a l i t e . The a n a l c i t e 

shows s l i g h t b i r e f r i n g e n c e and i r r e g u l a r p o l y s y n t h e t i c 

twinning. I t resembles t h a t described from the Hviddal 

composite dyke (Upton, 1964b) and from Ilimaussaq 

(S^z^rensen, 1962) . 

A small number of probe analyses were performed, and 

a l l show n e g l i g i b l e q u a n t i t i e s of minor elements. The 

a n a l c i t e s contain small q u a n t i t i e s of K and are p l o t t e d 

i n F i g . 4.20, the r e l e v a n t p o r t i o n of the re s i d u a system. 

Data from Ki-Tae Kim and Burley (1971) are al s o plotted, 

showing the thermal peak of the a n a l c i t e s t a b i l i t y f i e l d 

at an i n v a r i a n t pressure and temperature (•^5 Kb. and 

63 5+°C), and the thermal trough of the s t a b i l i t y f i e l d 

(2-5 Kb. and 150°-50°C). The compositional change for 

l i q u i d u s a n a l c i t e s during p r o g r e s s i v e f r a c t i o n a t i o n i s 



Fig.4.20 North Qoroq a n a l c i t e compositions 
p l o t t e d i n the system nepheline-
k a l s i l i t e - s i l i c a . A l s o shown are the 
l i m i t s of n a t u r a l l y o c c u r r i n g a n a l c i t e 
compositions (curved l i n e ) , the thermal 
peak and thermal trough of the a n a l c i t e 
s t a b i l i t y f i e l d according to Ki-Tae Kim 
and B u r l e y (1971), and the compositional 
change for l i q u i d u s a n a l c i t e s (Wilkinson, 
1965). 

Symbols used: 
X - North Qoroq a n a l c i t e analyses 
A - Thermal peak of a n a l c i t e 

s t a b i l i t y f i e l d 

; 
- Thermal trough of a n a l c i t e 

s t a b i l i t y f i e l d 
- Trend of Wilkinson 



SiOo / 

165. 

lAISuOg 
Albite 

NaAlSi205 
Analcite 

NaAISiO 
Nepheline 

NaAlSi^.^O^ 

Natrolite 

-) KAlSiO/ 
Kalsilite 



166. 

a l s o shown (Wilkinson, 1965). I t can be seen t h a t the 

a n a l c i t e s analysed show a l i m i t e d chemical v a r i a t i o n 

and p l o t c l o s e to the qpaaternary i n v a r i a n t a n a l c i t e 

composition. As t h i s i s a thermal peak i n the a n a l c i t e 

s t a b i l i t y f i e l d , i t suggests t h a t l i t t l e , i f any, sub

s o l i d u s adjustment i n a n a l c i t e composition towards the 

thermal trough has taken p l a c e . Further analyses of 

a n a l c i t e s , from l e s s f r a c t i o n a t e d North Qoroq syeni t e s , 

may extend the a n a l c i t e compositions towards n a t r o l i t e , 

so p a r a l l e l i n g the trend of Wilkinson. 

An extremely important point when considering a n a l c i t e 

i s whether i t i s a primary magmatic phase, or of secondary 

o r i g i n s . For a n a l c i t e s from North Qoroq the l i m i t e d 

amount of K i n s o l i d s o l u t i o n i s i n keeping with that 

found from other supposedly primary a n a l c i t e s . 

Experimental work by Peters e t a l . (1966) and Ki-Tae 

Kim and B u r l e y ( o p . c i t . ) , on a n a l c i t e s t a b i l i t y i n the 

system Ne-Ab-H^O, i n d i c a t e s that i t only occurs on the 

l i q u i d u s over a v e r y l i m i t e d temperature range and at 

P.H^O > 5 Kb. Ki-Tae Kim and Burley s t a t e c a t e g o r i c a l l y 

t h a t a n a l c i t e cannot c r y s t a l l i z e d i r e c t l y from a melt 

below 5 Kb. North Qoroq rocks must have formed at 

p r e s s u r e s below 5 Kb. and yet a n a l c i t e does appear to be 

a primary phase. Wilkinson (1965), d e s c r i b i n g high l e v e l 

a n a l c i t e bearing rocks from New South Wales, comments that 
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'despite experimental s t u d i e s , petrographic evidence 

suggests that the bulk of a n a l c i t e i s primary'. Peters 

et a l . ( o p . c i t . ) a l s o studied the e f f e c t of the addition 

of K to the system Ne-Ab-H^O, so bringing i t c l o s e r to 

n a t u r a l systems, and found that a n a l c i t e and l i q u i d could 

co-exist a t much lower p r e s s u r e s (2.3 Kb. P.H^O). P i a t t 

and Rose-Hansen (1976), studying U s s i n g i t e s t a b i l i t y i n 

the p e r s o d i c portions of the system Na 6-Al 0 -SiO -H 0 

at 1 Kb. P.H^O, found that l i q u i d u s a n a l c i t e could e x i s t 

at t h i s pressure over a wide temperature range. C e r t a i n l y 

the h i g h l y f r a c t i o n a t e d North Qoroq s y e n i t e s containing 

a n a l c i t e are acmite, and o c c a s i o n a l l y sodium m e t a s i l i c a t e 

(NaSiO^)/ normative, i n d i c a t i n g a tendency towards per-

a l k a l i n e l i q u i d s with a high Na content. I t i s suggested 

t h a t t h i s tendency, and p o s s i b l y the small K content of 

the magma, i s r e s p o n s i b l e for lowering d r a m a t i c a l l y the 

minimum pressure at which a n a l c i t e can e x i s t as a l i q u i d u s 

phase. Hence, North Qoroq a n a l c i t e s , and those from many 

other high l e v e l undersaturated p e r a l k a l i n e plutons, are 

of primary magmatic o r i g i n s . 

4.11.Natrolite 

As described i n the petrography section, n a t r o l i t e 

tends to show an a n t i p a t h e t i c r e l a t i o n s h i p to a n a l c i t e , 

and to v e i n the s y e n i t e s i n a d i f f u s e fashion. N a t r o l i t e 
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i s only s t a b l e a t r e l a t i v e l y low temperatures and the 

pe r v a s i v e nature of the mineral i n North Qoroq s y e n i t e s 

suggests a secondary o r i g i n . The n a t r o l i t e may r e s u l t 

from a breakdown of nepheline and/or a n a l c i t e , p o s s i b l y 

aided by a l a t e stage aqueous f l u i d . An X.R.D. i n v e s t i 

g a t ion on the common, i r r e g u l a r , b r i c k - r e d areas i n the 

more f r a c t i o n a t e d s y e n i t e s , showed them to be conposed 

of a mixture of n a t r o l i t e and nepheline-hydrate, again 

suggesting patchy breakdown of p r e - e x i s t i n g alumino-

s i l i c a t e s . No probe analyses were performed on the 

n a t r o l i t e , but i t s presence was confirmed, both o p t i c a l l y 

and by X.R.D. techniques. 

4.12.Aeniqmatite 

Aenigmatite i s not common i n North Qoroq rocks, but 

i t i s a s i g n i f i c a n t mineral i n two types of environment. 

Almost opaque aenigmatite occurs i n the most h i g h l y 

f r a c t i o n a t e d rocks of SN.IA and SN.5, where Fe/Ti oxides 

are r a r e or absent. The second paragenesis i s where 

aenigmatite, showing deep red to black pleochroism, occurs, 

together with sodic pyroxene and sodic anphibole, as the 

mafic phase, i n r e c r y s t a l l i z e d rocks. Again, Fe/Ti oxides 

are u s u a l l y absent, but o c c a s i o n a l l y aenigmatite can be 

found rimming F e / T i oxides and r e p l a c i n g them, p a r t i c u l a r l y 
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the i l m e n i t e l a m e l l a e . The t e x t u r e s and mineralogical 

changes i n these rocks are discussed i n the petrography 

chapter. 

Probe analyses r e v e a l that the aenigmatites from 

both types of environment are T i - r i c h , but show small 

degrees of s u b s t i t u t i o n of Fe"^^ for T i . They correspond 

c h e m i c a l l y to those reported from Mt. Suswa (Nash e t a l . 

o p . c i t . ) . Approximately 1 wt.% ^^2*^3 present i n a l l 

analyses together with t r a c e amounts of Mg, Ca and K. Mn 

i s the p r i n c i p l e minor element and shows s i g n i f i c a n t 

v a r i a t i o n between the two parageneses. MnO content i s 

low i n the h i g h l y f r a c t i o n a t e d rocks (0.25 wt.% approx.), 

whereas i n aenigmatites from the r e c r y s t a l l i z e d rocks 

i t forms 1.65-2.00 wt.%. This high Mn value i s almost 

c e r t a i n l y a function of the r e c r y s t a l l i z e d aenigmatites 

being formed from p r e - e x i s t i n g Fe/Ti oxides r i c h i n Mn, 

whereas primary aenigmatite formed from a Mn-depleted 

melt. 

Much d i s c u s s i o n has ensued over recent years as to 

what magmatic conditions favour the formation of aenig

matite. E r n s t (1962), working on amphibole s t a b i l i t y 

f i e l d s , encountered T i - f r e e aenigmatite only at very low 

oxygen f u g a c i t i e s . Kelsey and McKie (1964) and 

Abbot (1967) concluded from t h i s that aenigmatite i n 
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general was s t a b l e only under conditions of low f.O^. 

L i n d s l e y (1971), however, synthesised Ti-bearing aenig

matite at an f.O^ appropriate to the q u a r t z - f a y a l i t e -

magnetite b u f f e r (F.M.Q,), where i t was apparently stab l e , 

but concluded t h a t i t was probably metastable at an f.O^ 

appropriate to the Ni-NiO buffer, with r e s p e c t to the 

more oxi d i z e d assemblage acmite and Fe/Ti oxides. 

N i c h o l l s and Carmichael (1969) c a l c u l a t e d that aenigmatite 

may be s t a b l e a t an f.O^ w e l l above Ni-NiO, but they admit 

t h a t the c a l c u l a t e d s t a b i l i t y f i e l d i s subjec t to consid

e r a b l e e r r o r . I t appears that, although aenigmatite w i l l 

not c r y s t a l l i z e under conditions of high f.O^/ other 

f a c t o r s are more c r u c i a l to i t s formation. I n both North 

Qoroq rocks and elsewhere, aenigmatite i s c h a r a c t e r i s t i c a l l y 

accortpanied by sodic pyroxene and/or sodic amphibole. 

N i c h o l l s and Carmichael (o p . c i t . ) and Hodges and Barker 

(1974) both suggest t h a t aenigmatite forms i n response to 

the p e r a l k a l i n e condition which the former two workers 

equate with the a c t i v i t y of sodium d i s i l i c a t e (Na^Si^O^) 

i n the l i q u i d . The i m p l i c a t i o n s of t h i s are discussed i n 

the thermodynamics s e c t i o n . 

The absence or r a r i t y of Fe/Ti oxides occurring with 

aenigmatite supports the exi s t e n c e of a 'no-oxide f i e l d ' , 

proposed for oversaturated rocks by N i c h o l l s and Carmichael 
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( o p . c i t . ) , and extended to undersaturated rocks by Marsh 

(1975). The former two authors suggest termination of 

the no-oxide f i e l d by the s t a b i l i t y f i e l d of r i e b e c k i t e -

a r f v e d s o n i t e s o l i d s o l u t i o n s (Ernst, o p . c i t . ) . The 

a s s o c i a t i o n aenigmatite - acmite - a l k a l i amphibole i n 

the r e c r y s t a l l i z e d rocks of North Qoroq suggests that 

f.O^ and temperature conditions were c l o s e to those 

appropriate to the boundary between the amphibole s t a b i l i t y 

f i e l d and t h a t of aenigmatite-acmite. 

4.13.Rinkite 

The occurrence of t h i s r a r e mineral was discussed at 

the end of the petrography chapter. I t was noted that 

only i n r e c r y s t a l l i z e d rocks was r i n k i t e found as d i s t i n c t , 

i d e n t i f i a b l e c r y s t a l s , but that i n normal s y e n i t e s probe 

t r a v e r s e s across g r a i n boundaries suggested the presence 

of submicroscopic r i n k i t e g r a i n s . These grains look to 

have been mobilised by l a t e r i n t r u s i o n s and to have formed 

a band of i d e n t i f i a b l e r i n k i t e a short d i s t a n c e from the 

margins of the new i n t r u s i o n . 

R i n k i t e from North Qoroq corresponds i n o p t i c a l 

p r o p e r t i e s to the d e s c r i p t i o n given by Winschell (1951) 

and to t h a t given by S;z^rensen (1962) . P a r t i a l probe 

ana l y s e s confirmed t h a t the mineral i s a member of the 

r i n k i t e family. Trace elements were not analysed for 
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q u a n t i t a t i v e l y , but q u a l i t a t i v e i n s p e c t i o n showed 

appreciable q u a n t i t i e s of Nb, Y and La. The r i n k i t e 

d i f f e r e d from t h a t found i n the naujaite pegmatites of 

Qeqertaussaq (Ilimaussaq) i n having lower concentrations 

of T i , but higher concentrations of Zr, probably sub

s t i t u t i n g for T i . 

4.14.Other mineral phases 

Of the major phases c o n s t i t u t i n g the North Qoroq 

Centre, only a p a t i t e was not analysed. This mineral may 

repay i n v e s t i g a t i o n , as i t could help to determine the 

behaviour of F and C l i n the magma (Ebstrflm, 1973). The 

only analysed minor phase not so far mentioned, i s a 

secondary z e o l i t e found i n a s s o c i a t i o n with n a t r o l i t e . 

I t proved to be thompsonite, a mineral thought to be a 

l a t e stage phase i n the Hviddal coitposite dyke (Upton, 1964b) 

4.15.Conclusions from the mineralogy 

Analyses of the major mineral phases occurring i n 

the North Qoroq rocks c l e a r l y support the conclusions, 

recorded i n the petrography chapter, that there i s a 

c o n s i d e r a b l e m i n e r a l o g i c a l v a r i a t i o n both i n and between 

the major u n i t s . Pyroxenes;-.and amphiboles i n p a r t i c u l a r 

show an extensive amount of chemical v a r i a t i o n . The A l 
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content of the amphiboles, b i o t i t e s and F e / T i oxides of 

u n i t s SN.2 and ?SN.3 c l e a r l y d i f f e r e n t i a t e them from the 

other major u n i t s . 

The considerable i n t r a - u n i t v a r i a t i o n suggests a 

degree of i n s i t u c r y s t a l f r a c t i o n a t i o n , p a r t i c u l a r l y 

n o t i c e a b l e i n SN.lA. Here, there must have been a con

s i d e r a b l e temperature i n t e r v a l between i n i t i a l c r y s t a l 

l i z a t i o n and f i n a l c r y s t a l l i z a t i o n of the most h i g h l y 

f r a c t i o n a t e d p a r t s of the u n i t . Rocks showing e a r l y 

c r y s t a l l i z a t i o n of o l i v i n e , pyroxene, and Fe/Ti oxides 

followed by b i o t i t e , amphibole, a l k a l i feldspar and then 

nepheline are common i n a l k a l i provinces. The l a s t formed, 

h i g h l y f r a c t i o n a t e d rocks of North Qoroq, composed of 

c o n s i d e r a b l e q u a n t i t i e s of c a n c r i n i t e , s o d a l i t e , a n a l c i t e , 

n a t r o l i t e and acmite are, however, much more r a r e . The 

phase r e l a t i o n s appropriate to such rocks are hard to 

p r e d i c t , although the e f f e c t s of Na CO and NaCl on the 

r e s i d u a system have been i n v e s t i g a t e d and are discussed 

i n the t e x t . The presence of l a r g e numbers of these 

c o n s t i t u e n t s must r e s u l t i n complex r e l a t i o n s h i p s which 

would, perhaps, repay f u r t h e r experimental i n v e s t i g a t i o n . 

C e r t a i n l y the s o l i d u s tenperatures i n such rocks must be 

extremely low, and the d i s t i n c t i o n between primary mineral-

o g i c a l f e a t u r e s and secondary ones becomes a b l u r r e d one. 
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e s p e c i a l l y with regard to the a l u m i n o s i l i c a t e s . 

At times during the m i n e r a l o g i c a l d e s c r i p t i o n s a 

thermodynamic approach has been employed, mainly i n a 

q u a l i t a t i v e sense. I n the following s e c t i o n an attempt 

i s made to quantify the conditions and parameters a f f e c t 

ing formation of North Qoroq rocks, using thermodynamic 

p r i n c i p l e s e s t a b l i s h e d by previous workers. 

4.16.Thermodynamic treatment of mineral data 

4.16.1. I n t r o d u c t i o n 

I n c r e a s i n g l y i n r e c e n t years, thermodynamic 

techniques have been applied to g e o l o g i c a l data. This 

has enabled v a l u e s to be obtained for the pressure and 

temperature of v a r i o u s g e o l o g i c a l environments, and an 

e v a l u a t i o n of the behaviour of important magma coirponents, 

p a r t i c u l a r l y v o l a t i l e ones. At the present stage many 

more b a s i c thermodynamic data need to be obtained, 

r e l e v a n t to mineral s p e c i e s , and many e x i s t i n g data 

r e q u i r e updating. As t h i s work proceeds, a thermo

dynamic approach w i l l become i n c r e a s i n g l y important i n 

geology. 

The technique employed i n the present account i s to 

apply e s t a b l i s h e d thermodynamically-based methods to 

North Qoroq mineral assemblages and to e s t a b l i s h some

thing of the conditions of formation and evolution of 
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the nepheline s y e n i t e s . Reactions used i n the following 

account i n v o l v e components of the observed phases, a 

component being defined as 'a chemical u n i t which can be 

added to, or subtracted from, a phase without destroying 

t h a t phase'. These r e a c t i o n s should not be confused with 

r e a c t i o n s , such as those given i n Chapter I I I , which 

attempt to reproduce m i n e r a l o g i c a l changes due to pro

c e s s e s such as metamorphism. 

A b a s i c assumption i s that the mineral assemblages 

considered were i n a s t a t e of s t a b l e or metastable 

e q u i l i b r i u m at the time of formation and that l i t t l e or 

no r e - e q u i l i b r a t i o n has taken p l a c e . Petrographic evidence 

has been widely used i n e s t a b l i s h i n g probable equilibrium 

assemblages. 

The f i r s t stage i n the thermodynamic treatment of 

mineral data i s to w r i t e a balanced equation i n v o l v i n g 

components of phases thought to r e f l e c t an equilibrium 

assemblage. To i l l u s t r a t e t h i s consider the r e a c t i o n 

A + B ^ 2c 

For t h i s r e a c t i o n 
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where K i s the e q u i l i b r i u m constant for the r e a c t i o n and 

a i s the a c t i v i t y of the component i n i t s host phase. The 

a c t i v i t y of a component can be expressed as a function of 

the mole f r a c t i o n X of that component and the a c t i v i t y co

e f f i c i e n t Y such that 

a, = X,. 
A A A 

Hence, for the above r e a c t i o n 

Considering a l s o the r e l a t i o n s h i p 

AG = AG° + RTlnK r 

where AG° i s the standard Gibbs free energy change of 
o 

the r e a c t i o n , T i s the temperature m K and R the gas 

constant. At e q u i l i b r i u m AG = 0, hence 

- AG = RTlnK = RTln- — r 
( a ^ ) ( a ^ ) 

This r e l a t i o n s h i p i s the b a s i s for the majority of thermo

dynamic c a l c u l a t i o n s . 

At f i x e d P,T i t i s p o s s i b l e to solve for chemical 

parameters, e.g. a c t i v i t y of s i l i c a i n the l i q u i d (a.SiO^), 
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i f AG° and K are known. I f the necessary chemical 

parameters are known, i t i s p o s s i b l e to solve for P or T. 

Many of the b a s i c thermodata can be found tabulated 

(Robie and Wauldbaum, 1968; Ke l l e y , 1960) and AG° values 

can be obtained. I t remains for the e q u i l i b r i u m constants, 

i . e . a c t i v i t y c o e f f i c i e n t s and mole f r a c t i o n s of the 

r e l e v a n t components, to be c a l c u l a t e d . I n t h i s account 

the example of previous workers has been followed and an 

i d e a l s o l u t i o n model has been employed, unless more 

s u i t a b l e models are a v a i l a b l e . For an i d e a l solution, 

the a c t i v i t y c o e f f i c i e n t , Y , equals 1 and a c t i v i t y i s 

thus equal to the mole f r a c t i o n . I n r e a l i t y few s o l i d 

s o l u t i o n s are i d e a l except at extreme d i l u t i o n . The 

presence of a solvus, such as i s found i n the a l k a l i 

f e l d s p a r , pyroxene and F e / T i oxide s o l i d s o l u t i o n s e r i e s , 

or of intermediate compounds at low temperature are a 

c l e a r i n d i c a t i o n of n o n - i d e a l i t y . To obtain the mole 

f r a c t i o n s of v a r i o u s components from chemical analyses, 

i t i s necessary to make assumptions regarding s i t e 

occupancies. For the mineral phases used i n t h i s section, 

a reasonable estimate of the s i t e occupancy of i n d i v i d u a l 

elements can be a r r i v e d a t . 

I n the following s e c t i o n s pressure and temperature 

of formation are the f i r s t parameters to be obtained. 

Using these values, the behaviour of the other components 
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during f r a c t i o n a t i o n i s discussed i n terms of t h e i r 

a c t i v i t i e s and f u g a c i t i e s . 

4.16.2. L i t h o s t a t i c pressure ( ^ . P j ) 

The North Qoroq Centre s y e n i t e s are high l e v e l 

i n t r u s i v e bodies. This can be stated with confidence 

because the centre cuts the E r i k s f j o r d formation b a s a l t s 

and sandstones, which have a maximum recorded t h i c k n e s s 

i n the area of 3000 m. I f i t i s assumed t h a t the centre 

was capped by an equivalent t h i c k n e s s of sediments and 

b a s a l t s a t the time of i n t r u s i o n , t h i s suggests a l i t h o 

s t a t i c p r e s s u r e of approximately 1000 bars. 

From fel d s p a r s o l v u s - s o l i d u s r e l a t i o n s h i p s , i t was 

seen that, for the h i g h l y f r a c t i o n a t e d one-feldspar 

s y e n i t e s , water pressure (P.H^O) could not exceed 1600 

b a r s . I f P.H2O equalled t o t a l pressure (P^.) at a l a t e 

stage i n the evolution of the s y e n i t e s , the hypersolvus 

nature of the f e l d s p a r s suggests an upper l i m i t for P^. 

of 1600 b a r s . 

The presence of a n a l c i t e i n these rocks, as has 

p r e v i o u s l y been i n d i c a t e d ( s e c t i o n 4.10) i n no way 

r e s t r i c t s the t o t a l p r e s s u r e . 

Both f i e l d r e l a t i o n s and feldspar considerations 

suggest t h a t use of a value for P. of 1000 bars would not 

r e s u l t i n any gross e r r o r s i n subsequent c a l c u l a t i o n s . 



179. 

4.16.3. Temperature ( T . ) . 

The absence of i l m e n i t e as a separate d i s t i n c t 

phase i n North Qoroq s y e n i t e s means that the Fe/Ti oxide 

geothermometer of Buddington and L i n d s l e y (1964) cannot 

be d i r e c t l y applied. The minerals present do, however, 

allow the a p p l i c a t i o n of a l t e r n a t i v e geothermometers. 

The f i r s t phases to c r y s t a l l i z e i n the l e a s t f r a c t 

ionated s y e n i t e s were a u g i t i c pyroxene, o l i v i n e , and 

titanomagnetite. Powell and Powell (1974) used the Fe-Mg 

exchange r e a c t i o n between o l i v i n e and C a - r i c h clinopyroxene 

to formulate a geothermometer. The r e l e v a n t r e a c t i o n i s 

2CaMgSi^0^ + Fe^SiO, — ± 2CaFeSi^0^ + Mg^SiO^ 2 D 2 4 2 b 2 4 

(1) 

I n the absence of more d e f i n i t e data, o l i v i n e mixing 

p r o p e r t i e s were assumed to be i d e a l . Pyroxene cati o n s 

were a l l o c a t e d to s i t e s , following a scheme that i s 

independent o f the u n r e l i a b l e s i l i c a a n a l y s i s . The mixing 

p r o p e r t i e s of C a - r i c h clinopyroxene were shown to be non-

i d e a l , and a r e g u l a r s o l u t i o n model implemented. The mixing 

parameters were c a l c u l a t e d for a s e t of groundmass o l i v i n e / 

clinopyroxene p a i r s , from l a v a s with groundmass Fe/Ti oxide 

temperatures. The pressure dependence of the geothermometer 

i s approximately 5°/Kb. The geothermometer can be 
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expressed as 

-2X (920000 + 3.6P) - 0.0435 (P-1) + 10100 
AX 

X ,01 X m 
Fe Mg 

(IB) 

where T = temperature (°K) P = pressure (bars) 

X, B = mole f r a c t i o n of A i n B A, 

\l = \l ^ T i ^ ^Cr ^ ^ e ^ ^ (^^^ °^ ^ 

The geothermometer has only been used, and i s only 

a p p l i c a b l e , where the Na content of the pyroxenes i s low 

(< 0.Swt.^Na^O). A number of probe analyses of c o - e x i s t i n g 

o l i v i n e s and pyroxenes, from marginal SN.IA, SN.4A and 

SN.4B, have been used to determine temperatures and these 

r e s u l t s are given i n Table 3. Where data allow, each 

r e s u l t r e p r e s e n t s the average of s e v e r a l o l i v i n e / c l i n o -

pyroxene p a i r s . 

A second geothermometer used, i s based on the 

coirposition of c o - e x i s t i n g f e l d s p a r and nepheline, a 

paragenesis common i n North Qoroq rocks. Perchuk and 

Ryabchikov (1968) considered the exchange r e a c t i o n 
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NaAlSi^Og + KAlSiO^ ^ KAlSi^O^ + NaAlSiO^ 

(2) 

They derived isotherms for the d i s t r i b u t i o n of Na 

components between nepheline and a l k a l i f e l d s p a r . Both 

'excess s i l i c a ' i n the nepheline, and an o r t h i t e i n the 

nepheline and feldspar, were assumed not to a f f e c t the 

c a l c u l a t e d e q u i l i b r i u m temperature. Powell and Powell 

( i n p r e s s ) produced a refinement of the geothermometer 

and i t i s t h i s r e f i n e d v e r s i o n that i s used i n the present 

account. They considered an exchange r e a c t i o n i n v o l v i n g 

only the Na-site i n the nepheline and adopted regular 

s o l u t i o n models for the a l k a l i s i t e s . They included 

the e f f e c t of 'excess s i l i c a ' and, for d i f f e r e n t values 

of 'excess s i l i c a ' , produced graphs of mole f r a c t i o n 

k a l s i l i t e i n the nepheline against mole f r a c t i o n a l b i t e 

i n the feldspar, contoured i n temperature. This geo

thermometer i s e f f e c t i v e l y independent of pressure. 

Using core analyses of c o - e x i s t i n g f e l d s p a r s and nepheline 

for i n n e r SN.IA, SN.IB, SN.4A, SN.4B and SN.5 temperatures 

were c a l c u l a t e d and the r e s u l t s are given i n Table 3, 

alongside those of the oli v i n e / c l i n o p y r o x e n e geothermometer, 

Also, i n t h i s t a b l e are included minimum temperature 

v a l u e s obtained both from the feldspar s o l v u s - s o l i d u s 

r e l a t i o n s h i p s (see s e c t i o n 4.6.) and from the bulk Fe/Ti 
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oxide a n a l y s e s . Buddington and L i n d s l e ^ s work (op.cit.) 

on F e / T i oxides s e t s a minimum terrperature, below which 

a given titanomagnetite would have i l m e n i t e c o - e x i s t i n g 

with i t (Simmons, L i n d s l e y and Papike, 1974). A 

separate estimate of oxygen f u g a c i t y (f-O^) must be 

a v a i l a b l e , and the values used are j u s t i f i e d i n a 

following s e c t i o n . 

A number of conclusions can be drawn from the 

temperature values given i n Table 3. 

I t can be seen t h a t frequently temperatures from 

o l i v i n e / c l i n o p y r o x e n e and feldspar/nepheline geothermometers 

are not a v a i l a b l e from the same saitple. This i s merely 

because only the l e a s t f r a c t i o n a t e d rocks contain o l i v i n e 

and clinopyroxene, and i n these rocks nepheline i s e i t h e r 

absent or i n t e r s t i t i a l . I n more f r a c t i o n a t e d rocks, where 

f e l d s p a r and nepheline are abundant, o l i v i n e i s absent. 

One of the most obvious points of i n t e r e s t i s the 

l a r g e temperature i n t e r v a l between the value obtained 

from the o l i v i n e / c l i n o p y r o x e n e geothermometer ('̂ /900°C) 

and t h a t obtained from the feldspar/nepheline geother

mometer (-v730°C) . The d i f f e r e n c e i s an expected one, i n 

t h a t the o l i v i n e / c l i n o p y r o x e n e e q u i l i b r i u m assemblage i s 

the f i r s t to c r y s t a l l i z e from the l e a s t f r a c t i o n a t e d 

augite s y e n i t e s , whereas the feldspar/nepheline e q u i l i b r i u m 
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assemblage i s the l a s t to c r y s t a l l i z e from these rocks, 

and only occurs as an early-forming assemblage i n more 

f r a c t i o n a t e d , lower temperature rocks. Hence, the 

o l i v i n e / c l i n o p y r o x e n e assemblage could be i n t e r p r e t e d as 

gi v i n g a near l i q u i d u s temperature and the f e l d s p a r / 

nepheline assemblage a near s o l i d u s temperature for the 

augite s y e n i t e s . Coitparison- with melting experiments 

on undersaturated a l k a l i n e rocks (Sood and Edgar, 1970; 

Piotrowski and Edgar, 1970) r e v e a l s that the o l i v i n e / 

clinopyroxene temperatures are t y p i c a l of l i q u i d u s 

temperatures for these rocks, at P.H^O i n excess of 300 

bars, and feldspar/nepheline temperatures are j u s t below 

s o l i d u s temperatures. The temperature d i f f e r e n c e i s 

perhaps a r e f l e c t i o n of the l a r g e c r y s t a l l i z a t i o n i n t e r v a l 

( s o l i d u s - l i q u i d u s ) of these s y e n i t i c rocks. Both geo

thermometer assemblages may w e l l have suffered some r e -

e q u i l i b r a t i o n and t h i s may account for the low, p o s s i b l y 

subsolidus temperatures i n d i c a t e d by feldspar/nepheline. 

R e c r y s t a l l i z e d rocks show s l i g h t l y lower o l i v i n e / 

clinopyroxene temperatures, i n d i c a t i n g subsolidus read

justment during the metamorphic event. 

Ignoring r e c r y s t a l l i z e d rocks and temperatures 

obtained from nepheline blebs i n feldspar, a s l i g h t 

temperature d i f f e r e n c e can be seen, for both geothermometer 



v a l u e s , between t h e h i g h e r temperatures o f t h e SN.4 u n i t s 

and t h e lower ones o f SN.IA and SN.5. This i s i n keeping 

w i t h p e t r o g r a p h i c o b s e r v a t i o n s , t h a t b o t h SN.4 u n i t s are 

t h e r e s u l t o f d r i e r and s l i g h t l y h o t t e r magma i n f l u x e s . 

Fe/Ti o x i d e s c r y s t a l l i z e as an e a r l y phase, b u t a l s o 

occur i n more f r a c t i o n a t e d r o c k s . A range i n minimum 

t e m p e r a t u r e v a l u e s , u s i n g t h e Buddington and L i n d s l e y 

geothermometer, i s t o be expected, t h e h i g h e s t temperatures 

o c c u r r i n g i n t h e l e a s t f r a c t i o n a t e d r o c k s and approximating 

t o t h e o l i v i n e / c l i n o p y r o x e n e t e m p e r a t u r e s . The minimum 

t e m p e r a t u r e v a l u e s t a b u l a t e d do n ot c o n t r a d i c t t h i s . 

I t i s n o t i c e a b l e t h a t f e l d s p a r temperatures, based 

on t h e i n t e r v a l between s o l v u s and s o l i d u s , are o f t e n 

much h i g h e r t h a n those o b t a i n e d from t h e f e l d s p a r / n e p h e l i n e 

geothermometer. T h i s i s reasonable, as th e h i g h e r temper

a t u r e f e l d s p a r s are C a - r i c h , f o r m i n g , p e t r o g r a p h i c evidence 

i n d i c a t e s , w e l l b e f o r e n e p h e l i n e . 

A t t h i s p o i n t i t i s w o r t h w h i l e c o n s i d e r i n g t h e 

p a r t i a l l y r e s o r b e d p l a g i o c l a s e p h e n o c r y s t s found i n u n i t s 

SN.2, SN.4A and SN.4B and discus s e d i n s e c t i o n 4.6. I t 

i s p o s s i b l e t o a p p l y t h e Kudo-Weill p l a g i o c l a s e g e o t h e r 

mometer (Kudo and W e i l l , 1970) t o these f e l d s p a r s , 

p r o v i d i n g a good i n d i c a t i o n o f t h e c o i r p o s i t i o n o f t h e 

c o - e x i s t i n g l i q u i d can be o b t a i n e d . Saitple 155152 i s 



t a k e n from t h e c h i l l e d margins o f u n i t SN.4A. I t 

c o n t a i n s s p o r a d i c 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 v e r y 

f i n e g r a i n e d groundmass t h a t should approximate t o a 

l i q u i d . The geothermometer i s based on t h e r e a c t i o n 

p l a g i o c l a s e l i q u i d 

(NaSiO^ ̂  5 ) A l S i ^ O ^ ̂  3 + (CaAlO^,5)AlSi^O^ ̂  3 

l i q u i d p l a g i o c l a s e 

(3) 

Regular s o l u t i o n models were assumed f o r the a c t i v i t i e s 

o f s p e c i e s i n t h e l i q u i d and i d e a l m i x i n g models f o r 

h i g h t e m p e r a t u r e p l a g i o c l a s e i . Kudo and W e i l l g i v e a 

s e r i e s o f e q u a t i o n s r e l a t i n g T a t a g i v e n P.Ĥ O t o 

c o m p o s i t i o n o f p l a g i o c l a s e and c o - e x i s t i n g l i q u i d . 

2.303 l o g Va + 1.29 x 10~^ ^/T = 10.34 x lo'^^T - 17.24 
(Dry) 

2.303 l o g Va + 1.29 X l o " " ^ */T = 11.05 x 10~^T - 17.86 
(P.H^O = 0.5Kb) 

2.303 l o g Va + 1.29 x 10~^ */T = 11.14 x 10~"^T - 17.67 
(P.H^O = 1.0Kb) 

where X = (XNa20.XSi02)/(XCaO.XAl202) 

( i . e . mole f r a c t i o n o x i d e components i n 
t h e l i q u i d ) 
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a = XAb/XAn ( i . e . mole f r a c t i o n A l b i t e and 
A n o r t h i t e i n t h e f e l d s p a r ) 

<!)"= (XCaO + XAl^O^ - XNa^O - XSiO^) 

and T = te m p e r a t u r e (°K) 

The t e m p e r a t u r e s o b t a i n e d f o r t h e p l a g i o c l a s e / l i q u i d 

e q u i l i b r i u m o f sample 155152 are 

P.H^O = 0 Kb (Dry) 949°C 

P.H^O = 0.5 Kb 909°C 

P.H^O = 1.0 Kb 860°C 

These v a l u e s , p a r t i c u l a r l y those f o r P.E^O = 0 Kb 

and ^-^2'^ = 0.5 Kb are i n good agreement w i t h t h a t o b t a i n e d 

from o l i v i n e / c l i n o p y r o x e n e i n t h i s sanple (931°C), assuming 

t o t a l p r e s s u r e has a n e g l i g i b l e a f f e c t ( n e i t h e r geothermometer 

i s s e n s i t i v e t o P^rp)* F u r t h e r d i s c u s s i o n o f these v a l u e s 

i s d e f e r r e d u n t i l t h e s e c t i o n on P.HO . 

4.16.4- A c t i v i t y o f s i l i c a i n t h e magma (a.SiO^) 

S i l i c a a c t i v i t y can be t h o u g h t o f as t h e e f f e c t i v e 

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

(1970) demonstrated t h a t a.SiO^ can be b u f f e r e d , or f i x e d , 

b y v a r i o u s e q u i l i b r i u m m i n e r a l assemblages. A knowledge 

o f a.SiO^ i n N o r t h QSroq r o c k s , a p a r t from i t s i n t r i n s i c 

i n t e r e s t , enables oxygen f u g a c i t i e s t o be c a l c u l a t e d . 
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The v a s t m a j o r i t y o f N o r t h Qoroq s y e n i t e s c o n t a i n 

n e p h e l i n e and a l k a l i f e l d s p a r . C r y s t a l l i z a t i o n o f t h i s 

assemblage r e s u l t e d i n a.SiO^ b e i n g f i x e d . Any a d d i t i o n 

o f s i l i c a t o t h e magma would merely have r e s u l t e d i n t h e 

f o r m a t i o n o f more f e l d s p a r , a t t h e expense o f ne p h e l i n e , 

and v i c e v e r s a . The r e a c t i o n i s 

NaAlSiO^ + ZSiO^ NaAlSi^O^ 

n e p h e l i n e l i q u i d a l b i t e 
(4) 

For t h i s r e a c t i o n , a p p l i e d t o the n a t u r a l assemblage 

AG°r ^ f e l d s p a r . nephe l i n e 
21oga.Si02 = 2.303RT ^NaAlSi30Q " ^ a A l S i O ^ 

(4B) 

where 3 ^ ^ ] " ^ r e f e r s t o the a c t i v i t y o f t h e a l b i t e NaAlSi_0_ 
ne h e l i n e 

component i n t h e f e l d s p a r , and a t h e a c t i v i t y o f 
NaAlSi04 

NaAlSiO^ i n t h e n e p h e l i n e . Other symbols are as p r e v i o u s l y 

d e f i n e d . From N i c h o l l s e t a l . (1971) 

2.303RT T ' " T 

A c t i v i t i e s f o r t h e a l b i t e coit^Jonent were o b t a i n e d from 

Carmichael et_aL(i97«f), For n e p h e l i n e a simple Na-K m i x i n g 

model was employed, i g n o r i n g 'excess s i l i c a ' . 
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The a.SiO^ v a l u e s o b t a i n e d , a t 1000 b a r s pre s s u r e , 

are p l o t t e d i n F i g . 4.21, a g a i n s t temperatures o b t a i n e d 

from t h e f e l d s p a r / n e p h e l i n e geothermometer. The values 

can be seen t o l i e f r a c t i o n a l l y above those d e f i n e d by 

t h e p u r e a l b i t e / n e p h e l i n e b u f f e r , a p a r t from two r e c r y s t a l -

l i z e d r o c k s o f SN.IA which p l o t d i s t i n c t l y below t h e b u f f e r , 

T h i s i n d i c a t e s t h a t d u r i n g t h e r e c r y s t a l l i z a t i o n process 

a.SiO^ was n o t d e f i n e d i n t h e same f a s h i o n as f o r magmatic 

processes and t h a t t h e metasomatising f l u i d had a lower 

a.SiO^ t h a n t h e magma. 

A l t h o u g h n e p h e l i n e and f e l d s p a r are p r e s e n t i n the 

v a s t m a j o r i t y o f s y e n i t e s , a.SiO^ i n t h e e a r l y stages o f 

c r y s t a l l i z a t i o n , when n e p h e l i n e and a l b i t e were merely 

components i n t h e l i q u i d , can not e a s i l y be e s t a b l i s h e d . 

R e a c t i o n s between f a y a l i t e and c l i n o p y r o x e n e are n o t 

s u i t a b l e , because o f t h e s m a l l or n o n - e x i s t e n t f e r r o s i l i t e 

conponent i n t h e C a - r i c h c l i n o p y r o x e n e . Stormer (1973) 

suggested t h a t t h e C a - o l i v i n e component i n the o l i v i n e i s 

a f u n c t i o n o f a.Si02 and c o n s i d e r e d t h e f o l l o w i n g two 

r e a c t i o n s 

CaMgSi^Og ^ Ca(SiO^)j^ + Mg ( s i O ^ ) j ^ + SiO^ 

d i o p s i d e C a - o l i v i n e f o s t e r i t e l i q u i d 

(5) 



F i g . 4 . 2 1 The v a r i a t i o n o f s i l i c a a c t i v i t y (a.SiO^) 
w i t h t e m p e r a t u r e f o r N o r t h Qoroq r o c k s . 
The s o l i d arrowed l i n e r e p r e s e n t s t h e 
a.SiO- v a r i a t i o n d e f i n e d b y t h e assemblage 
n e p h e l i n e + f e l d s p a r and t h e dashed p o r t i o n 
o f t h i s l i n e , t h e p r o b a b l e a.SiO^ v a r i a t i o n 
a t h i g h e r t e m p e r a t u r e s , p r i o r t o t h e c r y s 
t a l l i z a t i o n o f t h i s assemblage (see t e x t ) . 
The f e r r o s i l i t e / f a y a l i t e , a l b i t e / n e p h e l i n e 
and s p h e n e / p e r o v s k i t e b u f f e r curves are 
a l s o marked on t h e diagram, t o g e t h e r w i t h 
t h e b u f f e r c urve f o r t h e d i o p s i d e / f o s t e r i t e / 
C a - o l i v i n e r e a c t i o n (Stormer, 1973). For 
t h i s l i n e , a v a l u e f o r t h e mole f r a c t i o n 
C a - o l i v i n e i n t h e o l i v i n e o f 0.03 was 
chosen, a s u i t a b l e v a l u e f o r N o r t h Qoroq 
o l i v i n e s . A maximum v a l u e f o r a.SiO^ a t 
h i g h e r t e m p e r a t u r e s i s i n d i c a t e d b y a s t a r 
(see t e x t ) . 

Symbols used: 
• - a.SiO v a l u e s f o r normal N o r t h Qoroq 

s y e n i t e s , c a l c u l a t e d from t h e assemb
l a g e n e p h e l i n e + f e l d s p a r . 

O - a.SiO v a l u e s f o r metasomatised 
s y e n i t e s . 

- A maximum v a l u e f o r a.SiO^ a t 
h i g h t e m p e r a t u r e s . 
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CaFeSi^O^ -± Ca SiO^ , + Fe SiO. , + SiO 2 6 ^ 4*5 4*5 l 

h e d e n b e r g i t e C a - o l i v i n e f a y a l i t e l i q u i d 

(6) 

These two r e a c t i o n s may be o f use i n d e f i n i n g a.SiO^. The 

most a p p r o p r i a t e f o r t h e F e - r i c h N o r t h Qoroq s y e n i t e s i s 

r e a c t i o n ( 6 ) , b u t u n f o r t u n a t e l y no r e l i a b l e thermodata 

e x i s t f o r h e d e n b e r g i t e . Thermodata do e x i s t f o r a l l 

phases i n r e a c t i o n ( 5 ) . Stormer ( o p . c i t . ) suggests t h a t , 

when s o l v i n g f o r a.SiO^/ a t a p a r t i c u l a r t e n ^ e r a t u r e , 

a c t i v i t y terms f o r f o s t e r i t e and d i o p s i d e cancel and a.SiO^ 

i s e s s e n t i a l l y a f u n c t i o n o f a . C a - o l i v i n e i n t h e o l i v i n e . 

A d o p t i n g t h i s s u g g e s t i o n , t h e s i l i c a a c t i v i t y l i n e 

a p p r o p r i a t e t o 0.03 mole f r a c t i o n C a - o l i v i n e , a s u i t a b l e 

v a l u e f o r N o r t h Qoroq o l i v i n e s , i s reproduced i n F i g . 4 . 2 1 . 

A t an a p p r o p r i a t e t e m p e r a t u r e f o r t h e e a r l y formed s y e n i t e s , 

t h e a.SiO^ can be seen t o l i e j u s t above a l b i t e / n e p h e l i n e . 

U n f o r t u n a t e l y , i n N o r t h Qoroq s y e n i t e s , t h e a c t i v i t y o f 

d i o p s i d e i n t h e pyroxene exceeds t h e a c t i v i t y o f f o s t e r i t e 

i n t h e o l i v i n e , and t h e mole f r a c t i o n o f a l l t h r e e o f t h e 

c r y s t a l l i n e components i s s m a l l . The r e a c t i o n , t h e r e f o r e , 

can n o t be used t o d e f i n e a.SiO^ w i t h any accuracy. A l s o , 

as i n d i c a t e d i n s e c t i o n 4.1, t h e Ca c o n t e n t o f t h e o l i v i n e 

may be s t r o n g l y p r e s s u r e dependent, and compositions o f 

ground-mass o l i v i n e s and pyroxenes would need t o be used. 
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The presence o f almost pure f a y a l i t e , w i t h f e r r o -

s i l i t e b e i n g a component i n t h e l i c j u i d , r e q u i r e s a.SiO^ 

t o l i e below t h e f a y a l i t e / f e r r o s i l i t e s i l i c a b u f f e r . 

L i k e w i s e , t h e o c c a s i o n a l presence o f sphene, w i t h 

p e r o v s k i t e b e i n g a conponent i n t h e l i q u i d , r e q u i r e s 

a.SiO^ t o l i e above t h e sph e n e / p e r o v s k i t e s i l i c a b u f f e r . 

Both t h e s e b u f f e r s are g i v e n i n F i g . 4.21. 

I f t h e f u g a c i t y o f oxygen were known, a.SiO^ co u l d 

be c a l c u l a t e d u s i n g t h e FMQ b u f f e r r e a c t i o n 

2Fe 0 + 3SiO :;i± 3Fe SiO + 0 

m a g n e t i t e l i c x u i d f a y a l i t e 

(7) 

The mole f r a c t i o n u l v d J s p i n e l i n one b u l k Fe/Ti oxide, 

coupled w i t h an o l i v i n e / c l i n o p y r o x e n e temperature, suggests 

a maximum v a l u e f o r l o g f-O^ o f -13.5, A p p l y i n g t h i s v a l u e 

i n r e a c t i o n (7) g i v e s a maximum v a l u e f o r l o g a.SiO^ o f 

-0.29 a t 930°C. Th i s v a l u e i s i n d i c a t e d by a s t a r i n 

F i g . 4.21, and f u r t h e r r e s t r i c t s t h e p o s s i b l e range o f 

l o g a.SiO^ i n these r o c k s . I t seems reasonable t h a t , even 

b e f o r e f e l d s p a r and n e p h e l i n e c r y s t a l l i z e d , a.SiO^ was i n 

t h e r e g i o n o f t h e a l b i t e / n e p h e l i n e b u f f e r . Parsons (p e r s o n a l 

communication) has determined t h e p r o b a b l e v a l u e f o r a,Si02 

i n an a l k a l i gabbro, b y o b t a i n i n g l o g ̂ '^2 t e r t p e r a t u r e 

from t h e c o - e x i s t i n g m a g n e t i t e - i l m e n i t e p a i r s , and 
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s u b s t i t u t i n g them i n r e a c t i o n ( 7 ) . He r e p o r t s t h a t f o r 

t h i s r o c k , more b a s i c and a t h i g h e r temperature t h a n any 

from N o r t h Qoroq, a.SiO^ a g a i n l i e s s l i g h t l y above a l b i t e / 

n e p h e l i n e . From t h i s evidence, i t seems j u s t i f i a b l e t o 

use a v a l u e j u s t above t h e a l b i t e / n e p h e l i n e b u f f e r , f o r 

a.SiO^, when c a l c u l a t i n g f-02 ^ s i n g r e a c t i o n (7) (see 

n e x t s e c t i o n ) . 

T u r n i n g now t o t h e l a t e stage assemblage o f ne p h e l i n e , 

s o d a l i t e , a n a l c i t e and ac m i t e . I n t h e h i g h l y f r a c t i o n a t e d 

s y e n i t e s i t may be p o s s i b l e t o d e f i n e a.SiO^ u s i n g one o f 

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

Na^Al^Si^O^^^l + ^^^°2 ^ ^^^'^ 3NaAlSi30g 

s o d a l i t e l i q u i d l i q u i d a l b i t e 

(8) 

NaAlSiO^ + SiO^ + Ĥ O ^ NaAlSi^O^.H^O 

n e p h e l i n e l i q u i d a n a l c i t e 

(9) 

NaAlSiO^ + SiO^ ^ NaAlSi^O^ 

n e p h e l i n e l i q u i d j a d e i t e 

(10) 

Thermodata are a v a i l a b l e f o r s o d a l i t e (Stormer and Carmichael, 

1971) and f o r a n a l c i t e , j a d e i t e and n e p h e l i n e (Thompson, 1974) 



R e a c t i o n (8) r e q u i r e s a knowledge o f th e a c t i v i t y o f 

NaCl i n t h e magma and (9) a knowledge o f th e f u g a c i t y 

o f w a t e r . R e a c t i o n (9) may be o f use i f P.Ĥ O i s 

assumed t o equal t o t a l p r e s s u r e , as may w e l l occur i n 

these h i g h l y f r a c t i o n a t e d r o c k s . R e a c t i o n (10) i s o f 

d o u b t f u l a p p l i c a t i o n because, as p o i n t e d o u t i n s e c t i o n 

4.2, t h e mole f r a c t i o n o f j a d e i t e i n th e a c m i t i c 

pyroxenes i s e x t r e m e l y v a r i a b l e , even i n s i n g l e c r y s t a l s , 

and i t s use i n c a l c u l a t i o n would r e s u l t i n u n r e a l i s t i c a l l y 

v a r i a b l e a.SiO^ v a l u e s . 

4.16.5, The f u g a c i t y o f oxygen (f«0^) 

F u g a c i t y , l i k e a c t i v i t y , i s a way o f expressing t h e 

chem i c a l p o t e n t i a l o f a component. The ̂ -0^ i n a magma 

can be t h o u g h t o f as a measure o f t h e tendency f o r oxygen 

t o escape from t h e magma. Past workers have demonstrated 

c o n c l u s i v e l y t h a t t h e c r y s t a l l i z a t i o n o f c e r t a i n m i n e r a l 

phases i s dependent on ^'O^' The s t a b i l i t y f i e l d s o f 

acmite ( B a i l e y , 1969), c a l c i c and a l k a l i amphiboles 

( G i l b e r t , 1966; E r n s t , 1962), b i o t i t e s (Eugster and Wones, 

1962; Wones and Eugster, 1965) and a e n i g m a t i t e ( L i n d s l e y , 

1971) have a l l been shown t o be h i g h l y dependent on f.02. 

Hence, a knowledge o f v a r i a t i o n i n f'O^ d u r i n g t h e 

e v o l u t i o n o f N o r t h Qoroq s y e n i t e s i s an i n v a l u a b l e a i d 

i n i n t e r p r e t i n g p e t r o g r a p h i c changes. 
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I n t h e a u g i t e s y e n i t e s , among t h e f i r s t phases t o 

c r y s t a l l i z e are o l i v i n e and Fe/Ti o x i d e s , s u g g e s t i n g 

t h a t f.02 i s i n i t i a l l y d e f i n e d by t h e FMQ b u f f e r r e a c t i o n 

3Fe2SiO^ + 0^ ^ ^Fe^O^ + SiO^ 

(7) 

AG°r o x i d e 

l i q u i d o l i v i n e 
3^°^ ^SiO^ - "Fe^SiO^ 

•(7B) 

AG°r -24810 + 8.47 ( a t P = 1000 b a r s ; 
2.303RT T N i c h o l l s e t a l . , 1971) 

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

i n t h e Fe/Ti o x i d e s can be o b t a i n e d from probe analyses, and 

i f a.SiO can be e s t i m a t e d , t h e v a r i a t i o n o f f.O w i t h 

t e m p e r a t u r e a t P = 1000 ba r s can be c a l c u l a t e d . The 

a c t i v i t y o f f a y a l i t e i s t a k e n as b e i n g equal t o t h e mole 

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

as b e i n g equal t o t h e mole f r a c t i o n . T his procedure i s 

argued and adopted by L i n d s l e y and Haggerty (1971), I n 

t h e p r e v i o u s s e c t i o n , i t was demonstrated t h a t i n t h e 

e a r l y formed a u g i t e s y e n i t e s , where f-02 i s b e i n g c o n t r o l l e d 

by t h e FMQ r e a c t i o n , t h e a.SiO i s p r o b a b l y j u s t g r e a t e r 

t h a n t h e a l b i t e / n e p h e l i n e b u f f e r . Using t h i s v a l u e . 
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v a r i a t i o n i n ^'0^ i s p l o t t e d i n F i g . 4.22 a g a i n s t 

t e m p e r a t u r e o b t a i n e d from t h e o l i v i n e / c l i n o p y r o x e n e 

geothermometer. The v a r i a t i o n i s t h e l i n e A-B, which 

can be seen t o be a t an a p p r e c i a b l y lower f.O^ t h a n t h e 

s y n t h e t i c b u f f e r FMQ, a l s o shown i n t h e diagram. This 

i s i n agreement w i t h o b s e r v a t i o n s from o t h e r under-

s a t u r a t e d r o c k s (Nash e t a l . , 1969; Nash and W i l k i n s o n , 

1970). 

I n t h e a u g i t e s y e n i t e s t h e n e x t e v o l u t i o n a r y stage 

i s t h e rimming o f o l i v i n e b y Fe/Ti o x i d e s and t h e c r y s t a l 

l i z a t i o n o f b i o t i t e and a l k a l i f e l d s p a r . Removal o f 

o l i v i n e as a p a r t i c i p a t i n g phase, means t h a t f'02 -"-̂  ^° 

l o n g e r d e f i n e d by t h e FMQ r e a c t i o n . A r e a c t i o n , a p p r o p r i a t e 

t o t h e observed assemblage a t t h i s stage, which d e f i n e s 

f.O^ i s t h a t i n v o l v i n g f e l d s p a r , b i o t i t e and Fe/Ti o x i d e . 

2KFe^AlSiO^^{OH)^ + 02 2KAlSi20g + 2Fe^0^ + 2E^0 

a n n i t e s a n i d i n e magnetite 

(11) 

AG°r , f e l d s p a r . o x i d e 

+ 21og f.H20 - 61og x 

- ( I I B ) 

2 + 
where x ecruals mole f r a c t i o n Fe i n o c t a h e d r a l l a y e r . 



Fig.4.22 The v a r i a t i o n o f oxygen f u g a c i t y 
(f.O^) w i t h t e m p e r a t u r e f o r N o r t l 
Qoroq s y e n i t e s . The s o l i d arrows 
l i n e , A-B, r e p r e s e n t s t h e f.O 2 
v a r i a t i o n e a r l y i n t h e e v o l u t i o n o f 
t h e magmas, as d e f i n e d b y t h e assemblage 
o l i v i n e + Fe/Ti o x i d e s , w i t h s i l i c a 
b e i n g a component i n t h e l i q u i d . The 
dashed c o n t i n u a t i o n o f t h i s l i n e i s 
t h e p o s s i b l e v a r i a t i o n o f f.O^ a t 
lower t e m p e r a t u r e s , when d e f i n e d b y 
t h e new assemblage a l k a l i f e l d s p a r + 
Fe/Ti o x i d e s + b i o t i t e . A l s o marked 
on t h e f i g u r e i s t h e f a y a l i t e / m a g n e t i t e / 
q u a r t z b u f f e r c urve (F.M.Q.) and v a r i o u s 
b u f f e r curves f o r t h e assemblage s a n i d i n e 
+ m a g n e t i t e + a n n i t e , a t d i f f e r e n t v a l u e s 
o f t h e f u g a c i t y o f water (see t e x t ) . The 
s t a r r e p r e s e n t s a maximum v a l u e f o r f^O^ 
(Buddington and L i n d s l e y , 1964), above 
w h i c h s e p a r a t e i l m e n i t e and m a g n e t i t e 
would c r y s t a l l i z e . 

Symbols used: 
O - f.O^ v a l u e s f o r u n i t SN.IA 
^ - f.O^ v a l u e s f o r u n i t . SN.4A 
® - f.O^ v a l u e s f o r u n i t SN.4B 
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For t h i s r e a c t i o n 

AG°r -14818 _ 3^5^ (at P = 1000 bars; 
2.303RT T 7 ' " r ; : : , 

Wones, 1972) 

Both a c t i v i t y of magnetite i n the Fe / T i oxide and 

a c t i v i t y of sanidine i n the feldspar are obtained as 

o u t l i n e d p r e v i o u s l y . The a c t i v i t y of annite i s taken 

as being equal to the mole f r a c t i o n Fe i n the octahedral 

l a y e r cubed, both Fe"̂ "*" and F being assumed to be 

n e g l i g i b l e (Czamanske and Wones, 1973). The a c t i v i t i e s 

of s a n i d i n e and annite vary l i t t l e with the s t a t e of 

f r a c t i o n a t i o n of the host rock, and the a c t i v i t y of 

magnetite only i n c r e a s e s s l i g h t l y with increased degree 

of f r a c t i o n a t i o n . Taking average values for these three 

v a r i a b l e s , c u r v e s have been produced of log ̂ -^2 ^9^^^^^ 

temperature, contoured i n varying f u g a c i t i e s of water 

(approximately equal to ^-^2'^ these rocks) . The 

r e s u l t i n g curves are given i n F i g . 4.22. The lowest 

temperature obtained from the olivine/clinopyroxene geo-

thermometer i s 850°C, corresponding to the extreme rim 

of an o l i v i n e g r a i n . I t i s proposed that around t h i s 

temperature r e a c t i o n (11) beings to define f-O^. Wones 

and Eugster ( o p . c i t . ) have demonstrated that b i o t i t e s of 

the composition of North Qoroq b i o t i t e s are s t a b l e at 
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terrperatures i n excess of 850°C, under s u i t a b l e P.H^O 

con d i t i o n s . The termination of the FMQ defined ^'0^ 

l i n e at 850°C, c o i n c i d e s with the magnetite/sanidine/ 

annite l i n e appropriate to a f-H^O of approximately 600 

bars (see s e c t i o n on P.H^O). I f f.O^ was defined by 

FMQ to lower temperatures than 850°C, as i t appears to 

be i n the Shonkin Sag l a c c o l i t h (Nash and Wilkinson, 

o p . c i t . ) , t h i s would n e c e s s i t a t e the magma being d r i e r 

than would appear reasonable, on the b a s i s of evidence 

presented i n the l a t e r s e c t i o n on P.H^O. I f FMQ defined 

f.O^ down to Shonkin Sag teitperatures, f-H^O would have 

to be much lower than 200 bars, i n d i c a t i n g an improbably 

dry magma. 

The dashed l i n e i n F i g . 4.22 i n d i c a t e s the p o s s i b l e 

change i n f-O^ with temperature, i f defined by the 

assemblage Fe / T i o x i d e - f e l d s p a r - b i o t i t e . I t curves towards 

the h o r i z o n t a l with decreasing ten:5)erature, because of the 

presumed i n c r e a s e i n f-H^O with magma f r a c t i o n a t i o n , and 

because the a c t i v i t y of magnetite i n the Fe/Ti oxides a l s o 

i n c r e a s e s s l i g h t l y . I t must be emphasised that t h i s curve 

merely g i v e s an i n d i c a t i o n of the l i k e l y ^-^2 '^^^iation. 

F e r r o - p a r g a s i t e i s a common phase i n the l e s s f r a c t 

ionated North Qoroq s y e n i t e s ( s e c t i o n 4.3). I n F i g . 4.23a 

the s t a b i l i t y f i e l d of fe r r o - p a r g a s i t e , a t P.H^O = 1000 bars 
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( G i l b e r t o p . c i t . ) , can be seen to almost i n t e r s e c t the 

proposed f,O^-temperature trend for North Qoroq. As 

p a r g a s i t e has a greate r s t a b i l i t y range than f e r r o -

p a r g a s i t e , and as these amphiboles contain a pa r g a s i t e 

component, the air^hibole s t a b i l i t y f i e l d would i n t e r s e c t 

the proposed f. O^-teirperature trend. The observed rimming 

of pyroxene by p a r g a s i t e / f e r r o - p a r g a s i t e may not only be a 

function of i n c r e a s i n g P.H^O, but may a l s o be associated 

with the p r e d i c t e d f a l l i n ̂ -0^ with temperatures, at 

uniform P.H^O, u n t i l the p a r g a s i t e / f e r r o - p a r g a s i t e 

s t a b i l i t y f i e l d i s i n t e r s e c t e d . 

I n the more f r a c t i o n a t e d nepheline s y e n i t e s of North 

Qoroq, blue a r f v e d s o n i t i c amphibole i s a common phase. 

F i g . 4.23b shows the s t a b i l i t y f i e l d of r i e b e c k i t e -

a r f v e d s o n i t e s o l i d s o l u t i o n , at P.H^O = 1000 bars, i n 

terms of £-0^ and temperature (Ernst, o p . c i t . ) . This 

f i e l d can be seen to l i e at lower f.O^ than the proposed 

f.O^-temperature trend for North Q8roq s y e n i t e s . These 

amphiboles, however, contain appreciable q u a n t i t i e s of F, 

E r n s t (1968) p o i n t s out that F, s u b s t i t u t i n g for OH, 

g r e a t l y i n c r e a s e s amphibole s t a b i l i t y and would expand the 

amphibole s t a b i l i t y f i e l d i n F i g . 4.23b. 

Acmite i s frequently found rimming blue arfvedsonite, 

or as the only mafic phase i n more fr a c t i o n a t e d rocks. 



Fig.4.23 
(a) The proposed f.O^ - temperature trend 

for North Qoroq s y e n i t e s , r e l a t i v e to 
the s t a b i l i t y f i e l d of f e r r o p a r g a s i t e 
at P.HO = 1000 bars ( G i l b e r t , 1966). 
A l s o shown on the f i g u r e are the 
f a y a l i t e / m a g n e t i t e / q u a r t z and q u a r t z / 
F e / f a y a l i t e b u f f e r curves. 

(b) The proposed ^'0^ - temperature trend 
for North Qoroq s y e n i t e s , r e l a t i v e to 
the s t a b i l i t y f i e l d of r i e b e c k i t e 
a r f v e d s o n i t e s o l i d s o l u t i o n at P.HO = 
1000 bars ( E r n s t , 1962). The two 
b u f f e r curves mentioned for the previous 
f i g u r e are a l s o given. 
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B i o t i t e i s u s u a l l y absent from these rocks and t h i s 

suggests t h a t at low temperatures, i n h i g h l y f r a c t i o n a t e d 

rocks, ^'^2 defined by a new r e a c t i o n . The occurrence 

of granular Fe/Ti oxides with acmite suggests that f.O^ inay 

be defined by the r e a c t i o n 

4Fe^0^ + e ^ a ^ S i ^ O ^ + 12810^ + 0^ :^ 12NaFeSi20g 

magnetite l i q u i d l i q u i d acmite 

(12) 

AG°r pyroxene . . oxide 

licfuid l i q u i d 
- ^1°^ ^Na^Si^O^ -'''°^%iO^ 

(12B) 

This i s the r e a c t i o n used by N i c h o l l s and Carmichael (1969) 

to d e f i n e the lower boundary of t h e i r 'no-oxide f i e l d ' . The 

r e a c t i o n poses a s i g n i f i c a n t problem. Numerous workers have 

suggested that the trend towards acmite i n a l k a l i pyroxenes 

i s c o n t r o l l e d by f.O^. However, i t may w e l l be, as 

suggested by Anderson (1974) and proposed here, that 

r e a c t i o n (12) d e f i n e s f-02 ^̂ '̂  t h a t other f a c t o r s a f f e c t 

the pyroxene trend. This w i l l be discussed i n the next 

s e c t i o n . 

I n the most h i g h l y f r a c t i o n a t e d rocks of North Qoroq 

the assemblage acmite and aenigmatite, with magnetite 
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absent, can be observed. This would suggest that f-O^ has 

departed from the acmite-magnetite defined trend and 

entered a f i e l d comparable with the 'no-oxide f i e l d ' , 

proposed by N i c h o l l s and Carmichael (op.cit.) for over-

s a t u r a t e d rocks. Marsh (1975) has shown i t to be d i f f i c u l t 

to d e f i n e a s i m i l a r f i e l d for undersaturated rocks, but 

n e v e r t h e l e s s favours the e x i s t e n c e of one on the b a s i s 

of the observed petrography. F i g . 4.24 shows i n a 

q u a l i t a t i v e fashion the p o s s i b l e behaviour of ^-0^ at low 

temperatures. I t may leave the acmite-magnetite defined 

l i n e when magnetite ceases to c r y s t a l l i z e and remain 

r e l a t i v e l y constant and unbuffered with temperature f a l l , 

as i n d i c a t e d by l i n e A. A l t e r n a t i v e l y , i t may d e c l i n e 

s y s t e m a t i c a l l y with temperature, the v a r i a t i o n being de

f i n e d by a new b u f f e r i n v o l v i n g the l a s t - f r a c t i o n a t i n g 

magma components, as i n d i c a t e d by l i n e B. The t h i r d poss

i b i l i t y i s t h a t a dramatic i n c r e a s e i n oxygen fu g a c i t y 

may occur, due to d i s s o c i a t i o n of magmatic water and 

d i f f u s i o n of out of the system at a greater r a t e than 

0^. An i n c r e a s e of t h i s type was noted by Sato and Wright 

(1966), when measuring ^-0^ d i r e c t l y i n a cooling Hawaiian 

l a v a lake, and a t t r i b u t e d to r a p i d d i f f u s i o n of and 

slow or non-existent d i f f u s i o n of 0^. This p o s s i b l e trend 

i s i n d i c a t e d by l i n e C. I f t h i s trend represents the true 



Fig.4.24 Schematic diagram i l l u s t r a t i n g the 
p o s s i b l e behaviour, a t low temperature, 
of the f.O^. A f t e r being defined by 
a r e a c t i o n i n v o l v i n g a c m i t i c pyroxene, 
magnetite and s p e c i e s i n the l i q u i d , 
the f«02 niay v a r y i n one of three ways 
(see t e x t ) . Shown on the f i g u r e are 
the haematite/magnetite b u f f e r curve 
and the ma g n e t i t e / s i l i c a / s o d i u m 
d i s i l i c a t e / a c m i t e b u f f e r curve. The 
exact p o s i t i o n of the l a t t e r curve i s 
u n c e r t a i n . The shaded area r e p r e s e n t s 
the p o s s i b l e s t a b i l i t y f i e l d of 
aenigmatite. 
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behaviour of f.O^, at a l a t e stage i n the s y e n i t e s 

evolution, i t may be t h a t rims of haematite around 

magnetite g r a i n s r e f l e c t an i n c r e a s e i n f-Oj the 

haematite-magnetite oxygen buffer, as i n d i c a t e d i n 

F i g . 4.24. 

No accurate p o s i t i o n i n g of the acmite-magnetite-

sodium d i s i l i c a t e - s i l i c a b u f f e r i s p o s s i b l e , as free 

energy data for acmite are u n r e l i a b l e as w e l l as values 

for the a c t i v i t i e s of s i l i c a and sodium d i s i l i c a t e i n 

the magma. 

4.16.6. The a c t i v i t y of sodium d i s i l i c a t e (a.Na^Si^O^) 

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

Highly f r a c t i o n a t e d s y e n i t e s from North Qoroq, have 

acmite and o c c a s i o n a l l y sodium m e t a s i l i c a t e i n the norm, 

i n d i c a t i n g that the s y e n i t e s were evolving towards a 

h i g h l y sodic r e s i d u a l l i q u i d . I n t h i s l i q u i d , the a c t i v i t y 

of sodium d i s i l i c a t e (a.Na^Si^O^) must have been high and 

t h i s must have a f f e c t e d the observed mineralogy 

Considering r e a c t i o n (12) and r e - w r i t i n g i t gives 

-.o , pyroxene AG°r i f n j . A i 
12 S a F e S i ^ O ^ = ^ f.O^ + 4 log a^^^^^ 

l i q u i d ^„ , l i q u i d 

•(12C) 
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This r e a c t i o n can i n f a c t be observed i n r e c r y s t a l l i z e d 

dyke rocks of the area, where Fe/Ti oxides are rimmed by 

a host o f f i n e acmite needles. For the r e a c t i o n the 

a c t i v i t y of the acmite component i n the pyroxene, at a 

p a r t i c u l a r temperature and pressure, i s dependent on 

f.O^/ a c t i v i t y of magnetite i n the Fe/Ti oxide and the 

a c t i v i t i e s of Na^Si^O^ and SiO^ i n the magma. An 

important feature of the r e a c t i o n i s that i t s s t o i c h i o -

metry means that the a c t i v i t y of acmite i s much more 

dependent on v a r i a t i o n s i n a.SiO„, a.Na S i 0 and a.Fe 0 
2 2 2 5 3 4 

than on f-O^. I n f r a c t i o n a t e d rocks the Fe/Ti oxide i s 

magnetite-rich and v a r i e s only s l i g h t l y . The two most 

important f a c t o r s i n c o n t r o l l i n g the point at which the 

pyroxene trend turns towards acmite are, therefore, a.SiO^ 

and a.Na^Si^Og i n the magma. As both these f a c t o r s and 

f.O may a f f e c t the pyroxene trend, i t i s u n r e a l i s t i c to 

look for d i f f e r e n c e s i n pyroxene trends between over-

s a t u r a t e d and undersaturated s y e n i t e s . Indeed, pyroxenes 

from the oversaturated s y e n i t e s from Gardar centres tend 

to trend towards acmite at a l a t e r stage than those from 

the m a j o r i t y of undersaturated s y e n i t e s , the reve r s e of 

what would be expected i f a.SiO^ was the c o n t r o l l i n g 

f a c t o r . I n a l l the undersaturated rocks a.SiO^ probably 

l i e s c l o s e to the al b i t e / n e p h e l i n e s i l i c a buffer curve. 
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Perhaps, i n these rocks, i t i s a high a.Na S i 0 i n the 

magma causing an e a r l y i n c r e a s e i n acmite, whereas, i n 

magmas with lower values of a.Na S i 0 , the pyroxenes 

proceed f u r t h e r towards hedenbergite p r i o r to Na 

enrichment. I f t h i s i s so, why do the pyroxenes of the 

s t r o n g l y p e r s o d i c I l i m a u s s a q i n t r u s i o n only trend towards 

acmite a f t e r becoming s t r o n g l y enriched i n hedenbergite? 

Perhaps, i n Ilimaussaq, low f.O and low a.SiO are 

dominant over the a.Na^Si^O^ e f f e c t . 

On the t o p i c of r e l a t i n g pyroxene trends to a.Na2Si20^ 

i n the magma, i t i s i n t e r e s t i n g to note that B a i l e y (1969) 

s t a t e s t h a t 'acmite only forms from l i q u i d s containing 

excess sodium s i l i c a t e ' . 

The presence of aenigmatite and the absence of Fe/Ti 

oxides may a l s o be a r e f l e c t i o n of a.Na^Si^O^. A r e a c t i o n 

proposed by Marsh (1975), when t r y i n g to define a 'no-oxide 

f i e l d ' for undersaturated rocks, i s given below 

2Na2Fe^TiSig02Q + 0^ ^r=± 2Fe^0^ + 2Fe2TiO^ + 2Na2Si20^ 

aenigmatite titanomagnetite l i q u i d 

+ 8 SiO^ 

l i q u i d 

(13) 

Here i t can be seen that aenigmatite i s favoured over the 
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F e / T i oxide by low f.O high a.SiO and high a.Na S i 0 . 
£t £i £t A, \J 

As a.SiO^ l i e s c l o s e to, and may be defined by, the a l b i t e / 

nepheline buffer, i t i s the other two v a r i a b l e s which w i l l 

tend to co n t r o l the presence or absence of aenigmatite, 

again i n d i c a t i n g that a.Na^Si^O^ i s important i n c o n t r o l 

l i n g the phases present i n the l a s t f r a c t i o n a t i n g l i q u i d s . 

C o nsideration of the r e a c t i o n rims of acmite around 

blue a r f v e d s o n i t i c araphibole has i m p l i c a t i o n s with 

regard to a.Na^Si^O^. The r e a c t i o n can be expressed as 

2Na^Fe^"^Fe^"^Sig022(OH)2 + II^B.^S'L^Q^ + 20^ ̂  lONaFeSi^O^ 

arf v e d s o n i t e l i q u i d acmite 

+ 2H2O 

As f.H 0 i n the magma would be expected to inc r e a s e with 

f r a c t i o n a t i o n , and acmite rims anphibole, other v a r i a b l e s 

must be used to e x p l a i n the r e a c t i o n r e l a t i o n s h i p . E i t h e r 

an i n c r e a s e i n f.O^ or i n a.Na^Si^O^ would r e s u l t i n 

acmite forming at the expense of arfvedsonite. At t h i s 

stage f.O^ i s probably defined by a b u f f e r r e a c t i o n and 

decreasing with f a l l i n g temperature. I t i s proposed, 

the r e f o r e , that the acmite rims r e f l e c t i n c r e a s i n g 

a.Na^Si^O^ i n the r e s i d u a l , h i g h l y fractionated, s y e n i t i c 

magma. 

(14) 
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F i n a l l y , mention must be made of the r e c r y s t a l l i z e d 

s y e n i t e s , where aenigmatite, acmite and a r f v e d s o n i t i c 

anphibole are frequently the only mafic phases. This 

assemblage suggests high a.Na^Si^O^, which would be 

c o n s i s t e n t with a Na-metasomatising f l u i d . The patchy 

and mutually e x c l u s i v e occurrence of arfvedsonite and 

acmite i n these rocks may be due to v a r i a t i o n s i n 

a.Na^Si^O^, again a feature t h a t would be i n keeping with 

i r r e g u l a r i n v a s i o n by a metasomatic f l u i d . 

Stephenson (1972) suggested i n c r e a s i n g f.O^ as being 

the key f a c t o r i n producing an e a r l y trend towards acmite 

i n r e c r y s t a l l i z e d r o c k s . However, the presence of aenig

matite r a t h e r than F e / T i oxides i n these rocks suggests 

(considering r e a c t i o n (13)) a r e l a t i v e l y low f.O^. The 

s h a r p l y defined and e a r l y acmite enrichment i n pyroxenes 

of r e c r y s t a l l i z e d rocks can again be ascribed to the 

e f f e c t of metasomatic f l u i d s with a high a.Na^Si^O^. 

4.16.7 Water vapour pressure (P.H^O) 

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

( s e c t i o n 4.6) i t was seen that, for the l e a s t f r a c t i o n a t e d 

rocks, ^•^2'^ must have been l e s s than 1000 bars and, for 

the h i g h l y f r a c t i o n a t e d i n t e r i o r s of SN.lA and SN.5, l e s s 

than 1600 b a r s . P'^jO ^'^s, i n f a c t , probably w e l l below 

these values and i t would be u s e f u l to obtain a b e t t e r 
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i d e a of P-H^O behaviour as f r a c t i o n a t i o n took p l a c e . 

I n the e a r l y formed augite s y e n i t e s the f i r s t phases 

to c r y s t a l l i z e were anhydrous and of no value for d i r e c t l y 

determining P-H^O. I n SN.4A and SN.4B, e a r l y formed plag-

i o c l a s e s are present, together with phenocrysts of o l i v i n e , 

pyroxene and Fe/ T i oxides. The Kudo-Weill p l a g i o c l a s e 

geothermometer, used i n the s e c t i o n on tenperature deter

mination, i s s e n s i t i v e to changes i n P.H^O. For the 

c h i l l e d marginal sample 155152, the nearest approximation 

to a l i q u i d i n the centre, the olivine/clinopyroxene geo

thermometer gives a temperature of 931°C. Assuming a l l 

the phenocrysts were i n equilibrium, and that t o t a l 

p r e s s u r e e f f e c t s were n e g l i g i b l e or at l e a s t equivalent, 

the p l a g i o c l a s e geothermometer gives t h i s tenperature 

when P-H20 i s s e t at approximately 300 bars. This value, 

although approximate, i s a reasonable one, as both SN.4 

u n i t s , as p r e v i o u s l y mentioned, give the appearance of 

having intruded as hotter, d r i e r bodies of magma than 

the other u n i t s . 

The c r y s t a l l i z a t i o n of the e a r l y formed anhydrous 

phases must r e s u l t i n the b u i l d up of water i n the magma 

and an i n c r e a s e i n P.H^O. The f i r s t hydrous phase to 

c r y s t a l l i z e i s b i o t i t e , common i n marginal SN.IA and 

present i n many other u n i t s . Using r e a c t i o n (11) the 
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following r e l a t i o n s h i p a p p l i e s : 

3 8 
oxide 

( l i e ) 

2 + 

with, as before, x e q u a l l i n g the mole f r a c t i o n Fe 

(= t o t a l Fe) i n the octahedral l a y e r . 

Using the lowest value of ^'^2 determined along the 

FMQ r e a c t i o n l i n e , i e . at 850°C, and s u b s t i t u t i n g the 

appropriate a c t i v i t y values i n equation ( l l C ) gives a 

value for f.Hj*-* •̂̂ '̂  b a r s . F u g a c i t y i s r e l a t e d to 

p r e s s u r e of water 

f = P.Y 

where Y i s the f u g a c i t y c o e f f i c i e n t . At low t o t a l pressure 

f.H 0;i;P.H 0. From the above value for f.H 0, and using 

data from Burnham et a l . (1969), the pressure of water at 

the stage when b i o t i t e s t a r t e d to c r y s t a l l i z e was of the 

order of 700 b a r s . 

With continued f r a c t i o n a t i o n the c r y s t a l l i z a t i o n of 

hydrous phases, b i o t i t e , amphibole and l a t e r a n a l c i t e , 

would have r e s u l t e d i n a l e s s r a p i d i n c r e a s e i n P.H^O. At 

a l a t e stage i n the evolution of the more fra c t i o n a t e d 
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s y e n i t e s i t may be p o s s i b l e t o determine P.Ĥ O u s i n g 

r e a c t i o n ( 9 ) , p r o v i d i n g a v a l u e f o r a.SiO^ i s known. 

A t t h i s s t age i t i s p o s s i b l e t h a t ^-^2'^ approached 1000 

b a r s , t h e p o s t u l a t e d v a l u e f o r P. t o t a l , and r e s u l t e d 

i n t h e ' b o i l i n g o f f o f an aqueous f l u i d (see Chapter 6 ) . 

4.16.8. Other v o l a t i l e phases 

Other v o l a t i l e phases may be s i g n i f i c a n t i n t h e 

e v o l u t i o n o f N o r t h Qoroq s y e n i t e s , p a r t i c u l a r l y CO^ and 

th e h a logens. By w r i t i n g r e a c t i o n s i n v o l v i n g analysed 

phases c o n t a i n i n g carbonate (e.g. c a n c r i n i t e ) or h a l i d e s 

(e.g. s o d a l i t e ) i t would be p o s s i b l e , p r o v i d i n g adequate 

thermodata were a v a i l a b l e , t o determine t h e behaviour o f 

the s e v o l a t i l e phases w i t h f r a c t i o n a t i o n . Stormer and 

Carmichael (1971), f o r example, have determined t h e 

v a r i a t i o n i n t h e f u g a c i t y o f HCl w i t h temperature f o r a 

s o d a l i t e t r a c h y t e , u s i n g t h e e q u i l i b r i u m assemblage 

a c m i t e - n e p h e l i n e - s o d a l i t e - m a g n e t i t e . 

4.16.9. Conclusions from t h e thermodynamic t r e a t m e n t 

o f N o r t h Qoroq m i n e r a l d a t a 

A thermodynamic approach has enabled a q u a n t i t a t i v e 

assessment t o be made o f t h e be h a v i o u r o f such i m p o r t a n t 

magmatic c o n t r o l s as temperature, p r e s s u r e , P.Ĥ O, f-O^ 

and a.SiO^. I t i s a d m i t t e d t h a t some o f the assumptions 

made, p a r t i c u l a r l y w i t h r e g a r d t o o b t a i n i n g a c t i v i t i e s o f 
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corrponents, w i l l have r e s u l t e d i n s m a l l e r r o r s . The 

v a l u e s o b t a i n e d , however, seem reasonable and compare 

w e l l w i t h o b s e r v a t i o n s from f i e l d r e l a t i o n s , p e t r o g r a p h y 

and e x p e r i m e n t a l work on s i m i l a r r o c k s . Even when 

i n a d e q u a t e thermodata p r e v e n t q u a n t i t a t i v e v a l u e s b e i n g 

o b t a i n e d , a q u a l i t a t i v e approach, u s i n g c o n s t r u c t e d 

r e a c t i o n s , has g i v e n an i n s i g h t i n t o t h e p o w e r f u l e f f e c t 

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

o f a.Na S i 0 i n l a t e stage h i g h l y f r a c t i o n a t e d s y e n i t e s . 
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CHAPTER FIVE; GEOCHEMISTRY 

5.1. I n t r o d u c t i o n 

Samples from N o r t h Qoroq were analysed f o r 10 major 

elements ( S i , T i , A l , Fe, Mn, Mg, Ca, Na, K, P) and a 

s e l e c t e d number o f t r a c e elements (Ba, Sr, Rb, V, N i , Cr, 

Cu, Sn, Zn, Nb, Y, La, Pb, Th, U) . Analyses were performed 

u s i n g X-ray f l u o r e s c e n c e t e c h n i q u e s and d e t a i l s o f sample 

p r e p a r a t i o n and a n a l y t i c a l methods are g i v e n i n Appendix IV. 

I n a s e l e c t e d number o f f r e s h s y e n i t e s , Ĥ O, CO^ and t h e 
3+ 2 + 

Fe /Fe o x i d a t i o n r a t i o were determined w e t - c h e m i c a l l y . 

The methods employed are a l s o g i v e n i n Appendix IV. The 

analyses are l i s t e d , and f o l l o w e d by a l i s t i n g o f C.I.P.W. 

norms. 

The geochemical v a r i a t i o n found i n N o r t h Qoroq s y e n i t e s 

i s demonstrated b y use o f a number o f 2-component and 3-

component p l o t s . A l t h o u g h , a t t i m e s , a degree o f e x p l a n a t i o n 

i s necessary, use o f these diagrams i n g e n e r a l removes t h e 

need f o r l e n g t h y d e s c r i p t i o n . Where one a n a l y s i s o v e r l a p s 

another on a p a r t i c u l a r p l o t , i t i s o m i t t e d . Only those 

r o c k s appearing f r e s h and u n a l t e r e d i n t h i n s e c t i o n are 

i n c l u d e d i n t h e p l o t s g i v e n i n t h i s c h a p t e r . Any rocks 

c o n t a i n i n g n o r m a t i v e corundum are t h e p r o d u c t s o f n e p h e l i n e 

breakdown (Na l o s s ) , and th e analyses o f these rocks have 

been d i s c a r d e d . Because o f t h e coarse n a t u r e o f many o f 

t h e r o c k s , a c o n s i d e r a b l e q u a n t i t y o f crushed m a t e r i a l was 
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used i n sample p r e p a r a t i o n t o minimize sample s i z e e r r o r s . 

I n N o r t h Qoroq s y e n i t e s m a f i c banding i s r a r e and 

f e l d s p a r l a m i n a t i o n r e l a t i v e l y uncommon. Few f e a t u r e s 

t h a t would be t y p i c a l o f s t r o n g l y cumulate rocks can be 

seen. Upton {1964b), when c o n s i d e r i n g t h e H v i d d a l dyke 

as a p o s s i b l e l a y e r e d n e p h e l i n e s y e n i t e i n t r u s i o n , 

suggests t h a t 'the s y e n i t e s should be regarded as 

' l o o s e l y packed' o r t h o c u m u l a t e s , i n which t h e r a t i o o f 

i n t e r c u m u l u s t o cumulus m a t e r i a l was r e l a t i v e l y h i g h ' . 

This s t a t e m e n t can be w e l l a p p l i e d t o many o f the No r t h 

Qoroq s y e n i t e s . U n i t s SN.2, SN.4A and SN.4B are r e l a t 

i v e l y f i n e - g r a i n e d and show no cumulate f e a t u r e s . They 

p r o b a b l y approximate t o l i q u i d c o m p o s i t i o n s , as do t h e 

m a r g i n a l r o c k s o f t h e o t h e r more v a r i a b l e u n i t s , SN.IA, 

SN.IB and SN.5. The smooth t r e n d s shown b y analyses o f 

t h e more v a r i a b l e u n i t s , and t h e f a c t t h a t t h e y p a r a l l e l 

t h o s e shown by SN.2, SN.4A and SN.4B, suggest t h a t t h e y 

can be used t o demonstrate l i q u i d l i n e s o f descent. 

W i t h t h e e x c e p t i o n o f c e r t a i n r o c k s i n m a r g i n a l 

SN.IA, w h i c h are s a t u r a t e d or j u s t o v e r s a t u r a t e d w i t h 

r e s p e c t t o s i l i c a , t h e N o r t h Qoroq s y e n i t e s are under-

s a t u r a t e d , some markedly so. The p e r a l k a l i n i t y index, 

(Na+K)/Al, i s below u n i t y i n t h e l e s s f r a c t i o n a t e d s y e n i t e s 

(0.85-1.00), b u t t h e r o c k s become p e r a l k a l i n e w i t h f r a c t 

i o n a t i o n , t h e i n d e x r e a c h i n g a maximum v a l u e o f 1.30. 
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5.2. Major element v a r i a t i o n 

F i g . 5.1 (a-1) g i v e s t h e major element, p e r a l k a -

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

The degree o f f r a c t i o n a t i o n i s d e f i n e d by t h e F r a c t i o n a t i o n 

I n d e x o f Macdonald (1969). This i n d e x i s t h e sum o f norm

a t i v e a l b i t e , o r t h o c l a s e , n e p h e l i n e , acmite and sodium 

s i l i c a t e . I t has been used by Stephenson (1973) and 

Anderson (1974) t o d e s c r i b e chemical v a r i a t i o n i n o t h e r 

Gardar c e n t r e s . The D i f f e r e n t i a t i o n Index o f Thornton 

and T u t t l e (1960) i s n o t used, as p e r a l k a l i n e r o c k s are 

n o t a d e q u a t e l y r e p r e s e n t e d b y i t . L i k e w i s e , a m i n e r a l -

o g i c a l measure o f f r a c t i o n a t i o n , e.g. Na-Mg i n t h e pyroxenes, 

i s i n a d e q u a t e because o f t h e extreme z o n a t i o n shown by t h e 

pyroxenes, even w i t h i n s i n g l e c r y s t a l s . 

E x a m i n a t i o n o f F i g . 5.1 shows t h a t a l l major elements 

d i s p l a y a smooth c o n t i n u o u s v a r i a t i o n w i t h f r a c t i o n a t i o n . 

SiO^ v a l u e s i n c r e a s e i n t h e a u g i t e s y e n i t e s , due t o 

t h e i n c r e a s i n g p r o p o r t i o n o f f e l s i c phases t o m a f i c 

phases and o x i d e s , and decrease i n t h e more f r a c t i o n a t e d 

r o c k s , a r e f l e c t i o n o f t h e h i g h e r p r o p o r t i o n o f nepheline, 

s o d a l i t e and a n a l c i t e t o f e l d s p a r . 

B o th Al^O^ and Na^O i n c r e a s e s t e a d i l y w i t h f r a c t i o n 

a t i o n , whereas K^O remains a p p r o x i m a t e l y c o n s t a n t . The 

i n c r e a s e i n Na^O i s a t r u e i n c r e a s e , r e f l e c t e d i n t h e 

o c c u r r e n c e o f N a - r i c h a l u m i n o - s i l i c a t e s and s o d i c pyroxene 



F i g . 5 . 1 (two pages) The major element, 
p e r a l k a l i n i t y and n o r m a t i v e n e p h e l i n e 
v a r i a t i o n o f N o r t h QSroq s y e n i t e s , 
p l o t t e d a g a i n s t t h e ' F r a c t i o n a t i o n 
Index' o f Macdonald (1969). T h i s 
i n d e x i s t h e ' D i f f e r e n t i a t i o n Index' 
o f T h o r n t o n and T u t t l e (1960), i . e . 
n o r m a t i v e o r t h o c l a s e , a l b i t e and 
n e p h e l i n e , p l u s n o r m a t i v e acmite 
(and, where p r e s e n t , n o r m a t i v e sodium 
d i s i l i c a t e ) . 

Symbols used: 

0 - U n i t SN.IA 
A - U n i t SN.IB 

f> - U n i t SN.2 
-H - U n i t ?SN.3 

- U n i t SN.4A 
9 - U n i t SN.4B 
• - U n i t SN.5 
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and amphibole. The i n c r e a s e i n ^1^0^ may be due, a t 

l e a s t i n p a r t , t o t h e f a c t t h a t w i t h f r a c t i o n a t i o n t h e 

average atomic w e i g h t o f th e magma decreased and hence 

A l 0 , i n terms o f w e i g h t , c o n s t i t u t e d a g r e a t e r p r o -

p o r t i o n o f t h e magma. 

TiO^, T o t a l Fe, MgO, CaO and P̂ Ô  a l l decreased 

s t e a d i l y as t h e magmas ev o l v e d . This i s r e f l e c t e d i n 

t h e decrease and e v e n t u a l absence o f o l i v i n e (Fe), 

a u g i t i c - p y r o x e n e (Ca,Ti,Mg), T i - r i c h o x i d e s , C a - r i c h 

f e l d s p a r and a p a t i t e (Ca,P) d u r i n g t h e e a r l y stages o f 

f r a c t i o n a t i o n . I n more f r a c t i o n a t e d r o c k s , t h e r e i s a 

change i n amphibole c o m p o s i t i o n s from Ca, Mg, T i - r i c h 

p a r g a s i t e s t o N a - r i c h a r f v e d s o n i t e s . 

MnO remains a p p r o x i m a t e l y c o n s t a n t , t h e c o n t e n t b e i n g 

d i s t i n c t l y v a r i a b l e i n t h e h i g h l y f r a c t i o n a t e d r o c k s . 
3+ 2 + 

A l t h o u g h n o t p l o t t e d , t h e Fe /Fe r a t i o i n c r e a s e s 

m a r k e d l y w i t h f r a c t i o n a t i o n . I n t h e a u g i t e s y e n i t e s most o f 
2 + 

t h e Fe i s Fe o c c u r r i n g i n a u g i t e , f a y a l i t e , and Fe/Ti 
o x i d e s . I n more f r a c t i o n a t e d r o c k s Fe occurs as Fe"^^ i n 

2+ 2+ 3+ a c m i t i c pyroxene, Fe i n a e n i g m a t i t e and Fe and Fe 

i n a l k a l i a r r p h i b o l e . 

H^O c o n t e n t s o f t h e r o c k s are i r r e g u l a r , a r e f l e c t i o n 

o f t h e i r r e g u l a r c o n c e n t r a t i o n s o f amphibole and b i o t i t e . 

The c o n t e n t i n c r e a s e s i n h i g h l y f r a c t i o n a t e d r o c ks, p r e s 

umably due t o t h e presence o f w a t e r - r i c h a n a l c i t e and 
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n a t r o l i t e . I n these r o c k s , t h e presence o f c a n c r i n i t e 

and c a l c i t e r e s u l t s i n h i g h CO^ v a l u e s . 

A l l s y e n i t e s o f N o r t h Qoroq, even t h e l e a s t f r a c t 

i o n a t e d , are N a - r i c h and Mg-poor and p l o t , on an AFM 

diagram, towards t h e more f r a c t i o n a t e d end o f t h e 

g e n e r a l Gardar t r e n d (Watt, 1966) . 

R e c r y s t a l l i z e d r o c k s are s i m i l a r t o normal s y e n i t e s 

i n major element terms, w i t h t h e e x c e p t i o n o f t h e a l k a l i s . 

I n t h e s e r o c k s Na^O tends t o be h i g h e r and K̂ O lower t h a n 

i n t h e normal s y e n i t e s . K^O enrichment has a l r e a d y been 

mentioned ( s e c t i o n 4.6) as a f f e c t i n g t h e a l k a l i f e l d s p a r 

i n r e c r y s t a l l i z e d s y e n i t e s and Na^O enrichment as a f f e c t i n g 

t h e m a f i c phases. This suggests a l k a l i exchange w i t h a 

m e t a s o m a t i s i n g f l u i d phase (see Chapter 6 ) . 

5.3. Minor element v a r i a t i o n 

I n F i g . 5.2 (a-1) a l l analysed minor elements t h a t 

are p r e s e n t i n any s i g n i f i c a n t q u a n t i t i e s , and t h e K/Rb 

r a t i o , are p l o t t e d a g a i n s t t h e F r a c t i o n a t i o n Index. 

Cr and Ni never occur i n any q u a n t i t y i n t h e s y e n i t e s 

( < l O p . p . m . ) . They are s t r o n g l y s t a b i l i s e d by e n t e r i n g 

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

i n c o r p o r a t e d i n t o e a r l y formed phases. Presumably N o r t h 

Qoroq magmas were d e p l e t e d i n Cr and Ni by c r y s t a l l i z a t i o n 

p r i o r t o emplacement. 



Fig.5.2 (two pages) The v a r i a t i o n o f t r a c e 
element abundances and K/Rb r a t i o 
i n N o r t h Qoroq s y e n i t e s , p l o t t e d 
a g a i n s t t h e ' F r a c t i o n a t i o n Index' 
o f Macdonald (see F i g . 5 . 1 ) . 

Symbols used: 

I 

0 - U n i t SN.IA 
• - U n i t SN.IB 

- U n i t SN«2 
- U n i t ?SN.3 

X - U n i t SN.4A 
- U n i t SN.4B 

• - U n i t SN.5 
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V ( F i g . 5 . 2 ( c ) ) i s a l s o c o n c e n t r a t e d i n t h e l e s s 

f r a c t i o n a t e d r o c k s . I t v a r i e s from 100 p.p.m. i n t h e 

a u g i t e s y e n i t e s t o almost zero i n t h e f o y a i t e s . V 

p r o b a b l y r e s i d e s i n t h e e a r l y formed Fe/Ti oxides, 

a l t h o u g h n o t d e t e c t e d by microprobe a n a l y s i s . As mentioned 

i n s e c t i o n 4.5.3., V i s p a r t i c u l a r l y hard t o analyse f o r 

as i t s peak o v e r l a p s t h a t o f T i . 

Ba and Sr ( F i g . 5.2 (a and b ) ) are two elements t h a t 

occur i n h i g h c o n c e n t r a t i o n s i n the e a r l y formed a u g i t e 

s y e n i t e s , b u t are r a p i d l y d e p l e t e d i n t h e magma and are 

i n s i g n i f i c a n t i n more e v o l v e d r o c k s . The r a p i d d e p l e t i o n 

i n Ba and Sr suggests f e l d s p a r f r a c t i o n a t i o n . As i n d i c a t e d 

i n s e c t i o n 4.6.4., Ba i s p r e f e r e n t i a l l y t a k e n i n t o t h e 

f e l d s p a r s t r u c t u r e and i s th u s c o n c e n t r a t e d i n t h e f i r s t 

formed a l k a l i f e l d s p a r . Sr can c o n c e n t r a t e i n s o d i c 

p l a g i o c l a s e and Sr d e p l e t i o n may have been i n i t i a t e d , 

p r i o r t o h i g h l e v e l f r a c t i o n a t i o n , by p l a g i o c l a s e c r y s t a l 

l i z i n g a t d e p t h . T h i s may be i n d i c a t e d i n u n i t s SN.2, 

SN.4A and SN.4B, where re s o r b e d o l i g o c l a s e phenocrysts 

are p r e s e n t . 

The Zn c o n t e n t o f t h e r o c k s i n c r e a s e s w i t h t h e 

F r a c t i o n a t i o n Index, a l t h o u g h t he c o n c e n t r a t i o n appears 

t o drop a g a i n i n t h e most h i g h l y evolved s y e n i t e s . I n 

s e c t i o n 4.3.4., Zn was seen t o be c o n c e n t r a t e d i n a l k a l i 
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amphiboles, p a r t i c u l a r l y t h e more evolved ones found i n 

p e g m a t i t e s . The most f r a c t i o n a t e d s y e n i t e s c o n t a i n 

a c m i t i c pyroxene r a t h e r t h a n a l k a l i amphibole and are 

c o r r e s p o n d i n g l y low i n Zn. I n t h e magma a t t h i s stage Zn 

may have been 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 an aqueous 

phase and t h e moderate Zn c o n t e n t s o f t h e f e n i t i z e d 

J u l i a n e h a b G r a n i t e s u p p o r t s t h i s p r o p o s a l . 

Nb, Zr, Y and La ( F i g . 5.2 ( g , h , i and j ) ) are a l l 

c o n c e n t r a t e d i n t h e l a t e stage, r e s i d u a l magma. T h e i r 

h i g h charge r e s u l t s i n t h e i r b e i n g s t a b i l i s e d as complexes 

i n t h e l i q u i d and charge, combined w i t h t h e i r l a r g e s i z e , 

means t h a t t h e y are not accepted i n t o t h e l a t t i c e s o f the 

common s i l i c a t e s . Zr was d e t e c t e d i n a l k a l i pyroxene and 

araphibole, b u t i t s h i g h c o n c e n t r a t i o n i n t h e f o y a i t i c 

r o c k s suggests t h a t i t occurs elsewhere as w e l l . As 

suggested i n s e c t i o n 4.13., t h e m i n e r a l r i n k i t e i s a 

l i k e l y r e s e r v o i r f o r these elements. 

F i g . 5.2 (e and f ) shows t h a t Pb and Th a l s o tend t o 

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

As w i t h t h e p r e v i o u s group o f elements, Pb and Th, b o t h 

l a r g e i o n s w i t h h i g h charge, are s t a b i l i s e d as complexes 

i n t h e magma. I t i s p o s s i b l e t h a t monazite, a m i n e r a l 

n o t i c e d i n s e v e r a l o f t h e t h i n s e c t i o n s , i s the c h i e f 

r e s e r v o i r f o r these elements and a l s o f o r some o f the 

La and Y. 
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E x a m i n a t i o n o f F i g . 5.2 shows t h a t s e v e r a l elements, 

p a r t i c u l a r l y Pb, Th, Zr, Nb, Y and La, show v e r y v a r i a b l e 

c o n c e n t r a t i o n s i n more evolved r o c k s . I n p a r t t h i s i s due 

t o m o b i l i z a t i o n o f these elements, g i v i n g d e p l e t e d and 

e n r i c h e d areas, b y t h e a c t i o n o f l a t e r i n t r u s i o n s . I t 

may, however, a l s o be a r e f l e c t i o n o f the s p o r a d i c and 

p a t c h y occurrence o f these m i n e r a l s . Hence, a l t h o u g h 

sa i r p l e s were s u f f i c i e n t l y l a r g e t o c o n t a i n r e p r e s e n t a t i v e 

p r o p o r t i o n s o f t h e major m i n e r a l s , t h e y c o n t a i n v a r i a b l e 

amounts o f t h e s p o r a d i c minor m i n e r a l s i n which these 

elements are c o n c e n t r a t e d . 

Rb ( F i g . 5.2 ( k ) ) shows a s t e a d i l y i n c r e a s i n g con

c e n t r a t i o n w i t h f r a c t i o n a t i o n and t h e K/Rb r a t i o ( F i g . 5.2 

( 1 ) ) , a s t e a d y f a l l . T h i s can be more c l e a r l y seen i n 

F i g . 5.3 where wt.%K i s p l o t t e d a g a i n s t wt. p.p.m. Rb on a 

l o g . s c a l e . A l s o on t h e diagram i s t h e K/Rb curve o f 

Ahrens e t a l . (1952), and broken l i n e s i n d i c a t i n g t h e 

normal l i m i t s o f s c a t t e r i n g . On t h i s p l o t , t he v a r i a t i o n 

shown by t h e N o r t h Qoroq s y e n i t e s i s s i m i l a r t o t h a t found 

i n Kungnat r o c k s (Upton, 1960) and South Qoroq rocks 

(Stephenson, o p . c i t . ) . The t r e n d c u t s across t h e curve 

o f Ahrens, due t o t h e abundant c r y s t a l l i z a t i o n o f K - r i c h 

a l k a l i f e l d s p a r . Rb i s p r e f e r e n t i a l l y c o n c e n t r a t e d i n 

t h e l i q u i d i f a l k a l i f e l d s p a r i s f r a c t i o n a t i n g . 



Fig.5.3 K(wt.%) p l o t t e d against Rb(wt. p.p.m.) 
on a l o g . scale. The s o l i d l i n e on the 
diagram i s the K/Rb curve of Ahrens e t a l . 
(1952) and the dashed l i n e s represent the 
normal l i m i t s o f s c a t t e r i n g . 

Symbols used: 

o - U n i t SN.IA 
A - U n i t SN.IB 

- U n i t SN.2 
A - U n i t PSN.3 
y. - U n i t SN.4A 

- U n i t SN.4B • - U n i t SN.5 
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5.4. Geographical v a r i a t i o n i n trace element abundances 

Previous workers have attempted, w i t h varying degrees 

of success, t o demonstrate a geographical v a r i a t i o n i n the 

concentrations o f c e r t a i n chemical elements, f o r Gardar 

a l k a l i n e centres. Upton (1964b, Fig. 2) successfully-

showed there t o be a d i s t i n c t v a r i a t i o n along the Hviddal 

con^josite dyke. Anderson (1974), however, attempted t o 

examine the F content of the Helene Granite by trend 

surface analysis, w i t h o u t any meaningful p a t t e r n emerging. 

Stephenson ( o p . c i t . ) attempted t o i d e n t i f y chemical 

v a r i a t i o n i n u n i t s o f the South Qoroq Centre, both w i t h 

d istance from the margins o f a u n i t and height i n the u n i t . 

No systematic v a r i a t i o n i n a v e r t i c a l sense was found and 

o n l y very l i m i t e d systematic v a r i a t i o n i n a h o r i z o n t a l 

sense. I t i s l i k e l y t h a t Upton was successful i n demon

s t r a t i n g chemical v a r i a t i o n along the dyke because he 

was d e a l i n g w i t h a l i n e a r feature. I n t r u s i o n s , such as 

the u n i t s of South and North Qoroq, which are e s s e n t i a l l y 

c i r c u l a r bodies would perhaps be more f r u i t f u l l y studied 

by examining the chemical v a r i a t i o n over the t o t a l area of 

t h e i r outcrop. With t h i s i n mind u n i t SN.IA was chosen, 

as i t presented the l a r g e s t outcrop area of any u n i t and 

was accessible over most of t h a t outcrop. Also, work on 

samples c o l l e c t e d by Harry and Emeleus had demonstrated 
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t h a t the u n i t showed extensive chemical v a r i a t i o n . I n 

the summer of 1972, SN.lA was sampled, as f a r as possible 

on a g r i d basis. Certain g r i d p o i n t s could not be 

c o l l e c t e d from, e i t h e r because of lack of exposure, or 

i n a c c e s s i b i l i t y . Suitable c o l l e c t i o n s i t e s were chosen, 

as close as possible t o these p o i n t s . Large represent

a t i v e samples of ' t y p i c a l syenite' were c o l l e c t e d from 

each s p e c i f i e d l o c a t i o n . I t should be noted t h a t 

c o l l e c t i n g ' t y p i c a l syenite' involves a subjective 

d e c i s i o n as t o what i s t y p i c a l . The r a r e mafic bands, 

x e n o l i t h s and p e g m a t i t i c patches were avoided. Recry-

s t a l l i z e d rocks, close t o l a t e r u n i t s were c o l l e c t e d and 

included i n l a t e r a n a l y s i s . I n c l u d i n g sait^les c o l l e c t e d 

by Emeleus and Harry, 81 samples of SN.lA were analysed 

and used t o determine geographical v a r i a t i o n . 

The way i n which t o determine and present t h i s 

v a r i a t i o n posed a problem. The v a r i a t i o n could be 

subjected t o trend surface analysis, which may reveal an 

o v e r l y i n g broad p a t t e r n . A l t e r n a t i v e l y , simple contouring 

o f the analysed values may be used, e i t h e r by hand or 

computer, and may be p a r t i c u l a r l y u s e f u l i n revealing 

s i g n i f i c a n t l o c a l v a r i a t i o n s . Both methods were t r i e d . 

Trend surface analysis involves f i t t i n g polynomial 

surfaces, by computer, t o the mapped data; these surfaces 
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p o s s i b l y being u s e f u l i n developing models r e l a t e d t o the 

known g e o l o g i c a l conditions and processes. The r e s u l t i n g 

contoured trend surfaces were found t o be less u s e f u l than 

the rolling-mean contour maps described below. Trend 

surface maps f o r two elements, Nb and Ba, are however, 

included i n Appendix IV.7. The maps show the 2nd-degree 

surfaces ( q u a d r a t i c ) , 3rd-degree surfaces (cubic) and 

4th-degree surfaces (cjuartic) . The higher degree surfaces 

account f o r l a r g e r p roportions of the t o t a l v a r i a b i l i t y 

and begin t o resemble the contoured maps presented below. 

Contoured maps are given of a number of trace elements 

and the K/Rb r a t i o f o r u n i t SN.IA. The contoured maps are 

based on those obtained from a computer program w r i t t e n by 

G.K. Westbrook ( U n i v e r s i t y of Durham). The basis of the 

method i s given i n Appendix IV.7. The computer maps have 

been modified by hand t o take account of areas where 

sampling was not possible, and t o co r r e c t for the 6:4, 

N-S geographical d i s t o r t i o n produced by the computer l i n e -

p r i n t e r . 

F i g . 5.4(a) shows the sampling d e n s i t y f o r u n i t SN.IA 

and F i g . 5.4(b) the contours for the K/Rb r a t i o . Fig. 5.4 

(c) - 5.4(h) show the contour maps for Ba, Sr, Zr, Nb, Y 

and La r e s p e c t i v e l y . On a l l the diagrams the range of 

values i s i n d i c a t e d . F i g . 5,2 showed t h a t Ba and Sr 



Fig.5.4 (four pages) Contoured maps showing the 
v a r i a t i o n i n t r a c e element abundances 
and the K/Rb r a t i o over the present 
outcrop area o f u n i t SN.lA. On each map 
the contour values and range i n values 
are i n d i c a t e d . Fig.5.4(a) shows the 
sampling d e n s i t y over the u n i t . 
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( a ) 

SAMPLING 

DENSITY 

120 (xlo2) 



(c) 

1000. 
Range:- 31-3800 p.p.m. 

m. 
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Range:-390—2300 p.p.m. 

(f) 

Range:-92—A50p.p.m. 
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Range:-25-158 p.p.m. 

(h) 

Range -50 -370 p p.m. 



contents decrease w i t h f r a c t i o n a t i o n , as does the K/Rb 

r a t i o , and t h a t Zr, Nb, Y and La contents a l l increase. 

Examination of F i g . 5.4, w i t h these f a c t s i n mind, reveals 

several s i g n i f i c a n t features. I t should be remembered 

t h a t the present a e r i a l extent of SN.IA, and t h a t 

i n d i c a t e d on the maps, i s only a p r o p o r t i o n of the 

o r i g i n a l extent. 

Considering the occurrence of Ba and Sr (Fig. 5.4 

(c and d ) ) , both r e s i d i n g i n a l k a l i feldspar, the f i r s t 

p o i n t t o n o t i c e i s the t h i n , but p e r s i s t e n t outer zone 

of SN.IA, which i s s t r o n g l y enriched i n both these elements, 

This zone corresponds t o the l e a s t f r a c t i o n a t e d augite 

s y e n i t e 'facies' o f SN.IA. Moving i n t o the u n i t , the 

content of both elements i n the samples drops. Of p a r t 

i c u l a r i n t e r e s t i s the very marked d e p l e t i o n o f Ba and Sr 

i n the north-west p a r t of the u n i t , not f a r from the 

margins. This suggests a l i m i t e d area of h i g h l y f r a c t 

ionated syenites, where the feldspars are s t r o n g l y 

depleted i n both Ba and Sr. 

Turning t o F i g . 5.4(b), the K/Rb r a t i o v a r i a t i o n , 

the Rb-depleted, l e a s t f r a c t i o n a t e d rocks are again 

c l e a r l y defined a l l around the o r i g i n a l margins of the 

i n t r u s i o n . The Rb-enriched, h i g h l y f r a c t i o n a t e d area 

coincides approximately t o the area of Ba and Sr 



235. 

d e p l e t i o n , but i s extended i n a so u t h e r l y d i r e c t i o n . 

(Obviously the exact contour p a t t e r n depends on the 

contour values chosen.) 

Considering F i g . 5.4(e) - 5.4(h) f u r t h e r p o i n t s 

o f i n t e r e s t emerge. A l l these elements are concentrated 

i n the more f r a c t i o n a t e d rocks. The outer zone of 

d e p l e t i o n can be seen i n every case, as can a zone 

o f strong enrichment i n these r e s i d u a l elements i n the 

north-western p o r t i o n of the u n i t , c o i n c i d i n g approx

i m a t e l y w i t h the zone showing low K/Rb r a t i o s and Ba and 

Sr d e p l e t i o n . However, f u r t h e r areas of enrichment and 

d e p l e t i o n can be seen f o r these four elements. Depleted 

zones occur close t o younger i n t r u s i v e u n i t s , e s p e c i a l l y 

SN.IB, and SS.2 o f the South Qoroq Centre. A short 

distance i n t o SN.lA from the contact w i t h SS.2 i s a 

d i s t i n c t zone where these elements are enriched. This 

demonstrates c o n c l u s i v e l y t h a t , as suggested previously, 

these elements are mobilised by the metamorphic e f f e c t s 

of.:a l a t e r i n t r u s i v e u n i t and concentrated a short 

distance i n t o the older u n i t . The zone where these 

elements, p a r t i c u l a r l y Zr, La and Nb, are concentrated i s 

r i c h i n i d e n t i f i a b l e r i n k i t e c r y s t a l s . 

Although zones of enrichment and d e p l e t i o n of Zr, Nb, 

Y and La close t o younger i n t r u s i v e u n i t s have been 
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explained, what explanation can be given f o r the very 

obvious zone, s t r o n g l y enriched i n these elements and 

depleted i n Ba and Sr? I t seems p e c u l i a r t h a t t h i s area 

of h i g h l y f r a c t i o n a t e d rocks should occur i n the n o r t h 

west quadrant of SN.IA, u n t i l account i s taken of the 

topographic e f f e c t s . I n t h i s area, the l e v e l o f erosion 

i s much deeper than elsewhere i n the u n i t . Whereas, 

over the bulk of the u n i t erosion i s only thought t o have 

proceeded t o j u s t below the roof-zone, i n t h i s area 

deeper l e v e l s are exposed. Hence, the geographical d i s 

t r i b u t i o n i n F i g . 5.4 can be explained by p o s t u l a t i n g an 

inner, more h i g h l y f r a c t i o n a t e d 'core' t o u n i t SN.IA, 

o n l y exposed i n the north-west p a r t o f the u n i t , where 

erosion has been s u f f i c i e n t l y deep. This i s demonstrated 

schematically i n F i g . 5.5, on which the outer augite 

s y e n i t e zone and the inner h i g h l y f r a c t i o n a t e d zone are 

marked. I n t h i s diagram the boundaries of the various 

zones have been extrapolated t o give a s i n p l i f i e d 

s t r u c t u r e . Such a r e g u l a r s t r u c t u r e has i m p l i c a t i o n s 

w i t h regard t o the mechanisms of formation of these 

syenite v a r i a n t s . These i m p l i c a t i o n s are discussed i n 

Chapter 7. 

I t can be seen t h a t examination o f the geographical 

v a r i a t i o n shown by various elements has confirmed the 



Fig.5.5 Schematic s e c t i o n through the North 
Qoroq Centre, showing the e f f e c t o f 
depth of erosion i n exposing the 
proposed, h i g h l y f r a c t i o n a t e d core 
of u n i t SN.lA. 

Abbreviations used: 

A - Highly f r a c t i o n a t e d core 
of u n i t SN.lA 

B - Less f r a c t i o n a t e d margins 
of u n i t SN.lA, o f au g i t e 
syenite composition. 
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m o b i l i z i n g e f f e c t o f l a t e r i n t r u s i v e u n i t s and suggested 

a model f o r the e v o l u t i o n of SN.lA (see Chapter 7), which 

may be applied t o other u n i t s . 

5.5. Normative mineralogy and the residua system 

The vast m a j o r i t y o f North Qoroq syenites have 

normative a l b i t e , orthoclase and nepheline exceeding 80%, 

and can reasonably be p l o t t e d i n the 'residua system', 

Qz-Ne-Ks (Bowen, 1937). Augite syenites, p a r t i c u l a r l y 

from marginal SN.lA, containing r e l a t i v e l y high concen

t r a t i o n s of MgO, FeO and CaO, can not be adequately 

represented i n t h i s system. Highly f r a c t i o n a t e d syenites 

o f SN.lA, SN.IB, PSN.3 and SN.5 tend t o be p e r a l k a l i n e 

((Na+K)>A1). They are p l o t t e d on the residua system 

diagram i n t h i s account, but i n r e a l i t y l i e o f f the plane 

o f the diagram, i n the AlTpoor section of the la r g e r 

system A l 0 - Na 0 - K 0 - SiO . 

F i g . 5.6 shows a number o f syenites from each o f 

the North Qoroq u n i t s , p l o t t e d i n the appropriate under-

saturated p o r t i o n o f the residua system. Also given i n 

the f i g u r e are the phase boundaries at IKb.P.H^O (Hamilton 

and MacKenzie, 1965). As i n d i c a t e d i n section 4,16.7., 

t h i s i s considered t o be an appropriate water pressure 

f o r syenites of North Qoroq, p a r t i c u l a r l y i n t h e i r l a t e r 

stages o f e v o l u t i o n . 



Fig.5.6 Normative v a r i a t i o n shown by the 
v a r i o u s u n i t s of North Qoroq, i n 
terms of the end-members quartz-
n e p h e l i n e - k a l s i l i t e (the 'residua 
system' of Bowen, 1937). The 
fe l d s p a r j o i n i s i n d i c a t e d by a 
dashed l i n e . S o l i d l i n e s i n d i c a t e 
the phase boundaries a t 1Kb. P-H^O 
and the 'unique f r a c t i o n a t i o n curve' 
(Hamilton and MacKenzie, 1965) . iTie 
undersaturated minimum i n the system 
i s i n d i c a t e d by the l e t t e r 'm'. 
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Examination of F i g . 5.6 shows that a l l of the 

s y e n i t e s follow a r e l a t i v e l y smooth trend. Analyses 

from SN.IA range from around the a l b i t e - o r t h o c l a s e j o i n 

to j u s t i n s i d e the nepheline f i e l d at IKb.P.H^O. C e r t a i n 

augite s y e n i t e s of SN.IA are j u s t oversaturated. This may 

be due to a s s i m i l a t i o n of country rock by these marginal 

s y e n i t e s , a f a c t o r d i s c u s s e d i n Chapter 7. SN.lB would 

probably show a s i m i l a r trend to SN.IA, but i n s u f f i c i e n t 

analyses were obtained. Uni t s SN.2, SN.4A and SN.4B 

commenced c r y s t a l l i z a t i o n j u s t to the undersaturated side 

of the f e l d s p a r j o i n . SN.2 shows no extensive range i n 

compositions, but both SN.4A and SN.4B show smooth trends 

to the region of the nepheline-feldspar phase boundary. 

?SN.3, d e s p i t e there being fewer analyses, can be seen to 

be h i g h l y undersaturated, two analyses p l o t t i n g w e l l i n t o 

the f i e l d of nepheline. Analyses of even the l e a s t f r a c t 

ionated rocks of SN.5 p l o t w e l l below the feldspar divide, 

and the most f r a c t i o n a t e d rocks again p l o t w i t h i n the 

nepheline f i e l d . Highly evolved s y e n i t e s from the 

Gr0nnedal-lka i n t r u s i o n ( G i l l , 1972) a l s o p l o t i n the 

nepheline f i e l d , as do c e r t a i n of the South Qoroq s y e n i t e s 

(Stephenson, 1973), and the Kangerdlugssuaq s y e n i t e s (Kempe, 

Deer and Wager, 1970). I t should be remembered that many 

of these analyses, p l o t t i n g w i t h i n the nepheline f i e l d , 

are p e r a l k a l i n e and i n r e a l i t y l i e o f f the plane of the 



diagram. Nevertheless, the p o s i t i o n of these analyses may 

i n d i c a t e t h a t the nepheline-feldspar phase boundary has 

been d i s p l a c e d towards the n e p h e l i n e - k a l s i l i t e j o i n by 

e i t h e r higher P.H^O, as demonstrated by Hamilton and 

Mackenzie ( o p . c i t ) , or by a d d i t i o n a l magma components. 

Kogarko (1974) showed that an i n c r e a s e i n the acid 

v o l a t i l e component i n a magma tends to depress strongly 

the feldspar-nepheline phase boundary towards the nepheline-

k a l s i l i t e j o i n . Hence, concentrations of HF and p a r t i c u l 

a r l y HCl, both of which were present i n North Qoroq syenites, 

may have di s p l a y e d t h i s e f f e c t . 

As the s y e n i t e analyses follow a well-defined, g e n e r a l l y 

s t r a i g h t trend towards the undersaturated minimum, the magmas 

were probably changing composition along a 'thermal trough', 

analo.gous to the unique f r a c t i o n a t i o n curve of Hamilton and 

MacKenzie. The analyses, however, tend to l i e on the K - r i c h 

s i d e of t h i s unique f r a c t i o n a t i o n curve. This i s a common 

feat u r e of undersaturated a l k a l i n e rocks and Hamilton and 

MacKenzie note t h a t analyses of n a t u r a l l y occurring phono-

l i t e s and nepheline s y e n i t e s p l o t on the p o t a s s i c side of 

the i s o b a s i c minimum a t IKb.P.H^O (n. i n F i g . 5.6). This 

displacement i s probably due to a d d i t i o n a l components 

present i n n a t u r a l l i q u i d s . The p e r a l k a l i n e condition 

d i s p l a c e s the thermal trough i n the r e s i d u a system, but 



the displacement i s towards the sodic portion of the 

system i n undersaturated rocks. This may expla i n why 

the trend shown by North Qoroq s y e n i t e s becomes n o t i c 

eably more sodic with the increased degree of f r a c t i o n 

a t i o n and increa s e d p e r a l k a l i n i t y . The much more 

p o t a s s i c nature of the proposed thermal trough i n l e s s 

f r a c t i o n a t e d rocks may be caused by the presence of Ca, 

which James and Hamilton (1969) have shown to have a 

marked e f f e c t on the p o s i t i o n of the trough, at l e a s t 

i n the oversaturated p o r t i o n of the r e s i d u a system. 

Furt h e r displacement of the thermal trough towards 

the p o t a s s i c s i d e of the diagram may be caused by acid-

v o l a t i l e components. Kogarko (o p . c i t . ) i n d i c a t e d that, 

as w e l l as d i s p l a c i n g the nepheline-feldspar phase 

boundary, in c r e a s e d a c i d v o l a t i l e content a l s o d i s p l a c e s 

the thermal trough towards the p o t a s s i c side of the 

r e s i d u a system. 

Close examination of F i g . 5.6 shows that, for u n i t 

SN.IA, the trend towards undersaturation i s concave 

towards a l b i t e . This suggests that the i n i t i a l magma 

was on the sodic s i d e of the thermal trough, and probably 

proceeded r a p i d l y towards the thermal trough by c r y s t a l 

l i z a t i o n and separation of a feldspar more sodic than 

the magma. S i m i l a r , concave ' f r a c t i o n a t i o n curv-es' are 

found i n the Hviddal dyke nepheline s y e n i t e s (Upton, op. c i t . ) 



and i n u n i t SS.4B, an augite syenite, of South Qoroq 

(Stephenson, o p . c i t . ) . The remaining u n i t s of North 

Qoroq, however, show e i t h e r a s t r a i g h t trend towards 

undersaturation, or one which i s s l i g h t l y convex towards 

a l b i t e . This suggests that these l i q u i d s commenced 

c r y s t a l l i z a t i o n on the p o t a s s i c s i d e of the thermal 

trough and approached the trough by separation of a 

s t i l l more p o t a s s i c f e l d s p a r . This explanation can be 

c r i t i c a l l y examined by p l o t t i n g compositions of e a r l y 

formed a l k a l i f e l d s p a r s (core compositions) on the res i d u a 

system diagram and connecting them to the host rock 

a n a l y s i s , which presumably approximates to the magma 

from which these f e l d s p a r s c r y s t a l l i z e d . This i s done 

i n F i g . 5.7 for u n i t s SN.IA, SN.4A and SN.4B. I t can be 

seen t h a t most of the felds p a r analyses p l o t c l o s e to 

where the postulated thermal trough i n t e r s e c t s the a l b i t e -

o r t h o c l a s e j o i n . Nevertheless, f e l d s p a r s from the l e a s t 

f r a c t i o n a t e d rocks of SN.IA tend to be more Na-rich than 

e i t h e r the host rock or fe l d s p a r s from more fra c t i o n a t e d 

r o c k s . I n u n i t s SN.4A and SN.4B the re v e r s e can be seen 

to be t r u e . Here, f e l d s p a r s from the l e a s t f r a c t i o n a t e d 

rocks are more p o t a s s i c than both the host rock and 

f e l d s p a r s from more f r a c t i o n a t e d rocks. This adds strong 

weight to the theory t h a t SN.IA magma o r i g i n a l l y l a y on 

the s o d i c s i d e of the thermal trough and SN.4A and SN.4B 



Fig.5.7 S e l e c t e d rock compositions for u n i t s 
SN.IA, SN.4A and SN.4B, p l o t t e d i n 
terms of t h e i r normative quartz, 
nepheline and k a l s i l i t e contents, and 
jo i n e d by t i e - l i n e s to c o - e x i s t i n g 
f e l d s p a r core compositions (ignoring 
p l a g i o c l a s e cores i n u n i t s SN.4A and 
SN.4B). The phase boundaries and the 
i s o b a r i c minimum, 'm', are the same 
as those given i n F i g . 5.6. 

• — r o c k c o m p o s i t i o n s 

O — F e l d s p a r c o r e c o m p o s i t i o n s , 
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magmas on the p o t a s s i c s i d e . I t a l s o suggests that 

f e l d s p a r f r a c t i o n a t i o n i s the dominant process causing 

the s y e n i t e magmas to change composition, from the 

region of the fel d s p a r thermal d i v i d e to the nepheline-

f e l d s p a r boundary. Postulated c r y s t a l l i z a t i o n trends 

are given i n F i g . 5.8 and can be compared with f r a c t 

i o n a t i o n curves obtained by Hamilton and MacKehzie. 

F i g . 5.9 shows rock analyses for SN.IA and SN.4 

(A and B) p l o t t e d i n the r e s i d u a system. T i e - l i n e s j o i n 

the rock compositions to c o - e x i s t i n g nepheline and feldspar, 

the f e l d s p a r s being rim or groundmass analyses. These 

f e l d s p a r s are much more K - r i c h than the a l k a l i feldspar 

core analyses shown i n F i g . 5.7. This i s a r e f l e c t i o n 

on the f a c t that, when these f e l d s p a r s c r y s t a l l i z e d , a 

Na-rich nepheline c o - p r e c i p i t a t e d with them. Consideration 

of the c r y s t a l l i z a t i o n path of SN.4 magma r e v e a l s the 

reason for zoning, both towards K - r i c h and Na-rich rims 

i n the f e l d s p a r s of these rocks. As for the majority of 

u n i t s , the magma l i e s on the p o t a s s i c side of the thermal 

trough, the f i r s t f e l d s p a r to c r y s t a l l i z e i s more K - r i c h 

than the magma and i t s c r y s t a l l i z a t i o n and separation 

r e s u l t s i n the r e s i d u a l magma composition moving towards 

the thermal trough. As the magma approaches the trough, 

the f e l d s p a r becomes more Na-rich, i . e . i t ; , zones towards 



Fig.5.8 A comparison of proposed f r a c t i o n 
a t i o n trends shown by North Qoroq 
s y e n i t e s with f r a c t i o n a t i o n curves 
obtained by Hamilton and MacKenzie 
(1965). Phase boundaries are as 
given i n F i g . 5.6. 

T o p - H a m i l t o n & M a c k e n z i e , 
Bottom- T h i s a c c o u n t . 
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Fig.5.9 The normative compositions of 
s e l e c t e d rocks of u n i t s SN.IA, 
SN.4A and SN.4B p l o t t e d i n the 
'residua system' and j o i n e d by 
t i e - l i n e s to c o - e x i s t i n g nepheline 
and a l k a l i f e l d s p a r compositions. 
Nepheline compositions are g e n e r a l l y 
from groundmass nephelines and 
fe l d s p a r compositions from e i t h e r 
the groundmass or from f e l d s p a r 
r ims. Phase boundaries e t c . are 
as given i n F i g . 5.6. 

Rock c o m p o s i t i o n s 

O — N e p h e l i n e and F e l d s p a r c o m p o s i t i o n s , 
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s o d i c rims. As the magma composition proceeds down the 

thermal trough, towards the nepheline-feldspar phase 

boundary, i t s progress i s c o n t r o l l e d by separation of a 

fe l d s p a r of constant composition (Ab^^Or^^ approx.), 

assuming the thermal trough i s l i n e a r . When the phase 

boundary i s reached, nepheline c r y s t a l l i z e s and, along

s i d e i t , a much more K - r i c h feldspar, which r e s u l t s i n 

zonation of the fe l d s p a r to give K - r i c h rims. The 

l i q u i d then proceeds to the undersaturated minimum, 

c r y s t a l l i z i n g nepheline and a l k a l i f e l d s p a r . 

Further examination of F i g . 5.9 r e v e a l s that the 

nepheline-rock-feldspar t i e - l i n e s tend to kink ra t h e r 

than form a s t r a i g h t l i n e . For South Qoroq the t i e 

l i n e s are u s u a l l y s t r a i g h t and Stephenson (1973) i n t e r 

p r e t s t h i s as meaning t h a t the trends shown for s y e n i t i c 

r ocks i n the r e s i d u a system r e f l e c t l i q u i d l i n e s of 

descent. Do the North Qoroq trends shown i n F i g . 5.6, 

th e r e f o r e not r e f l e c t changes i n l i q u i d coitposition? 

The answer i s t h a t they probably do and that the kink 

i s due to the contemporaneous c r y s t a l l i z a t i o n of s o d a l i t e 

and p o s s i b l y a n a l c i t e , together with groundmass nepheline 

and f e l d s p a r . Also, as mentioned i n s e c t i o n 4.6.3., some 

of the f e l d s p a r s may have undergone K-metasomatism. Small 

groundmass f e l d s p a r s would have been more s u s c e p t i b l e to 
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t h i s process and i t may be a further reason for the 

kink i n the nepheline-rock-feldspar t i e - l i n e . 

5.6. The p e r a l k a l i n e condition 

North Qoroq s y e n i t e s become p e r a l k a l i n e with 

f r a c t i o n a t i o n . This i s i n d i c a t e d by the presence of 

acmite and o c c a s i o n a l l y sodium m e t a s i l i c a t e i n the rock 

norms. The highest value a t t a i n e d by the p e r a l k a l i n i t y 

index, (Na+K)/Al, i s 1.30. 

I n F i g . 5.10 s y e n i t e s are p l o t t e d i n the system 

A l 0 .3SiO - K 0.3SiO - Na 0.3SiO . This i s a plane 

almost a t r i g h t angles to that of the r e s i d u a system 

and was used by G i l l (1972) to demonstrate the p e r a l 

k a l i n e nature of Gr^nnedal-Ika phonolites. The system 

has a l s o been used by Thoirpson and MacKenzie (1967) and 

Nash et a l . (1969), but was r e f e r r e d to i n c o r r e c t l y as 

Al 0 .6SiO - Na 0.6SiO - K 0.6SiO (see G i l l , 1972, p.96) 

Two diagrams are used i n F i g . 5.10; one for the u n i t s 

which f r a c t i o n a t e to give p e r a l k a l i n e f o y a i t e s , i . e . 

SN.IA, SN.lB and SN.5; and one for those which only 

f r a c t i o n a t e to give weakly p e r a l k a l i n e or non-peralkaline 

s y e n i t e s , i . e . SN.2, SN.4A and SN.4B. Also shown i n the 

diagrams are t i e - l i n e s to c o - e x i s t i n g feldspar core 

coitpositions. The s t a r r e d points A, B, A^ and A^ r e f e r 

to the average compositions of the f i r s t amphibole to 



Fig.5.10 
(a) Syenite coitpositions of u n i t s SN.IA, 

SN.IB and SN.5 p l o t t e d i n the system 
Al^O^.SSiO^ - K20.3SiO - Na^O.SSiO^ 
(see t e x t ) . C e r t a i n of the s y e n i t e 
compositions are j o i n e d , by t i e l i n e s , 
to c o - e x i s t i n g f e l d s p a r compositions. 
The compositions of early-formed 
amphibole and b i o t i t e are a l s o 
i n d i c a t e d . 
Symbols used: 

O - Unit SN.IA 
A - U n i t SN.IB 
• - Un i t SN.5 

A ^ - F i r s t formed amphibole i n u n i t SN.IA 
B - F i r s t formed b i o t i t e i n u n i t SN.IA 

- Feldspar core compositions 

(b) Syenite compositions of u n i t s SN.2, SN.4A 
and SN.4B, p l o t t e d as for F i g . 5 . 1 0 ( a ) . 
Syenite compositions are again j o i n e d to 
c o - e x i s t i n g f e l d s p a r compositions. The 
compositions of the f i r s t formed amphiboles 
i n u n i t s SN.2 and SN.4(A+B) are i n d i c a t e d . 
Symbols used: 

Unit SN.2 
• - Unit SN,4A 
O - Unit SN.4B 

' ^ l - F i r s t formed amphibole i n u n i t SN.2 
A 2 ~ F i r s t formed amphibole i n u n i t s 

SN.4(A+B) 
• - Feldspar core compositions 
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c r y s t a l l i z e i n SN.lA, t h e f i r s t b i o t i t e i n SN.lA, t h e 

f i r s t amphibole i n SN.2 and t h e f i r s t amphibole i n 

SN.4 (A and B), r e s p e c t i v e l y . 

C o n s i d e r i n g f i r s t l y F i g . 5.10(a), i t can be seen 

t h a t r o c k analyses t r e n d from t h e peraluminous (Ca c o n t e n t 

n e g l i g i b l e ) t o t h e p e r a l k a l i n e f i e l d i n a d i s t i n c t l y l i n e a r 

f a s h i o n . This i s because t h e magma i s changing c o m p o s i t i o n 

along a t h e r m a l t r o u g h , which i s t h e th e r m a l t r o u g h o f the 

r e s i d u a system extended i n t o t he volume o f th e t e t r a h e d r o n 

SiO - A l 0 - Na 0 - K 0. Normally, f r a c t i o n a t i o n o f a 

Ca-bearing f e l d s p a r i s in v o k e d as t h e cause o f th e p e r a l 

k a l i n e c o n d i t i o n . T h i s i s r e f e r r e d t o as 'the p l a g i o c l a s e 

e f f e c t ' (Bowen, 1945). However, e x a m i n a t i o n o f F i g . 5.10 

shows t h a t i n t h e l e a s t f r a c t i o n a t e d , peraluminous r o c k s 

th e f e l d s p a r cores are always more p e r a l k a l i n e t h a n t h e 

h o s t r o c k . S e p a r a t i o n o f these f e l d s p a r s would tend t o 

produce a more peraluminous r e s i d u a l magma. Even i n 

r e l a t i v e l y r a p i d l y c ooled m a r g i n a l r o c k s o f SN.lA, where 

t h e r e would be l i t t l e chance o f f e l d s p a r s e t t l i n g , t h e 

f e l d s p a r cores, a l t h o u g h c a l c i c , are not s u f f i c i e n t l y 

c a l c i c t o promote t h e p e r a l k a l i n e c o n d i t i o n . I t i s o n l y 

when t h e l i c j u i d has become p e r a l k a l i n e t h a t f r a c t i o n a t i o n 

o f a l k a l i f e l d s p a r , 'the o r t h o c l a s e e f f e c t ' o f Bowen and 

S c h a i r e r (1964), i n c r e a s e s t h e p e r a l k a l i n i t y (and s o d i c i t y ) 
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o f t h e r e s i d u a l l i q u i d . SN.IA, SN.lB and SN.5 c o n t a i n 

e a r l y - f o r m e d amphibole and i n t h e case o f SN.IA e a r l y -

formed b i o t i t e . The c o i t p o s i t i o n s o f e a r l y - f o r m e d 

amphibole (A) and e a r l y - f o r m e d b i o t i t e (B) are i n d i c a t e d 

on F i g . 1 0 ( a ) , and i t can be seen t h a t b o t h these 

m i n e r a l s are s t r o n g l y metaluminous or peraluminous. I t 

i s proposed, t h e r e f o r e , t h a t i n these u n i t s t h e p e r a l -

k a l i n e t r e n d was i n i t i a t e d by t h e f r a c t i o n a t i o n o f 

amphibole and b i o t i t e and t h a t , once a d e f i c i e n c y i n 

alumina had been achieved, f e l d s p a r f r a c t i o n a t i o n 

a c c e n t u a t e d t h e tendency towards p e r a l k a l i n i t y . I t i s 

a l s o p o s s i b l e t h a t A l - r i c h a u g i t i c pyroxene and opaques 

a s s i s t e d t h e t r e n d towards p e r a l k a l i n i t y . 

I n F i g . 5.10(b) a d i f f e r e n t p i c t u r e emerges. Here, 

a l l t h e u n i t s have f e l d s p a r p h e n o c r y s t s w i t h resorbed 

o l i g o c l a s e c o r e s . These core compositions are p l o t t e d 

i n F i g . 5.10(b) and j o i n e d t o t h e i r h o s t r o c k c o r t p o s i t i o n 

b y t i e - l i n e s . I t can be seen t h a t f r a c t i o n a t i o n o f f e l d 

spars o f t h i s c o m p o s i t i o n would have promoted t h e p e r a l -

k a l i n e c o n d i t i o n s . A^ i s a t y p i c a l amphibole c o m p o s i t i o n 

o f SN.2 and A^ o f SN.4A and SN.4B. Hence, f r a c t i o n a t i o n 

o f amphibole would a l s o a s s i s t t h e t r e n d towards p e r a l 

k a l i n i t y . B i o t i t e p r e s e n t i n these r o c k s , and A l - r i c h 

opaques and pyroxenes, may a l s o have p l a y e d a p a r t . 
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Once ag a i n , when t h e r e s i d u a l l i q u i d had become p e r a l 

k a l i n e , c o n t i n u e d f r a c t i o n a t i o n o f a l k a l i f e l d s p a r would 

have f u r t h e r i n c r e a s e d t h e p e r a l k a l i n i t y . 

E n g e l l (1975) r e l a t e d r o c k s o f I l i m a u s s a q t o t h e 

' p e r a l k a l i n e r e s i d u a system', Na^O - Fe^O^ - Al^O^ -

SiO^ ( B a i l e y and S c h a i r e r , 1966). He s t a t e d t h a t 

I l i m a u s s a q magma was f r a c t i o n a t i n g towards a e u t e c t i c 

where acmite, a l b i t e , n e p h e l i n e , sodium d i s i l i c a t e and 

l i q u i d c o - e x i s t e d . However, t h e e f f e c t o f f.O , P.HO, 

and p a r t i c u l a r l y t h e a c t i v i t y o f a d i o p s i d e conponent 

i n t h e pyroxene, i s t o d i s p l a c e c o n s i d e r a b l y t h e phase 

b o u n d a r i e s . Consequently, t h e p l o t s g i v e n by E n g e l l do 

n o t c o n v i n c i n g l y p r o v e h i s h y p o t h e s i s ; t h e e u t e c t i c i n 

t h e e x p e r i m e n t a l l y determined system and E n g e l l ' s end-

p o i n t f o r t h e I l i m a u s s a q l i q u i d t r e n d b e i n g e x t e n s i v e l y 

d i s p l a c e d r e l a t i v e t o each o t h e r ( E n g e l l , 1973, F i g . 3 ) . 

Stephenson, p l o t t i n g South Qoroq s y e n i t e s i n t h e same 

system notes an even g r e a t e r displacement r e l a t i v e t o 

t h e e x p e r i m e n t a l l y determined phase bou n d a r i e s . North 

Qoroq s y e n i t e s , when p l o t t e d i n t h i s system, occur i n 

much t h e same p o s i t i o n as those o f South Qoroq (Stephenson, 

1973, F i g . 5.8). I t i s v e r y p r o b a b l e t h a t t h e r e s i d u a l 

l i q u i d s o f N o r t h Qoroq are approaching a e u t e c t i c i n v o l v i n g 

acmite, a l b i t e , n e p h e l i n e , sodium d i s i l i c a t e and l i q u i d . 



b u t , because o t h e r components g r e a t l y a f f e c t t h e p o s i t i o n 

o f phase bo u n d a r i e s , t h i s cannot be c o n v i n c i n g l y shown on 

a phase diagram. 

From t h e d a t a p r e s e n t e d i t can be seen t h a t N orth 

Qoroq magmas f r a c t i o n a t e d towards a s t r o n g l y u n d e r s a t u r a t e d , 

p e r a l k a l i n e l i q u i d , r i c h i n Na and ' r e s i d u a l elements'. 
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CHAPTER SIX; FENITIZATION AND THE AQUEOUS PHASE 

6.1. I n t r o d u c t i o n 

F e n i t i z a t i o n , as t h e t e r m i s used i n t h i s account, 

r e f e r s t o t h e metasomatic a l t e r a t i o n o f p r e - e x i s t i n g 

c o u n t r y r o c k s . These i n c l u d e basement g r a n i t e - g n e i s s e s 

( J u l i a n e h a b G r a n i t e ) , ? a m p h i b o l i t e i n t h e J u l i a n e h a b 

G r a n i t e , and q u a r t z i t e s and b a s a l t s o f t h e E r i k s f j o r d 

F o r m a t i o n (see S e c t i o n 2 . 2 . ) . A degree o f metasomatic 

a l t e r a t i o n , d e s c r i b e d i n s e c t i o n 3.4., has a l s o a f f e c t e d 

p r e - e x i s t i n g s y e n i t e s . F e n i t i z a t i o n i s i l l - d e f i n e d and 

hav,ebeen used i n t h e p a s t t o d e s c r i b e metasomatism ass

o c i a t e d w i t h c a r b o n a t i t e b o d i e s . Woolley e t a l . (1972) 

has suggested i t should be used s i m p l y t o i r t p l y meta

somatism o f a s t r o n g l y a l k a l i n e n a t u r e . I n t h i s account 

f e n i t i z a t i o n r e f e r s t o t h e a c t i o n o f aqueous f l u i d s 

o r i g i n a t i n g from, and p o s s i b l y c o - e x i s t i n g w i t h , a 

r e s i d u a l p e r a l k a l i n e magma, t y p i f i e d b y t h e more evolved 

N o r t h Qoroq s y e n i t e s . 

L i m i t e d f e n i t i z a t i o n has been d e s c r i b e d from around 

o t h e r Gardar p l u t o n s . Macdonald e t a l . (1973) g i v e 

i n f o r m a t i o n on t h e metasomatism o f t r o c t o l i t i c gabbros o f 

th e Kungnat F j e l d S y e n i t e Complex and Upton (1960) d e s c r i b e s 

metasomatism o f gneisses around t h e Western Lower Layered 

S e r i e s (W.L.L.S.) o f t h e same complex. Ferguson (1964) 
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mentions f e n i t i z a t i o n o f t h e J u l i a n e h a b G r a n i t e f o r a 

d i s t a n c e o f up t o 40 m. f r o m t h e margins o f t h e 

I l i m a u s s a q i n t r u s i o n , f u r t h e r along shear zones. Sodic 

pyroxene and s o d i c amphibole are b o t h developed. I n t h e 

I g a l i k o Complex i t s e l f , Emeleus and H a r r y (1970) have 

shown t h e r e t o be s t r o n g evidence o f metasomatism i n t h e 

M o t z f e l d t Centre, where x e n o l i t h s o f c o u n t r y r o c k s are 

a g a i n r i c h i n s o d i c pyroxene and amphibole. Stephenson 

(1973) i n d i c a t e s t h a t q u a r t z i t e s o f t h e E r i k s f j o r d 

F o r m a t i o n i n t h e c l o s e v i c i n i t y o f South Qoroq show t h e 

development o f a c m i t i c pyroxene. 

The p r e s e n t account i s an a t t e m p t t o l o o k , i n d e t a i l , 

a t t h e metasomatic changes, b o t h geochemical and m i n e r a l -

o g i c a l , around t h e N o r t h Qoroq Centre. P r i o r t o r e c e n t 

years, l i t t l e m i n e r a l o g i c a l d a t a on f e n i t e s has been 

a v a i l a b l e due t o t h e s m a l l g r a i n s i z e o f t h e s o d i c 

pyroxene and amphibole formed. S u t h e r l a n d (1969) attempted, 

w i t h l i m i t e d success, t o s e p a r a t e f e n i t i c amphibole and 

pyroxene from East A f r i c a n r o c k s , b u t she admits a degree 

o f mutual c o n t a m i n a t i o n . The advent o f t h e e l e c t r o n 

m i c r o p r o b e f a c i l i t a t e d a n a l y s i s o f f e n i t i c phases. The 

p r e s e n t account i s based on 52 probe analyses o f f e n i t i c 

a i t p h i b o l e s , 17 o f pyroxenes, 6 o f micas (Appendix I I I . 4 ) 

and 27 X.R.F. 'whole r o c k ' analyses f o r major and t r a c e 
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elements (Appendix I V . 6 ) . A l a t e r s e c t i o n o f t h i s chapter 

d e a l s w i t h t h e b e h a v i o u r o f water i n t h e N o r t h Qoroq magmas 

and t h e e f f e c t s produced, e i t h e r by a c o - e x i s t i n g aqueous 

phase, or an e x t r e m e l y hydrous l a t e stage m e l t . 

6.2. F e n i t i z a t i o n o f t h e c o u n t r y r o c k s around t h e North 
A 

Qoroq Centre 

6.2.1. F i e l d r e l a t i o n s 

F e n i t i z a t i o n can be seen i n t h e c o u n t r y r o c k s around 

t h e N o r t h Qoroq Centre, p a r t i c u l a r l y t h e J u l i a n e h a b G r a n i t e , 

and i n J u l i a n e h a b G r a n i t e and q u a r t z i t e x e n o l i t h s found i n 

t h e c e n t r e . The f e n i t i z a t i o n i s t h o u g h t t o be r e l a t e d t o 

t h e i n t r u s i o n and e v o l u t i o n o f t h e o u t e r u n i t s o f N o r t h 

Qoroq, namely SN.IA and SN.lB. Development o f a l k a l i 

amphibole and pyroxene i s r e s t r i c t e d t o rocks w i t h i n 60m. 

o f t h e c e n t r e , perhaps s l i g h t l y f u r t h e r along f r a c t u r e zones, 

The h y d r o t h e r m a l f l u i d s , however, appear t o have caused a 

low grade o f f e n i t i z a t i o n f o r a d i s t a n c e o f 200m. or more 

from t h e margins o f t h e c e n t r e . 

6.2.2. P e t r o g r a p h y 

I n t h e J u l i a n e h a b G r a n i t e b o t h t h e metamorphic and 

metasomatic e f f e c t s o f t h e i n t r u s i o n o f t h e s y e n i t e s can 

be seen i n t h i n s e c t i o n . Metamorphic e f f e c t s are e v i d e n t 

perhaps 60m. from t h e i n t r u s i o n where t h e J u l i a n e h a b 

G r a n i t e shows a tendency t o d i s p l a y g r a n o b l a s t i c t e x t u r e s . 
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W i t h i n lOm. o f t h e i n t r u s i o n t h e rims o f a l k a l i f e l d s p a r 

c r y s t a l s are embayed and r e p l a c e d by a g r a n o p h y r i c i n t e r -

g r o w t h o f q u a r t z and a l k a l i f e l d s p a r ( P l a t e 4 0 ) . This 

t e x t u r e , n o t seen i n t h e normal g r a n i t e o f the area, i s 

s t r o n g l y s u g g e s t i v e o f p a r t i a l m e l t i n g . Upton ( o p . c i t . ) 

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

o f g n e i s s was caused b y t h e i n t r u s i o n o f t h e W.L.L.S. o f 

t h e Kungnat Complex. The p a r t i a l m e l t i n g and metaraorphism 

a f f e c t i n g t h e J u l i a n e h a b G r a n i t e around N o r t h Qoroq presum

a b l y o c c u r r e d a t t h e t i m e o f i n t r u s i o n o f u n i t s SN.lA and 

SN.lB. The metasomatism, however, may not have occurred 

u n t i l some s h o r t i n t e r v a l l a t e r , when these u n i t s had had 

a chance t o e v o l v e an aqueous phase. 

The f e n i t i z a t i o n a f f e c t i n g t h e J u l i a n e h a b G r a n i t e can 

be d i v i d e d , i n a somewhat a r b i t r a r y f a s h i o n , i n t o 3 zones. 

I n c r e a s i n g grade o f these zones corresponds v e r y r o u g h l y 

t o d e c r e a s i n g d i s t a n c e from t h e margins o f the i n t r u s i o n s . 

The t y p i c a l p e t r o g r a p h i c f e a t u r e s o f t h e o u t e r zone, 

t h e l e a s t f e n i t i z e d , may occur as c l o s e as 30m. t o t h e 

margins o f t h e N o r t h Qoroq Centre. This zone c e r t a i n l y 

o ccurs 200m. from t h e c e n t r e , and may w e l l occur a t even 

g r e a t e r d i s t a n c e s . I n t h i s zone t h e f e l d s p a r s , b o t h s o d i c 

p l a g i o c l a s e and K - f e l d s p a r , are e x t r e m e l y c l o u d y and 

a l t e r e d i n appearance, and any b i o t i t e i s c o i r p l e t e l y 
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c h l o r i t i s e d . M i c r o f r a c t u r e s i n t h e g r a n i t e c o n t a i n 

h a e m a t i t e and l a r g e r f r a c t u r e s c o n t a i n f l u o r i t e , 

c a r b o n a t e and e p i d o t e . 

The m i d d l e zone o f f e n i t i z a t i o n occurs up t o 60m. out 

from t h e margins o f t h e i n t r u s i o n , and as c l o s e as lOm. t o 

t h e i n t r u s i o n . Here, t h e f e l d s p a r s , a l t h o u g h s t i l l a l t e r e d , 

c o n t a i n s m a l l b u t d i s c e r n a b l e mica f l a k e s , p r o b a b l y r e s u l t 

i n g from r e c r y s t a l l i z a t i o n o f s e r i c i t e . The 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 t h i s zone are t h e occurrence, i n v e i n s and 

p a t c h e s , o f red-brown mica and amphibole o f 'muddy' brown or 

green-brown hue. A t y p i c a l development o f these two m i n e r a l s 

i s shown i n P l a t e 41. The m i n e r a l s are a s s o c i a t e d w i t h s m a l l 

amounts o f opaque m a t e r i a l , a p a t i t e , f l u o r i t e and carbonate, 

and t h e r e i s a n o t i c e a b l e decrease i n t h e q u a n t i t y o f q u a r t z 

i n t h e g r a n i t e . Those p a r t s o f t h e middle zone which have 

s u f f e r e d more e x t e n s i v e f e n i t i z a t i o n occur e i t h e r c l o s e r t o 

t h e i n t r u s i o n c o n t a c t s or along f r a c t u r e zones and j o i n t s , 

where t h e f e n i t i z i n g f l u i d s would be expected t o f l o w w i t h 

ease. Here, t h e red-brown mica may be absent and the amphi

b o l e i s l e s s 'muddy' i n appearance and p l e o c h r o i c i n shades 

o f g r een and y e l l o w . 

The i n n e r zone o f f e n i t i z a t i o n which has undergone 

t h e most d r a m a t i c a l t e r a t i o n , i s r e s t r i c t e d t o t h e immediate 

v i c i n i t y o f u n i t s SN.IA and SN.lB, and t o x e n o l i t h s enclosed 



P l a t e 40. G r a n o p h y r i c i n t e r g r o w t h o f q u a r t z and 
a l k a l i f e l d s p a r , seen i n t h e J u l i a n e h a b 
G r a n i t e c l o s e t o i t s c o n t a c t w i t h u n i t 
SN.IA o f t h e N o r t h Qoroq C e n t r e . The 
t e x t u r e i s s u g g e s t i v e o f p a r t i a l m e l t i n g . 
( J u l i a n e h a b G r a n i t e , Sp.No. 52223, 
crossed p o l a r s , X30). 

P l a t e 4 1 . F e n i t i z e d J u l i a n e h a b G r a n i t e , showing 
t h e p a t c h y development o f r e d brown mica 
and green brown amphibole. Taken f r o m 
t h e m i d d l e zone o f f e n i t i z a t i o n . 
( F e n i t i z e d J u l i a n e h a b G r a n i t e , Sp.No. 
155041, X30). 
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i n t h e s e s y e n i t e s . The f e l d s p a r s o f these r o c k s are 

f r e s h , b u t o r i g i n a l K - f e l d s p a r has been r e p l a c e d by a 

mosaic o f numerous c r y s t a l s o f s o d i c p l a g i o c l a s e ( P l a t e 

4 2 ) . T h i s mosaic o f a l b i t e was d e s c r i b e d by Ferguson 

( o p . c i t . ) as o c c u r r i n g i n t h e J u l i a n e h a b G r a n i t e c l o s e 

t o t h e b o r d e r s o f t h e I l i m a u s s a q i n t r u s i o n , and i n d i c a t e s 

s t r o n g Na-metasomatism. Quartz i s r e l a t i v e l y r a r e i n t h e 

i n n e r zone and has been r e p l a c e d b y numerous s m a l l c r y s t a l s 

o f s o d i c amphibole and pyroxene. The amphibole i s e i t h e r 

p l e o c h r o i c from deep i n d i g o - b l u e t o g r e y - b l u e , or i n shades 

o f p a l e l i l a c and p a l e b l u e - g r e e n . The o u t e r p a r t o f the 

i n n e r zone may show o n l y t h e growth o f i n d i g o - b l u e 

amphibole, whereas i n x e n o l i t h s o f g r a n i t e i n t h e s y e n i t e s 

and i n t h e i n n e r p a r t s o f t h e i n n e r zone a green s o d i c 

pyroxene i s developed, e i t h e r as the o n l y m a f i c phase, or 

c o - e x i s t i n g w i t h t h e i n d i g o - b l u e or l i l a c t o b l u e - g r e e n 

amphibole. I n f e n i t e v e i n s pyroxene o f t e n forms t h e i n n e r 

p a r t s and a n p h i b o l e t h e o u t e r . Mica i s absent from t h e 

i n n e r zone, and t h e o n l y o t h e r phases p r e s e n t are o c c a s i o n a l 

opaques, carbonate and f l u o r i t e . 

W i t h t h e e x c e p t i o n o f t h e ' a l b i t i z a t i o n ' t he g e n e r a l 

sequence t o p r o g r e s s i v e l y h i g h e r grades o f f e n i t i z a t i o n i s 

s i m i l a r t o t h a t r e c o r d e d b y C u r r i e and Ferguson (1971) 

around t h e c a r b o n a t i t e cortplex a t C a l l a n d e r Bay, O n t a r i o . 
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E r i k s f j o r d F o r m a t i o n sandstones ( q u a r t z i t e s ) show 

e x t e n s i v e f e n i t i z a t i o n where l a r g e x e n o l i t h s are enclosed 

i n s y e n i t e o f SN.lB. The m i n e r a l o g i c a l development i s 

s i m i l a r t o t h a t o f t h e i n n e r zone o f t h e J u l i a n e h a b G r a n i t e 

f e n i t e s , w i t h q u a r t z b e i n g r e p l a c e d by patches o f p a l e l i l a c 

t o p a l e b l u e - g r e e n amphibole and green s o d i c pyroxene. A 

t y p i c a l development o f these two m i n e r a l s i n q u a r t z i t e i s 

shown i n P l a t e 43. The amphibole and pyroxene resemble 

those d e s c r i b e d b y Woolley e t a l . (1972) from f e n i t i z e d 

q u a r t z i t e around t h e Loch B o r r a l a n Complex. 

An i n t e r e s t i n g 'dyke' r o c k (52243) occurs i n t h e 

J u l i a n e h a b G r a n i t e c l o s e t o t h e c o n t a c t w i t h SN.IA. I t i s 

v e r y i r r e g u l a r i n o u t c r o p and i s presumably a pre-Gardar 

' a m p h i b o l i t e dyke' b u t i t was d e s c r i b e d by H a r r y (1961) as 

an ' F e - r i c h band' due t o i t s r u s t y c o l o u r i n hand specimen. 

T h i n s e c t i o n e x a m i n a t i o n shows t h e dyke i n the v i c i n i t y o f 

N o r t h Qoroq t o be composed d o m i n a n t l y o f a b r i g h t orange mica 

(X=yellow, Y=Z=orange-red) and s m a l l e r q u a n t i t i e s o f a p a t i t e . 

V eins r u n n i n g t h r o u g h t h e micaceous r o c k show an i n t e r e s t i n g 

p a r a g e n e s i s . They are composed o f c a l c i c m i n e r a l s and show 

a d i s t i n c t z o n a t i o n . An i n n e r zone i s composed o f f l u o r i t e , 

c a r b o n a t e and an i s o t r o p i c m i n e r a l which probe a n a l y s i s 

showed t o be h y d r o - g r o s s u l a r g a r n e t . This zone i s surrounded 

b y a zone r i c h i n d i o p s i d i c pyroxene and e p i d o t e , and t h i s 



P l a t e 42. Mosaic o f s o d i c p l a g i o c l a s e r e p l a c i n g 
o r i g i n a l K - f e l d s p a r i n t h e i n n e r zone 
o f f e n i t i z a t i o n . ( F e n i t i z e d J u l i a n e h a b 
G r a n i t e , Sp.No. 52224, crossed p o l a r s , 
X30) . 

P l a t e 43. T y p i c a l f e n i t i c development o f p a l e l i l a c 
t o p a l e b l u e - g r e e n amphibole and g r e e n 
s o d i c pyroxene i n a q u a r t z i t e x e n o l i t h 
f rom u n i t SN.lB. ( F e n i t i z e d E r i k s f j o r d 
F o r m a t i o n q u a r t z i t e , Sp.No. 155104, X30). 



263. 



26if, 

i n t u r n by a zone r i c h i n pale green araphibole, zoning 

outwards to pale brown amphibole and then to the orange 

mica. These v e i n s suggest l a t e stage c a l c i c metasomatism. 

The E r i k s f j o r d Formation b a s a l t s show l i t t l e evidence 

of any f e n i t i z a t i o n . The only metasomatic feature of these 

rocks, where they abut against SN.IA, i s a t h i n and imper-

s i s t e n t development of ap a t i t e , b i o t i t e and opaques. 

6.2.3. Mineralogy 

F e n i t i c pyroxenes, amphiboles and b i o t i t e s were 

analysed by e l e c t r o n microprobe. 

The pyroxene analyses are plotted, as were the magmatic 

pyroxenes, i n the system Ac.-Di.-Hd. ( F i g . 6.1). The f i e l d 

of North Qoroq magmatic pyroxenes, i n d i c a t e d by a dashed l i n e , 

i s given for comparison. The four most d i o p s i d i c pyroxenes 

are from the f e n i t i z e d 'dyke' rock mentioned above (52243) 

and the remainder from the Julianehab Granite. I t can be 

seen t h a t the f e n i t i c pyroxenes are g e n e r a l l y Na-rich. I t 

i s i n t e r e s t i n g to note t h a t they p a r a l l e l the pyroxenes of 

the r e c r y s t a l l i z e d rocks i n so much as they trend towards 

acmite before g e t t i n g appreciably hedenbergite-rich. S i m i l a r , 

r e l a t i v e l y Mg-rich, sodic pyroxenes are described by Woolley 

e t a l . ( o p . c i t . ) occurring around the Borralan Complex. Of 

the pyroxene t r a c e elements, Zr i s only present i n very low 

concentrations and Mn i s . i n moderate amounts (0.1-0.9 wt.% 



Fig.6.1 F e n i t i c pyroxene compositions p l o t t e d 
i n terms of the end-members Diopside-
Hedenbergite-Acmite. The f i e l d of 
magmatic pyroxene compositions i s 
i n d i c a t e d on the f i g u r e . 
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MnO). A l occurs i n the l e s s s o d i c pyroxenes i n concent

r a t i o n s of up to 3.8 wt.% A l 0 but i s v i r t u a l l y absent 

from the more a c m i t i c pyroxenes, i n co n t r a s t to the 

magmatic acmites where A l can be an inportant constituent 

( s e c t i o n 4.2.3.). The T i contents resemble those of the 

magmatic pyroxenes, the f e n i t i c acmites containing up to 

2,2 wt.% TiO . 

Numerous complete analyses of f e n i t i c amphiboles were 

obtained (Appendix I I I . 4 ) and they show as much v a r i a t i o n 

as those from the s y e n i t e s . The f e n i t i c amphiboles range 

i n composition from pargasite-magnesiohastingsite-edenite 

compositions, through r i c h t e r i t e - f e r r o r i c h t e r i t e , to 

compositions intermediate between eckermannite and 

a r f v e d s o n i t e . These l a t t e r compositions can be termed 

magnesioarfvedsonites and are s i m i l a r to amphiboles 

des c r i b e d from E a s t A f r i c a n f e n i t e s (Sutherland, o p . c i t . ) . 

A s i m i l a r , but l e s s extensive range i n amphibole coitposition 

was found by Woolley et a l . ( o p . c i t . ) . 

F i g . 6.2 shows the amphiboles p l o t t e d on a diagram 

of Na against A l , with the f i e l d of magmatic amphibole 

compositions i n d i c a t e d by a dashed l i n e . Examination of 

t h i s diagram r e v e a l s a number of points of i n t e r e s t . The 

most obvious i s t h a t the f e n i t i c amphiboles p l o t outside 

the magmatic f i e l d and e x h i b i t a greater chemical v a r i a t i o n . 



Fig.6.2 F e n i t i c amphibole compositions, p l o t t e d , 
as were the magmatic amphiboles on a 
diagram of the Na content of the X s i t e 
a g a i n s t the A l content of the Z s i t e . 
The f i e l d of magmatic amphibole compos
i t i o n s i s i n d i c a t e d on the f i g u r e . 
End-member compositions i n the P h i l l i p s 
c l a s s i f i c a t i o n scheme are i n d i c a t e d by 
t h e i r f i r s t l e t t e r s (see t e x t ) . 
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I n general, a f e n i t i c amphibole with a p a r t i c u l a r content 

of Na assigned to the X s i t e has a smaller quantity of A l 

i n the t e t r a h e d r a l (Z) s i t e than a magmatic amphibole with 

the same Na content. 

F i g . 6.3 (a-f) shows s e l e c t e d t r a c e element concent

r a t i o n s i n the amphiboles p l o t t e d against the f r a c t i o n a t i o n 

index of Na -Al used i n s e c t i o n 4.3. The f i e l d of magmatic 

amphibole compositions i s again i n d i c a t e d by a dashed l i n e , 

and there i s remarkably l i t t l e overlap, on a l l the diagrams, 

between t h i s f i e l d and the f e n i t i c amphibole compositions. 

The f e n i t i c amphiboles are low i n TiO^, apart from the most 

s o d i c members, where TiO^ reaches 2 wt.%, mirroring the high 

TiO^ contents of the f e n i t i c acmites. K^O contents are 

g e n e r a l l y lower than i n the magmatic amphiboles, although 

there i s a considerable spread on K^O values. F i g . 6.3(c) 

shows c l e a r l y t h at the F contents of the f e n i t i c amphiboles 

are u s u a l l y higher than those of the magmatic amphiboles 

reaching 2,6 wt,%. R e c r y s t a l l i z e d magmatic amphiboles, 

however, show higher F contents, approaching those of the 

amphiboles from the f e n i t e s , MgO contents decrease 

s y s t e m a t i c a l l y with i n c r e a s e i n Na , Although t h i s mirrors 

the trend shown by magmatic amphiboles, the MgO contents 

for a p a r t i c u l a r value of the f r a c t i o n a t i o n index are always 

c o n s i d e r a b l y higher. I n contrast, both FeO(total Fe) and 

MnO contents are markedly lower i n the f e n i t i c amphiboles. 



Fig.6.3 (two pages) M i n o r element concentrations 
of the f e n i t i c amphiboles p l o t t e d a g a i n s t 
a F r a c t i o n a t i o n Index of Na^-Al^ (see t e x t , 
s e c t i o n 4.3.3.). The f i e l d of magmatic 
araphibole compositions i s o u t l i n e d with a 
dashed l i n e and amphibole compositions 
from r e c r y s t a l l i z e d rocks with dotted 
l i n e s . 
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-20 Ô'B oS S ST 

Na*-AF atoms 

o 
o 



270. 

(d) 
16n 

12-

? 8-1 

o o o o 
o 
"o 
o o 

O o 

MAGMATIC AMPHIBOLES 

o 
o 

o o 
o 

Oc§> 

o 

40-

35-

30-

25-

20-

15-

10-1 

MAGMATIC AMPHIBOLES 

00 o 

o o 

o o 

»o o 

oo o 
o o 

o o^) 
Ogf) 

if) 
20-

1-2-

0-H 

MAGMATIC AMPHIBOLES 

R \ R \ 

o 

o 
O o 

O aP O 

-2-0 3]V -0!8 -0-4 I T 
Na'^-Al^ atoms 

o a 
0 0 



271, 

although the general trends from both types of environment 

are s i m i l a r . I t i s s i g n i f i c a n t t h a t r e c r y s t a l l i z e d 

amphiboles from the s y e n i t e s , outlined by a dotted l i n e 

and marked by a l e t t e r R, are often chemically c l o s e r 

to the f e n i t i c r a t h e r than the magmatic amphiboles. 

F i g . 6.4 shows f e n i t i c b i o t i t e s p l o t t e d i n the same 

manner as the magmatic ones. I t i s noticeable that, as 

with other f e n i t i c phases, the b i o t i t e s are more Mg-rich 

than those from the s y e n i t e s . Two of the b i o t i t e s could, 

i n f a c t , be termed phlogopites. F i g . 6.5 shows the F 

content of the f e n i t i c b i o t i t e s to be considerably higher 

than the very low contents found i n t h e i r magmatic counter

p a r t s , with b i o t i t e s from r e c r y s t a l l i z e d s y e n i t e s (R) 

p l o t t i n g i n an intermediate p o s i t i o n . This perhaps 

i n d i c a t e s t h at the magmatic b i o t i t e s did not l o s e 

considerable q u a n t i t i e s of F to c i r c u l a t i n g ground-water 

as suggested i n s e c t i o n 4.4. I f ground-water leached the 

bulk of the F from the magmatic b i o t i t e s , why did i t not 

s i m i l a r l y a f f e c t the fine-grained f e n i t i c b i o t i t e s , which, 

occ u r r i n g as they do i n sheared and j o i n t e d Julianehab 

Granite, would have been more a c c e s s i b l e to ground-water? 

I t suggests that e i t h e r F was never present i n the magmatic 

b i o t i t e s to any extent, or was removed p r i o r to the formation 

of the f e n i t i c b i o t i - t e s . The f i r s t p o s s i b i l i t y i s the one 



Fig.6.4 F e n i t i c b i o t i t e compositions p l o t t e d 
i n the same fa s h i o n as the magmatic 
ones (see F i g . 4 . 1 3 ) . The f i e l d of 
magmatic amphibole compositions i s 
i n d i c a t e d by a dashed l i n e . 
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Fig.6.5 A comparison of the F contents of the 
magmatic b i o t i t e s , o u t l i n e d by a dashed 
l i n e , a r e c r y s t a l l i z e d b i o t i t e , o u t l i n e d 
by a dotted l i n e , and the f e n i t i c b i o t i t e s , 
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favoured, and a low F content for the magmatic b i o t i t e s 

s e t s the a p p l i c a t i o n of the magnetite/sanidine/annite 

b u f f e r r e a c t i o n ( s e c t i o n 4.16.5.) on a firmer foundation. 

I n the contents of the other elements, the f e n i t i c b i o t i t e s 

resemble those from the s y e n i t e s . The exception i s MnO, 

which i s only present i n t r a c e amounts i n b i o t i t e s from 

the f e n i t e s . 

The only other f e n i t i c phases analysed are a hydro-

g r o s s u l a r garnet for i d e n t i f i c a t i o n purposes, and f l u o r i t e . 

Two f l u o r i t e s i n the f e n i t i c zone were analysed by X.R.F. 

technic[ues for t r a c e elements. The high r a r e earth contents 

they showed (Smith, 1974) are t y p i c a l of f l u o r i t e s with a 

high temperature igneous o r i g i n . I t i s by no means c e r t a i n , 

however, t h a t the f l u o r i t e v e i n s can be r e l a t e d to the 

i n t r u s i o n of North Qoroq, as they were noticed i n the 

country rock some d i s t a n c e (400m.) from the s y e n i t e s outer 

c o n t a c t s . 

6.2.4. Geochemistry 

A l l c o l l e c t e d samples of f e n i t i z e d Julianehab Granite 

and the f e n i t i z e d 'dyke' rock (52243) were analysed by X.R.F, 

a n a l y s i s for major and s e l e c t e d t r a c e elements. Also analysed 

was a t y p i c a l n o n - f e n i t i z e d specimen of the Julianehab 

G r a n i t e (155001). 

On F i g . 6.6, the r e s i d u a system diagram, the f e n i t i z e d 



Fig.6.5 The composition of f e n i t i z e d Julianehab 
G r a n i t e samples, p l o t t e d i n terms of 
t h e i r normative quartz, nepheline and 
k a l s i l i t e contents. The dashed l i n e s 
i n d i c a t e the f e l d s p a r j o i n , the quartz 
f e l d s p a r phase boundary and the thermal 
trough, determined at 1Kb. P.H-O by 
Bowen and T u t t l e (1950). The t h i c k 
arrowed l i n e i n d i c a t e s the trend 
followed w i t h i n c r e a s i n g grade of 
f e n i t i z a t i o n . 

Symbols used: 
- Unaltered Julianehab G r a n i t e 

O - F e n i t i z e d Julianehab G r a n i t e 
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Julianehab G r a n i t e specimens are p l o t t e d . Both analyses 

of those rocks showing marked f e n i t i z a t i o n , and those 

where the f e n i t i z a t i o n i s only s l i g h t , are included. Also 

marked, by dashed l i n e s , are the a l b i t e - o r t h o c l a s e j o i n , 

the q u a r t z - f e l d s p a r phase boundary and the thermal trough, 

determined at iKb.P.H^O by Bowen and T u t t l e (1950). The 

s t a r r e d point represents unaltered Julianehab Granite. 

Despite some spread i n the analysed points, a general trend 

can be seen from the region of the quartz-feldspar phase 

boundary, where the unaltered Julianehab Granite p l o t s , to 

the a l b i t e - o r t h o c l a s e j o i n and then towards a l b i t e . This 

trend of i n c r e a s i n g f e n i t i z a t i o n i s i n d i c a t e d by t h i c k 

arrows. The trend suggests that two processes are a f f e c t i n g 

the f e l s i c mineralogy. I n i t i a l l y , i n low to medium grades 

of f e n i t i z a t i o n , the quartz r e a c t s with the f e n i t i z i n g f l u i d 

to form f e n i t i c amphiboles and pyroxenes, as p r e v i o u s l y 

i n d i c a t e d , and p o s s i b l y f e l d s p a r . The second process only 

a f f e c t s the g r a n i t e w i t h i n a few metres of the outer margins 

of SN.IA and SN.lB, i . e . at high grades of f e n i t i z a t i o n . 

This i s a replacement of K-feldspar by a mosaic of a l b i t e 

as shown i n P l a t e 42. Woolley (1969), d e s c r i b i n g f e n i t i 

z a t i o n processes i n general, notes 2 stages during the 

a l t e r a t i o n of country rock. The f i r s t i s the l o s s of quartz 

with the analyses p l o t t i n g towards the feldspar j o i n . 
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s i m i l a r to that described i n t h i s account. Woolley's 

second process, however, i s an i n c r e a s e i n the K^O/Na^O 

r a t i o with the f e n i t e s becoming more o r t h o c l a s e - r i c h , 

the r e v e r s e of that observed around North Qoroq. He 

suggests t h a t the K-metasomatism i s due to high l y p o t a s s i c 

l i q u i d s a s s o c i a t e d with c a r b o n a t i t e s . A c l o s e r look at 

the K/Na r a t i o s i n the f e n i t i z e d rocks r e v e a l s a s l i g h t , 

but d e f i n i t e , i n c r e a s e i n the r a t i o , r e l a t i v e to unaltered 

g r a n i t e , i n rocks that have suffer e d low to medium grade 

f e n i t i z a t i o n . I t appears, therefore, that pronounced Na-

metasomatism occurred at the very margins of the syeni t e 

i n t r u s i o n s , and that l e s s pronounced K-metasomatism 

occurred over a more extensive area further out from the 

margins of the i n t r u s i o n s . This observation agrees w e l l 

w ith the t h e o r e t i c a l p r e d i c t i o n s and experimental r e s u l t s 

of O r v i l l e (1963). He showed t h a t with two feldspars 

present, as there are i n the Julianehab Granite, and a 

c o - e x i s t i n g vapour phase, there i s a net d i f f u s i v e 

movement of K ions towards a lower temperature environment 

and Na ions towards a higher temperature one. Hence, 

rocks a t a higher temperature s u f f e r Na-metasomatism and 

those at a lower temperature K-metasomatism, e x a c t l y the 

s i t u a t i o n observed at North Qoroq. 

The r e s t r i c t i o n of the zone of Na-metasomatism to 
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the contact zone of the i n t r u s i o n i s i n d i c a t e d i n F i g . 6.7. 

Here, normative a l b i t e i n a sample i s p l o t t e d against 

d i s t a n c e from the point of c o l l e c t i o n of that sample to 

the g r a n i t e / s y e n i t e contact, represented by a v e r t i c a l 

dashed l i n e . I t can be seen that there i s a marked i n c r e a s e 

i n normative a l b i t e only w i t h i n a few metres of the contact. 

The diagram a l s o shows normative quartz to decrease markedly 

as the contact i s approached. 

McKie (1966) points out t h a t molecular v a r i a t i o n 

diagrams are not an i d e a l method of representing chemical 

change during f e n i t i z a t i o n , because they imply that the 

number of oxide molecules i s constant, which i s not so. 

He suggests that a b e t t e r assumption i s that the anion 

content (0,OH,F) of the rock i s constant. Following McKie's 

p r i n c i p l e s the c a t i o n (atom) contents of the f e n i t e s were 

r e c a l c u l a t e d to a standard c e l l of 100 oxygens. As S i 

decreases with f e n i t i z a t i o n other elements are plotted 

a g a i n s t i t . F i g . 6,8 shows the v a r i a t i o n of Na and K (atoms) 

with decrease i n S i (atoms). The s o l i d arrowed l i n e r e p r e s 

ents the general trend of the low to medium grades of 

f e n i t i z a t i o n . The dashed l i n e s show the high grade f e n i t i 

z a t i o n process with a marked i n c r e a s e i n Na and decrease i n 

K. These dashed l i n e s represent the v a r i a t i o n along a number 

of short t r a v e r s e s taken from the g r a n i t e / s y e n i t e contact a 



Fig.6.7 The normative quartz and a l b i t e contents 
of f e n i t i z e d Julianehab G r a n i t e specimens, 
p l o t t e d a g a i n s t d i s t a n c e to the g r a n i t e / 
s y e n i t e contact, i n d i c a t e d by a v e r t i c a l 
dashed l i n e . 

Symbols used: 
O - Normative quartz 
• - Normative a l b i t e 
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Fig.5.8 V a r i a t i o n diagram of a l k a l i s p l o t t e d 
a g a i n s t s i l i c a for the f e n i t i z e d r o c k s . 
The atomic proportions are p l o t t e d to 
a standard c e l l of 100 oxygens (McKie, 
1966). The s o l i d arrowed l i n e s r e p r e s 
ents the trends fround i n low t o medium 
grades of f e n i t i z a t i o n , and the dashed 
arrowed l i n e s those found i n high grades 
of f e n i t i z a t i o n . 

Symbols used: 
• - Highly f e n i t i z e d g r a n i t e 
O - Moderately or s l i g h t l y f e n i t i z e d 

g r a n i t e 
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s h o r t d i s t a n c e i n t o the country rock. I t can be seen 

t h a t there i s r e l a t i v e l y poor c o r r e l a t i o n between e i t h e r 

of the a l k a l i s and S i . This i s to be expected with the 

r e p r e s e n t a t i o n of f e n i t i c processes, occurring as they 

do i n a patchy and i r r e g u l a r manner w i t h i n the country 

rock. 

F i g . 6.9 shows the marked i n c r e a s e i n the t o t a l of 

Ca, Mg, Fe and A l atoms with f e n i t i z a t i o n , ( i . e . decrease 

i n S i ) . The North Qoroq trend (A) i s compared with s i m i l a r 

trends for f e n i t e s from Callander Bay ((B) C u r r i e and 

Ferguson, 1971), Spitskop and Oldonyo D i l i ((C) McKie, 1966) 

and AlnO I s l a n d ((D) von Eckermann, 1948). A l l , p a r t i c u l a r l y 

C a l l a n d e r Bay, show a s i m i l a r i n c r e a s e i n these elements with 

i n c r e a s e d grade of f e n i t i z a t i o n . Considering these elements 

i n d i v i d u a l l y i n the North Qoroq f e n i t e s , t o t a l Fe and Mg 

show a marked in c r e a s e , Ca a s l i g h t i n c r e a s e and Al l i t t l e 

or no v a r i a t i o n . 

A l s o worthy of c o n s i d e r a t i o n are the major element 

e f f e c t s seen i n the f e n i t i z e d 'dyke' (52243) and to a 

l e s s e r extent i n the E r i k s f j o r d Formation b a s a l t s . I n 

marked c o n t r a s t to adjacent g r a n i t e these b a s i c rocks 

show K, P and F-metasomatism and no i n c r e a s e i n Na. The 

samples were taken r i g h t at the s y e n i t e contact, a p o s i t i o n 

where the g r a n i t e shows intense Na-metasomatism. 



Fig.6.9 The marked i n c r e a s e i n 'cafemic' 
atoms with i n c r e a s i n g f e n i t i z a t i o n , 
i . e . decrease i n S i atoms, compared 
to s i m i l a r i n c r e a s e s found i n other 
areas of f e n i t i z a t i o n . 

A b breviations used: 
A - North Qoroq 
B - Calla n d e r Bay 
C - Oldonyo D i l i 
D - Alno I s l a n d 
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Macdonald et a l . (1973) describe s i m i l a r K and F-metasomatism 

a f f e c t i n g gabbros of the Kungnat Complex, and caused by 

f l u i d s derived from p e r a l k a l i n e g r a n i t e sheets. They 

propose t h a t t h i s f e n i t i z a t i o n i s caused by a K and F - r i c h 

f l u i d phase. I n North Qoroq, however, the c l o s e proximity 

of the K, F-metasomatism to the intense Na-metasomatism 

a f f e c t i n g the Julianehab Granite suggests that i t i s the 

i n i t i a l composition of the m a t e r i a l being f e n i t i z e d that 

determines which elements are 'fixed' i n the f e n i t e , and 

which pass through unaffected, e i t h e r to cause f e n i t i z a t i o n 

f u r t h e r out i n t o the country rock, or to continue c i r c u l 

a t i n g through the rocks as components i n hot b r i n e s . 

F e n i t i z a t i o n of b a s i c m a t e r i a l by the North Qoroq f l u i d s 

appears p r i n c i p a l l y to r e s u l t i n the formation of b i o t i t e 

and a p a t i t e , so r e s u l t i n g i n the e x t r a c t i o n of K, F and P 

from the vapour phase. No mineral i s formed which can 

accommodate Na i n any quantity, and hence t h i s element 

passes through the b a s i c m a t e r i a l without being extracted. 

Acid m a t e r i a l , however, r i c h i n a l k a l i feldspar can, at 

high tenperatures, r e a d i l y exchange K i n the feldspar for 

Na from the vapour phase, a r e l a t i v e l y K - r i c h vapour phase 

p a s s i n g through to cause K-metasomatism at lower tenperat

ures i n rocks f u r t h e r removed from the s y e n i t e body. Na, 

along with other elements, i s a l s o f i x e d i n the acid rocks 
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by r e a c t i o n with quartz to form a l k a l i amphibole and 

pyroxene. 

The minor element v a r i a t i o n shown by the f e n i t i z e d 

Julianehab G r a n i t e i s v a r i a b l e . Elements showing the 

most marked i n c r e a s e s , p a r t i c u l a r l y i n the inner zone 

of high grade f e n i t i z a t i o n , are Zr and Zn. Rb, following 

K, i s r a p i d l y depleted i n t h i s inner zone. There i s a 

s l i g h t tendency for Ba, Sr, Nb, Y and La to have increased 

concentration i n the f e n i t e s , the i n c r e a s e being most 

marked i n the v i c i n i t y of the contact. 

6.2.5. The nature of the f e n i t i z i n g f l u i d 

From the chemical and mi n e r a l o g i c a l changes observed 

i n the f e n i t i z e d rocks around North Qoroq, and from 

observations made elsewhere, t e n t a t i v e conclusions can be 

made about the nature of the f e n i t i z i n g f l u i d . 

The f e n i t i z e d Julianehab Granite mineralogy and 

chemistry i n d i c a t e t h a t the f l u i d s have introduced 

appreciable q u a n t i t i e s of Na and l e s s e r q u a n t i t i e s of 

K, Fe, Mg, Ca, F and CO^. F e n i t i z a t i o n of the b a s i c 

rocks suggests i n t r o d u c t i o n of appreciable q u a n t i t i e s of 

K and l e s s e r q u a n t i t i e s of P and F. Many of the pyroxenes 

and araphiboles formed during f e n i t i z a t i o n are low i n Al, 

the t e t r a h e d r a l s i t e s often being f i l l e d e x c l u s i v e l y by 

S i . I n s e c t i o n 4.16.3., on the a c t i v i t y of s i l i c a , i t 
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was suggested t h a t the f l u i d causing metasomatism of the 

s y e n i t e s had a low a.SiO^. Much of the S i i n the f e n i t i c 

minerals was derived from quartz i n the Julianehab Granite, 

and i t may w e l l be t h a t the f e n i t i z i n g s o l u t i o n s were poor 

i n both A l and S i . 

One of the b e s t guides to the nature of l a t e stage 

aqueous f l u i d s , probably r e s p o n s i b l e for f e n i t i z a t i o n , i s 

the composition of f l u i d i n c l u s i o n s . Sobolev et al.(1974) 

r e p o r t on a n a l y s i s of f l u i d i n c l u s i o n s i n nepheline, c l i n o -

pyroxene and a l k a l i feldspar, a l l the minerals occurring i n 

v a r i o u s nepheline s y e n i t e s . They note that the aqueous 

phase i n the f l u i d i n c l u s i o n s contains between 12 and 27 

wt.% s o l u t e . The dominant i o n i c s p e c i e s i n the solute are 

Na (4.0-13.0 wt.%) and C l (2.6-6.4 wt. % ) . T y p i c a l l y present 

i n s m a l l e r q u a n t i t i e s are the anions SO^, F and HCO^, and 

the c a t i o n s K, Ca, Fe, Mg, T i , A l and S i . Of the cations, 

only K i s always present and A l and S i are frecjuently 

absent. 

Burriham (1967) has studied experimentally the systems 

granite-water, and granite-water-other v o l a t i l e s . He 

shows t h a t i n a simple granite-water system the t o t a l solute 

content of the aqueous s o l u t i o n i s low, and that the 

anhydrous composition of the s o l u t e i s s i m i l a r to, but 

s l i g h t l y more p o t a s s i c than, the c o - e x i s t i n g g r a n i t e . 
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This type of aqueous s o l u t i o n does not correspond to the 

S i and Al-poor one thought to be r e s p o n s i b l e for f e n i t i z a t i o n 

around the North Qoroq Centre. Burnham showed, however, that 

CI was p a r t i t i o n e d s t r o n g l y i n favour of the aqueous phase, 

t h a t i t markedly enhanced the s o l u b i l i t i e s of a l k a l i s and 

Ca i n the aqueous phase and, at the same time, depressed 

those of S i and A l . C l - r i c h s o l u t i o n s can a l s o transport 

r e l a t i v e l y high concentrations of Fe, Mg, Ba and Sr. I t 

must be remembered t h a t Burnham's arguments apply to the 

system granite-water, •̂ -and t h a t d i f f e r e n c e s may occur when 

the system being studied i s nepheline syenite-water. An 

important d i f f e r e n c e i s the g r e a t e r s o l u b i l i t y of water i n 

a nepheline s y e n i t e melt when compared to a g r a n i t e melt, a 

f e a t u r e d i s c u s s e d more f u l l y l a t e r . Also, as mentioned i n 

s e c t i o n 4.9., C l i s l e s s l i k e l y to be p a r t i t i o n e d s t r o n g l y 

i n t o a f l u i d phase, because the low a.SiO^ favours the 

formation of s o d a l i t e , s t a b i l i s i n g C l i n the magma. 

Consideration of the chemical and mineralogical changes 

seen around North Qoroq, of f l u i d i n c l u s i o n studies on 

minerals from other nepheline s y e n i t e s , and of experimental 

work on s i l i c a t e - w a t e r systems, suggests a number of points 

r e l e v a n t to the North Qoroq f e n i t i z i n g f l u i d . 

1. The f e n i t i z a t i o n was probably caused by a hydrous 

phase r i c h i n Na and K. 
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2. Strong Na-metasomatism occurred i n the hotter 

p a r t s of the Julianehab Granite and K-metasomatism i n 

somewhat cooler p a r t s . This r e s u l t e d from Na and K 

d i f f u s i n g through a vapour phase. 

3. This d i f f u s i o n process r e q u i r e s high concentrat

ions of the a l k a l i ions ( O r v i l l e , 1962), such as could 

only occur i n a C l - r i c h f l u i d . 

4. I n nearby b a s i c rocks only K was fixed, the Na 

moving through to cause metasomatism elsewhere, or 

c i r c u l a t i n g through the rocks as a hot NaCl 'brine'. 

5. Because of the high C l contents, moderate amounts 

of Ca, Mg, Fe, Mn, T i , F and P were c a r r i e d i n the aqueous 

phase and deposited i n the f e n i t i z e d rocks forming a l k a l i 

aitphibole, pyroxene, mica, f l u o r i t e and a p a t i t e . 

6. Carbonate m a t e r i a l deposited during f e n i t i z a t i o n , 

and the CO^ content of the f l u i d i n c l u s i o n s from other 

nepheline s y e n i t e s suggests that the f e n i t i z i n g f l u i d 

contained q u a n t i t i e s of CO^. The l a t e stage veins r i c h i n 

f l u o r i t e , c a l c i t e , hydro-grossular garnet, diopside and 

epidote, c u t t i n g the f e n i t i z e d 'dyke' rock (52243) suggest 

t h a t l a t e r l i q u i d s evolving from North Qoroq were Ca and 

CO^-rich and perhaps Cl-poor. Koster van Groos and W y l l i e 

(1965, 1969) show t h a t the f i r s t aqueous f l u i d forming from 

an a l b i t e melt can be more NaCl-rich than l a t e r ones, which 

are more C02-rich, so supporting t h i s contention. 
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6.3. The aqueous phase i n the North Qoroq Centre 

6.3.1. Metasomatism of the s y e n i t e s 

As i n d i c a t e d i n s e c t i o n 3.4., many of the North Qoroq 

s y e n i t e s show evidence of metasomatic a l t e r a t i o n where 

they are adjacent to younger i n t r u s i v e u n i t s . This i s 

p a r t i c u l a r l y true of rocks c l o s e to u n i t s SN.IB, SN.5, 

and u n i t SS.2 of the South Qoroq Centre. I n the proximity 

of the contact the metasomatism has been extensive, with 

the formation of aenigmatite, sodic amphibole and sodic 

pyroxene, at the expense of p r e - e x i s t i n g mafics. This 

a l t e r a t i o n suggests strong Na-metasomatism and a high 

a.Na^Si^O^ i n the metasomatising f l u i d (see s e c t i o n 4.16.6.). 

I t i s i n t e r e s t i n g to note that around the margins of u n i t s 

SN.4A and SN.4B, desp i t e extensive r e c r y s t a l l i z a t i o n , there 

i s no evidence of metasomatism. This i s a further i n d i c a t i o n 

t h a t the magma forming these two u n i t s contained l e s s water 

than t h a t forming the other u n i t s , and, p a r t l y because of 

t h i s dry character, did not give r i s e to any metasomatism. 

I n a d d i t i o n to metasomatic a l t e r a t i o n by l a t e r 

i n t r u s i v e u n i t s , there i s evidence, p a r t i c u l a r l y i n the 

margins of SN.IA, of what may w e l l be termed auto-

metasomatism. Along f r a c t u r e s i n the marginal augite 

s y e n i t e , a u g i t i c pyroxenes are p a t c h i l y replaced by green 

a e g i r i n e augite, and brown amphibole by blue arfvedsonite. 
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Where f r a c t u r e s cut through microperthite, the exsolution 

i s on a much coarser s c a l e and small d i s t i n c t g r ains of 

a l b i t e may occur. The evidence again suggests action of 

Na-rich metasomatising f l u i d s i n these marginal rocks of 

SN.IA, probably the same f l u i d causing f e n i t i z a t i o n i n 

the Julianehab Granite, and o r i g i n a t i n g from h i g h l y evolved 

r e s i d u a l s y e n i t e s i n the i n t e r i o r of SN.IA. 

I t was mentioned i n s e c t i o n 4.6. th a t the fe l d s p a r s 

from s t r o n g l y r e c r y s t a l l i z e d rocks may show a degree of 

K-enrichment. This enrichment, however, i s more than 

compensated for by Na-enrichment i n the mafic phases and 

the net r e s u l t for the whole rock tends to be an in c r e a s e 

i n Na. 

6.3.2. Co-existing vapour phase: presence or absence? 

From the present study of the a l t e r a t i o n of various 

rock types adjacent to the s y e n i t e s , i t i s apparent that 

they have been a f f e c t e d by a metasomatising f l u i d a ssociated 

with these s y e n i t e s . One obvious p o s s i b i l i t y i s that t h i s 

f l u i d phase r e s u l t s from a b u i l d up of v o l a t i l e s , p r i n c i p 

a l l y Ĥ O, i n the magma, and the eventual 'boiling o f f of 

a separate aqueous vapour phase which c o - e x i s t s with the 

r e s i d u a l magma. An a l t e r n a t i v e process, however, i s the 

f r a c t i o n a t i o n of a s y e n i t i c magma, becoming more water-

r i c h , u n t i l i t evolves, through a hydrous s i l i c a t e melt. 
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to a s i l i c e o u s aqueous phase. This process a l s o could 

have caused the observed metasomatism, but re q u i r e s mutual 

s o l u b i l i t y between the s i l i c a t e melt and the acjueous phase, 

The f e a s i b i l i t y of t h i s second process has been in d i c a t e d 

by a number of experimental s t u d i e s . 

Koster van Groos and W y l l i e (1968, 1969) examined the 

e f f e c t of adding NaF and NaCl to the system NaAlSi^Og-H^O. 

Both a d d i t i v e s markedly i n c r e a s e the s o l u b i l i t y of water 

i n the s i l i c a t e melt, even i f only present i n small 

q u a n t i t i e s . They suggest t h a t i t i s p o s s i b l e to get 

continuous s o l u b i l i t y although t h i s only seems probable at 

r e l a t i v e l y high p r e s s u r e s (>lOKb.). I n r e f e r r i n g to the 

p o s s i b i l i t y of continuous s o l u b i l i t y they s t a t e that 

' r e s i d u a l magmas of t h i s kind, t r a n s i t i o n a l i n composition 

and p h y s i c a l s t a t e between s i l i c a t e melts and hydrothermal 

s o l u t i o n s , would be potent agents for a l k a l i metasomatism'. 

At the r e l a t i v e l y low pressu r e s at which the.North Qoroq 

magmas evolved, NaF and NaCl alone are probably unable to 

promote continuous s o l u b i l i t y , although they may markedly 

i n c r e a s e the c a p a c i t y of the melts to d i s s o l v e water. Both 

Koster van Groos and W y l l i e (1968) and Luth and T u t t l e 

(1966) show the presence of sodium s i l i c a t e s g r e a t l y to 

i n c r e a s e the s o l u b i l i t y of water i n s i l i c a t e melts. As 

demonstrated i n Chapter 5, the r e s i d u a l magmas of North 
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Qoroq tend to be r i c h i n Na r e l a t i v e to Al, due to e a r l y 

s e p a r a t i o n of peraluminous (or metaluminous) phases. 

Kogarko (1974) s t a t e s t h a t high mole f r a c t i o n s of a l k a l i s 

r e s u l t i n high water s o l u b i l i t i e s , and t h a t i t may be 

p o s s i b l e to get a magmatic melt g r a d u a l l y changing i n t o 

a hydrothermal s o l u t i o n . This would take place, even at 

low p r e s s u r e s , without the separation of an aqueous vapour 

phase. 

What evidence can be presented, e i t h e r from North 

Qoroq i t s e l f , or from s i m i l a r Gardar plutons, for or against 

the e x i s t e n c e of a c o - e x i s t i n g aqueous phase? The presence 

of drusy pegmatites would suggest gas c a v i t i e s formed by a 

vapour phase c o - e x i s t i n g with the melt. Drusy c a v i t i e s have 

been described from pegmatites of the Puklen Complex (Parsons, 
A A 

1972) and the Kungnat Complex (Upton, 1960), but neither 

of these i n t r u s i o n s approaches the s t r o n g l y undersaturated 

p e r a l k a l i n e r e s i d u a l melts of North Qoroq. I n the North 

Qoroq Centre, pegmatites are a common feature i n the margins 

of s y e n i t e s and are discussed i n the next s e c t i o n . Pegmatites 

i n the i n t e r i o r of the i n t r u s i o n are r a r e r , but do occasion

a l l y show drusy c a v i t i e s . 

The presence of f l u i d i n c l u s i o n s i n minerals can be a 

good i n d i c a t i o n of the e x i s t e n c e of a separate vapour phase. 

F l u i d i n c l u s i o n s , occurring i n nephelines from the naujaites 
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and i u j a v r i t e s of the Ili m a u s s a q i n t r u s i o n , have been studied 

by Sobolev e t a l . (1972). The authors suggest that c e r t a i n 

of these i n c l u s i o n s are primary, i . e . forming during the 

c r y s t a l l i z a t i o n of these minerals from the magma, and t h i s 

suggests an aqueous phase c o - e x i s t i n g with the magma. 

C e r t a i n l y , homogenization temperatures obtained from these 

i n c l u s i o n s (850-1040°C) are i n d i c a t i v e of a primary o r i g i n . 

A l s o i n favour of a c o - e x i s t i n g aqueous phase i n 

Il i m a u s s a q magmas are observations by Larsen and S t e e n f e l t 

(1974) who desc r i b e l o s s of Na, F, Ĥ O and probably Cl from 

a p e r a l k a l i n e dyke. This dyke i s s i m i l a r i n composition to 

nearby k a k o r t o k i t e s (layered eudialyte-nepheline syenites) 

of the Ilxmaussaq i n t r u s i o n . Separation of a co - e x i s t i n g 

vapour phase seems a reasonable explanation for the l o s s , 

as these magma components might be expected to concentrate 

i n a vapour phase. 

The evidence tends to suggest that the high l y sodic, 

C l - r i c h I l i m a u s s a q magma evolved a c o - e x i s t i n g aqueous 

phase. I f so, i t i s pro:bable that the North Qoroq magmas, 

l e s s s o d i c and consequently with l e s s p o t e n t i a l to d i s s o l v e 

water, behaved s i m i l a r l y . I t may be that the North Qoroq 

magmas evolved a separate aqueous phase, but that as the 

r e s i d u a l magma became more fract i o n a t e d , the s o l u b i l i t y 

gap closed, r e s u l t i n g i n one homogenous w a t e r - r i c h melt. 
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I n s e c t i o n 4.16.2., on the ^•^2'^ North Qoroq magmas, 

a build-up of t h i s parameter with f r a c t i o n a t i o n was 

suggested, p o s s i b l y culminating i n the ' b o i l i n g - o f f ' of 

an aqueous f l u i d from the h i g h l y f r a c t i o n a t e d r e s i d u a l 

syenite-magma. I n conclusion, i t i s probable that the 

North Qoroq s y e n i t e s , at l e a s t the more evolved ones, 

SN.IA, SN.IB and SN.5, evolved a c o - e x i s t i n g aqueous phase, 

but t h a t the evo l u t i o n of t h i s phase occurred at a much 

l a t e r stage than would be the case i n s i m i l a r , but over-

saturated, magma bodies. 

Three mechanisms may have contributed to the process 

of movement of the aqueous phase i n t o the country rocks. 

D i f f u s i o n along p r e s s u r e and temperature gradients, p r i o r 

to the formation of a separate aqueous phase, may have 

helped to concentrate v o l a t i l e s i n the margins of North 

Qoroq. This mechanism was suggested by Kennedy (1955), 

although Buroham (1967) demonstrated t h a t the mechanism was 

unable to account for movement of v o l a t i l e s any s i g n i f i c a n t 

d i s t a n c e i n the time a v a i l a b l e . The low v i s c o s i t y of the 

s y e n i t e magmas, however, may have aided d i f f u s i o n and 

r e s u l t e d i n i t being a process of at l e a s t l o c a l inportance. 

Probably of great e r s i g n i f i c a n c e was the process of ' f i l t e r -

p r e s s i n g ' whereby the r e s i d u a l hydrous pore f l u i d s were 

f o r c i b l y 'squeezed out' of the i n t e r i o r of the i n t r u s i o n 
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by movements of the w a l l rocks. The very low v i s c o s i t y of 

these r e s i d u a l f l u i d s w i l l have aided t h e i r movement. The 

t h i r d p o s s i b l e mechanism i n v o l v e s movement of a separate 

vapour phase by the process of gas bubbles r i s i n g towards 

the roof of the i n t r u s i o n , by Stokes' Law, through the co

e x i s t i n g magma, a process again aided by the low v i s c o s i t y 

of the magma. As the outer contacts of the i n d i v i d u a l 

s y e n i t e u n i t s are outward sloping, t h i s process would a l s o 

r e s u l t i n a concentration of the vapour phase towards the 

margins of the i n t r u s i o n . 

6.3.3. Marginal pegmatites 

Marginal pegmatites are a common feature of many 

Gardar plutons and, indeed, plutons from elsewhere. 

Ferguson (1964) d e s c r i b e s pegmatites from the margins of the 

Il i m a u s s a q augite sy e n i t e , and Upton (1960) pegmatites from 
A A 

the margins of the western and eas t e r n Kungnat s y e n i t e 

i n t r u s i o n s . Emeleus and Harry (1970) comment on the presence 

of marginal pegmatites or c o a r s e l y c r y s t a l l i n e s y e n i t e s , and 

note t h a t they are often a u s e f u l aid i n i d e n t i f y i n g the 

margins of the s y e n i t e u n i t s . Upton de s c r i b e s Kungnat 

marginal pegmatites as being drusy and occurring i n v e i n l e t s , 

o ften c u t t i n g across the margins of the i n t r u s i o n . He 

suggests t h a t the pegmatites are a l a t e stage feature, 

caused by the migration of v o l a t i l e s towards the margins of 
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the i n t r u s i o n , and t h a t the drusy nature of the pegmatites 

suggests t h a t the vapour pressure exceeded t o t a l pressure 

(P.H20>P.T.) and a separate aqueous phase 'boiled-off' . 

This explanation seems reasonable for the Kungnat syenites, 

from which an aqueous phase would have evolved quite r e a d i l y 

and perhaps at a r e l a t i v e l y e a r l y stage i n t h e i r evolution. 

I n North Qoroq, however, the marginal pegmatites are not 

drusy and are i n t i m a t e l y a s s o c i a t e d with r e l a t i v e l y f i n e 

grained s y e n i t e s . Petrographic examination r e v e a l s that 

they tend to have the same mineralogy as these syenites, 

with the exception of more c o a r s e l y exsolved f e l d s p a r s and 

a g r e a t e r proportion of b i o t i t e . This petrographic s i m i l 

a r i t y between the marginal pegmatites and the normal marginal 

rocks was a l s o noted by Stephenson (1973) for s y e n i t e s of 

South Qoroq. The c l e a r l y c r o s s - c u t t i n g pegmatite veins of 

the Kungnat s y e n i t e s are not seen, the North Qoroq pegmatites 

oc c u r r i n g i n i r r e g u l a r patches, r e s t r i c t e d to the margins of 

the s y e n i t e u n i t s . They are p a r t i c u l a r l y noticeable i n the 

margins of the outer s y e n i t e s , SN.IA and SN.IB. 

Assuming that these marginal pegmatites are r e l a t e d to 

an i n c r e a s e d v o l a t i l e content, i t appears that, for North 

Qoroq, t h i s i n c r e a s e occurred at an e a r l y stage, probably 

at the time of c o n s o l i d a t i o n of the marginal rocks. I t has 

been shown ( s e c t i o n 4.16.7.) that, on i n t r u s i o n , the 
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s y e n i t i c magmas might have had a r e l a t i v e l y low 

I t i s suggested t h a t the water pressure i n the surrounding 

rocks exceeded t h a t of the magma at the time of i n t r u s i o n , 

r e s u l t i n g i n an i n f l u x of water from the country rock. 

Shaw (1974) has postulated t h a t t h i s process w i l l occur 

when the country rocks are wet. 

Supporting evidence for t h i s type of mechanism comes 

from a study of the Kangerdlugssuaq a l k a l i n e i n t r u s i o n by 

Pankhurst et a l . (1976). They noticed that, as the outer 

margins of the i n t r u s i o n were approached, there was an 
87 86 18 in c r e a s e , both i n the i n i t i a l Sr /Sr r a t i o and i n 0 

They a t t r i b u t e these i n c r e a s e s to the admittance of 

meteoric water to the high l e v e l magma chamber at an e a r l y 

stage i n the evolution of the sy e n i t e s , t h i s water con

t a i n i n g basement Sr isotope proportions i n s o l u t i o n . A 

s i m i l a r process may w e l l have operated i n North Qoroq. 

Indeed, i n i t i a l Sr isotope r a t i o s for the North Qoroq Centre 

may be high (0.7052-0.0030) when compared to t y p i c a l mantle 

values, and to val u e s from the majority of the other Gardar 

c e n t r e s . However, when samples taken from the margins of 

SN.IA are ignored the i n i t i a l r a t i o g'^ives a value c o n s i s t e n t 

with a mantle o r i g i n ('̂  0.703). Although t h i s i n c r e a s e i n 

the i n i t i a l r a t i o may w e l l be due to a s s i m i l a t i o n of 

basement m a t e r i a l , i t may a l s o be caused by i n t e r a c t i o n 
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87 with meteoric ground-water enriched i n Sr 

A f u r t h e r i n d i c a t i o n of an i n f l u x of meteoric water 

and consequent i n c r e a s e i n f'H^O i s suggested by the 

occurrence of la r g e q u a n t i t i e s of b i o t i t e i n the marginal 

rocks of SN.IA and SN.IB, and of Fe/Ti oxides rimming 

o l i v i n e . As explained i n s e c t i o n 4.16.5., an i n f l u x of 
water meteoric would have r e s u l t e d i n an in c r e a s e i n f.O., A 2 

because the water would d i s s o c i a t e and would d i f f u s e out 

of the system much more r a p i d l y than 0^ ( i n s i l i c a g l a s s 

has been shown to d i f f u s e approximately a m i l l i o n times 

f a s t e r than 0 - ) . This i n c r e a s e i n f.O would have r e s u l t e d 

i n the rimming of o l i v i n e by Fe/ T i oxides and the f i x i n g 

of f-02 "̂ ^̂  assemblage a l k a l i feldspar - Fe/Ti 

o x i d e s - b i o t i t e . 

Hence, i t i s proposed t h a t meteoric ground water 
A 

entered the North Qoroq magmas, d i s s o c i a t e d , and lowered 

the magma v i s c o s i t y , r e s u l t i n g i n the formation of pegmatites. 

The r e l a t i v e l y short d i s t a n c e s the i o n i c species could t r a v e l 

through the magma during the period before s o l i d i f i c a t i o n , 

and the i r r e g u l a r entrance of ground-water, along j o i n t s and 

f r a c t u r e s i n the country rocks, r e s u l t e d i n the patchy nature 

of the pegmatites. They a l s o caused the pegmatites to be 

r e s t r i c t e d to the margins of the i n t r u s i o n . S o l i d i f i c a t i o n 

of the marginal rocks closed the system to further i n f l u x e s 
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of ground-water, although c i r c u l a t i o n of ground-water 

through the s o l i d s y e n i t e s may subsequently have taken 

p l a c e a f t e r cooling j o i n t s had provided s u i t a b l e pathways. 

The marginal pegmatites are most extensive i n the outer 

u n i t s of the North Qoroq Centre, SN.IA and SN.IB, because 

the h e a v i l y j o i n t e d basement rocks supported a strong 

system of ground-water c i r c u l a t i o n . Inner s y e n i t e u n i t s , 

SN.2 and SN.5, show l e s s extensive pegmatite development, 

because of the weak ground-water i n f l u x through the pre

e x i s t i n g s y e n i t e s . I t i s i n t e r e s t i n g t h a t both SN.4A and 

SN.4B apparently show no development of marginal pegmatites, 

Perhaps these two fine-grained, r a p i d l y cooled u n i t s 

produced an irtpermeable c h i l l before ground-water could 

enter. 
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CHAPTER SEVEN; CONCLUSIONS 

7.1. I n t r o d u c t i o n 

I n the preceeding chapters a number of conclusions 

have been reached regarding the c h a r a c t e r i s t i c s of the 

North Qoroq magmas, t h e i r mode of evolution and t h e i r 

e f f e c t on p r e - e x i s t i n g r o c k s . I n the present chapter 

these conclusions are drawn together and summarized. 

P o s s i b l e modes of ev o l u t i o n of the s y e n i t i c parent magma 

at depth are a l s o considered, although i t must be borne 

i n mind t h a t t h i s r e q u i r e s considerable e x t r a p o l a t i o n 

from the fe a t u r e s observed i n the North Qoroq Centre. 

Hence, c e r t a i n of the proposals can only be regarded as 

t e n t a t i v e and r e q u i r e f u r t h e r i n v e s t i g a t i o n to be 

confirmed. The Gardar Province as a whole i s considered, 

by b r i e f l y comparing i t to other, apparently s i m i l a r 

p r o v i n c e s . An attempt i s made to place the province i n t o 

i t s c o r r e c t p o s i t i o n with regard to gl o b a l t e c t o n i c s . 

7.2. High l e v e l e v o l u t i o n and the s t a t e of North Qoroq 

magmas 

7.2.1. 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 

The major u n i t s of the North Qoroq Centre are thought 

to have been intruded by a process of r i n g f r a c t u r e and 

cauldron subsidence (Emeleus and Harry, 1970), combined 
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with a degree of stoping. 

Petrographic, m i n e r a l o g i c a l and geochemical evidence 

suggests that, a f t e r i n t r u s i o n , evolution of the sy e n i t e s 

occurred i n s i t u . I n Chapter 3 i t was noted that the 

s y e n i t e s became more evolved with increased distance from 

the margins (and roof) of a u n i t . I n s e c t i o n 5.4 i t was 

seen t h a t the geochemical p a t t e r n over the outcrop of u n i t 

SN.IA was c o n s i s t e n t with the presence of an inner, h i g h l y 

f r a c t i o n a t e d core to that u n i t . A reasonable mechanism to 

e x p l a i n the observed v a r i a t i o n w i t h i n the u n i t i s one of 

c r y s t a l f r a c t i o n a t i o n . Confirmation of the importance of 

t h i s mechanism comes from observations on the phenocryst 

content of u n i t SN.4B. I t was seen that the phenocryst 

content decreased from margin to centre of the u n i t , and 

th a t the e f f e c t was most noticeable for the denser phases, 

opaques, o l i v i n e and augite, and l e s s noticeable for the 

l e s s dense f e l d s p a r . This observation i s c o n s i s t e n t with 

a model of g r a v i t a t i o n a l s e t t l i n g . Hence, i t i s proposed 

th a t the bulk of the chemical and mi n e r a l o g i c a l v a r i a t i o n 

seen i n the North Qoroq s y e n i t e s i s due to i n s i t u c r y s t a l 

f r a c t i o n a t i o n . I n the r e l a t i v e l y q u i c k l y c h i l l e d u n i t s 

SN.4A and SN.4B the amount of f r a c t i o n a t i o n was small 

r e s u l t i n g i n l i m i t e d chemical v a r i a t i o n . I n the large, 

more s l o w l y cooled u n i t s , p a r t i c u l a r l y SN.IA, a considerable 
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degree of c r y s t a l f r a c t i o n a t i o n i s thought to have taken 

p l a c e , r e s u l t i n g i n the extensive chemical and mineral-

o g i c a l v a r i a t i o n shown by these u n i t s . This i s p a r t i c u l a r l y 

w e l l demonstrated, for SN.IA by the dense, early-formed 

phases, o l i v i n e and a u g i t i c pyroxene, which are only found 

i n the v e r y margins of t h i s u n i t . 

At t h i s point the v a r i a t i o n shown by other Gardar 

c e n t r e s can be considered and r e l a t e d to that seen i n North 

Qoroq. Feldspar lamination and mafic banding are common 

throughout the major Gardar centres, but c r y p t i c v a r i a t i o n 

i s l e s s common. The best exanple of c r y p t i c v a r i a t i o n i s 
A A 

seen i n the western stock of the Kungnat f j e l d Complex 

(Upton, 1960). The s i m i l a r Tugtutoq Ce n t r a l Complex (Upton, 

1964a), however, shows only s l i g h t v a r i a t i o n . Among the 

undersaturated rocks the nepheline s y e n i t e s of the Hviddal 

dyke (Upton, 1964b) show the best development of c r y p t i c 

v a r i a t i o n , although there i s a marked absence of mineral 

lamination or mafic banding and other processes apart from 

c r y s t a l s e t t l i n g could have been involved. I n the I g a l i k o 

Complex, u n i t SI.4 of the I g d l e r f i g s s a l i k Centre i s reported 

as showing c r y p t i c v a r i a t i o n (Emeleus and Upton, 1976), but 

Stephenson (1973) suggests t h a t i n South Qoroq the i n s i t u 

c r y s t a l f r a c t i o n a t i o n i s n e g l i g i b l e . 

What f a c t o r s cause one i n t r u s i o n to show apparently 
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marked c r y p t i c v a r i a t i o n , suggesting considerable i n s i t u 

f r a c t i o n a t i o n , whereas other s i m i l a r i n t r u s i o n s show 

l i t t l e or no v a r i a t i o n ? One fa c t o r must be the r a t e of 

coo l i n g . Small, r e l a t i v e l y r a p i d l y cooled bodies w i l l 

s o l i d i f y before there has been any la r g e degree of c r y s t a l 

s e t t l i n g . These bodies w i l l show only l i m i t e d c r y p t i c 

v a r i a t i o n compared to l a r g e r , more slowly cooled bodies. 

Another extremely inportant factor i s the l e v e l at 

which the i n t r u s i o n i s exposed at the present time (Upton 

e t a l . , 1971; Upton, 1974), and the v e r t i c a l thickness 

of rock t h a t can be seen i n the i n t r u s i o n . Considering 

u n i t SN.IA of North Qoroq, i t can be stat e d that i f i t 

were not for the deeper l e v e l of erosion at the north-west 

edge of the u n i t , that exposes the h i g h l y f r a c t i o n a t e d core, 

the v a r i a t i o n would apparently be much l e s s dramatic, 

suggesting a much smaller degree of i n s i t u f r a c t i o n a t i o n 

than a c t u a l l y took p l a c e . Considering F i g . 5.5 i t can be 

seen t h a t , i f the l e v e l of erosi o n was below the highl y 

f r a c t i o n a t e d core, again a l e s s e r degree of c r y p t i c 

v a r i a t i o n would be seen. I t should be mentioned that the 

h i g h l y f r a c t i o n a t e d core i s i t s e l f thought to l i e i n the 

upper p a r t of the o r i g i n a l magma body, hence erosion to 

below the l e v e l of t h i s core does not imply that the base, 

or even the lower l e v e l s , of the o r i g i n a l magma body are 
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exposed. I t i s l i k e l y t h a t b o t h t h e N o r t h Qoroq and 

M o t z f e l d t Centres are exposed c l o s e t o t h e i r r o o f zones 

and t h a t e r o s i o n below t h e r o o f zone l e v e l has exposed 

t h e i n n e r c o r e , whereas t h e I g d l e r f i g s s a l i k and South 

Qoroq Centres are exposed t o deeper l e v e l s , below t h e 

core, and c o n s e q u e n t l y do not tend t o show t h e same h i g h l y 

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

s o d a l i t e and a c m i t e . I f c r y s t a l f r a c t i o n a t i o n can account 

f o r t h e b u l k o f t h e v a r i a t i o n seen i n t h e s y e n i t e s t h i s 

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

l a y e r e d sequences o f cumulate r o c k s s i m i l a r t o those seen 

i n t h e more d e e p l y eroded Kungnat Complex. 

The common occurrence o f l a y e r e d s t r u c t u r e s i n t h e 

Gardar c e n t r a l complexes suggests t h a t c o n v e c t i o n was a 

common p r o c e s s . Both t h e c o n v e c t i o n process and t h e 

g r a v i t a t i o n a l s e t t l i n g o f c r y s t a l s would be aided b y low 

v i s c o s i t y (Upton, 1974). This low v i s c o s i t y may be a 

r e s u l t o f a h i g h v o l a t i l e c o n t e n t 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 elements F and C l . Shaw (1972) i n d i c a t e s t h a t these 

e x t r e m e l y e l e c t r o n e g a t i v e elements a c t as 'network m o d i f i e r s ' 

and may markedly reduce t h e v i s c o s i t y o f magmas. Both 

elements are t h o u g h t t o have been i n h i g h c o n c e n t r a t i o n s , 

p a r t i c u l a r l y i n t h e more f r a c t i o n a t e d o f the No r t h Qoroq 

magmas. Shaw (op. c i t . ) and B o t t i n g a and W e i l l (1972) g i v e 
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s i m p l e methods f o r c a l c u l a t i n g t h e v i s c o s i t y from t he 

che m i c a l c o m p o s i t i o n o f a r o c k and i t s magmatic temper

a t u r e . A p p l i c a t i o n o f Shaw's method t o - t h e m a r g i n a l 

a u g i t e s y e n i t e o f SN.IA, u s i n g a temperature o f 900°C 
4 

g i v e s an approximate v a l u e f o r t h e v i s c o s i t y o f 5 x 10 
2 

p o i s e s . T h i s i s h i g h e r t h a n t y p i c a l b a s a l t magma (^10 
Q 

p o i s e s ) b u t much lower t h a n t y p i c a l g r a n i t e magma (^10 

p o i s e s ) (values from B o t t i n g a and W e i l l , o p . c i t . ) . The 

presence o f network m o d i f i e r s , n o t accounted f o r i n t h e 

c a l c u l a t i o n , w i l l l ower t h e v i s c o s i t y s t i l l f u r t h e r . 

A n o t h er a i d t o c r y s t a l f r a c t i o n a t i o n i s t h e l a r g e 

c r y s t a l l i z a t i o n i n t e r v a l demonstrated by m e l t i n g 

e x p e r i m e n t s on u n d e r s a t u r a t e d p l u t o n i c r o c k s . Edgar and 

Parker (1974) show a c o r r e l a t i o n between t h e m e l t i n g 

i n t e r v a l ( s o l i d u s - l i q u i d u s ) and a g p a i c i t y ( a g p a i t i c index = 

(Na^O + K^O)/Al^O^). T h i s , t h e y suggest, may be due t o t h e 

h i g h l y a l k a l i n e n a t u r e o f t h e magmas, coupled w i t h t h e h i g h 

v o l a t i l e c o n t e n t s . The l a r g e m e l t i n g i n t e r v a l t y p i c a l o f 

n e p h e l i n e s y e n i t e s , o f t e n s e v e r a l hundred °C, g r e a t l y aids 

t h e 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 . 

Assuming t h a t c r y s t a l f r a c t i o n a t i o n i s t h e major process 

c o n t r o l l i n g t h e e v o l u t i o n o f N o r t h Qoroq magmas, the f i r s t 

phases f r a c t i o n a t i n g w i l l be o l i v i n e , a u g i t i c pyroxene, 

Fe/Ti o x i d e s and a p a t i t e (and i n u n i t SN.4A and SN.4B 
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o l i g o c l a s e ) , c a u s i n g r e s i d u a l magmas t o be d e p l e t e d i n 

Mg, Ca, Fe, T i and P. These phases are f o l l o w e d by 

b i o t i t e , amphibole and a l k a l i f e l d s p a r . I n s e c t i o n 5.6. 

i t was shown t h a t e a r l y c r y s t a l l i z a t i o n o f b i o t i t e , 

amphibole and aluminous c l i n o p y r o x e n e s and oxides r e s u l t 

i n t h e r e s i d u a l l i q u i d becoming p e r a l k a l i n e . Once t h e 

magma i s p e r a l k a l i n e and u n d e r s a t u r a t e d , f r a c t i o n a t i o n 

o f s t o i c h i o m e t r i c a l k a l i f e l d s p a r w i l l enhance b o t h 

c o n d i t i o n s . F e ldspar f r a c t i o n a t i o n was p r o b a b l y t h e 

dominant process over much o f t h e c r y s t a l l i z a t i o n i n t e r v a l 

o f t h e N o r t h Qoroq magmas. 

7.2.2. Other processes a f f e c t i n g N o r t h Qoroq rocks 

Stephenson (1973) c o n s i d e r s t h a t t h e major process 

g i v i n g v a r i a t i o n i n t h e South Qoroq s y e n i t e s i s t h e 

d i f f u s i o n o f a l k a l i s and v o l a t i l e s outwards towards t h e 

margins o f t h e i n t r u s i o n s . There i s no evidence f o r such 

d i f f u s i o n i n t h e N o r t h Qoroq Centre where t h e m a r g i n a l 

r o c k s are t h e l e a s t f r a c t i o n a t e d . C o n s i d e r i n g Burnham's 

(1957) c o n c l u s i o n t h a t d i f f u s i o n i s much t o o slow a 

proc e s s t o account f o r s i g n i f i c a n t t r a n s f e r o f m a t e r i a l , 

i t seems u n l i k e l y t o have p l a y e d an i m p o r t a n t r o l e i n 

h i g h l e v e l Gardar p l u t o n s . These presumably cooled 

r e l a t i v e l y q u i c k l y and would have been s o l i d b e f o r e any 

a p p r e c i a b l e t r a n s f e r o f m a t e r i a l c o u l d have been b r o u g h t 
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about b y a d i f f u s i o n p r o c e s s , d e s p i t e t h e low v i s c o s i t y . 

A pr o c e s s which has been shown t o have c o n s i d e r a b l e 

e f f e c t on t h e c h a r a c t e r o f t h e N o r t h Qoroq r o c k s i s t h e 

metasomatic a l t e r a t i o n o f p r e - e x i s t i n g s y e n i t e u n i t s by 

aqueous f l u i d s , r i c h i n a l k a l i s , a s s o c i a t e d w i t h l a t e r 

u n i t s , or w i t h more e v o l v e d f r a c t i o n s o f t h e same u n i t . 

These e f f e c t s are dis c u s s e d i n s e c t i o n 6.3. I t i s 

emphasised t h a t i t i s necessary t o take i n t o account t h e 

l a t e r metasomatic a l t e r a t i o n b e f o r e t h e geochemical and 

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

can be f u l l y a p p r e c i a t e d . 

7.2.3. P h y s i c a l and chemical c o n d i t i o n s o f t h e 

e v o l v i n g N o r t h Qoroq magmas 

Thermodynamic t r e a t m e n t o f t h e m i n e r a l d a t a ( s e c t i o n 

4.16.) enabled v a l u e s t o be p l a c e d on many o f t h e p h y s i c a l 

and c h e m i c a l c o n d i t i o n s as t h e N o r t h Qoroq magmas ev o l v e d . 

I t i s t h o u g h t t h a t u n i t s SN.IA, SN.lB, SN.2, SN.4A, 

and SN.4B were i n t r u d e d as magmas o f a u g i t e s y e n i t e 

c o m p o s i t i o n . The te m p e r a t u r e o f t h e magma on i n t r u s i o n 

i s t h o u g h t t o have been between 900° and 950°C. U n i t s 

SN.4A and SN.4B g i v e t h e i m p r e s s i o n o f b e i n g d r i e r , h o t t e r 

b o d i e s o f magma. I t i s p o s s i b l e , however, t h a t t h e y have 

m e r e l y s u f f e r e d l e s s r e - e q u i l i b r a t i o n t h a n t h e o t h e r , more 

s l o w l y c o o l e d u n i t s . A l s o , c e r t a i n temperatures f o r these 
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two u n i t s , o b t a i n e d from t h e p h e n o c r y s t assemblage, 

r e f l e c t t e m p e r a t u r e s p r i o r t o emplacement a t t h e p r e s e n t 

l e v e l . SN.2, SN.4A and SN.4B s u f f e r e d o n l y l i m i t e d 

c r y s t a l f r a c t i o n a t i o n and may have been v i r t u a l l y s o l i d 

a t t e m p e r a t u r e s g i v e n b y t h e f e l d s p a r / n e p h e l i n e geo-

thermometer o f around 700°C. U n i t s SN.IA and SN.lB 

s u f f e r e d more e x t e n s i v e c r y s t a l f r a c t i o n a t i o n , and t h e 

r e s i d u a l l i q u i d s may n o t have s o l i d i f i e d u n t i l much 

lower t e m p e r a t u r e s . As mentioned p r e v i o u s l y , i t i s 

p o s s i b l e t h a t t h e s y e n i t i c magmas evolved t h r o u g h t o a 

h y d r o t h e r m a l l i q u i d making s o l i d u s temperatures d i f f i c u l t 

t o d e f i n e . U n i t SN.5, emplaced as a more h i g h l y f r a c t i o n 

a t e d s y e n i t e magma, was a t a lower temperature t h a n t he 

o t h e r magmas, and a g a i n produced h i g h l y f r a c t i o n a t e d , low 

t e m p e r a t u r e , r e s i d u a l l i q u i d s . 

On i n t r u s i o n , a l l t h e s y e n i t i c magmas o f No r t h Qoroq 

were p r o b a b l y r e l a t i v e l y d r y . I t has been suggested t h a t 

SN.4A and SN.4B were t h e d r i e s t , a v a l u e f o r ^ •^2'^ °^ 

around 300 b a r s b e i n g o b t a i n e d from t h e P.Ĥ O s e n s i t i v e 

p l a g i o c l a s e geothermometer ( s e c t i o n 4.16.7.). The o t h e r 

u n i t s may, however, have been e q u a l l y d r y , t h e more hydrous 

n a t u r e o f t h e i r e a r l y - f o r m e d m a f i c assemblages b e i n g p r o 

duced b y t h e i n t r o d u c t i o n o f m e t e o r i c water i n t o t h e 

m a r g i n a l r o c k s i m m e d i a t e l y a f t e r emplacement. This 
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c o n t e n t i o n i s supported b y t h e presence o f m a r g i n a l 

p e g m a t i t e s i n a l l u n i t s except SN.4A and SN.4B. C r y s t a l 

l i z a t i o n o f e a r l y - f o r m e d anhydrous phases would have 

r e s u l t e d i n an i n c r e a s e i n P.H^O. I t i s l i k e l y t h a t f o r 

SN.IA, SN.lB and SN.5 t h e u n i t s showing t h e most f r a c t 

i o n a t e d s y e n i t e s , ^•^2'^ exceeded P. T o t a l and a co

e x i s t i n g aqueous phase ' b o i l e d o f f . 

Other v o l a t i l e c o n s t i t u e n t s w i l l a l s o have become 

c o n c e n t r a t e d w i t h e v o l u t i o n o f t h e s y e n i t e s , and t h i s i s 

i n d i c a t e d b y t h e occurrence o f s o d a l i t e ( C l ) , c a n c r i n i t e 

(CO^)/ c a l c i t e (CO^), f l u o r i t e (F) and r i n k i t e (F) i n more 

f r a c t i o n a t e d s y e n i t e s . I f a separate aqueous phase d i d 

' b o i l o f f a t a l a t e stage, Cl and CO^ may w e l l have been 

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 i t and c o n t r i b u t e d t o the 

f e n i t i z a t i o n p r o c e s s . 

The e x t r e m e l y i m p o r t a n t parameter f.O^ i s t h o u g h t t o 

have been d e f i n e d by v a r i o u s b u f f e r assemblages d u r i n g t h e 

s y e n i t e s e v o l u t i o n ( s e c t i o n 4.16.5). I t s importance l i e s 

i n t h e f a c t t h a t t h e v a l u e o f ̂ -O^ i s ̂  c o n t r o l l i n g f a c t o r 

i n t h e c r y s t a l l i z a t i o n o f m a f i c phases c o n t a i n i n g elements 

showing v a r i a b l e o x i d a t i o n s t a t e s ( v a l e n c y ) . E a r l y i n the 

e v o l u t i o n o f t h e l e s s f r a c t i o n a t e d u n i t s , f-O^ was d e f i n e d 

b y t h e f a y a l i t e - m a g n e t i t e - q u a r t z b u f f e r r e a c t i o n (F.M.Q.). 

L a t e r , p o s s i b l y due t o t h e i n f l u x o f m e t e o r i c water f.O^ 
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was d e f i n e d b y a new b u f f e r assemblage, b i o t i t e - f e l d s p a r -

Fe/Ti o x i d e s . L a t e r s t i l l , i t has been proposed t h a t f.O^ 

was d e f i n e d b y a r e a c t i o n i n v o l v i n g m a g n e t i t e and acmite, 

meaning t h a t t h e pyroxene c o m p o s i t i o n was i n s t r u m e n t a l i n 

c o n t r o l l i n g f.O^ r a t h e r t h a n t h e o t h e r way around. When 

m a g n e t i t e ceased t o be a c r y s t a l l i z i n g phase f.O^ may have 

been d e f i n e d by a new b u f f e r i n v o l v i n g t h e l a s t - f r a c t i o n a t i n g 

magma components. I f an aqueous phase ' b o i l e d o f f as seems 

p r o b a b l e , t h e r a p i d d i f f u s i o n o f r e l a t i v e t o 0^ may have 

r e s u l t e d i n a marked i n c r e a s e i n ̂ '0^, above t h e h a e m a t i t e / 

m a g n e t i t e b u f f e r curve ( F i g . 4.24). 

The a c t i v i t y o f s i l i c a (a.SiO^) was d e f i n e d d u r i n g t h e 

b u l k o f t h e e v o l u t i o n o f t h e N o r t h Qoroq s y e n i t e s by t h e 

r e a c t i o n i n v o l v i n g n e p h e l i n e and a l k a l i f e l d s p a r . a.SiO^ 

was always low and, a l t h o u g h no d e f i n i t e v a l u e s can be 

o b t a i n e d , i t i s l i k e l y t h a t , p r i o r t o t h e c r y s t a l l i z a t i o n 

o f t hese phases, a t h i g h e r t e m p e r a t u r e s , a.SiO^ was a l s o 

i n t h e r e g i o n o f t h e a l b i t e / n e p h e l i n e b u f f e r curve. I n the 

most h i g h l y f r a c t i o n a t e d l a t e stage l i q u i d s i t has been 

proposed t h a t one o f a number o f r e a c t i o n s may c o n t r o l 

a.SiO^ (see s e c t i o n 4.16.4.). 

The Na c o n t e n t o f t h e magmas, or more s p e c i f i c a l l y 

a.Na S i 0 , i n c r e a s e d w i t h f r a c t i o n a t i o n . The h i g h v a l u e s 

o f t h i s parameter were p r o b a b l y i n s t r u m e n t a l i n c o n t r o l l i n g 
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t h e pyroxene t r e n d towards acmite, t h e c r y s t a l l i z a t i o n o f 

a e n i g m a t i t e i n s t e a d Fe/Ti oxides and t h e rimming o f 

a r f v e d s o n i t i c amphibole b y acmi t e . I n h i g h l y metasomatised 

r o c k s t h e v e r y h i g h a.Na^Si^O^ i n the f e n i t i z i n g f l u i d 

c o n t r o l l e d t h e f o r m a t i o n o f th e t o t a l m a f i c assemblage 

( a e n i g m a t i t e - acmite - a r f v e d s o n i t e ) . 

7,3, O v e r s a t u r a t e d or u n d e r s a t u r a t e d n a t u r e o f Gardar magmas 

I n t h e Gardar p r o v i n c e a l l s y e n i t e s o f a p a r t i c u l a r 

c e n t r e t e n d t o be e i t h e r o v e r s a t u r a t e d or u n d e r s a t u r a t e d , 

w i t h t h e e x c e p t i o n o f I l i m a u s s a q . I n b o t h environments 

a u g i t e s y e n i t e i s common and has o f t e n been invoked as 

th e immediate p a r e n t magma (Ferguson, 1964; Stephenson, 

1973; Emeleus and Upton, 1975). 

The q u e s t i o n a r i s e s as t o whether t h e t r e n d towards 

o v e r s a t u r a t i o n or u n d e r s a t u r a t i o n i s c o n t r o l l e d by c o n d i t i o n s 

a t d e p t h , i . e . t h e a u g i t e s y e n i t e i s predisposed towards one 

or t h e o t h e r , or whether i t i s c o n t r o l l e d by processes 

o c c u r r i n g as t h e magma ascends or a f t e r i t has been emplaced? 

Ob v i o u s l y , a s m a l l i n i t i a l d i f f e r e n c e i n th e a u g i t e s y e n i t e 

c o m p o s i t i o n c o u l d be accentuated b y f e l d s p a r f r a c t i o n a t i o n , 

and i n t h e case o f t h e o v e r s a t u r a t e d s y e n i t e s by e a r l y l o s s 

o f an aqueous phase removing a l k a l i s . A g r e a t number o f 

p r e v i o u s workers have di s c u s s e d t h e t r e n d towards over-
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s a t u r a t i o n and u n d e r s a t u r a t i o n and proposed methods f o r 

c r o s s i n g t h e f e l d s p a r t h e r m a l d i v i d e ( T i l l e y , 1958; Morse, 

1968; Macdonald, 1974; Kempe and Deer, 1976). 

Upton (1974) notes t h a t s m a l l q u a n t i t i e s o f ne p h e l i n e 

may appear i n t h e norms o f some o f t h e more b a s i c s y e n i t e s 

from t h e s a t u r a t e d or o v e r s a t u r a t e d complexes. This may 

i n d i c a t e t h a t , f o r t h e o v e r s a t u r a t e d complexes, some 

process or processes d r i v e t h e r e s i d u a l magmas towards 

th e o v e r s a t u r a t e d minimum whereas n o r m a l l y the t r e n d would 

be towards t h e u n d e r s a t u r a t e d minimum. I t i s proposed here 

t h a t two processes may be o f s i g n i f i c a n c e . 

The f i r s t and most obvious i s t h e a s s i m i l a t i o n o f 

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

emplacement, a t depth , or as t h e magma ascended. The 

second p o s s i b l e process i s t h e i n t e r a c t i o n o f the magma w i t h 

m e t e o r i c w a t e r . As p r e v i o u s l y e x p l a i n e d ( s e c t i o n 6.3.3.) 

th e i n f l u x o f water would r e s u l t i n a tendency f o r f-O^ t o 

r i s e . T h i s tendency would be r e s i s t e d by the c r y s t a l l i z a t i o n 

o f o x i d e s i n p r e f e r e n c e t o o l i v i n e (see s e c t i o n 4.16.5., 

r e a c t i o n 7 ) , r e s u l t i n g i n t h e r e s i d u a l magma be i n g e n r i c h e d 

i n s i l i c a and moving t h e c o m p o s i t i o n o f t h i s r e s i d u a l magma 

towards t h e o v e r s a t u r a t e d minimum. This mechanism has been 

suggested b y Morse ( o p . c i t . ) . A f u r t h e r e f f e c t o f t h e 

i n f l u x o f m e t e o r i c water would be t o promote the c r y s t a l -
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l i z a t i o n o f b i o t i t e and amphibole. Both these phases are 

r e l a t i v e l y u n d e r s a t u r a t e d (Macdonald, o p . c i t . ) and t h e i r 

s e p a r a t i o n would a g a i n promote t h e f o r m a t i o n o f an over-

s a t u r a t e d r e s i d u a l magma. A t h i r d e f f e c t o f the i n f l u x 

would be t o lower t h e tem p e r a t u r e o f t h e f e l d s p a r t h e r m a l 

d i v i d e (Morse, o p . c i t . ) r e s u l t i n g i n t h e u n d e r s a t u r a t e d 

t o o v e r s a t u r a t e d t r a n s f o r m a t i o n o c c u r r i n g more r e a d i l y . 

Evidence i n fa v o u r o f one or b o t h o f these processes 

comes fr o m t h e o u t e r u n i t , SN.IA, o f t h e No r t h Qoroq Centre. 

Values f r o m t h e m a r g i n a l r o c k s o f t h i s u n i t cause t he 
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Sr /Sr i n i t i a l r a t i o f o r t h e c e n t r e t o be h i g h , 
p r o b a b l y i n d i c a t i n g e i t h e r c r u s t a l c o n t a m i n a t i o n or an 
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i n f l u x o f Sr - e n r i c h e d m e t e o r i c w a t e r . The m a r g i n a l 

p e g m a t i t e s , t h e common occurrence o f b i o t i t e (and amphibole), 

and t h e e x t e n s i v e rimming o f o l i v i n e by Fe/Ti oxides i n 

these m a r g i n a l r o c k s are c o n s i s t e n t w i t h t h e r e having been 

an i n f l u x o f m e t e o r i c w a t e r . I t i s th o u g h t t o be s i g n i f i 

c a n t t h a t c e r t a i n o f these m a r g i n a l r o c k s are j u s t over-

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

above. The Kangerdlugssuaq s y e n i t e (Kempe and Deer, 1970; 

Kempe e t a l . , 1970) shows an even more marked g r a d a t i o n a l 

v a r i a t i o n f rom m a r g i n a l n o r d m a r k i t i c s y e n i t e s w i t h modal 

q u a r t z 10-15% t o a c e n t r a l , t h o r o u g h l y u n d e r s a t u r a t e d 

f o y a i t e . Pankhurst e t a l . (1976) have demonstrated 
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c o n v i n c i n g l y , on t h e b a s i s o f i s o t o p i c s t u d i e s , t h a t 

t h i s s y e n i t i c magma s u f f e r e d a s t r o n g i n f l u x o f ground 

water a t an e a r l y stage i n i t s e v o l u t i o n . I t i s proposed, 

t h e r e f o r e , t h a t t h e Kangerdlugssuaq i n t r u s i o n r e p r e s e n t s 

a more advanced stage o f t h e process f o r ' s i l i c a enrichment' 

o u t l i n e d f o r t h e m a r g i n a l r o c k s o f SN.IA. Over s a t u r a t e d 

Gardar c e n t r e s may be caused by even more complete o p e r a t i o n 

o f t h e same pr o c e s s . 

The q u e s t i o n remains as t o why c e r t a i n c e n t r e s should 

show t h i s e f f e c t so markedly and o t h e r s (e.g. North Qoroq) 

l e s s markedly or n o t a t a l l ? I n No r t h Qoroq, t h e m a r g i n a l 

r o c k s showing t h e e f f e c t have an e x t e n s i v e development o f 

p a t c h y m a r g i n a l p e g m a t i t e . The occurrence o f t h i s e a r l y -

formed, p a t c h y p e g m a t i t e r e q u i r e s t h e r e t o have been an 

absence o f magmatic c o n v e c t i o n c u r r e n t s a t t h i s stage, 

o t h e r w i s e t h e i n f l u x o f water would have been more e q u a l l y 
A A 

d i s t r i b u t e d t h r o u g h o u t t h e i n t r u s i o n . I n Kungnat, m a r g i n a l 

p e g m a t i t e s are drusy, c r o s s - c u t t i n g and demonstrably l a t e 

stage f e a t u r e s (Upton, 1960). The absence o f e a r l y formed 

m a r g i n a l p e g m a t i t e s suggests t h a t c o n v e c t i o n i n the western 

and e a s t e r n s y e n i t i c b o d i e s was i n i t i a t e d a t an e a r l y stage. 

There i s abundant f i e l d evidence f o r t he o p e r a t i o n o f s t r o n g 

c o n v e c t i o n c u r r e n t s i n t h e Kungnat s y e n i t e s w i t h common 

'wash-outs', 'trough-bands' and o t h e r sedimentary f e a t u r e s . 
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The s t r o n g and e a r l y c o n v e c t i o n would have r e s u l t e d i n 

any i n f l u x o f m e t e o r i c water b e i n g c a r r i e d t o the i n t e r i o r 

o f t h e i n t r u s i o n a l l o w i n g more m e t e o r i c water t o e n t e r t h e 

th e n d e p l e t e d margins. I f t h i s were so t h e ' s i l i c a e n r i c h 

ment' p r o c e s s o u t l i n e d above may w e l l have operated. 

H a r r y and P u l v e r t a f t (1963) and Stephenson (1976) note 

t h a t t h e s t r o n g l y u n d e r s a t u r a t e d c e n t r a l complexes i n t h e 

Gardar p r o v i n c e are a s s o c i a t e d w i t h s t r o n g l y f a u l t e d areas, 

p a r t i c u l a r l y t h e i n t e r s e c t i o n o f th e E.S.E. t r e n d i n g 

s i n i s t r a l wrench f a u l t s w i t h t h e E.N.E. r e g i o n a l dyke swarm. 

The s a t u r a t e d and o v e r s a t u r a t e d complexes are e i t h e r d e t e r 

mined b y f a u l t i n g t o a l e s s e r e x t e n t , or not a t a l l . I t 

may be t h a t t h e wrench f a u l t / d y k e ( t e n s i o n ) i n t e r s e c t i o n 

p r o v i d e d a p o i n t o f weakness i n t h e c r u s t along which t h e 

a u g i t e s y e n i t e and r e l a t e d magmas co u l d ascend r a p i d l y 

whereas, i n n o n - f a u l t e d areas, ascent o f magma t o t h e 

s u r f a c e was a much slower process, i n v o l v i n g s t o p i n g and 

g r a d u a l upward movement. The slower process would a l l o w 

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

and/or an i n f l u x o f m e t e o r i c water and cou l d have been t h e 

cause o f t h e o v e r s a t u r a t e d t r e n d . 

The two p o s s i b l e e v o l u t i o n a r y sequences o u t l i n e d above 

can be summarized as f o l l o w s : 
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(a) Process l e a d i n g t o u n d e r s a t u r a t e d t r e n d . The 

magma ascended r a p i d l y i n a weakened c r u s t a l 

area, so a l l o w i n g l i t t l e t ime f o r c o n t a m i n a t i o n 

e i t h e r by a c i d basement m a t e r i a l or me t e o r i c 

w a t e r . The ' s i l i c a enrichment' e f f e c t o n l y 

o c c u r r e d a t t h e l e v e l o f emplacement and hence 

was r e s t r i c t e d b y t h e r a p i d c o o l i n g a t t h i s 

c r u s t a l l e v e l . Lack o f e a r l y c o n v e c t i o n c e l l s 

r e s t r i c t e d t h e e f f e c t even f u r t h e r t o t h e margins 

o f t h e i n t r u s i o n . 

(b) Process l e a d i n g t o o v e r s a t u r a t e d t r e n d . Magma 

ascended s l o w l y i n an area where t h e c r u s t was 

n o t a p p r e c i a b l y weakened. There was o p p o r t u n i t y 

f o r a s s i m i l a t i o n and t h e i n f l u x o f m e t e o r i c water, 

b o t h a t dep t h and as t h e magma ascended. The 

s t o p i n g process would have made a v a i l a b l e con

s i d e r a b l e q u a n t i t i e s o f m a t e r i a l which may have 

been a s s i m i l a t e d and have c o n t a i n e d c o n s i d e r a b l e 

q u a n t i t i e s o f m e t e o r i c ground-water. Both 

a s s i m i l a t e d m a t e r i a l and t h e in c r e a s e d f-O^ and 

f.H^O caused by t h e water c o u l d have r e s u l t e d i n 

t h e magma f o l l o w i n g a t r e n d towards s i l i c a o v e r -

s a t u r a t i o n . 
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I n i t i a l Sr /Sr r a t i o s ( B l a x l a n d e t a l . , i n press) 

c o u l d be expected t o g i v e c o n f i r m a t i o n o f t h e processes 

mentioned above. U n f o r t u n a t e l y t h e y do not p r o v i d e 

u n e q u i v o c a l c o n f o r m a t i o n . C e r t a i n l y , some o f the over-

s a t u r a t e d c e n t r e s , p a r t i c u l a r l y t h e N u n a r s s u i t B i o t i t e 

G r a n i t e and t h e I v i g t u t G r a n i t e do show enrichment i n 
A A 

r a d i o g e n i c Sr. The Kungnat s y e n i t e s , Helene G r a n i t e and 

N u n a r s s u i t S y e n i t e show a p o s s i b l e s l i g h t enrichment, b u t 

th e K l o k k e n i n t r u s i o n ( B l a x l a n d and Parsons, 1975) shows 

a t y p i c a l 'mantle v a l u e ' s u g g e s t i n g no a s s i m i l a t i o n and 
87 

no r e a c t i o n w i t h Sr e n r i c h e d w a t e r . I t may be, however, 

t h a t t h e amount o f e i t h e r a s s i m i l a t i o n , or water i n f l u x 

need o n l y be s m a l l t o 'push' t h e magma along an o v e r s a t u r a t e d 

t r e n d , and would n o t a f f e c t the i n i t i a l Sr r a t i o t o any 

e x t e n t . The one r e a l l y anomalous v a l u e comes from t h e 

I l i m a u s s a q i n t r u s i o n , w h i c h i s t h o r o u g h l y u n d e r s a t u r a t e d 
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w h i l e showing a Sr /Sr r a t i o o f 0.7096 f o r i t s a g p a i t i c 

r o c k s . B l a x l a n d e t a l . ( 1 9 7 6 ) d i s c o u n t b u l k c o n t a m i n a t i o n 

b y t h e c r u s t on chemical grounds and a t t r i b u t e t h e v a l u e 
87 

t o s e l e c t i v e r a d i o g e n i c Sr enrichment. The a u g i t e 

s y e n i t e o f t h e I l i m a u s s a q Complex has an i n i t i a l r a t i o 

w i t h a normal low mantle v a l u e (0.703) sug g e s t i n g t h a t , 

i f t h e h i g h r a t i o f o r t h e a g p a i t i c r o c k s was due t o c r u s t a l 

c o n t a m i n a t i o n , i t o c c u r r e d a t depth, when t h e magma may 
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a l r e a d y have been t h o r o u g h l y committed t o an u n d e r s a t u r a t e d 

t r e n d . 

I f t h e c r u s t a l c o n t a m i n a t i o n / m e t e o r i c water process 

can g e n e r a l l y be a p p l i e d t o c e n t r a l complex s y e n i t e s i t 

s h o u l d a l s o be a p p l i c a b l e t o dyke r o c k s . Emeleus and Upton 

(1975) s t a t e t h a t t h e o v e r s a t u r a t e d dykes c o n c e n t r a t e t o a 

degree near t o t h e o v e r s a t u r a t e d c e n t r a l complexes and t h e 

u n d e r s a t u r a t e d dykes near t o u n d e r s a t u r a t e d ones. This 

suggests t h a t t h e ' s i l i c a enrichment' process occ u r r e d a t 

de p t h or as t h e magma ascended and t h a t t h i s magma was 

p a r e n t a l t o b o t h t h e dykes and c e n t r a l complex u n i t s . 

A l t h o u g h t h e p e t r o g r a p h i c scheme o u t l i n e d has drawbacks, 

i t does e x p l a i n many o f t h e observed f e a t u r e s o f Gardar 

c e n t r a l complexes. Other f a c t o r s almost c e r t a i n l y p l a y 

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

o v e r s a t u r a t i o n , b u t t h e mechanism pr e s e n t e d here may w e l l 

be o f major s i g n i f i c a n c e i n t h i s c o n t e x t . 

7.4. E v o l u t i o n o f t h e s y e n i t e s a t depth 

7.4.1. P a r t i a l m e l t i n g 

P a r t i a l m e l t i n g o f t h e upper mantle and p a r t i c u l a r l y 

t h e l o w e r c r u s t has been advocated b y B a i l e y (1964, 1970, 

197 4) as t h e mechanism f o r g e n e r a t i n g p h o n o l i t i c and 

t r a c h y t i c magmas i n c o n t i n e n t a l r e g i o n s . He suggests t h a t 

p a r t i a l m e l t i n g o f a g a b b r o i c lower c r u s t i s promoted by 
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r e l i e f o f p r e s s u r e a t depth, i n areas o f c o n t i n e n t a l 

u p l i f t , l e a d i n g t o an i n f l u x o f v o l a t i l e s and 'mobile 

elements'. He p a r t i c u l a r l y f a v o u r s t h i s mechanism as 

t h a t g e n e r a t i n g t h e a l k a l i v o l c a n i c s o f t h e East A f r i c a n 

R i f t System. 

O p e r a t i o n o f t h i s mechanism i n th e Gardar would 

e x p l a i n a number o f t h e observed f e a t u r e s . The common 

oc c u r r e n c e o f r o c k s o f a u g i t e s y e n i t e and more f r a c t i o n a t e d 

c o m p o s i t i o n s c o u l d be e x p l a i n e d by sa y i n g t h a t temperatures 

imposed b y t h e geothermal g r a d i e n t r a r e l y exceeded t h e 

a u g i t e s y e n i t e l i q u i d u s r e s u l t i n g i n e x t e n s i v e e v o l u t i o n 

o f a u g i t e s y e n i t e magma and o n l y r a r e l y more b a s i c magma. 

The Kungnat Complex (Upton, 1960) and the South Qoroq 

Centre o f t h e I g a l i k o Complex (Stephenson, 1973) b o t h appear 

t o have s u c c e s s i v e i n t r u s i v e u n i t s o f more b a s i c m a t e r i a l . 

P r o g r e s s i v e p a r t i a l m e l t i n g c o u l d e x p l a i n t h i s f e a t u r e . The 

mechanism o f v o l a t i l e f l u x i n g , proposed by B a i l e y , would 

a l s o account f o r t h e h i g h v o l a t i l e and a l k a l i c o n t e n t s o f 

t h e r o c k s . 

S e v e r a l f e a t u r e s o f t h e Gardar p r o v i n c e , however, argue 

a g a i n s t p a r t i a l m e l t i n g . A l t h o u g h n o t common a t the p r e s e n t 

e r o s i o n a l l e v e l , b a s i c m a t e r i a l i s found i n s e v e r a l o f t h e 

c e n t r a l complexes, i n dyke r o c k s , and i n t h e e a r l y - f o r m e d 

l a v a s . I t i s a l s o v e r y l i k e l y t h a t l a r g e q u a n t i t i e s o f 
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b a s i c m a t e r i a l l i e a t dept h beneath t h e Gardar, a 

s p e c u l a t i o n a w a i t i n g c o n f i r m a t i o n by g e o p h y s i c a l work 

a t p r e s e n t b e i n g c a r r i e d out b y Lancaster U n i v e r s i t y . 

Igneous c e n t r e s such as N o r t h Qoroq, Tu g t u t o q C e n t r a l 

Complex and I l i m a u s s a q show t h e i n t r u s i o n o f more evolved 

magmas w i t h t i m e , more i n keeping w i t h a c r y s t a l f r a c t i o n 

a t i o n model t h a n p a r t i a l m e l t i n g . The Sr i s o t o p e s t u d i e s 

o f B l a x l a n d e t a l . ( o p . c i t . ) suggest t h a t , w i t h few 
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e x c e p t i o n s , t h e i n i t i a l Sr /Sr r a t i o s are c o n s i s t e n t 

w i t h a mantle o r i g i n . P a r t i a l m e l t i n g o f mantle m a t e r i a l 

t o produce a u g i t e s y e n i t e poses problems w i t h r e g a r d t o 

s e g r e g a t i o n and c o l l e c t i o n o f a p a r t i a l m e l t t h a t would 

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

Chemical t r e n d s shown b y t h e N o r t h Qoroq s y e n i t e s are 

con s i s t e n t w i t h c r y s t a l f r a c t i o n a t i o n models. Macdonald 

(1974) s t a t e s t h a t 'where t h e volumes o f b a s i c and s a l i c 

magmas are o f t h e r i g h t o r d e r , and where t h e chemical 

t r e n d s a re e x 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 z a t i o n o f 

t h e observed p h e n o c r y s t assemblages, t h e r e i s no s t r o n g 

case f o r d o u b t i n g t h e d e r i v a t i o n o f t h e s a l i c l i q u i d s by 

f r a c t i o n a t i o n o f a b a s i c magma'. He quotes t h e Gardar 

p r o v i n c e as an example o f t h i s s i t u a t i o n where 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 i s t h o u g h t t o be t h e dominant mechanism 

o p e r a t i n g . 
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7.4.2. F r a c t i o n a t i o n o f b a s a l t p a r e n t 

Upton (1971), from m e l t i n g experiments on b a s i c Gardar 

m a t e r i a l , has i n d i c a t e d t h a t , i n a h i g h p r e s s u r e environment 

( i . e . 15-60km. d e p t h ) , c l i n o p y r o x e n e f r a c t i o n a t i o n may have 

been a s i g n i f i c a n t process a f f e c t i n g p r i m a r y b a s i c Gardar 

magmas. Th i s would have produced h i g h alumina a l k a l i 

b a s a l t s . A t lower p r e s s u r e s Upton suggests t h a t expansion 

o f t h e p l a g i o c l a s e f i e l d would have r e s u l t e d i n a n o r t h o s i t e 

f o r m a t i o n and t h e enrichment o f t h e r e s i d u a l l i q u i d i n 

a l k a l i s . E v e n t u a l l y , t h i s process c o u l d w e l l y i e l d t r a c h y t i c 

( a u g i t e s y e n i t e ) magma, t h o u g h t t o be t h e immediate p a r e n t a l 

t y p e i n many Gardar c e n t r e s . 

Bridgwater.; (1967) and Bridgioorber. i n Bridgwa+er and 

H a r r y (1968) suggests a complex h i s t o r y t o account f o r many 

o f t h e g e o l o g i c a l f e a t u r e s noted i n t h e Gardar p r o v i n c e . 

He suggests t h a t a p r i m a r y Gardar magma s u f f e r e d l i q u i d 

f r a c t i o n a t i o n i n a magma chamber, i n response t o p r e s s u r e 

and t e m p e r a t u r e g r a d i e n t s , r e s u l t i n g i n an a l k a l i b a s a l t 

c o m p o s i t i o n a t t h e t o p o f t h e chamber and a more c a l c i c 

magma a t lower l e v e l s . This c o m p o s i t i o n a l l y zoned l i q u i d 

would e x p l a i n t h e occurrence o f dyke r o c k s w i t h cores more 

b a s i c t h a n t h e i r margins, formed b y t a p p i n g s u c c e s s i v e l y 

deeper l e v e l s i n t h e magma chamber. Bridgu^cx+er, proposes 

t h a t c r y s t a l l i z a t i o n t o o k p l a c e , l a b r a d o r i t e c r y s t a l l i z i n g 
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f r o m t h e a l k a l i b a s a l t and f l o a t i n g t o form an a n o r t h o s i t e 

capping, and b y t o w n i t e from t h e more c a l c i c b a s a l t and 

s i n k i n g , t o g e t h e r w i t h t h e m a f i c m i n e r a l s t o form a 

l a y e r e d sequence a t t h e b o t t o m o f t h e chamber. A combin

a t i o n o f c r y s t a l f r a c t i o n a t i o n and upward movement o f 

v o l a t i l e s and a s s o c i a t e d a l k a l i s e v e n t u a l l y r e s u l t e d i n 

t h e f o r m a t i o n o f s y e n i t i c magmas, which were t h e n i n t r u d e d 

t o f o r m t h e c e n t r a l complexes. 

Whatever t h e exa c t method o f f o r m a t i o n o f t h e s y e n i t e , 

i t appears t h a t a l k a l i b a s a l t p l a y e d a c r u c i a l r o l e . Indeed, 

analyses o f b a s a l t l a v a s o f t h e E r i k s f j o r d Formation show 

them t o be a l k a l i o l i v i n e b a s a l t s and h a w a i i t e s (Emeleus 

and Upton, o p . c i t . ) . The l a r g e q u a n t i t y o f a n o r t h o s i t e 

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

upper p a r t s o f exposed b a s i c i n t r u s i v e s i n t h e Gardar 

c o n f i r m s t h e importance o f p l a g i o c l a s e f r a c t i o n a t i o n and 

adds credence t o t h e ' a n o r t h o s i t e f l o t a t i o n cumulate' 

h y p o t h e s i s o f Bridgwa^^er and H a r r y . 

One problem a r i s i n g i n t h e i n t e r p r e t a t i o n o f Gardar 

p e t r o g e n e s i s i s t h e r e l a t i v e s c a r c i t y o f r o c k s c o m p o s i t i o n -

a l l y i n t e r m e d i a t e between gabbro and a u g i t e s y e n i t e . Upton 

(1974) has suggested t h a t t h i s may be due t o these ' i n t e r 

m ediate' r o c k s h a v i n g a h i g h e r v i s c o s i t y t h a n t h e h o t t e r 

l e s s s i l i c o u s b a s a l t s on t h e one hand and t h e v o l a t i l e r i c h 
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t r a c h y t i c magmas on t h e o t h e r . The abundance o f a u g i t e 

s y e n i t e and more f r a c t i o n a t e d r o c k s may have been due t o 

th e e f f e c t o f t h e geothermal g r a d i e n t , which was p r o b a b l y 

h i g h i n t h e Gardar p r o v i n c e a t t h i s t i m e . Taking a t y p i c a l 

v a l u e o f 45°C/Km f o r a c o n t i n e n t a l r e g i o n o f h i g h heat f l o w 

( B a i l e y , 1970), t h e c r u s t a l r o c k s s u r r o u n d i n g t h e magma 

chamber, i f i t l a y a t a depth o f about 20-30Km., would be 

a t a t e m p e r a t u r e i n excess o f 900°C. This i s th o u g h t t o be 

a r e a s o n a b l e l i q u i d u s t e m p e r a t u r e f o r a u g i t e s y e n i t e magma. 

Hence, a l t h o u g h more b a s i c m a t e r i a l would s u f f e r c r y s t a l 

l i z a t i o n , t h e r e s i d u a l a u g i t e s y e n i t e would remain i n a 

l i q u i d s t a t e , a v a i l a b l e f o r i n t r u s i o n a t h i g h e r l e v e l s u n t i l 

e i t h e r d e p l e t e d by ascent t o h i g h e r l e v e l s and c o n s e q u e n t i a l 

c r y s t a l l i z a t i o n , or by s o l i d i f i c a t i o n o c c u r r i n g i n s i t u as 

a r e s u l t o f t h e geothermal g r a d i e n t r e t u r n i n g t o a normal 

c o n t i n e n t a l v a l u e . I f t h i s mechanism operated t h e 

occ u r r e n c e o f l a t e r b a s i c i n t r u s i o n s would have t o be 

r e l a t e d t o a r e p e t i t i o n o f t h e mantle p a r t i a l m e l t i n g and 

b a s a l t g e nesis p r o c e s s . 

7.4.3. O r i g i n o f N o r t h Qoroq magmas 

A r e l a t i v e l y s i m p l e model can be pres e n t e d , c o n s i s t e n t 

w i t h t h e observed g e o l o g i c a l f e a t u r e s , t o e x p l a i n t h e 

sequence and types o f s y e n i t i c magma i n t h e N o r t h Qoroq 

Centre and t h e i r e v o l u t i o n from an immediate p a r e n t o f 



323. 

a u g i t e s y e n i t e . 

U n i t s SN.IA, SN.lB, SN.2, SN.4A and SN.4B a l l i n t r u d e d 

as magmas n o t f a r removed from a u g i t e s y e n i t e i n composition. 

I n c o n t r a s t t o t h e e a r l i e r u n i t s , SN.4A and SN.4B con t a i n e d 

a m o d e r a t e l y h i g h p r o p o r t i o n o f phe n o c r y s t s on i n t r u s i o n . 

The f i n a l u n i t , SN.5, was emplaced as an a l t o g e t h e r more 

f r a c t i o n a t e d magma. The sequence i s c o n s i s t e n t w i t h an 

a u g i t e s y e n i t e magma source, c o o l i n g and f r a c t i o n a t i n g a t 

depth, and i n t r u d i n g more f r a c t i o n a t e d m a t e r i a l w i t h t i m e . 

This s i m p l e t y p e o f model w i t h more f r a c t i o n a t e d r o cks 

f o l l o w i n g l e s s f r a c t i o n a t e d ones can a l s o be invoked t o 

e x p l a i n t h e sequence o f r o c k t y p e s observed i n o t h e r Gardar 

c e n t r e s (e.g. I l i m a u s s a q , T u g t u t o q C e n t r a l Complex). 

I n t h e Kungnat and South Qoroq c e n t r e s , however, t h e 

t r e n d i s f o r l a t e r i n t r u s i v e u n i t s t o be l e s s f r a c t i o n a t e d 

t h a n e a r l i e r ones, a f e a t u r e n o t c o n s i s t e n t w i t h t h e simple 

mechanism o u t l i n e d above. Stephenson (1973) has suggested 

t h a t t h i s phenomenon o f d e c r e a s i n g f r a c t i o n a t i o n s t a t e w i t h 

t i m e c o u l d be e x p l a i n e d by th e presence o f a magma chamber 

a t d e p t h i n which t h e l i q u i d was zoned from more h i g h l y 

f r a c t i o n a t e d upper r e g i o n s t o l e s s f r a c t i o n a t e d lower 

r e g i o n s . Tapping t h i s magma source f o r h i g h l e v e l emplace

ment would r e s u l t i n succes s i v e magma batches b e i n g l e s s 

f r a c t i o n a t e d . This f r a c t i o n a t e d s y e n i t e body a t depth c o u l d 
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d i f f u s i o n a long p r e s s u r e and temperature g r a d i e n t s 

(Kennedy, 1955). Stephenson (1973) f a v o u r s t h i s process 

as o c c u r r i n g a f t e r emplacement, a t h i g h l e v e l , and i s 

dubious t h a t a f r a c t i o n a t e d magma column o f t h i s t y pe 

c o u l d be m a i n t a i n e d a t d e p t h . I t has been mentioned 

e a r l i e r t h a t such d i f f u s i o n i s a slow process. I t seems 

much more l i k e l y t h a t t h e process operated a t depth, as 

proposed b y B r i d g w a t e r and H a r r y ( o p . c i t . ) , where t h e 

slow c o o l i n g o f t h e magma would a l l o w c o m p o s i t i o n a l zoning, 

t h a n a f t e r emplacement where t h e r e l a t i v e l y r a p i d c o o l i n g 

would r e s t r i c t such a pr o c e s s . Indeed, i t may be t h a t t h e 

process i s o n l y f e a s i b l e i n deep magma chambers under 

c o n d i t i o n s o f h i g h heat f l o w where t h e magma i s maintained 

i n a l i q u i d s t a t e over c o n s i d e r a b l e p e r i o d s o f t i m e . 

7.5. G l o b a l s e t t i n g o f t h e Gardar p r o v i n c e 

The Gardar p r o v i n c e resembles t h e East A f r i c a n r i f t 

i n many o f i t s t e c t o n i c , sedimentary, v o l c a n i c and p l u t o n i c 

f e a t u r e s . T y p i c a l c o n t i n e n t a l - t y p e sediments are developed, 

t o g e t h e r w i t h a wide range o f a l k a l i r o c k t y p e s , many o f 

whi c h have c o u n t e r p a r t s i n East A f r i c a . Kempe and Deer 

(1970) s t a t e t h a t t h e Kangerdlugssuaq S y e n i t e shows many 

s i m i l a r i t i e s t o Gardar s y e n i t e s . Burke and Dewey (1973a) 

and Brooks (1973) s t a t e t h a t t h e g e n e r a l geology o f t h e 
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Kangerdlugssuaq area i s v e r y s i m i l a r t o t h a t o f t h e Gardar 

p r o v i n c e . Kangerdlugssuaq, a c c o r d i n g t o these a u t h o r s , i s 

one o f t h r e e arms o f a plume-generated t r i p l e j u n c t i o n . 

Where ocean f l o o r s p r e a d i n g and t h o l e i i t i c magmatism took 

p l a c e i n t h e o t h e r two arms, t h e Kangerdlugssuaq f j o r d 

r e p r e s e n t s a ' f a i l e d arm' c h a r a c t e r i s e d by e x t e n s i v e a l k a l i 

magmatism. The concept o f ' f a i l e d arms' o f r i f t systems ' 

seems a r e a s o n a b l e one. C e r t a i n l y , Burke and Dewey (op. 

c i t . ) q uote numerous examples o f t r i p l e j u n c t i o n development, 

many o f w h i c h i n c l u d e a ' f a i l e d arm', and t h e simple angular 

r e l a t i o n s h i p ('̂  120°) between t h e Greenland coast and t h e 

Kangerdlugssuaq f j o r d s t r o n g l y s u p p o r t s t h e i r c o n t e n t i o n 

t h a t Kangerdlugssuaq i s a r e c e n t example. 

I f , as i s suggested, t h e Gardar p r o v i n c e r e p r e s e n t s 

a s i m i l a r ' f a i l e d arm', t h e n i t i s l i k e l y t h a t i t was one 

b r a n c h o f a much l a r g e r r i f t system analogous t o t h e East 

A f r i c a n r i f t o f t h e p r e s e n t day. Burke and Dewey ( o p . c i t . ) 

s t a t e t h a t 1300-1100 m. years ago, e x a c t l y the p e r i o d o f 

Gardar igneous a c t i v i t y , widespread r i f t i n g a f f e c t e d a 

l a r g e c o n t i n e n t a l mass, p a r t o f which now forms N o r t h 

America and Greenland. Emeleus and Upton ( o p . c i t ) a l s o 

comment on t h i s N o r t h American r i f t system and suggest t h a t 

a b r a n c h o f t h i s r i f t extended across South Greenland and 

t h a t t h e Gardar p r o v i n c e i s m e r e l y 'a l o c a l i s e d t e c t o n i c -
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v o l c a n i c p r o v i n c e w i t h i n t h e extended system'. 

Assuming t h e Gardar t o be p a r t o f a r i f t system, 

p r o b a b l y a ' f a i l e d arm', something o f i t s f o r m a t i o n and 

e v o l u t i o n can be t e n t a t i v e l y mentioned. 

Burke and Dewey (1973b) and S u t t o n (1973) suggest 

t h a t l i t h o s p h e r e p l a t e s had developed by about 2000 m. 

years B.P., w e l l b e f o r e t h e Gardar p e r i o d . A t p r e s e n t , 

and presumably i n Gardar t i m e s , these p l a t e s would appear 

t o be d r i v e n b y some k i n d o f mantle c o n v e c t i o n , the s c a l e 

o f w h i c h remains a p o i n t o f c o n t e n t i o n . The proposed s c a l e 

v a r i e s f r o m i n v o l v i n g t h e whole mantle t o o n l y t h e astheno-

sphere. The plume model, favoured by Burke and Dewey, and 

developed b y Morgan (1971) i n v o l v e s a l i m i t e d number o f 

mantle plumes, each o f o n l y a few hundred k i l o m e t r e s 

d i a m e t e r , o r i g i n a t i n g a t t h e core/mantle boundary. On 

r e a c h i n g the l i t h o s p h e r e these plumes cause a 'hot spot' 

(e.g. I c e l a n d ) and t h e m o t i o n becomes h o r i z o n t a l . 

Whatever t h e mechanism f o r upward movement o f mantle 

m a t e r i a l i n Gardar t i m e s t h e r e were two p r o b a b l e e f f e c t s . 

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

m e l t i n g i n t h e r e g i o n o f t h e l i t h o s p h e r e / asthenosphere 

boundary. The second e f f e c t was one o f u p l i f t caused b y 

t h e h o t , low d e n s i t y upper mantle. Oxburgh and T u r c o t t 

(1968) c o n s i d e r i n g a t y p e o f plume model show t h a t t h e zone 



327. 

o f p a r t i a l m e l t i n g should be about 400Km. i n w i d t h . I t 

may be more t h a n c o i n c i d e n c e t h a t t h e observed u p l i f t i n 

East A f r i c a , t h o u g h t t o be caused by r i s i n g plumes i s 

t y p i c a l l y over an area 80km. wide and 200-300km. l o n g 

(Burke and Whiteman, 1973). This i s v e r y s i m i l a r t o 

Oxburgh and T u r c o t t ' s p r e d i c t e d dimensions and t o t h e e x t e n t 

o f t h e Gardar p r o v i n c e observed a t the p r e s e n t time (80km. 

x 180km., Upton, 1974). 

The p a r t i a l m e l t i n g o f mantle m a t e r i a l beneath t h e 

Gardar w i l l have r e s u l t e d i n magma g e n e r a t i o n , which may, 

by t h e processes a l r e a d y o u t l i n e d have g i v e n r i s e t o the 

spectrum o f igneous r o c k t y p e s observed a t the p r e s e n t t i m e . 

B a s i c l a v a s and dykes o f v a r i o u s types would have been 

emplaced i n t h e zone o f t e n s i o n caused b y th e u p l i f t , and 

c o n s i d e r a b l e volumes o f magma may have f r a c t i o n a t e d a t 

dep t h and p e r i o d i c a l l y been 'tapped o f f t o form b o t h 

c e n t r a l complexes and dykes. 

I n response t o t h e u p l i f t produced b y th e u p w e l l i n g 

o f mantle m a t e r i a l , r i f t i n g o c c u r r e d , p r o b a b l y along 

t h r e e arms (the r r r t r i p l e j u n c t i o n o f Burke and Dewey). 

I t i s p o s s i b l e t h a t s e p a r a t i o n o c c u r r e d along two o f t h e 

r i f t s w i t h t h e f o r m a t i o n o f new oceanic c r u s t and t h o l e i i t i c 

magmatism, whereas t h e Gardar r i f t remained as a ' f a i l e d 

arm' t y p i f i e d b y deeper seated a l k a l i magmatism. The 

s i t u a t i o n i s analogous t o t h a t proposed f o r t h e 
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Kangerdlugssuaq ' f a i l e d arm'. 

One f i n a l p o i n t w o r t h y o f mention i s t h a t the age 

d a t i n g o f Gardar r o c k s suggests t h a t t h e c e n t r a l complexes 

a t l e a s t tended t o form a t two r e s t r i c t e d p e r i o d s o f 

magmatism f a l l i n g around 1300 and 1160 m. years B.P. 

Burke and Whiteman ( o p . c i t . ) show t h a t u p l i f t a f f e c t i n g 

t h e East A f r i c a n r i f t o c c u r r e d 180-130m. years B.P. and 

a g a i n w i t h i n t h e l a s t 25m. y e a r s . An e x p l a n a t i o n f o r 

these two o b s e r v a t i o n s may be found i n t h e statement by 

Burke and Dewey t h a t ' t h e r e has been a tendency t o i n f e r , 

because an area s u f f e r e d u p l i f t say lOOm. years B.P. and 

i s b e i n g r i f t e d now, t h a t t h e area has remained i n an 

environment f a v o u r a b l e t o u p l i f t t h r o u g h o u t t h e i n t e r v e n i n g 

p e r i o d . I f r i f t i n g i s a p r o d u c t o f plume generated u p l i f t , 

t h i s i s improbable, because p l a t e s are g e n e r a l l y i n motion over 

t h e w o r l d plume p o p u l a t i o n and r i f t i n g i s a response t o the 

e p i s o d i c p r o b i n g o f p a s s i n g plumes under s l o w l y moving or 

s t a t i o n a r y p l a t e s . ' Hence, t h e time gap o f lOOm. years 

s e p a r a t i n g s i m i l a r major u n i t s o f t h e I g a l i k o Con^lex may 

s i m p l y r e f l e c t two separate p e r i o d s i n which a mantle plume 

was c e n t e r e d under t h e area o f t h e Gardar p r o v i n c e , 

g e n e r a t i n g magmas which i n t r u d e d t h e area o f presumed c r u s t a l 

weakness a t I g a l i k o . This r e a c t i v a t i o n o f a ' f a i l e d arm' 

would be due t o t h e i n i t i a l r i f t i n g , which Burke and Dewey 
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t h i n k would extend t h r o u g h t h e t h i c k n e s s o f t h e c o n t i n e n t a l 

l i t h o s p h e r e p r e s e n t i n g zones o f weakness where plumes may 

prob e . 

7.6. Summary 

I n t h i s c h a p t e r t h e i m p o r t a n t mechanism o f i n s i t u 

c r y s t a l f r a c t i o n a t i o n has been p r e s e n t e d as be i n g t h e 

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

N o r t h Qoroq Centre. The e f f e c t s o f f e n i t i z a t i o n and water 

i n f l u x have a l s o been mentioned. The l a t t e r mechanism, and 

t h e process o f a s s i m i l a t i o n , even i f l i m i t e d i n e x t e n t may 

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

o f an a u g i t e s y e n i t e magma, i . e . whether i t f r a c t i o n a t e s 

towards an u n d e r s a t u r a t e d or o v e r s a t u r a t e d minimum. 

More s p e c u l a t i v e c o n c l u s i o n s have been drawn about 

t h e e v o l u t i o n o f N o r t h Qoroq magmas, and Gardar magmas 

g e n e r a l l y , a t dept h i n t h e upper mantle and lower c r u s t . 

P o s s i b l e mechanisms f o r e v o l u t i o n have been b r i e f l y 

examined. 

F i n a l l y , an a t t e m p t has been made t o p r e s e n t t h e Gardar 

p r o v i n c e i n i t s p o s s i b l e g l o b a l t e c t o n i c and magmatic s e t t i n g , 

d i s c u s s i n g t h e l i k e l y causes o f t h e f o r m a t i o n o f t h e 

p r o v i n c e i n t h e l i g h t o f p l a t e t e c t o n i c s t h e o r y . 
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