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Frcaitls piece 

The southern part of the Narssarssuaq - Q&roq peninsula, \dewed across 

Tunugdliarfik Fjord from near Qagssiarsuk, The p r i n c i p a l outcrops of the 

South OSroq Centre are to be found on the plateau, the c l i f f s on the coast 

section being of SS2. The high mountains i n the background are beyond 

Qdroq Fjord and are composed of I g d l e r f i g s s a l i k Centre syenites with 

E r l k s f j o r d Formation sandstones and lavas to the ri g h t . 
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ABSTRACT 

The South Qoroq Centre i s one of four high-level, major intrusive 

centres comprising the Igaliko Nepheline Syenite Complex, Three 

e l l i p t i c a l stocks of foyaite were emplaced i n f a i r l y rapid succession by 

ring fracture and block subsidence, followed by a p a r t i a l ring/dyke of augite / 

syenite. Petrographic and mineralogical data shows that the intrusions 

become successively l e s s differentiated with time. Inward-dipping 

•microsyenite sheets appear to be associated with the ring dyke and four 

e a r l i e r , s a t e l l i t i c stocks occur around the periphery of SS2. 

Feldspar, nepheline, iron-titanium oxide, ol i v i n e , clinopyroxene and 

amphibole have been investigated i n each of the principal rock units by 

electron-microprobe. Most minerals show a considerable range i n composition, 

often with chemical zoning, forming continuous series from the augite syenites 

through the foyaites. Variations within the three individual foyaites are 

usually s l i g h t , but the a l k a l i clinopyroxenes have d i s t i n c t compositional 

ranges i n each intrusion. Estimates of liquidus temperatures are made from 

the nepheline and a l k a l i feldspar compositions. A l k a l i feldspars provide 

estimates of P and mafic minerals give an indication of f conditions. Ĥ O 

Major and trace element analyses of the rocks were made by X-Ray 

fluorescence. Variation diagram trends are interpreted mainly i n terms of 

fractionation of feldspar and the mafic phases. Trace element distributions 

are highly c h a r a c t e r i s t i c of frac t i o n a l c r y s t a l l i s a t i o n s e r i e s , but may not 

be compatible with progressive p a r t i a l melting. The analyses are compared 

with phase e q u i l i b r i a i n the experimental systems Q -Ne - Ks and Nâ O - Fe^O^ -

Al^O^ - SiO^. 

I t i s suggested that the centre evolved from an underlying, differentiated 

magma chamber, formed by c r y s t a l accumulation,possibly with associated liquid 

fractionation. Successively lower portions of the chamber were tapped, 

producing batches of fractionated magma. Post-emplacement differentiation 

was r e s t r i c t e d mainly to s l i g h t outward diffusion of a l k a l i s and v o l a t i l e s 

under a thermal diffusion gradient. 
i i i 



Physico-chemical conditions during r e c r y s t a l l i s a t i o n near to the 

I g d l e r f i g s s a l i k Centre are interpreted from textural, geochemical and 

mineralogical changes. 
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INTRODUCTION 

( l a ) Natxire and Scope of Work 

The South C^roq Centre i s one of the four major intrusive centres 

comprising the Igaliko Nepheline Syenite Complex i n the Late Precambrian 

Gardar Igneous Province of South Greenland. The Complex was mapped by 

C. H. ESneleus and the l a t e W. T. Harry between 1961 and 1966. Their map 

and general description (Elneleus and Harry, 1970) forms the basis for the 

present work, which i s part of a more detailed investigation of the various 

units of the complex, a t present i n progress at the University of Durham. 

A v i s i t to the area was made i n the summer of 1969 vdiilst i n the 

onployment of Gr^nlands Geologiske Unders^gelse (G.G.U.). Two weeks were 

spent on the South oSrbq Centre and, i n addition to c o l l e c t i n g further samples 

to supplement those of Emeleus and Harry, f i e l d relationships were investigated, 

resulting i n several s l i g h t revisions to the published map. 

The laboratory investigations which form the bulk of t h i s work were 

carried out i n the Department of Geology, University of Durham, between 

October 1969 and September 1972. . Whole rock analyses for major and trace 

elements were obtained by X-Ray Fluorescence techniques for most of the samples, 

and a detailed mineralogical study was made of selected representative samples 

using an electron microprobe. From the analyses i t has been possible to 

draw conclusions on the origin of the centre and i t s subsequent magmatic 

evolution. The mineralogical data has been pa r t i c u l a r l y useful i n determining 

magmatic conditions both prior to and a f t e r emplacement to the present l e v e l , 

and i s also useful i n interpreting the effects of l a t e r r e c r y s t a l l i s a t i o n . 

I t i s hoped that the r e s u l t s and conclusions w i l l make a s i g n i f i c a n t 

contribution to the understanding of the evolution of the Gardar Province as 

a whole, and to problems of a l k a l i rock genesis. Certain aspects may also 

have a bearing on the general evolution of magma chambers at depth which are 

subsequently tapped to form M-tiRfirSyel intrusions or surface volcanoes. 

I 1 6 APi7i973 



(lb) The Gardar Province 

The Gardar Igneous Province i s situated between latitudes 60°30» and 

6l°30»N, extending approximately 80 km. from north to south and 180 km. from 

east to west (Fig. 1.1), General summaries of the geology are given by 

Berthelsen and Noe-Nygaard (1965) and Upton ( i n press). 

Pre-Gardar Geology:-

The pre-Gardar geology can be divided into the pre-Ketilidian and the 

K e t i l i d i a n , which have been correlated with the Kenoran and Hudsonian of 

Labrador ( A l l a a r t et a l . , 1969). The pre-Ketilidian rocks give ages between 

2,500 and 2,700 My. and occur northwards from the I v i g t u t area vdiere they 

form the country rock of the northern Gardar intrusions. They consist 

mainly of high grade gneisses, but also include anorthosite bodies, 

amphibolites and mica s c h i s t s ; a belt of l o c a l l y migmatised supracrustal 

rocks; and l a t e r basic dykes. These rocks are overlain unconformably by 

K e t i l i d i a n metasediments and metavolcanics. When traced south towards 

the centre of the K e t i l i d i a n mobile bel t , these show progressive deformation 

and increased plutonism so that the centre of the belt consists largely of 

orogenic granite (the Julianehab granite). This main K e t i l i d i a n plutonic 

episode i s dated at 1,800 M/. and has north-east trending structures which 

exerted considerable control on l a t e r Gardar features. The orogeny culminated 

i n the Sanerutian plutonic episode, dated at 1,500 to 1,640 , with 

reactivation of older granites and the emplacement of post tectonic norites, 

d i o r i t e s and granites, of similar age to those of the Elsonian "orogeny" i n 

Labrador. The Gardar period occurred during the succeeding cratogenic 

i n t e r v a l , with a l k a l i n e magmatism between 1,000 and 1,300 My. (Al l a a r t et a l . , 

1969). The province i s unaffected by l a t e r orogenic a c t i v i t y ( i . e . the 

G r e n v i l l i a n ) and hence the rocks are preserved with no regional deformation. 



F i g . 1.1 

General geological map of the Gardar Province showing major plutonic 

int r u s i o n s ; locations of the three Mid-Gardar dyke swarms; the extent 

of the Early-Gardar E r i k s f jord Fomation; and major f a u l t s . (From 

Emeleus and Harry, 1970) 





Gardar Igneous A c t i v i t y : -

Resting unconformably on the K e t i l i d i a n Julianehab granite i n the area 

around Tunugdliarfik fj o r d i s a thick sequence of continental sediments and 

lavas, known as the E r i k s f j o r d Formation (Poulsen, 1964; Stewart, 1964). 

A t o t a l of about 3 km. of deposits i s preserved i n an east north east 

trending, downfaulted trough, which i s believed to have been subsiding 

during the intermittent eruption of f i s s u r e volcanoes with aeolian,- lacustrine 

and a l l u v i a l sedimentation. The proportion of lavas increases i n the upper 

part, of the succession and the flows, which are 1 to 15 m. thick with pahoehoe 

or aa c h a r a c t e r i s t i c s , are predominantly of a l k a l i o l i v i n e basalt. Volcanic 

breccias are found at the base of the formation and some of the higher flows 

are trachybasalt or trachyte. I n the more northern outcrops bedded ashes 

and t u f f s .are quite widespread. These would appear to have been derived by 

explosive a c t i v i t y related to carbonate-rich magmas, as many small,alkaline 

ultramafic diatremes, and vents f i l l e d with carbonate r i c h rock fragments 

are found (Stewart, 1970). Outside of the downfaulted trough, the basalt/ 

sandstone succession i s assumed to have been much thinner, but i t s widespread 

presence i s inferred from included blocks i n l a t e r central complexes and 

boulders i n recent moraines margining the i c e cap. 

Large volumes of basic magma are also represented by the numerous 

Gardar dykes which are found over a wide area, largely between Julianehab 

i n the south and I v i g t u t i n the north.. Between three and f i v e generations 

can usually be recognised, spread i n time over most of the Gardar period, 

and these are used to define an Early, Mid and Late Gardar (Upton, 1962). 

The great majority trend between north-east and east-north-east, p a r a l l e l 

to the dominant structural trend of the K e t i l i d i a n basement. Particu l a r l y 

dense swarms occur i n three east-north-east trending zones through I v i g t u t , 

Nunarssiiit and Ilimaussaq. The majority of the dykes are dolerite or 

ol i v i n e d o l e r i t e , but an early swarm may have t h o l e i i t i c a f f i n i t i e s , and 

other early swarms include some lamprophyres (Upton, 1970). Later dykes 



i n the I v i g t u t and Ilimaussaq zones are f e l s i c i n nature and include great 

numbers of orthotrachytes and phonolites. The Nunarssuit and Ilimaussaq 

zones include very persistent "giant dykes" up to 800 m. wide, many of which 

• show synformal igneous layering and associated structures (Upton, 1962; 

Pulvertaft, 1965). Such dykes are usually composite with a margin of 

gabbro or syenogabbro and a core of syenogabbro, syenite, nepheline syenite 

or granite, and an intervening hybrid zone. Considerable remelting of the 

country rock occurs around some basic dykes, and since at l e a s t the lower 

members of the Er i k s f j o r d Formation are cut by dykes having a petrographic 

s i m i l a r i t y to the lavas, i t i s reasonable to suppose that they acted as 

feeders for f i s s u r e volcanoes at the surface, 

Xenoliths of anorthosite and gabbro-anorthosite are abundant in many 

of the early dykes ranging from d o l e r i t i c to trachytic i n composition, and 

often comprise up to 80% of the dyke. The texture and composition of the 

xenoliths suggest that they are derived from basic, layered.igneous cumulates 

such as those found i n intrusions of a similar age i n eastern Labrador 

(Bridgwater, 1967). These "big feldspar dykes" are found throughout the 

Gardar province and hence suggest that wide areas are underlain by a 

substantial layer of anorthositic rock (Bridg^^;ater and Harry, 1968). 

The Gardar i s best known for i t s alkaline intrusions, many of which 

probably represent the roots of central complexes connecting with surface 

volcanoes (Upton, i n press). They vary i n s i z e from 2 to 30 km. i n diameter 

and t h e i r r e l a t i v e ages are spread throughout most of Gardar time. Some 

complexes such as Grtrfnnedal-fka are early (about 1,200 My., Larsen, 1969) and 

have been cut by most of the Gardar dykes and f a u l t s of the area, but others, 

such as the Ilimaussaq complex, are very l a t e (about 1,020 My., Bridgwater, 

1965) being cut by few dykes and being r e l a t i v e l y unaffected by faulting. 

The Ig a l i k o complex i s comprised of several intrusive centres and was active 

over a considerable period of time, since early intrusions are cut by both 

dykes and f a u l t s which become l e s s prominent i n the l a t e s t intrusions. 



6 
The complexes are invariably s a l i c i n character with augite syenite, 

quartz syenite, f o y a i t i c nepheline syenite and a l k a l i granite being the 

predominant rock types. Small amounts of a l k a l i gabbro are occasionally 

present, but are very subordinate and usually occur as l a t e ring dyke 

structures. Carbonatite magma was intruded at a l a t e stage into the 

Grsz5nnedal-Ika complex and several l a t e sheets and dykes of carbonate rock 

are found a t Ig a l i k o and elsewhere. Igneous layering, with associated 

feldspar lamination and cumulus textures, i s found i n nearly a l l of the 

centres, with rhythmic, gravity s t r a t i f i e d , inward dipping layers being 

the most common. These are well seen i n certain units of the Ilimaussaq 

complex (Ferguson, 1964, 1970; Sgirensen, 1959). I n other intrusions 

(e.g. Kungnat) cr y p t i c layering has been recorded (Upton, 1960). Most of 

the better known layered complexes are reviewed by Wager and Brown (1968). 

F i e l d evidence suggests that the intrusions were permissive, having been 

emplaced by cauldron subsidence and stoping, and once established, the 

e a r l i e r intrusions usually acted as foci for l a t e r pulses of magma so that 

many of them are composite. 

D i f f e r e n t i a t i o n sequences due to fra c t i o n a l c r y s t a l l i s a t i o n , either at 

depth or during emplacement, are knov-n from many of the complexes, and i t i s 

found that there are two categories: (a) the oversaturated, proceeding from 

augite syenite through quartz syenite to a l k a l i granite with increased 

fractionation; and (b) the undersaturated, passing from nepheline bearing 

augite syenite to foyaites and other highly undersaturated, derivatives. 

In each case, petrographic and f i e l d evidence suggests an immediate parental 

magma of augite syenite composition, which plots close to the high tempera­

ture thermal b a r r i e r i n the "residua system". Hence, small variations i n 

the composition of t h i s magma would r e s u l t , during subsequent fractionation, 

i n a trend towards either the oversaturated g r a n i t i c minimum or the under-

saturated minimum close to the composition of nepheline syenites. Deviations 

from these i d e a l trends do occur, notably i n the Ilimaussaq complex, 

(SizJrensen, 1966; Upton, i n press). 



The existence of layered basic igneous bodies at depth i s indicated 

by the presence of gabbroic and anorthositic xenoliths i n the "big feldspar 

dykes", so i t i s reasonable to suppose that the Gardar rocks were developed 

by fractionation of an a l k a l i o l i v i n e basalt magma i n deep c r u s t a l or upper 

mantle r e s e r v o i r s . These were tapped to produce the regional dyke sv;arms 

and lava sequences, with early c r y s t a l l i s a t i o n , forming horizons of gabbro 

and anorthosite, depleting the magma i n Ca, Al and Mg. Thus the upper 

parts of the r e s e r v o i r were enriched i n a l k a l i s and s i l i c a to form a 

s y e n i t i c magma as an immediate parent for the major intrusions. 

The province i s cut by many f a u l t s which play an in t e g r a l part i n the 

s i t i n g of major i n t r u s i v e centres, and i n tlie development of the province 

as a whole (Berthelsen and Noe-Nygaard, 1965). A conjugate set of 

transcurrent f a u l t s consisting of large east or east-south-east, s i n i s t r a l 

dislocations and a subordinate dextral set trending between N30°E and 

N30°W determine the p r i n c i p a l s t r u c t u r a l blocks of the province (Fig.1.1). 

Other shear zones and minor f a u l t s occur, trending east-north-east, to 

north-east p a r a l l e l to the grain of the pre-Gardar basement. This i s 

also the dominant direction of dyke emplacement, and determines the course 

of the larger f j o r d s i n the area. 

The major east-south-east s i n i s t r a l f a u l t s often have displacements 

of several kilometres with an aggregate of between 15 and 20 km. over the 

whole area. I n some cases the f a u l t s were active prior to Gardar times 

(Henriksen, 1960), but the majority were probably a Gardar development 

being intermittently active throughout the period. Most of the major 

intrusions are located at the intersections of east-south-east transcurrent 

f a u l t s with one of the three main zones of north-east trending dykes, 

suggesting that the f a u l t s exerted a considerable s t r u c t u r a l control on 

the magmatism. The dykes presumably indicate the positions of elongate 

magma chambers, above which the major intrusives were emplaced during periods 

of s t r e s s release. 
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V e r t i c a l movements on the Gardar f a u l t s aire generally more d i f f i c u l t 

to prove. Faults along several of the north-east trending shear zones, 

must have a considerable v e r t i c a l movement, and tho%responsible for the • 

outcrop of the E r i k s f j o r d Formation have a maximum throw of 2 to 3 km, 

which gradually lessens north-eastwards. A throw of up to 2 km. during 

the pre-Gardar development of one of the east-south-east s i n i s t r a l f a u l t s 

has been postulated (Henriksen, 1960) although i n general these f a u l t s 

show l i t t l e more than a few hundred metres of v e r t i c a l movement. 

( I c ) The I g a l i k o Nepheline Syenite Complex 

The I g a l i k o Complex i s situated at about 61°N and 45°W covering an 

area of about 450 square kilometres of mountainous country between 

Tunugdliarfik and Igaliko Fjords and the inland i c e (Fig. 1.1), Plate 1 

i s the map of the complex prepared by Emeleus and Harry (1970) on which 

s l i g h t modifications made i n the l i g h t of the present work are shown. 

Four major i n t r u s i v e centres were emplaced i n the apparent sequence 

Motzfeldt, North Qoroq, South Qoroq and I g d l e r f i g s s a l i k , with the centre 

of a c t i v i t y precessing i n an anticlockwise direction with time. Smaller 

s a t e l l i t i c stocks, p a r t i a l ring dykes and inclined sheets are also present, 

and most units of the complex are cut by dykes associated with the regional 

Mid-Gardar swarms. Igneous a c t i v i t y began i n the Mid-Gardar since the 

E r i k s f jord sediments and lavas, and an early dolerite dyke are cut by the 

e a r l i e r centres. However, i t would appear that at l e a s t four l a t e r 

intrusions i n the I g d l e r f i g s s a l i k Centre belong to the Late-Gardar since 

they post-date most of the dykes, although Emeleus and Harry (1970) consider 

them to be s l i g h t l y e a r l i e r than l a t e r members of the Ilimaussaq Intrusion . 

and Tugtutoq Central Complex, (Since dykes cutting the l a t e I g d l e r f i g s s a l i k 

syenites are displaced by east-south-east s i n i s t r a l f a u l t s related to those 

cut by the Ilimaussaq I n t r u s i o n s ) . 



Each centre i s made up of several intrusions having arcuate, steep 

sided outcrops with discordant i n t r u s i v e relationships towards e a r l i e r 

members. They are a l l high l e v e l intrusions since they cut the Early-

Gardar basalt/sandstone cover. Their mode of intrusion was principally 

by ring fracture and block subsidence, and some of the intrusions appear 

to be ring-dykes and p a r t i a l ring-dykes. Concentric, inward dipping 

i n t e r n a l structures defined by igneous layering and mineral lamination 

are common within several individual intrusions. These are often sharply 

truncated by l a t e r intrusions within the same centre, suggesting a 

reasonable time lapse. However, i n other cases contacts are rather diffuse, 

marked only by a zone of marginal pegmatites, suggesting, rapid, successive . 

pulses of magma from the same source. 

A l l members of the Igaliko Complex are s i l i c a - undersaturated, nepheline 

bearing rocks, e x c ^ t where contamination with country rock has occurred. 

By f a r the most common rock type i s "foyaite" consisting principally of 

p e r t h i t i c a l k a l i feldspar, nepheline and a l k a l i clinopyroxene with a l k a l i 

amphibole, b i o t i t e , iron-titanium oxides, sodalite and apatite. Slightly 

l e s s fractionated syenites are termed "augite syenites" and are similar 

mineralogically and tex t u r a l l y to the Oslo l a r v i k i t e s (Earth, 1944). 

A l k a l i gabbro ("essexite") i s present i n small amounts as discontinuous 

wide dykes and p a r t i a l ring dykes. Within the syenites, pegmatitic areas 

are common (p a r t i c u l a r l y towards the margins) and veins of pegmatite up to 

1 m. wide, often r i c h i n carbonate, cut some of the units. 

(Id) Previous Work 

A detailed history of investigation of the Igaliko Complex as a whole 

i s given by Emeleus and Harry (1970, pp. 14 - 16), including the surrounding 

country rocks, the famous pegmatite l o c a l i t y at Narssarssuk and the Gardar 

dyke swarm. The following i s a summary of previous work relevant to the 

South C^roq Centre. 
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The I g a l i k o area was v i s i t e d during the early years of the 19th century 

by Giesecke who made notes on the rocks of the area, including a "granite" at 

Q^roq (Giesecke, 1910 pp. 36-37, 216-218). However, the presence of a large 

area.of nepheline syenite was not known u n t i l the s t a r t of detailed 

geological and mineralogical investigations i n South Greenland (Steenstrup 

and Komerup, 1881; F l i n k , 1898). The f i r s t detailed mapping i n the area 

was done by N, V. Ussing and 0. B^ggild, mainly on the coast sections between 

Narssarssuaq and Qoroq and around Fl i n k s Dal (Ussing, 1894; 1912). They 

were the f i r s t to distinguish between a marginal group of "Augite Syenites" 

(probably mainly i n the I g d l e r f i g s s a l i k Centre) and the remainder, most of 

which were termed foyaites of the "Korok Type". The l a t t e r were extensively 

developed around Qoroq Fjord and are probably equivalent to syenite SS5 of the 

South Qoroq Centre. Ussing also recognised many dykes of syenite porphyry 

and tinguaite cutting these syenites, west of Q&roq Fjord and i n Flink's Dal. 

After Ussing's work the investigations were extended to the south-east 

by 0dum (1927) into the area v^^iich includes the 0stfjordsdal s a t e l l i t i c 

syenite, but the next major contribution was made by Wegmann (1938) during 

a broad reconnaissance survey of the area south of Frederikshab. In the 

Igaliko area t h i s work was concentrated mainly around the valley at 

Narssarssuaq and on the Narssarssuaq - Qoroq coast section. Wegmann (op.cit., 

p. 81) came to the conclusion that the nepheline syenites originated by 

migmatitic transformation of pre-existing rocks (a similar origin was also 

proposed for the Ilimaussaq Complex), and claimed to have found r e l i c 

e a r l i e r dykes within what i s now termed the North Qoroq Centre. This 

hypothesis was followed by Bondam (1955) i n an investigation of sane trachyte 

dykes, but i s not now generally accepted. 

Eineleus and Harry (1970) give a detailed map of the whole Igaliko Complex, 

and a general description of the petrography and f i e l d relationships. The 

mapping was carried out j o i n t l y i n 1961, 1962 and 1963 with further v i s i t s 

by C. H. Emeleus i n 1966 and 1969 a f t e r the death of W. T. Harry, Their 
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o r i g i n a l f i e l d d i a r i e s and G.G*U. inte r n a l f i e l d reports were available for 

consultation throughout the present work. Most of the mapping of the South 

oSroq Centre ( p a r t i c u l a r l y on the Narssarssuaq - oStoq peninsula) was carried 

out by C. H. Qneleus, but W. T. Harry mapped the lower Flinks Dal area, and 

certaij? coast sections were investigated j o i n t l y , 

( l e ) Sampling 

Over most of the South C^Sroq Centre exposure i s good and i n general there 

are no great problems i n sampling. The rocks are usually fresh, but very 

coarse grained and hence large samples are necessary i n order to obtain a 

representative analysis. Samples were available from most parts of the 

centre from the c o l l e c t i n g of Emeleus and Harry, and further sampling was • 

carried out by the author i n 1969. However, the south eastern part of the 

centre i s d i f f i c u l t to gain access to and hence has neither been mapped or 

sampled in- great d e t a i l . Thus t h i s work i s based mainly on samples from 

the Narssarssuaq - C^roq peninsula, lower F l i n k s Dal and lower Gieseckes Dal. 

I t i s also d i f f i c u l t to obtain samples from the steep sides of the fjords 

and hence the v e r t i c a l extent of sample cover i s mainly r e s t r i c t e d to sea 

l e v e l and over 500 m. CD. 

The sequences of G.G.U. sample numbers used i n t h i s investigation are 

l i s t e d i n Appendix IV together with t h e i r respective collectors and year 

to f a c i l i t a t e reference to ori g i n a l f i e l d d i a r i e s . The specimen l o c a l i t i e s 

are shown on Plate lA. 



Plate 2 , 

Panoramic view south-east from the 970 m. summit of the Narssarssuaq -

Q^roq plateau towards Giesecke's Dal. The outer contact of the South C^roq. 

Centre with Julianehab Granite can c l e a r l y be seen, on the l e f t , on the 

slopes of C^rqup qaqai. Much of the area around Giesecke*s Dal consists 

of the south-eastern part of the South C^roq Centre, but the mountains on 

the r i g h t are i n the I g d l e r f i g s s a l i k Centre. The' rubbly surface of the 
i 

plateau i n the foreground i s composed mainly of syenites SS3, SS4 and SS5. 
1 
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F i g . 2.1 

The South oSroq Centre showing major units within the centre, s a t e l l i t i c 

i ntrusions and p r i n c i p a l f a u l t s . The locations of samples used for electron 

microprobe analysis are shown by crosses, (Modified a f t e r Emeleus and 

Harry, 1970). 
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2. . FIELD RELATIONSHIPS OF THE SOUTH Q6ROQ CENTRE 

The South C^roq Centre consists of four concentric syenite intrusions 

i&S2, SS3, SS4 and SS5) (Plate 1; F i g . 2.1). Four smaller e a r l i e r stocks 

occur around the periphery of SS2, and SS3 i s cut by several inclined sheets 

of microsyenite which appear to focus on SS4. Pegmatites are f a i r l y common 

throughout the centre. The only basic rock i s a short, 100 m, wide essexite 

dyke cutting SS5. From the recent f i e l d studies and laboratory investigations 

SS4 i s now considered to be a p a r t i a l ring dyke, consisting of two or possibly 

more pulses and the order of intrusion (as given ty Qneleus and Harry, 1970) 

has been modified to SS2 - SS3 - SS5 - SS4a - SS4b. 

The centre i s cut ty many trachytic dykes of the Md-Gardar regional 

swarm. Outside the centre and elsewhere i n the Igaliko Complex these have 

a f a i r l y constant trend of about 060°, but i n the Narssarssuaq - C0roq 

peninsula they undergo an unusual 'S' shaped deflection, so that their trend 

becomes between 000° and 015°, This would appear to be related to the 

regional f a u l t i n g (see section 2e). 

(2a) The South Qoroq Centre Syenites 

( i ) Syenite SS2:-

This i s the e a r l i e s t syenite i n the centre with an extensive distribution, 

and has an outcrop 0.25 - 1.5 Km. wide around most of the centre. I t outcrops 

extensively east and south of Narssarssuaq, p a r t i c u l a r l y on the Tunugdliarfik 

coast section; and high up on the north east side of Giesecke's Dal. 

The rock i s a medium to coarse grained, non porphyritic, grey nepheline 

syenite, which i s very d i s t i n c t i v e i n the f i e l d on account of c h a r a c t e r i s t i c 

"mossy", p o i k i l i t i c aggregates of mafic minerals. I t i s very homogeneous, 

apart from becoming f i n e r grained towards i t s outer contact, as i s well seen 

on the Tunugdliarfik coast section. Within 100 m. of outer contacts, the 

f i n e grained f a c i e s of SS2 develops a weak, v e r t i c a l flow lamination of 

tabular feldspars, which becomes more pronounced nearer the contact. 
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I n the normal rock the feldspars occur as thin tablets, often showing 

tvd.nning and measuring 10 x 1 mm. although i n the marginal fa c i a s they are 

only 3 mm. long. Nepheline occurs as grey i n t e r s t i t i a l areas when fresh, 

but i s more conspicuous on weathered surfaces, where i t has a milky white 

appearance. The "mossy" aggregates of mafics are generally about 10 mm. 

across and constitute up to 20% of the rock. 

Pegmatites are not common i n SS2, but a few isolated veins occur, near 

the contact on Akuliaruseq, and i n the Tunugdliarfik coast section. The 

l a t t e r are up to 1 m. thick and contain large c r y s t a l s of feldspar, long 

prismatic blades of pyroxene perpendicular to the contact, and nepheline 

(Plate 3), Some horizontal veins are composite, and appear to be 

differentiated with dark green pyroxene i n the lower part becoming li g h t e r 

green upwards (see 4b) towards a carbonate-rich core. Occasional pegmatitic 

patches contain prismatic feldspar and pyroxene with a white, lustrous mica 

(••J p o l y l i t h i o n i t e ) . The syenite i s normally free from inclusions, but on 

the Tunugdliarfik coast numerous small, rounded or oval, dark inclusions 

occur, and near the contact with the Tunugdliarfik Syenite (Fig, 2.1) there 

are inclusions of dark, mafic syenite, 

( i i ) Syenite SS3:-

This syenite has an arcuate outcrop inside that of SS2. I t outcrops 

extensively on the Narssarssuaq - Qoroq peninsula over a zone 1 km. wide, 

and also on the north-east side of Giesecke's Dal as a narrow .25 km s t r i p , 

south-west of SS2. The rock i s a coarse grained nepheline syenite, grey 

or pinkish i n colour, and characterised by very large blade-like or tabular 

c r y s t a l s of p e r t h i t i c a l k a l i feldspar up to 30 x 7 mm. vMch commonly show 

simple twinning i n hand specimen, Nepheline tends to be intergrown with 

the feldspar and occurs as small pinkish or milky vrfiite grains. The 

remainder of the rock consists of i r r e g u l a r , i n t e r s t i t i a l areas of mafic 

minerals up to 10 mm, wide (Plate 4 ) . 
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Plate 5 

Pegmatite vein cutting through syenite SS2 on the Tunugdliarfik coast 

section. Large c r y s t a l s of aegirine (see analyses of 127071 i n section 4'b) 

can be seen growing perpendicular to the walls. Note the "mossy" aggregates 

of mafics v i s i b l e i n the SS2, (Knife i s 22cm long.) Photo: B.G.J. Upton, 

,• • V--,' 

mm 
Plate 4 

Surface of t y p i c a l , coarse grained SS5 showing blades of a l k a l i feldspar, 

dark mafic areas and i n t e r s t i t i a l areas of red-weathering altered nepheline, 

Narssarssuaq - Qoroq peninsula, (Penknife i s 13 cm long.) 

Photo: C.H. Sneleus. 
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S l i g h t variations i n texture occur over the outcrop, mainly due to the 

degree of development of tabular feldspars. However, there i s a marked 

decrease i n grain s i z e towards the contact with SS2 and i n some places SS3 

looks almost l i k e a coarse variety of SS2 with large "mossy" aggregates of 

mafics. The rock i s usually massive with no mafic banding and only 

occasional feldspar lamination. Where present the laminations dip inwards 

at low to moderate angles. 

Pegmatites are quite common i n SS3 and are usually quite leucocratic, 

although some have a high proportion of pyroxene prisms. I n several •, 

l o c a l i t i e s marginal pegmatites contain large, euhedral c r y s t a l s of red 

eudialyte (e,g, west of F l i n k ' s Dal), An imusual pegmatite j u s t south of 

the 970 m, summit contains blue sodalite, sulphides and carbonates, 

( i i i ) Syenite SS5:-

SS5 i s the innermost of the South oSroq syenites and outcrops extensively 

on the Narssarssuaq - Qoroq peninsula, around lower F l i n k ' s Dal, i n Geisecke's 

Dal, and on Agdlerulik Mountain. An area north of the SS4 outcrop on the 

west side of Qoroq Fjord, previously assigned to SS3 by Eitieleus and Harry 

(1970) i s now known from petrographic and mineralogical data to be SS5 (see 

amendment on Plate 1). The pyroxene compositions l i e within the range found 

i n SS5 (see 4b) and features of mafic banding etc. match those found i n SS5 

on the opposite side of Q$roq Fjord, rather than SS3, There i s also a 

small outcrop on the south side of Geisecke's Dal Bay,where SS5 i s cut by 

the wide essexite dyke, both being cut out by the I g d l e r f i g s s a l i k syenites 

to the south. 

The rock i s a coarse grained foyaite with tabular a l k a l i feldspars up 

to 30 x 3 x 2 mm, i n s i z e . I n some outcrops i t resembles SS3,but generally 

i t i s coarser and i s characterised by a well developed feldspar lamination, 

The feldspar i s usually twinned and i s accompanied by greyish or vihite 

nepheline up to 1 cm, wide, which commonly becomes red on alteration. 
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Mafic minerals occur as. i n t e r s t i t i a l aggregates i n which b i o t i t e and o l i v i n e 

•are conspicuous i n hand specimen, the l a t t e r as r u s t y brown gra i n s . Areas 

of i r r e g u l a r pegmatite are common throughout the s y e n i t e and are w e l l seen 

on the Qoroq. coast sections. 

The f e l d s p a r l a m i n a t i o n i s u s u a l l y very r e g u l a r , s t r i k e s p a r a l l e l t o the 

c o n t a c t s , and.dips inwards towards the centre of the i n t r u s i o n (Plate 6 ) . 

Near the margin the dips are about 70°, but they become shallower towards the 

centre (20°). Occasionally mafic mineral l a y e r i n g i s present, conformable 

w i t h the l a m i n a t i o n , and south of F l i n k ' s Dal, Harry ( f i e l d d i a r y , 1961) records 

a zone seve r a l metres wide'of dark grey microsyenite i n c l u s i o n s 10 - 20 cm. long, 

o r i e n t a t e d p a r a l l e l t o the l a m i n a t i o n . On the west side of Q^roq Fjord 2 km. 

n o r t h - n o r t h - e a s t o f Niaqornarssuk, Emeleus and Harry (1970, p.49, Fig.17) record 

some b r e c c i a t e d mafic l a y e r i n g i n loose blocks, i n which laminated structures' 

wrap around the mafic l a y e r s . Further along Q^roq F j o r d west-north-west of 

the end o f F l i n k ' s D a l , l e n t i c u l a r i n c l u s i o n s of mafic m a t e r i a l c o n t a i n i n g normal 

s y e n i t e i n t h e i r centre are a l igned p a r a l l e l t o a f a i n t l a m i n a t i o n which dips 

southwards a t 50° ( P l a t e . 7 ) . The l a m i n a t i o n i s d i s t o r t e d s l i g h t l y around the 

i n c l u s i o n s , which are up t o .5 m. long and are d i s c o i d a l or s p i n d l e shaped i n 

three dimensions. When spindle shaped,their longest axis l i e s i n the s t r i k e 

o f the l a m i n a t i o n . As w e l l as the mafic margins there are also other mafic 

concentrations on the i n s i d e forming semiconcentric loops and s p i r a l s t r u c t u r e s . 

They do not appear t o be corroded x e n o l i t h s and seem more l i k e l y , t o be mafic 

s c h l i e r e n or poorly formed mafic bands di s t u r b e d and " r o l l e d up" during slumping 

of a p a r t l y consolidated c r y s t a l mush, 

( i v ) The SS4 Syenites:-

The s y e n i t e . SS4 has. an arcuate outcrop of maximum vddth. 1 km. on the 

Narssarssuaq - Qoroq plateau between syenites SS3 and SS5. The outcrop 

narrows considerably t o about .25 km. on the coast of Qoroq F j o r d , opposite 

Flink's'- Dal, and SS4- does not arppear tO' outcrop t o the east o f the f j o r d 

except p o s s i b l y f o r a narrov; s t r i p betv;een SS3 and SS5 on the south side of 

A g d l e r u l i k Mountain. Emeleus and Harr^' (1970) consider t h a t SS4 has been 
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Plate 5 

V e r t i c a l mafic •banding i n syenite 3341) - west coast of Qoroq Fjord, 

(Hammer shaft i s 35 cm long.) 

Plate 6 

Igneous lamination in syenite 335 dipping inwards, towards the centre 

of the intrusion at 25 - 30° - west coast of Qoroq Fjord. (Hammer shaft i s 

35 cm long.) 



Plate 7 

Slumped mafic schlleren i n syenite SS5 - west coast of oflroq Fjord,. 

(a) General view"of the outcrop with s c h l i e r e n aligned p a r a l l e l to a 

f a i n t lamination of platey feldspars. 

(b) Section perpendicular to the lamination. 

(c) Section p a r a l l e l to the lamination. 

(Knife i s 22 cm. long. Hammer shaft i s 35 cm. long.^ 
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p a r t i a l l y c u t out by a l a t e r SS5, but there i s now strong evidence from f i e l d 

and l a b o r a t o r y data suggesting t h a t SS4 i s a l a t e r p a r t i a l r i n g dyke intruded 

along the SS3/.3S5 contact (see'2b). 

The rock i s i n general an e q i j i g r a n u l a r , medium t o coarse grained 

nepheline s y e n i t e , having stumpy c r y s t a l s o f f e l d s p a r measuring up t o 

10 x 5, mm. I n f r e s h outcrops the f e l d s p a r s are o f t e n s c h i l l e r i s e d , g i v i n g 

the rock a dark, b l u i s h - g r e y c o l o u r and a c h a r a c t e r i s t i c " l a r v i k i t i c " appearance. 

Mafic minerals occur i n t e r s t i t i a l l y or i n shiny, black aggregates i n v/hich 

o l i v i n e i s q u i t e prominent. Nepheline i s not very conspicuous i n hand 

specimen, and i n general the rock i s less f r a c t i o n a t e d than the other South 

Q^roq s y e n i t e s , which have a f o y a i t i c nature. The t e x t u r e of the rock i s 

q u i t e v a r i a b l e from outcrop t o outcrop and there may be two or more separate 

syenites (see below). 

Feldspar l a m i n a t i o n i s only o c c a s i o n a l l y found i n SS4, but mineral 

l a y e r i n g i s present and i s p a r t i c u l a r l y well exposed on the west side of 

.Qoroq F j o r d , where f i n e r grained mafic bands, r i c h i n o l i v i n e and pyroxene, 

a l t e r n a t e w i t h coarser, more l e u c o c r a t i c s y e n i t e i n bands 10 - 20 cm. t h i c k . 

The l a y e r i n g i s steep t o v e r t i c a l and appears to p a r a l l e l contacts (Plate 5). 

I n the Qoroq F j o r d s e c t i o n a marginal f a c i e s i s developed w i t h i n the 

SS4 s y e n i t e . . This c o n s i s t s of i r r e g u l a r pegmatitic patches w i t h i n t e r v e n i n g 

f i n e grained s y e n i t e and i s t y p i c a l of marginal nepheline syenites i n the 

I g a l i k o Complex. There thus appears t o be a contact between two l a r v i k i t i c -

l o o k i n g s y e n i t e s , the northern one being characterised by more p l a t y f e l d s p a r s . 

The southern.syenite contains the marginal 'facies and hence appears t o be the 

younger, and a l s o contains mafic banding younging t o the south ( F i g . 2.2). 

For the purpose o f f u r t h e r work SS4 ha-s-been d i v i d e d in t o f two u n i t s , SS4a'' 

and SS4b, the l a t t e r being younger than the former and occupying the i n n e r 

p a r t o f t h e arcuate SS4 outcrop shown i n Plate 1. 

From petrographic and m i n e r a l o g i c a l work there i s evidence t o suggest 



F i g . 2.2 . 

Sketch s e c t i o n o f the west s i d e of Qoroq F j o r d o pposite the entrance 

t o F l i n k ' s Dal, showing contact r e l a t i o n s h i p s between sye n i t e s and i n t e r n a l 

s t r u c t u r e s . 'P' ^ areas o f marginal f a c i e s pegmatites. 

F i g . 2.3 

Cross s e c t i o n o f t h e South Qi5roq Centre across the Narssarssuaq - QSroq 

pla t e a u , from T u n u g d l i a r f i k F j o r d t o Qoroq F j o r d . ( c f . Emeleus and Harry, 

1970, F i g . 18). Contacts w i t h good evidence o f age r e l a t i o n s h i p s are shown 

w i t h shading on the younger side. See F i g . 2.1 f o r l i n e o f s e c t i o n . 
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that there are possibly several pulses of magma comprising SS4, which varies 

considerably across i t s width. The basic ring dyke at Kungnat also has a 

variable petrography and Upton (1960) records internal contacts i n certain 

areas. 

(v) S a t e l l i t i c Syenites and Other Intrusions:-

Around the margins of the South Qoroq Centre are four s a t e l l i t i c intrusions 

of nepheline syenite, i f one regards SSI as a s a t e l l i t e . The Tunugdliarfik 

Syenite, the 0 s t f jordsdal Syenite and SSI are a l l cut by the main centre, 

but the age relationships of the Narssarssuaq stock are uncertain, 

SSI occupies a small, f a i r l y inaccessible area on the south-east margin 

of the centre. The trend of the outer contact with country rock i s similar ' 

to the trend of the SS2 contact, and for this reason Emeleus and Harry (1970) 

include i t as the e a r l i e s t member of the South Q^roq Centre proper. Occasional 

weak feldspar laminations dip inwards towards the centre, but the rock i s 

generally massive. I t does not appear anywhere els e and hence i s included 

as another s a t e l l i t i c intrusion. 

The Tunugdliarfik Syenite appears to be a marginal facies over much of 

i t s outcrop, with patchy pegmatitic areas, although further to the south i t 

becomes a more regular leucocratic syenite. The bulk of the rock, as seen 

on the h i l l s i d e above the coast, i s a coarse, l a r v i k i t i c looking syenite . 

with tabular feldspar measuring 2 x 3 cm., p o i k i l i t i c a l l y enclosed by 3 4 cm. 

mafic areas, Nepheline i s present mainly as euhedral inclusions i n the mafics. 

The 0stfjordsdal Syenite has a s l i g h t l y e l l i p t i c a l outcrop at the south­

east end of the centre. I t i s cut by SSI, but i s younger than a d i s t i n c t i v e 

early group of nepheline porphyry dykes. The rock i s f a i r l y coarse grained 

with tabular a l k a l i feldspar (30 x 10 mm.), grey-green nef^eline and i n t e r s t i t i a l 

aggregates of mafics. There are several variations to the syenite including 

a f i n e grained marginal f a c i e s , and a medium grained variety occuring around 

numerous inclusions of quartzite and basic rock (? derived from the Erik s f j o r d 

Formation). Feldspar lamination i s developed p a r a l l e l to the outer contact 
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and i n the centre of the intrusion there i s a suggestion of mineral layering. 

The Narssarssuaq Syenite occurs i n a small, steep sided intrusion 

cutting the E r i k s f j o r d Formation near Narssarssuaq. I t s age relationships 

to the South Qoroq Centre are not established, but i t i s cut by the regional 

dyke swarm. The rock type i s medium grained, equigranular nepheline syenite 

which i s commonly weathered to a d u l l brown colour, fresh specimens being 

rare. Sporadic xenoliths of porphyritic syenite are found. 

The South C^roq Centre syenites are cut by several inclined sheets of 

microsyenite. Itost of these occur i n SS3 on the Narssarssuaq - Qoroq plateau, 

dipping steeply inwards and apparently focussing on SS4. They vary i n width 

from 50 - 100 m. and are usually laminated, although considerable variations 

i n texture and colour can be found. Some v a r i e t i e s are porphyritic, the 

lamination being due to alignment of platy feldspars separated by mafics and 

brick-red weathering nepheline. SS4 i s not cut by such sheets and i t would. 

appear as though they are off-shoots related to t h i s l a t e r syenite, as they 

centre upon i t and fresh samples often bear a resemblance to the SS4 rock 

types, Microsyenite sheets also occasionally cut the country rocks 

p a r t i c u l a r l y near the SS2/basalt contact around Narssarssuaq, 

On the south side of Giesecke's Dal Bay, SS5 i s cut by a 100 m, wide 

a l k a l i gabbro ("Essexite") dyke, which trends north - south for 200 m, before 

being cut out ty SI2, Near v e r t i c a l mafic banding i s present i n some places 

and there i s a pronounced c h i l l against SS5, although the contact i s complex 

i n d e t a i l due to reaction with the syenite. In the centre cf the dyke large 

blocks of SS5 are included and these tend to be pegmatitic. The dyke i s 

e n t i r e l y within the zone of alteration due to the l a t e r I g d l e r f i g s s a l i k 

Centre (see below, 2d). 

(2b) I n t e r n a l Contacts within the Centre 

( i ) SS2/SS3:-

Syenite SS3 has a central position within SS2, becanes f i n e r grained 

towards the contact, and develops i r r e g u l a r pegmatitic areas. These marginal 
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f a c i e s pegmatites are common throughout the Igaliko Complex and consist of 

coarse, i r r e g u l a r patches of feldspathic pegmatite, separated ty i n t e r s t i t i a l 

areas of f i n e grained nepheline syenite (Plate 9 ) . Hamilton (1964) records 
• 

s i m i l a r marginal pegmatites from the Ilimaussaq Augite Syenite and the Narssaq 

gabbro. He suggests three possible modes of origin:-

(a) l o c a l accumulation of trapped water and v o l a t i l e s , 

(b) the f i r s t stage i n a build up of water and v o l a t i l e s moving outwards 

under a thermal diffusion gradient, 

(c) an a l k a l i r i c h l i q u i d derived from s e l e c t i v e l y remobilised country rock. 

I n the South Qoroq Centre, i n view of the marginal nature of the pegmatites, 

and the lack of evidence for remobilisation of surrounding syenites (except 

possibly for SS5 around SS4), (b) would seem to be the most l i k e l y explanation, 

(The pegmatites may thus be compared with the drusy marginal facies of other 

high l e v e l intrusions,) Whole rock geochemistry supports t h i s interpretation 

i n that i t provides further evidence for thermal gradients (see Chapter 5 ) , 

Emeleus and Harry (1970) record a tr a n s i t i o n a l passage from SS2 to SS3 

over about 50 - 100 m., and i n some l o c a l i t i e s t h i s i s c l e a r l y the case. 

However, i n two separate outcrops, a sharp contact was found between the two 

syenites dipping outwards at 70 - 80°, demonstrating a true intrusive relation­

ship. . SS3 i s not c h i l l e d and there i s no alteration of SS2, but i t i s clear-

that SS3 i s the l a t e r syenite, being intruded only a short while after SS2, 

before the l a t t e r had completely cooled (Plate 8 ) . Hence i n some areas a 

gradation between the two i s produced, and as. the two magma types are very 

s i m i l a r they may represent two pulses from the same magma source (Harry and 

Richey, 1963). 

( i i ) SS3/SS4:-

This contact often appears to be gradational with SS4 becoming f i n e r 

grained towards SS3 and developing a marginal pegmatite f a c i e s . However, 

i n many places on the Narssarssuaq - Q6toq plateau the contact i s i l l defined 

due to bad exposure or a l t e r a t i o n . Also, the relationships may be further 
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confused by the superimposition of two contact zones close together, due to 

several pulses within SS4 (see above) giving an unusually wide marginal zone. 

Above Niaqomarssuk the contact appears to be gradational over about 150 m, 

but SS4 becomes f i n e r grained, and Eineleus ( f i e l d diary, 1962) has found 

blocks of SS3 enclosed i n SS4, 

Thus SS4 i s younger than SS3 and occupies a central position" within the 

l a t t e r . The contact i s xenolithic i n places but v a r i e s from quite sharp to 

diffuse and somewhat gradational. 

( i i i ) SS4/SS5:-

The relationship between SS4 and SS5 i s problematic i n that i t i s not 

absolutely c e r t a i n from actual contact relationships which i s the younger:-

SS5 i s usually seen to become ir r e g u l a r i n grain s i z e , with pegmatitic 

patches near to SS4. Qneleus ( f i e l d diary, 1962) records contact zones 10 cm. 

wide of mixed rocks and marginal type pegmatites, but no evidence anywhere of 

age re l a t i o n s h i p s . He also records minor shearing i n many places associated 

with the contact. Above Niaqomarssuk there i s a s l i g h t decrease i n grain 

s i z e of SS4 towards SS5, although i t i s not as pronounced as i n SS4 towards 

SS3. . 

On the north-west coast of oSroq Fjord coarse, laminated SS5 i s i n contact 

with coarse, l a r v i k i t i c looking SS4b to the north. The syenites on both sides 

of the contact are i r r e g u l a r with a marginal pegmatitic f a c i e s , and the 

contact i s gradational over 0,5 m. The structure i s obscured by much 

crushing and from the contact there i s no evidence of age, but the general 

impression gained i s that SS5 could be younger as the contact truncates mafic 

layers and schlieren i n SS4b (Fig. 2.2). To the north SS4a i s i n contact 

with a syenite also now considered to be SS5 (see 2a, i v ) . The contact i s 

sharper and, although relationships are s t i l l rather obscure , blocks of 1'SS5 

are found i n SS4a, the l a t t e r having f i n e grained mafic banding, which increases 

i n grain s i z e away from the contact. 
I n general the SS4/SS5 contact i s v e r t i c a l or dipping steeply outwards. 
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but'in the north i t dips out a t a moderate angle, and hence the outcrop width of 

SS4 i s much reduced at fjord l e v e l (Fig. 2.3) and i s eventually cut out on the east 

side of oSroq Fjord. Although the detailed contact relationships give conflicting 

evidence of. age i n some cases, broader considerations tend to indicate that SS4 i s 

a ring-dyke, younger than SS5. The crushing and v e r t i c a l banding associated with 

i t s contacts, and the possible reduction i n grain s i z e towards both of i t s margins, 

with development of a marginal facies are consistent with this hypothesis. Further­

more, the i d e n t i f i c a t i o n of SS5 both north and south of SS4 on the west side of 

Qoroq Fjord makes i t d i f f i c u l t to envisage any other mechanism. Ring-dykes of 

nepheline syenite are described by Elmeleus and Harry (1970) i n the Igdlerfigssalik. 

and Motzfeldt Centres, but not from South oSroq. 
The petrography of the syenites would also seem to be consistent with 

SS4 being the l a t e s t syenite since, being l a r v i k i t i c , i t continues a trend 

towards more basic syenites with time. SS2, SS3 and SS5 are reasonably similar 

i n mineralogy and hence could be three separate pulses from the same magma 

source. SS4 could then be a l a t e r tapping of a more basic magma from possibly 

lower down i n the magma chamber. ( c . f . l a t e r trend to more basic syenites 

and f i n a l l y an a l k a l i gabbro ring-dyke a t Kungnat - Upton, 1960), This 

hypothesis w i l l be further developed i n subsequent chapters. I f there are 

two or more syenites i n SS4 as suggested above, then these could represent 

several pulses of ring-dyke magma, possibly very close together. The apparent 

marginal f a c i e s seen i n SS5 at some contacts could be due to alteration or 

remobilisation by the ring-dyke, or be a marginal f a c i e s developed prior to 

the intrusion of SS4. 

(i v ) SS3/SS5:-

As outlined above, SS4 does not outcrop on the east side of Qoroq Fjord 

and hence SS5 i s i n d i r e c t contact with SS3. This contact i s seen on the 

coast section about 1 km. north of Fl i n k ' s Dal entrance, but i t can be traced 

inland a t several l o c a l i t i e s , although locating the actual l i n e i s d i f f i c u l t 

as the two syenites are quite s i m i l a r apart from the strong lamination usually 



Plate 8 

SS2/SS3 contact on the west side of the Narssarssuaq - C^roq peninsula* 

(a) General view of the contact showing outward i n c l i n a t i o n , ' (SS3 on the 

r i g h t ) 

(b) Close up showing the pegmatite developed along the edge of SS3, and 

the normal texture preserved i n SS2. 
(Pencil i s 12 cm. long) 
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Plate 9 

Marginal pegmatitic facias of SS5 near to the contact with SS3 - east 

coast of Qoroq Fjord, Note the irregular coarse areas separated by-

i n t e r s t i t i a l areas of f i n e grained syenite, (Hammer shaft i s 35 cm long,) 

Plate 10 

Coarse grained lens containing b i o t i t e , c a l c i t e , pyroxene, magnetite 

and accessories i n a metasomatised, magnetite-rich s i l l cutting Julianehab 

Granite - Tunugdliarfik coast section. (Knife i s 22 cm long,) 

Photo: C.H. Ikneleus. 
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developed i n SS5. However, i n the coast section a marginal facies i s very-

prominent i n SS5 (Plate 9) which i s well laminated up to 50 m. from the 

contact. 

(2c) Contacts with Country Rock 

( i ) Contacts with Julianehab Granite:-

Julianehab Granite forms the metamorphic basement i n t o which the Igaliko 

Complex i s intruded and consists of coarse granite and granite gneiss with 

veins and dykes of amphibolite. Where exposure i s good, the l i n e of contact 

can easily be seen from a. distance and on.air photographs, as the gravelly 

weathering, l i g h t grey syenites contrast strongly with dark, granitic outcrops. 

This i s p a r t i c u l a r l y well seen high i n the c l i f f s above Giesecke's Dal, vrtiere 

the contact i s seen to dip steeply outwards (Plate 2). 

On the Tunugdliarfik coast and north of Flink's Dal, SS2 becomes f i n e r 

grained towards the Julianehab Granite, but s t i l l retains i t s small, mossy 

mafic aggregates, and i s quite normal i n appearance up to 50 m. from the 

contact. The outer 50 m. consists of a marginal pegmatitic facies with 

i n t e r s t i t i a l , f i n e grained syenite, veins of which penetrate i n t o the granite. 

The actual contact, vrfiere seen, i s quite sharp but i s often obscured by gulley 

features. 

Within a few metres of the contact the granite shows signs of a l k a l i 

metasomatism, with t h i n veins and patches of a bluish-green amphibole, and 

i n some cases the amount of quartz has been considerably reduced due to 

f e n i t i s a t i o n . On the Tunugdliarfik coast section there are many irregular 

veins, about 2 m. thi c k , containing dark, magnetite-rich material, which are 

generally quite f l a t l y i n g . Similar rock types are to be found i n s i l l - l i k e 

bodies and thicker veins, which look as though they may o r i g i n a l l y have been 

amphibolites. These are essentially dense, zoned magnetite - aegirine augite -

b i o t i t e - hornblende rocks, 2 - 3 m. thi c k , with lenses of coarser material. 

The l a t t e r contain large "books" of b i o t i t e with c a l c i t e , pyj^oxene and i n t e r s t i t i a l 

f l u o r i t e , magnetite, perovskite, corundum, apatite and c h l o r i t e (Plate 10). 
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From the mineralogy and t e x t u r a l relationships of the above i t i s suggested 

that they are due to metasomatism around the syenites with a considerable 

introduction of a l k a l i elements. The more regular dykes and s i l l s were 

probably amphibolites i n the basement, and i t would appear that dykes, j o i n t s 

and f r a c t u r e zones acted as channels f o r the metasomatic emanations, hence 

becoming much more altered than the surrounding granite which, except f o r a 

few metres around the contact shows very l i t t l e thermal or metasomatic effect. 

Near to the contacts,both SS2 and the Julianehab Granite are cut by a . 

few sheets of carbonatite. These are up t o 0.5 m. thick and are sometimes 

zoned with an outer zone 5 - 1 0 cm. t h i c k , r i c h i n opaques, and an inner zone 

r i c h i n mica. I n section the carbonatite i s seen to contain phlogopite, 

magnetite and haematite. I n the zoned sheets, magnetite and haonatite occur 

i n equal amounts i n the margins, but the centres have only magnetite with 

occasional haematite. 

( i i ) Contacts with Supracrustal Rocks:-

The supracrustal rocks which rest on top of the Julianehab Granite are 

members of the Early-Gardar E r i k s f j o r d Formation consisting mainly of basaltic 

lavas and t u f f s with interbedded sandstones. Syenite SS2 i s seen i n contact 

with these i n the area south-east of Narssarssuaq, where the bedding dips 

south or south-east towards the centre at about 15°, steepening to 25° near 

the contact. This e f f e c t i s also observed around the I g d l e r f i g s s a l i k Centre 

and suggests some form of collapse associated with the emplacement of the 

early syenites i n each centre. 

At the contact SS2 forms a persistent, sinuous c l i f f feature. The contact 

i s i r r e g u l a r i n d e t a i l , presumably following j o i n t surfaces i n the basalts 

and occasionally xenoliths of basalt up to 2 m, long occur, suggesting localised 

stoping during emplacement (Plate 11). I t i s usually sharp, with a 3 - 4 cm, 

wide c h i l l , outside of which platyr feldspars and occasionally mossy mafic 

aggregates are aligned p a r a l l e l to the contact. I n some places marginal 

pegmatites are developed, although they do not appear to be as extensive as 
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Plate 11 . ^ 

Shaxp contact between marginal SS2 syenite and an angular, xenolithic 

block of basalt very near to the main contact - 1 km east of Narssarssuaq 

Harboiir. (Hammer shaft i s 35 cm long.) 

Plate 12 

Brecciated SS2/basalt contact exposed near the coast south of 

Narssarssuaq Harbour. (Hammer shaft i s 28 cm long.) 
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Plate 13 

"Knobbly" sTirface of homfelsed basalt due :̂o the weathering out of 

ophitic mafic patches - east of Narssarssuaq. (Hammer shaft i s 55 cm long.) 

Plate 14 

Basalt with c a l c - s i l i c a t e bands presumably derived from calcareous 

t u f f s . The massive outcrop i n the background i s of syenite SS2 - 1.5 km 

east of Narssarssuaq Harbour, (Hammer shaft i s 35 cm long.) 
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Plate 15 

Syenite SS5 cut by I g d l e r f i g s s a l i k syenite SI2 on the south side of 

Giesecke's Dal Bay, QSroq Fjord. (Hammer shaft i s 35 cm long.) 



a t the contact with Julianehab Granite, and do not form a wide zone. 

Immediately south of Narssarssuaq Harbour the contact relationships are 

complicated by dykes and f a u l t s i n the basalts. The actual contact has a 

breccia-like structure with blocks of syenite separated by stringers of basic 

material i n a zone about 10 m. wide (Plate 12). The general impression i s 

that the basic material has flowed around the syenite, although back veining 

of intermediate by more basic material seems unlik e l y . I t would appear that 

either (a) a t t h i s p a r t i c u l a r l o c a l i t y there i s an intrusion breccia developed, 

although i t i s not seen anywhere else; or (b) the structure i s due to l a t e r 

f a u l t i n g and shearing; or (c) there could be a combination of both mechanisms. 

The supracrustal rocks exhibit quite widespread contact effects and the 

-basalts tend to be hard and splintery with a "knobbly" homfelsed appearance 

(Plate 13) due to dark, ophitic patches weathering out. Very near to the 

contact the basalt has a t h i n porcelainous layer of very fine-grained black 

homfels with 1 cm, long white blobs aligned p a r a l l e l to the contact, i n a 

zone 10 cm, wide, before giving way to a fresh a ^ i y r i c basalt with small 

needles of plagioclase, Interbedded with the basalts are whitish bands of 

carbonate r i c h rock, which are probably c a l c - s i l i c a t e bands derived from 

calcareous t u f f s (Plate 14), These have a rough weathering surface due to 

d i f f e r e n t i a l weathering of the calcareous bands. The basalts are cut by 

syenite veinlets and i n places seem to have been metasomatised, as at 

Narssarssuaq Harbour, dense bands r i c h i n magnetite and b i o t i t e have a 

s i m i l a r mineralogy and texture to the metasomatised basic material within 

the Julianehab Granite, The sandstones have been affected by metasomatism 

and are sometimes r i c h i n a l k a l i pyroxene and a l k a l i feldspar, 

( i i i ) Contacts with Earlier Syenites:-

East of Narssarssuaq SS2 i s i n contact with the e a r l i e r North Qoroq Centre 

and i t s relationship to the syenite SNl can be seen i n several places. The 

contact i s very sharp and small-scale flow banding of feldspar can be seen 

p a r a l l e l to the contact, with larger platy • feldspar phenocrysts showing 

prominent alignment. The lamination persists f o r a few tens of metres away 
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from the contact, but there i s no development of pegmatite anywhere i n the 

area. SNl at the contact i s coarse grained and not v i s i b l y altered, although 

i t i s cut by small veins of c h i l l e d SS2. 

About 6 km, south of Narssarssuaq Harbour marginal SS2 i s c h i l l e d against 

coarse grained Tunugdliarfik Syenite, which i t s e l f appears to have a marginal 

facies developed. Thus the o r i g i n a l Tunugdliarfik Syenite/Julianehab Granite 

contact was probably nearby and i s now obliterated by SS2, Coarse veins of 

nepheline syenite cut across both syenites, and SS2 has patchy pegmatites 

r i c h i n pyroxene. Further south SS2 has a few xenoliths of e a r l i e r syenite, 

(2d) Effects of the l a t e r I g d l e r f i g s s a l i k Centre 
0 

Mich of the southern part of the South Q^roq Centre i s cut out by the 

l a t e r I g d l e r f i g s s a l i k Centre and the relationship between these two centres 

can be seen around the lower part of oSroq Fjord, On the south side of 

Giesecke's Dal Bay, syenite SS5 occurs as a narrow s t r i p along the coast up 

to 200 m, wide, and i s cut by the I g d l e r f i g s s a l i k syenite SI2. This becomes 

fine-grained towards the contact i n a 50 m. wide marginal zone and i s c h i l l e d 

against SS5. The l i n e of contact i s i r r e g u l a r (Plate 15) with occasional 

lobes of SS5 surrounded by the l a t e r syenite, although.SS5 does not appear 

to have suffered much r e c r y s t a l l i s a t i o n . Near to the contact, SI2 has a 

few dark, f i n e grained mafic horizons and xenoliths of SS5, but i t becomes 

more regular inwards and i s coarser grained i n the lower parts of Giesecke's 

Dal. 

On the west side of CjSroq Fjord, at Niaqomarssuk there are three s t r i p s 

of syenite p a r a l l e l to the coast, considered to be I g d l e r f i g s s a l i k syenites 

SI6, SI3 and S I l (Eineleus and Harry, 1970, p.57, Fig. 19), Beyond these 

syenites, on the h i l l s i d e , South C^roq Centre syenites and trachytic dykes 

show signs of r e c r y s t a l l i s a t i o n , SS5 has recrystallised mafics i n the form 

of rounded blobs 1 - 2 cm, wide and well formed crystals seem to be absent. 

The dykes have similar dark, mafic spots, commonly with l i g h t e r coloured rims, 

and the feldspar phenocrysts show signs of reaction. 



Throughout most of the area around Niaqomarssuk the South Qoroq syenites 

are cut by sheets of microsyenite and pegmatite, often associated with zones 

of whitish a l t e r a t i o n and t h i n veins of magnetite-rich material. The contact 

between S I l and SS3 i s exposed near the southern t i p of the Narssarssuaq -

Qoroq peninsula (Ehieleus and Harry, 1970), v*iere f i n e grained S I l cuts SS3 

causing considerable remobilisation and back veining. A zone of r e c r y s t a l l i s a t i o n 

about 1 km. wide can be recognised around the I g d l e r f i g s s a l i k Centre from 

petrographic and mineralogical work.. The approximate l i m i t i s shown on Plate 1 

based p r i n c i p a l l y on the i n s t a b i l i t y of o l i v i n e within the zone (see Chapters 

3 and 4 ) . 

From the above relationships i t i s evident that there was a s i g n i f i c a n t 

time lapse between the emplacement of the l a t e r South Q^roq syenites and the 

e a r l i e r I g d l e r f i g s s a l i k syenites, during which time a period of dyke emplacement 

occurred. Thus the I g d l e r f i g s s a l i k Centre was intruded i n t o a s o l i d i f i e d 

f a i r l y cool country rock, causing considerable, contact metamorphism and veining 

with some remobilisation of the host, around Niaqomarssuk. However, on the 

south side of Giesecke's Dal, r e c r y s t a l l i s a t i o n i s not so intense, which may 

r e f l e c t differences between the various I g d l e r f i g s s a l i k syenites ( i . e . augite 

syenites S l i and possibly SI4 at Niaqomarssuk, but f o y a i t i c SI2 i n Giesecke's 

Dal) (C.H, Eineleus, personal communication, 1972). 

(2e) Faulting 

The I g a l i k o Complex i s situated on the l i n e of one of the major east-south-

east f a u l t zones, which cut the Gardar Province (Fig. 1.1). The Gr«Jnnedal-Ika, 

Nunarssuit and Ilimaussaq Complexes occur along similar, p a r a l l e l f a u l t zones 

where the three Mid-Gardar dyke swarms intersect the f a u l t systens, and hence, 

as stated i n Chapter 1, there would appear to be a correlation between the 

f a u l t i n g , the dyke swarms and the major intrusive centres. The orientation 

of the two complementary sets of tear f a u l t s ( s i n i s t r a l ESE-WNW and dextral 

N-S) i n the province suggests a stress system consisting of a maximum north-east -

south-west stress and a minimum north-west - south-east stress. This i s further 



indicated by north-east - south-west trending tensional features such as the 

dyke swarms and the Eriksf j o r d "graben" structure. Many of the major 

i n t r u s i v e centres, including South C^roq, are elongated along a north-west -

south-east axis, also suggesting a maximum north-east - south-west stress, 

Pre-syenite f a u l t s have been mapped i n the Igaliko. Fjord area, where they 

cut the Eriksf j o r d formation, but do not appear to continue i n t o the 

I g d l e r f i g s s a l i k and 0stfjordsdal syenites. However, no such f a u l t s were 

found around the South O0roq Centre. 

Several minor f a u l t s with a trend between north - south and north-east -

south-west cut the centre. These do not have any considerable movement above 

a few hundred metres but, i n addition, there are many broad zones of reddening 

and crushing with a similar trend, which can give r i s e to topographic features. 

This i s w e l l seen between Augpalugtut and Narssarssuaq, (Fig. 2.4). 

On the Narssarssuaq - Q&roq plateau a north-east trending f a u l t occurs 

which appears to have a v e r t i c a l movement with a downthrow to the south-east. 

Evidence f o r t h i s comes from the displacement of the SS4/SS5 contact, which 

i s known to dip outwards, and which i s displaced i n opposite directions i n 

d i f f e r e n t parts of the f a u l t , ( i , e , s i n i s t r a l i n the south-west and dextral 

i n the north-east). The f a u l t cuts several trachytic dykes and can be 

followed f o r about 4 km. to- the coast of Qoroq Fjord, where i t can be seen 

i n the c l i f f s as a prominent red l i n e , truncating the dykes. 

The centre i s cut by several f a u l t s and shear zones p a r a l l e l to the major, 

regional east or east-south-east trending f a u l t s , but most of the movement 

i n -the centre i s along two large f a u l t zones, which are marked by prominent 

topographic features and wide zones of crushing and discolouration. The 

northern f a u l t occurs as a prominent valley feature across the Motzfeldt Centre 

(upper Flink's Dal) and continues s l i g h t l y south of west across the South oSroq 

Centre as a 200 m, wide crush zone u n t i l , 3 km. east of Narssarssuaq Harbour, 

where there i s a sharp deflection to a trend of 050°. The f a u l t then 

continues to the Tunugdliarfik coast i n the broad valley of Augpalugtut. 
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On either side of t h i s valley there i s a very wide zone of crushing f o r up 

to 400 m. and i t may be that two f a u l t s are superimposed along the valley 

(Fig. 2.4). One reason f o r the deflection may be that the f a u l t runs i n t o 

one of the north-east trending crush zones, which can be followed through . 

the North Qoroq Centre f o r over 10 km. as a long,straight valley feature. 

A much attenuated extension of the o r i g i n a l f a u l t may continue westwards 

through Akuliaruseq, since a reddened zone.can be seen passing down the 

h i l l s i d e and most of the coast section between the harbour and Augpalugtut 

i s very discoloured (Fig. 2.4). As i n most of the Gardar east - west 

f a u l t s , the displacement i s predominantly horizontal and s i n i s t r a l , remaining 

quite constant at 2 km. (from the displacement of d i s t i n c t i v e dykes) between 

Augpalugtut and Motzfeldt Ŝ . 

The southern f a u l t can be seen on the north side of Giesecke's Dal 

as a reddened l i n e on the slopes of Q^rqup qaqai, truncating several dykes. 

The drag on these dykes indicates displacement i n a s i n i s t r a l sense and 

there i s a zone of crushing up to 100 m. wide. West of Q^roq Fjord, the 

f a u l t continues across the Narssarssuaq - oSroq plateau with only minor 

variations i n trend (Plate 16). I n Giesecke's Dal, the displacement of the 

SS2/Julianehab Granite contact indicates a s i n i s t r a l movement of about 1 km., 

but on the plateau the syenite contacts and dykes are never displaced by more 

than 400 m.. This i s due to a s p l i t t i n g of the f a u l t i n t o at least three 

branches, each of which has subsidiary, p a r a l l e l , s i n i s t r a l f a u l t s associated 

with i t . This subsidiary f a u l t i n g has been mapped i n d e t a i l i n the area 

shown i n Fig. 2.5. The major branches can be seen from Tunugdliarfik Fjord 

as lines on the h i l l s i d e , occasionally truncating dykes (Plate 17.) 

The two main f a u l t s do not intersect and no d i r e c t evidence i s found 

of r e l a t i v e ages. Both of the f a u l t s truncate the regional dykes, although 

. a few of the l a t e r trachytes are not affected ty the southern f a u l t . Thus 

the southern f a u l t i s probably the e a r l i e r and f a u l t i n g continued more or 

less contonporaneously with the l a t e r dyke emplacement. 



40 

Plate 16 

The southern, s i n i s t r a l transcurrent f a u l t cutting the South Qoroq 

Centre on the west side of Qoroq Fjord. The reddened l i n e of the f a u l t i s 

seen as a dark, diagonal l i n e truncating d^es which are approximately 

p a r a l l e l to the coast at t h i s l o c a l i t y . 

Plate 17 

Branches of the southern s i n i s t r a l f a u l t cutting the South Qoroq 

Centre on the east side of Tuntigdliarfik Fjord. 



F i g . 2.4 

Faulting and crush zones i n the area between Narssarssuaq and 

Augpalugtut. (Tr » t r a c h y t i c dyke; Dol = d o l e r i t e dyke) 

F i g . 2.5 

Sketch map showing d e t a i l of branching i n the southern transcurrent 

f a u l t of the South Qoroq Centre, around the 1969 camp s i t e , 6 km. south 

of Narssarssuaq Harbour. The l o c a l i t y i s marked on F i g . 2.1. 
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F i g . 2.6 

Attempted c o r r e l a t i o n s o f f a u l t s on t h e west and east sides of 

T u n u g d l i a r f i k F j o r d . (From Emeleus and Stephenson, 1970). 
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During the 1969 season, some time was spent i n the Qagssiarsulc area, 

examining the westward continuation of the f a u l t zone, and tentative correlations 
were made across Tunugdliarfik Fjord (Emeleus and Stephenson, 1970), (Fig, 2.6). 
Four f a u l t s were studied i n d e t a i l , one normal f a u l t and three s i n i s t r a l tear 
f a u l t s . Movement along each s i n i s t r a l f a u l t i s from 400 m, to 5 km. and 
there i s a t o t a l movement along the three f a u l t s of 6 - 6.5 km. When compared 
with the f a u l t s east of Tunugdliarfik Fjord i t i s c l e a r that no simple 
correlation may be made, even though there i s c l e a r l y a continuation of the 
f a u l t zone. A t o t a l s i n i s t r a l f a u l t movenent of 2.5 - .3 km. has been measured 
i n the South C^roq Centre, 2 km. of which i s along the northern f a u l t . However, 
a t o t a l o f f s e t of between 6 and 7 km, may be obtained i n this centre by taking 
into account the sinuous deflection of the Gardar dykes, which i s i n a s i n i s t r a l 
sense and amounts to 4 - 5 km. when resolved i n an east-west direction (Plate 1). 
This i s then consistent with the amount of movement west of Tunugdliarfik Fjord, 

Eineleus and Harry (1970) propose two explanations for the deflection of 

the dykes. As there i s no deflection of the dyke swarm elsev*iere i n the 

region, i t i s possible that the development of the I g d l e r f i g s s a l i k Centre 

could have modified the regional str e s s pattern. However, the dyke distribution 

does not correspond to that found i n other igneous centres where th i s i s known 

to occur (Ode, 1957), and also some of the affected dykes are probably l a t e r 

than the I g d l e r f i g s s a l i k Centre, From the evidence of the f a u l t displacements 

and from the f a c t that the fa u l t i n g appears to be contemporaneous with the 

dyke emplacement, i t would seem more l i k e l y that stresses associated with the 

transcurrent faulting were superimposed on the regional stresses at the time 

of onplacement, causing a deflection from the normal trend. This acted as 

a form of s t r e s s release, reducing the amount of movement along the f a u l t s . 

Evidence for a v e r t i c a l component i n the f a u l t s was found i n the Qagssiarsuk 

area from the elevation of the E r i k s f j o r d Formation base, but except for one 

f a u l t with a downthrow of about 100 m. to the south, the amount of throw 

could not be estimated. Emeleus and Harry (1970) propose a downthrow of 

at l e a s t 400 m. to the south for the southern f a u l t cutting the South .oSroq 
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Centre, based on the height of the E r i k s f j o r d Formation base south-east of 

F l i n k ' s Dal and at the head of Igaliko Fjord. 

I t i s possible that there i s a f a u l t along the l i n e of Qoroq Ejord 

e a r l i e r than the two east-west s i n i s t r a l f a u l t s (Eineleus and Harry, 1970, pwl02). 

However, owing to the recent amendments, the map now shows no apparent displacement 

of syenite boundaries, and although the p o s s i b i l i t y of a f a u l t s t i l l e x i s t s , 

the remaining evidence ( i . e . the presence of shear zones and mineralisation) 

i s rather circumstantial. 
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3. PETROGRAPHY OF THE SYENITES 

The p r i n c i p a l syenites within the South Qoroq Centre may be c l a s s i f i e d 

. as either foyaites (SS2, SS3, SS5) or augite syenites (SS4b) with possibly 

intermediate compositions i n SS4a. The general petrogra^iic and textural 

features of the intrusions are described below, with further d e t a i l s oh 

individual mineral phases i n Chapter 4, 

(3a) Foyaites - SS2, SS3 and SS5 

The three f o y a i t i c syenites have i n general a similar petrography, . 

although s i g n i f i c a n t differences i n the compositions of certain mineral 

phases w i l l be described i n Chapter 4. They are considered to have been 

emplaced i n f a i r l y rapid succession, possibly as pulses from the same 

underlying magma (see 2b). 

Syenite SS2:-

The t y p i c a l SS2 rock type, as found on the Narssarssuaq - oSroq peninsula 

and around lower F l i n k ' s Dal consists of approximately 80% p e r t h i t i c a l k a l i 

feldspar and nepheline i n approximately equal proportions, sodalite, and 

aggregates of mafic minerals. The a l k a l i feldspar and nepheline are 

usually subhedral to euhedral and may be cumulus. Often, particularly nearer 

the margins, large tabular phenocrysts of Carlsbad or Manebach twinned a l k a l i 

feldspar are s e t i n a s l i g h t l y finer-grained groundmass of a l k a l i feldspar 

laths and subhedral nepheline (Plate 18), Nepheline appears to have been 

c r y s t a l l i s i n g from quite an early stage, since small grains are frequently 

included i n the phenocryst feldspars, but most of the feldspar and nepheline 

appears to have c r y s t a l l i s e d simultaneously. From the shape of the feldspar 

c r y s t a l s i t would appear that they o r i g i n a l l y c r y s t a l l i s e d as sanidine before 

exsolving under sub-solidus conditions into orthoclase perthites (see 4g), 

Occasionally narrow rims of a l b i t e occur around the perthite c r y s t a l s . 

The mafic aggregates, which give the rock i t s spotted, "mossy" appearance 

i n hand specimen, contain combinations of aegirine augite, arfvedsonitic • 

amp*iibole, b i o t i t e , iron-titanium oxides, aenigmatite and apatite (Plate 27). 



The minerals are also found separately i n i n t e r s t i t i a l areas. A discontinuous 

reaction s e r i e s i s developed from aenigmatite (v^^^ich i s present i n certain 

samples only as cores), to zoned aegirine augite, to arfvedsonite which i s 

often found rimming the pyroxene (Yagi, 1953)(Plate 33), However, i n many 

instances the mafic minerals j u s t form intergrown aggregates, and aenigmatite 

i s often absent, B i o t i t e i s sometimes present as an additional hydrous phase, 

although i t i s not as widespread as i n the other foyaites, F a y a l i t e i s 

scarce i n SS2 and, apart from the problematic south-eastern area (see below), 

i s only found i n one area, above the Tunugdliarfik coast (e.g, samples 59730, 

127020, 127021), Here i t appears to be early formed and i s present as small, 

rounded grains, rimmed by iron ore and frequently enclosed by other mafic 

minerals, p a r t i c u l a r l y pyroxene and amphibole. Magnetite i s usually present 

as small, rounded grains and invariably has quite coarse, exsolved lamellae 

of ilmenite. I t sometimes appears to have c r y s t a l l i s e d early, being almost 

euhedral, but i n some samples i t occupies i n t e r s t i t i a l areas between feldspar 

and nepheline grains. Around the edges of the mafic patches there i s 

frequently an intergrowth of pyroxene needles and a l k a l i feldspar. The 

needles grow outwards from larger pyroxene grains with vdiich they are i n 

optical continuity (Plate 37; see 4b). 

I n most of the samples there i s a considerable amount of i n t e r s t i t i a l , 

i s o t r o p i c sodalite, vihich c l e a r l y forms l a t e r than a l l the other primary 

minerals (Plate 24), In hand specimen i t i s greenish grey and fluoresces 

bright orange under u l t r a - v i o l e t l i g h t . I t i s thus seen to be confined 

to.patches up to 1 cm, wide scattered i r r e g u l a r l y throughout the rock, 

Cancrinite i s also frequently present i n t e r s t i t i a l l y , usually around nepheline 

grains. This suggests that i t probably formed by reaction between nepheline 

and a CO^-rich residual l i q u i d as part of the nepheline - cancrinite -

c a l c i t e discontinuous reaction se r i e s (Saether, 1957). 

Apatite i s the most common accessory mineral and usually occurs as prismatic 
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grains included i n the mafic aggregates. Small, subhedral grains of sphene 

and zircon are v i s i b l e i n some samples and a pale yellow, i n t e r s t i t i a l mineral 

i s frequently present. This mineral i s s l i g h t l y pleochroic, has f a i r l y high 

r e l i e f , a high 2V (-ve) and a f a i r l y high birefringence. A qualitative 

electron probe scan shows i t to be a calcium s i l i c a t e with moderate amounts, 

of sodium and titanium suggesting that i t may be lavenite. 

Towards the margins of the syenite, the rock begins to develop a lamination 

and becomes finer-grained. A l k a l i feldspar phenocrysts are.then prominent 

i n a f i n e r groundmass of feldspar and nepheline. Mafic minerals tend to occur 

i n t e r s t i t i a l l y rather than i n aggregates, and amphibole rims around pyroxenes 

become better developed. Within a few centimetres of the contact, nepheline 

frequently disappears due to contamination by country rock, and there i s a 

tendency f o r amphibole to develop i n excess,of pyroxene. Sections from the 

contact east of Narssarssuaq sometimes show a fine brecciation adjacent to 

the basalt. 

Where the syenite has been r e c r y s t a l l i s e d near to the I g d l e r f i g s s a l i k 

Centre, the feldspars and nephelines are larger, more ir r e g u l a r i n shape and • 

develop interlocking mai^'gins. Feldspars are more coarsely p e r t h i t i c and 

mafic aggregates develop much more magnetite and b i o t i t e . Around the major 

f a u l t i n Giesecke's Dal, the zone of r e c r y s t a l l i s a t i o n extends further than 

normal, nepheline i s highly altered and the mafic aggregates are completely 

c h l o r i t i s e d . 

At the south-eastern end of the intrusion, (around the ridge between 

0stfjordsdal and Giesecke's Dal) the rock type i s completely atypical of • 

SS2. Large p e r t h i t i c laths of a l k a l i feldspar and irregular shaped nephelines 

are c l o s e l y interlocked, often with lobate margins. Mafic aggregates occur, 

but the pyroxene i s titanaugite rather than aegirine augite, and subhedral 

magnetite has radiating rims of b i o t i t e . F a y a l i t e i s common and the mafics 

are c h a r a c t e r i s t i c a l l y " l a r v i k i t i c " , resembling those of the augite syenites 

of SS4b rather than SS2. In view of t h i s contrast i n petrography i t i s 
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suggested t h a t there i s another s a t e l l ^ i t i c i n t r u s i o n i n t h i s area betv/een 
SSI and SS2 (see P l a t e 1 ) . 
Syenite SS3:-

I n many ways SS3 i s s i m i l a r t o SS2 and much o f the above d e s c r i p t i o n 

may be a p p l i e d t o e i t h e r s y e n i t e . SS3 i s gene r a l l y coarser grained w i t h 

l a r g e , t a b u l a r o rthoclase p e r t h i t e s up t o 30 x 7 mm. showing m u l t i p l e 

Carlsbad o r Manebach t w i n s . Nepheline grains are o f t e n l a r g e , i r r e g u l a r 

and have i n t e r l o c k i n g o r lo b a t e margins w i t h f e l d s p a r . As i n SS2 some 

s m a l l , euhedral nephelines are enclosed by l a r g e r f e l d s p a r s , but i n general 

t h e r e appears t o be simultaneous c r y s t a l l i s a t i o n o f the two phases (Plate 19). 

Aggregates o f mafic minerals commonly occur,but are not as ubiquitous 

as i n SS2 ( P l a t e 28), and more f r e q u e n t l y the mafics occur i n separate 

i n t e r s t i t i a l areas. I r o n - t i t a n i u m oxides occur as i n SS2, but generally 

t here i s a higher p r o p o r t i o n of the hydrous phases a r f v e d s o n i t e and b i o t i t e . 

A r f v e d s o n i t e rims are o f t e n w e l l developed around small r e l i c cores of 

a e g i r i n e a u g i t e , but i n some samples b i o t i t e i s the only hydrous phase. 

F a y a l i t e and aenigmatite are completely absent from SS3. I n many samples 

th e r e are i n d i c a t i o n s t h a t magnetite has reacted w i t h the r e s i d u a l l i q u i d 

t o form acmite ( P l a t e 38; see 4b). Aegirine a u g i t e / a l k a l i feldspar 

i n t e r g r o w t h s occur as i n SS2. 

S o d a l i t e and c a n c r i n i t e occur as i n SS2 and a p a t i t e i s always an 

abundant accessory. Sphene i s f a i r l y common associated w i t h the i r o n -

t i t a n i u m oxides, and the pale y e l l o w , i n t e r s t i t i a l accessory (? l a v e n i t e ) 

i s present i n a few samples. A colourless i n t e r s t i t i a l m i n e r a l , which 

as y e t has not been i d e n t i f i e d , i s sometimes present i n SS3 and c e r t a i n 

other rocks associated w i t h small amounts of f l u o r i t e . 

The s y e n i t e does not a l t e r much towards i t s margin v;ith SS2 (see 2b) 

ap a r t from the more freqaent development of pegmatitic areas, having coarse 



c r y s t a l l i s a t i o n and more coarsely exsolved feldspar than the normal rock. 

Some pegmatites have large, euhedral nepheline with i n t e r s t i t i a l feldspar 

and c a l c i t e . Aegirine i s frequently present,'both as large twinned cr y s t a l s 

and as overgrowths on arfvedsonite. Zoned, p o i k i l i t i c eudialyte i s developed 

i n several pegmatites, together with occasional euhedral zircon. However, 

near the margin on the east side of Qoroq Fjord, early euhedral grains of 

zoned eucolite - mesodialyte up to 2 cm. wide constitute up to 50% of the 

pegmatite (Plates 44, 45, 46). P o i k i l i t i c eucolite (Plate 47) also occurs 

i n the same pegmatite which has a groundmass of a l k a l i feldspar laths and 

euhedral nepheline enclosed by larger, irregular nepheline. Mafic minerals 

are mainly iron-titanium oxide and an unusual bright red b i o t i t e , together 

with some arfvedsonite and aegirine augite/aegirine. An unusual pegmatite 

nearer the centre of the intrusion contains blue sodalite vAiich fluoresces 

pale purple under u l t r a - v i o l e t l i g h t . However, t h i s i s surrounded by rims 

of more normal orange-fluorescing, grey sodalite. 

Near the southern t i p of the Narssarssuaq - Qoroq peninsula, SS3 i s 

intensely r e c r y s t a l l i s e d by the I g d l e r f i g s s a l i k Centre. Feldspars become 

i r r e g u l a r and coarsely p e r t h i t i c , with interlocking or lobate margins against 

nepheline. . The mafic minerals are completely altered with development of 

"knots" of i r o n ore and decussate b i o t i t e flakes. At t h i s l o c a l i t y there 

i s much spene associated with the ore which could be due to the r e c r y s t a l l i s a t i o n 

causing separation into magnetite, ilmenite and sphene (see 4e). 

Electron microprobe studies on the minerals of SS3 c l e a r l y show that 

i t i s the most fractionated of the South Qoroq Centre syenites (see Chapter 4 ) . 

The mineral variations are not i n general obvious from optical examination,-

but c e r t a i n petrographic facts tend to indicate a more fractionated state, 

i . e . the. increased abundance of hydrous mafic phases compared to the other 

foyaites; the development of aegirine and eucolite - eudialyte i n marginal 

pegmatites, suggesting a higher per a l k a l i n i t y ; the common occurrence of the 

reaction magnetite + l i q u i d = acmite; the i n s t a b i l i t y of o l i v i n e ; and the 
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sporadic appearance o f f l u o r i t e . 

Syenite SS5:-

T e x t u r a l l y SS5 i s s i m i l a r t o SS3 except t h a t i t o f t e n possesses a strong 

l a m i n a t i o n o f t a b u l a r a l k a l i f e l d s p a r s . The feld s p a r s are orthoclase p e r t h i t e s 

w i t h simple and m u l t i p l e t w i n n i n g (Plates 21, 22) and have r e l a t i o n s h i p s w i t h 

nepheline as o u t l i n e d f o r the other f o y a i t e s . Mafic minerals are usu a l l y 

i n t e r s t i t i a l o r i n aggregates and vary considerably i n t h e i r r e l a t i v e propor­

t i o n s . A e g i r i n e augite. and i r o n - t i t a n i u m oxides a r e u s u a l l y present w i t h 

v a r y i n g amounts of a r f v e d s o n i t e and/or b i o t i t e . The a e g i r i n e augite i s o f t e n 

a deep apple-green c o l o u r , and zoning i s less apparent o p t i c a l l y than i n the 

other f o y a i t e s . I n some samples magnetite has reacted w i t h the liquid t o give 

secondary acmite, but t h i s i s not as common as i n SS3. Arfvedsonite rims are 

o f t e n w e l l developed on a e g i r i n e a u g i t e (Plates 34, 35), and i r o n - t i t a n i u m 

oxides sometimes have r a d i a t i n g rims of b i o t i t e . F a y a l i t e i s q u i t e abundant 

i n c e r t a i n samples (e.g. 46243, 58230) and i s h e a v i l y rimmed by i r o n ore, 

pyroxene or amphibole (Plates 39, 40). S o d a l i t e and c a n c r i n i t e are common, 

and o c c a s i o n a l l y the f u l l s e ries nepheline - c a n c r i n i t e - c a l c i t e i s observed 

( P l a t e 26). Common accessories are a p a t i t e and sphene, but z i r c o n also occurs 

s p o r a d i c a l l y and one sample (46271) contains a co l o u r l e s s i n t e r s t i t i a l mineral 
I ) 

associated w i t h small areas of f l u o r i t e . 

Mafic bands are common i n SS5 (see 2a), c o n s i s t i n g l a r g e l y o f subhedral 

a e g i r i n e a u g i t e , f a y a l i t e , i r o n - t i t a n i u m oxide ( w i t h rims of b i o t i t e ) , and 

a p a t i t e . Towards the edges of the bands these minerals are packed t i g h t l y 

i n t o i n t e r s t i c e s between cumulus f e l d s p a r and nepheline. I n some bands the 

pyroxenes are euhedral t o subhedral t i t a n a u g i t e s , considerably less f r a c t i o n a t e d 

than i n the normal SS5. 

Much o f the SS5 on the west side of QoYoq Fj o r d has been r e c r y s t a l l i s e d by 

the I g d l e r f i g s s a l i k Centre, and progressive a l t e r a t i o n can be traced southwards 

along the coast s e c t i o n . F a y a l i t e , the f i r s t mineral t o r e a c t , i s pseudomorphed 

by c h l o r i t e and i r o n ore and f i n a l l y disappears. Aegirine augite and b i o t i t e 



Plate 18 

Marginal SS2 showing a pronounced lamination of tabular, p e r t h i t i c 
feldspar, and rounded nepheline. A small perthite phenocryst i s seen 
on the l e f t . (Sp. No. 46276, crossed polars, X 20) 

Plate 19 

Simultaneous c r y s t a l l i s a t i o n of a l k a l i feldspar (with p e r t h i t i c texture) 

and nepheline (smaller, rounded to subhedral grains) i n SS3, (Sp. No, 

46269, crossed polars, X 20) 

Plate 20 

Typical texture of f e l s i c minerals from one of the microsyenite sheets 

cutting SS3, Twinned, tabular perthite (bottom), rounded nephelines (top), 

surrounded.by i n t e r s t i t i a l c a n c r i n i t e ; i s o t r o p i c , i n t e r s t i t i a l sodalite • 

(top r i g h t ) , (Sp, No, 58233, crossed polars, X 20) 
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Plate 21 

Typical, large, tabular, twinned c r y s t a l of p e r t h i t i c a l k a l i feldspar 
i n SS5. (Sp. No. 46244, crossed polars, X 20) 

Plate 22 

Large tabular a l k a l i feldspars showing multiple twinning i n SS5, 

(Sp. No. 46241, crossed polars, X 20) 

Plate 23 

"Blebs" of nef^ieline within i r r e g u l a r grains of microperthitic a l k a l i 

feldspar i n SS4b. The "blebs" are i n optical continuity within 

individual grains and have the appearance of an exsolution texture. 

(Sp. No. 58259, crossed polars, X 20) 
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Plate 24 

Euhedral grains of nepheline enclosed by i n t e r s t i t i a l , i s o t r o p i c 
sod a l i t e i n SS2. (Sp. No. 46255, crossed polars, X 75) 

Plate 25 

I n t e r s t i t i a l nepheline (grey) between grains of microperthitic 

feldspar (\A*iite) i n SS4b. (Sp. No. 58221, crossed polars, X 20) 

Plate 26 

Reaction between n e ^ i e l i n e (top) and I n t e r s t i t i a l c a l c i t e (rhombohedral. 

cleavage-centre) giving an intervening, radiating fringe of ca n c r i n i t e 

i n SS5. (Sp. No. 59644, crossed polars, X 75) 
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P l a t e 27 

T y p i c a l "mossy" mafic aggregate i n SS2, (P = pyroxene, A = amph, 

Ap = a p a t i t e . ) A l k a l i amphibole i s forming a discontinuous r i m around 

the a e g i r i n e a u g i t e . (Sp. No. 58231, pyroxene and amphibole analyses 

58231.1, o r d i n a r y l i g h t , X 40) 

P l a t e 28 

Mafic c l u s t e r i n SS3, I n t h i s p a r t i c u l a r sample, t h e mafics are 

e x c l u s i v e l y a e g i r i n e a u g i t e (P) and b i o t i t e ( B ) , w i t h f a i r l y ' a b u n d a n t 

prisms o f a p a t i t e (Ap). (Sp, No. 46269, ord i n a r y l i g h t , X 20) 

P l a t e 29 

T y p i c a l c l u s t e r o f mafic minerals i n a mafic band from SS4b, 

Subhedral o l i v i n e (0) and t i t a n a u g i t e (P) w i t h prisms o f a p a t i t e (Ap). 

(Sp. No. 59672, pyroxene and o l i v i n e - a n a l y s e s 59672.3, o r d i n a r y l i g h t , X 40) 
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P l a t e 30 

B i o t i t e - r i c h aggregate i n r e c r y s t a l l i s e d SS5 near t o t h e contact w i t h 

the I g d l e r f i g s s a l i k Centre. A l l the mafic minerals i n t h i s aggregate 

are e i t h e r b i o t i t e o r opaque oxides. (Sp. No. 58160, o r d i n a r y l i g h t , X 20) 

P l a t e 31 

Radiating growths o f carbonate r e p l a c i n g the c e n t r a l p a r t o f a pegmatite 

v e i n . "Ghost" prisms of a e g i r i n e can be seen i n the bottom l e f t . 

(Sp. No. 127072, crossed p o l a r s , X 20) 

P l a t e 32 

Large blade o f a l k a l i pyj^oxene growing inwards from the w a l l s of t h e 

same pegmatite v e i n as P l a t e 31. The dark, i n n e r zone i s deep apple-green, 

s t r o n g l y p l e o c h r o i c a e g i r i n e , and the r i m i s c o l o u r l e s s t o pale y e l l o w i s h -

brown acmite. The compositional d i f f e r e n c e between the two zones i s 

very s l i g h t . (Sp. No. 127071, pyroxene analyses 127071.1, o r d i n a r y 

l i g h t , X 20) 
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begin to show a clearly r e c r y s t a l l i s e d , p o i k i l i t i c texture, and very near to 

the contact the mafics are almost completely made over to "knots" of iron ore 

(with associated sphene) and decussate b i o t i t e (Plate 30). Feldspars are 

irr e g u l a r shaped and coarsely p e r t h i t i c , nepheline i s highly altered and there 

i s much developnent of i n t e r s t i t i a l cancrinite and c a l c i t e . Recrystallisation 

i s not so intense on the south side of Giesecke's Dal Bay but i s well developed 

near the I g d l e r f i g s s a l i k Centre further up Giesecke's Dal (where the augite 

syenite SI4 i s closer - see 2d). 

As with SS3 there i s l i t t l e v ariation towards the edge of the intrusion 

apart from the development of marginal pegmatitic areas. The pegmatites are 

similar to the ones i n SS3 but contain zircon instead of eudialyte. I n t e r ­

s t i t i a l areas between the pegmatite patches are f i l l e d with a microsyenite 

having small laths of a l k a l i feldspar with nepheline, iron ore and i n t e r s t i t i a l 

or p o i k i l i t i c aegirine augite, arfvedsonite and b i o t i t e . Sometimes th i s 

microsyenite has an irr e g u l a r flow structure. 

(3b) Augite Syenites and Related Rocks within SS4 

The syenites of SS4 are continuously exposed on the west coast of Qoroq 

Fjord opposite to Flink's Dal. Samples from other areas may be related to 

th i s type section, where the di v i s i o n i n t o SS4a and SS4b was f i r s t recognised 

(see 2a.iv). 

Syenite SS4b:-

SS4b i s a true augite syenite, very similar i n texture and mineralogy 

to the Oslo l a r v i k i t e s (Barth, 1944). In typical samples, the feldspar occurs 

as i r r e g u l a r l y shaped grains of microperthite, which are schillerised i n hand 

specimen giving the rock a bluish t i n t . Within the microperthite, more 

coarsely exsolved areas frequently occur, and i n some samples a l l the feldspar 

i s coarsely exsolved. The grains have interlocking, lobate margins with each 

other and, i n marked contrast to the foyaites, nepheline occurs i n i n t e r s t i t i a l 

areas which are frequently altered (Plate 25). Near the inner margin of the 
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i n t r u s i o n , nepheline constitutes only 10% of the rock, but there i s a tendency 

f o r i t to become more abundant outwards, reaching about 30% near the boundary 

with SS4a. A feature common to almost a l l the SS4 syenites, but absent from 

the foyaites, i s the presence of i r r e g u l a r , rounded "blebs" of nepheline 

within the a l k a l i feldspar (Plate 23). Within a particular feldspar grain 

a l l the "blebs" are. i n optical continuity and thus may be an exsolution feature. 

Identical textures are found i n a l k a l i feldspars from augite syenites of the 

I g d l e r f i g s s a l i k Centre (C. H. Emeleus, personal communication 1972), and 

similar textures i n the Oslo l a r v i k i t e s are considered to be due to sub-solidus 

exsolution by Widenfalk (1972). 

Sequences of c r y s t a l l i s a t i o n are often d i f f i c u l t to establish with any 

certainty, but many of the mafic minerals appear to be formed e a r l i e r than 

the nepheline, and probably e a r l i e r or at about the same time as the feldspar-. 

This i s i n strong contrast to the foyaites where most of the mafics are 

i n t e r s t i t i a l . Olivine, iron-titaniiom oxide and apatite are always early; 

pyroxene i s usually i r r e g u l a r or subhedral, but often shows early euhedral 

tendencies with l a t e r overgrowths; and amphibole and b i o t i t e are always 

i n t e r s t i t i a l or p o i k i l i t i c . The iron-titanium oxides occur as rounded, 

subhedral grains of magnetite with coarsely exsolved ilmenite (Plate 43), 

and usually have radiating fringes of b i o t i t e (Plate 42). Olivine i s present 

i n almost a l l the samples and i s frequently enclosed by other mafic minerals 

(Plates 41, 42). I t often has thick rims of iron ore, but i s also frequently 

rimmed by a turquoise blue amphibole. Apatite i s abundant, associated with 

the mafics, and occurs as quite large, euhedral prisms (Plate 29). The pyroxene 

i s l i l a c ' , coloured titanaugite and only occasionally shows a s l i g h t green 

colouration on the edges (Plate 36). Well developed rims of muddy brown/green 

arfvedsonitic amphibole are common (sometimes enclosing euhedral pyroxene) and 

i n some samples amphibole also occurs as separate p o i k i l i t i c areas. B i o t i t e 

also occurs occasionally as separate i n t e r s t i t i a l grains i n addition to rimming 

the oxides. Accessory minerals are rare, but occasional specks of yellow 
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sulphides (probably pyrite) are detected i n reflected l i g h t . Sodalite i s 

present only i n very small amounts, probably as t h i n rims around nepheline. 

Mafic bands are common i n SS4b, and most samples show a cumulus develop­

ment of mafic minerals to a greater or lesser extent (Plate 41). Apatite, 

iron-titanium oxide, o l i v i n e and titanaugite are the cumulus phases, often 

constituting up to 60% of the rock. Of these, apatite appears to be the 

e a r l i e s t , being included by a l l other minerals, and titanaugite i s f a i r l y 

l a t e as i t i s sometimes i n t e r s t i t i a l . Amphibole and b i o t i t e occur as rims 

and i n t e r s t i t i a l l y as i n the normal rock, but the amphibole i s often a deep 

red colour and i s probably barkevikite (see 4c). The intercumulus material 

consists of small, i r r e g u l a r grains of microperthite and a l i t t l e i n t e r s t i t i a l 

nepheline. 

Marginal pegmatites within SS4b are similar to the normal rock i n t h e i r 

content of mafic minerals, but are more coarsely c r y s t a l l i n e and have large, 

i r r e g u l a r grains of very p e r t h i t i c feldspar. Nepheline also occurs as 

i r r e g u l a r , i n t e r s t i t i a l grains, often with rims of cancrinite. The earl i e r 

formed mafics tend to be altered but i n t e r s t i t i a l amphibole i s fresh. 

Syenite SS4a:-

SS4a has many features i n common with SS4b such as the "blebs" of 

nepheline i n microperthitic a l k a l i feldspar; rounded iron-titanium oxides 

with fringes of b i o t i t e ; and early o l i v i n e and apatite. However, i t would 

appear to be t r a n s i t i o n a l towards the foyaites, since the pyroxene i s pale 

green, zoned aegirine augite, usually with well developed rims of arfvedsonite, 

and nepheline i s generally more abundant. In some samples, the a l k a l i feldspar 

occurs as large, i r r e g u l a r , interlocking grains with i n t e r s t i t i a l nepheline 

as i n SS4b, but i n others stumpy, rectangular perthite and square or hexagonal 

to subhedral nepheline are clearly cumulus. In the l a t t e r feldspar and 

nepheline are i n approximately equal proportions as i n the foyaites, with 

i n t e r s t i t i a l areas f i l l e d by smaller a l k a l i feldspar and nepheline grains. 
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Sodalite i s frequently present, and some samples have cancrinite. Apart 

from the composition of the pyroxene, the mafics are similar to those of 

SS4b except that o l i v i n e , although present i n most samples i s less abundant. 

Marginal pegmatitic areas are developed but mafic bands are rare. 

Both SS4a and SS4b are recrystallised by the I g d l e r f i g s s a l i k Centre 

i n the area above Niaqomarssuk. Feldspar becomes very coarsely p e r t h i t i c 

and nepheline i s usually altered with the developnent of much cancrinite. 

Some samples also have additional fresh nepheline VsSiich may be developed 

during r e c r y s t a l l i s a t i o n . The pyroxene becomes more sodic, green aegirine 

augite (see 4b) but some retain cores of titanaugite. As i n the recrystal­

l i s e d foyaites, o l i v i n e i s unstable and amphibole, where present, i s often 

a blue-green variety. Aggregates of decussate b i o t i t e flakes develop i n 

the extremely recrystallised rocks, and magnetite and ilmenite recrystallise 

as separate phases. 

The t h i n s t r i p of SS4 i n Giesecke's Dal i s similar to SS4b rather than 

SS4a, p a r t i c u l a r l y i n the character of the f e l s i c minerals, and i n the 

presence of titanaugite. However one sample has abundant, p o i k i l i t i c red 

amphibole, which i s probably b a r k e v i k i t i c , with lesser amounts of titanaugite, 

ore and apatite, and no o l i v i n e or b i o t i t e . (The lack of ol i v i n e i s probably 

due to proximity to the I g d l e r f i g s s a l i k Centre.) There i s considerable 

va r i a t i o n i n the character of both mafic and f e l s i c minerals i n the outcrops 

of SS4a and SS4b and occasional areas similar to one syenite are found within 

the other. Although the sample cover i s not extensive enough to investigate 

t h i s i n d e t a i l , i t may be that SS4 consists of several d i s t i n c t areas, 

representing several pulses of ri n g dyke magma (see Chapter 2). 

(3c) Other Intrusions Associated with the Centre 

Syenite SSl:-

The SSI syenite has quite a variable petrography, but generally consists 

of large, i n t e r l o c k i n g , coarsely p e r t h i t i c grains of a l k a l i feldspar and 

nepheline, with i r r e g u l a r , i n t e r s t i t i a l mafic aggregates. In some areas the 

feldspar i s more tabular and the nepheline i s i n t e r s t i t i a l . "Exsolved blebs" 
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of nepheline occur i n the feldspar, as i n SS4, and i n t e r s t i t i a l sodalite i s 

widespread. The mafics are subhedral ore, f a y a l i t e and apatite with 

i n t e r s t i t i a l aegirine augite and arfvedsonite. B i o t i t e i s present i n 

only minor amounts and some samples have no o l i v i n e . A marginal sample 

contains numerous irreg u l a r grains of ol i v i n e and ore with p o i k i l i t i c 

amphibole, i n a f i n e grained groundmass consisting of rounded grains of 

a l k a l i feldspar and nepheline. However, t h i s would appear to be a mafic 

band. 

The Tunugdliarfik Syenite:-

This syenite contains large, subhedral to euhedral nepheline grains 

and tabular, multiple-twinned, p e r t h i t i c a l k a l i feldspar. Both minerals 

show a tendency to enclose the other i n places, suggesting simultaneous 

c r y s t a l l i s a t i o n . I n t e r s t i t i a l sodalite and cancrinite are common. Mafic 

aggregates contain aegirine augite, arfvedsonite, iron-titanium oxides with 

b i o t i t e f ringes, and apatite but no o l i v i n e . 

The 0stfjordsdal Syenite:-

I n general, this syenite contains large, tabular crystals of p e r t h i t i c 

a l k a l i feldspar (some with "exsolved blebs" of nepheline) and areas of 

smaller, subhedral nepheline grains. There i s usually i n t e r s t i t i a l 

sodalite, sometimes with cancrinite and c a l c i t e . Olivine i s not present, 

except i n one marginal sample, but subhedral, rounded iron-titanium oxide 

i s common. I n t e r s t i t i a l aggregates contain apatite, aegirine augite and 

arfvedsonite with variable amounts of b i o t i t e . Some samples have accessory 

zircon and ? lavenite. A pegmatite near to the south-west margin contains 

i r r e g u l a r p ^ h i t e , c a l c i t e , aegirine, apatite, zircon and f l u o r i t e . 

The Narssarssuaq Syenite:— 

The Narssarssuaq Syenite i s t e x t u r a l l y quite variable and most features 

are obscured.by intense a l t e r a t i o n throughout the whole outcrop. The 

groundmass consists of small laths of Carlsbad-twinned perthite and rounded 
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or i n t e r s t i t i a l , altered nepheline. Occasionally the rock i s porphyritic 

with larger, tabular perthites, and i n one sample the groundmass nepheline 

shows a pronounced l i n g a t i o n . Sodalite i s not present, except i n areas of 

secondary veining, and the mafics are usually completely altered, so that 

only r e l i c s of i r o n ore and ? aegirine augite can be detected. Near to 

the margin the rock becomes very f i n e grained and i s affected by much 

shearing. 

The Microsyenite Sheets;-

Most of the sheets cutting SS3 are porphyritic microsyenites, often 

with a pronounced lamination. The phenocrysts are usually tabular, Carlsbad 

or Manebach-twinned a l k a l i feldspar, i n a groundmass of more "stumpy", 

rectangular perthites and subhedral to euhedral nepheline (Plate 20). 

Nepheline and feldspar are present i n approximately equal amounts, and 

appear to have c r y s t a l l i s e d simultaneously. Some feldspars have "exsolved 

blebs" of nepheline. I n t e r s t i t i a l sodalite and cancrinite are present i n 

some samples but not i n others. Rounded iron-titanium oxide and aegirine 

augite are often included i n the feldspar,but usually occur i n t e r s t i t i a l l y 

or i n aggregates. Arfvedsonite rims are usually well developed, and b i o t i t e 

occurs sporadically, but f a y a l i t e was found i n only one sheet. Apatite and 

sphene are common accessories. 

Essexite:-

The 100 m. wide essexite dyke contains large, i r r e g u l a r crystals of 

plagioclase feldspar, strongly zoned towards rims of microperthite and 

a l b i t e . Individual laths of a l b i t e are also present with nepheline and 

analcime occuring i n t e r s t i t i a l l y . There are abundant, well-formed grains 

of apatite, o l i v i n e and iron-titanium oxide with large, p o i k i l i t i c crystals 

of titanaugite and deep red b i b t i t e . In one sample o l i v i n e constitutes up 

to 30% of the rock, and i s clearly a cumulus phase, along with apatite and 

iron-titanium oxide. 
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Veins Cutting the Syenites:-

Apart from the marginal pegmatitic patches, already described under 

each individual i n t r u s i o n , the syenites are also cut by several veins of 

pegmatite and carbonatite. The pegmatite veins usually have long blades 

of pyroxene, consisting of dark green aegirine cores and a pale green to 

brownish acmite rim (see 4b; Plate 32), growing perpendicular to the vein 

margin. Some veins show several sharp, internal boundaries upon which 

renewed pyroxene growth has taken place. Between the pyroxene blades, 

small laths of a l b i t e occur with larger, but less abundant, nepheline, 

occasional p o i k i l i t i c a n t i p e r t h i t e and i n t e r s t i t i a l cancrinite. There 

are also small amounts of ore, b i o t i t e and zircon. The central parts 

of these veins are similar to the marginal groundmass but with the 

developnent of much c a l c i t e . Certain areas appear to be i n the process 

of being replaced by radiating growths of carbonate (Plate 31). 

Occasional, i r r e g u l a r 5 - 1 0 cm. veins of carbonate-rich, feldspathic 

material cut the syenites on the west coast of C^roq Fjord, and around 

the margins of the centre, more regular, 1 m. thick carbonatite sheets 

occur. These consist of inte r l o c k i n g grains of c a l c i t e , with p o i k i l i t i c 

? diopside and small grains of magnetite. Towards the rim, magnetite 

and haematite become more abundant, and occasional bands contain f i n e l y 

disseminated f l u o r i t e . 



P l a t e 33 

Zoned a e g i r i n e a u g i t e w i t h subhedral I n c l u s i o n s o f magnetite and a 
w e l l developed r i m of a r f v e d s o n i t e i n SS2. (Sp. No. 58231, pyroxene and 
amphibole analyses 58231.2, o r d i n a r y l i g h t , X 75) 

P l a t e 34 

A e g i r i n e a u g i t e w i t h a sharply defined r i m o f a r f v e d s o n i t e I n SS5. 

(Sp. No. 46243, pyroxene and amphibole analyses 46243.2, o r d i n a r y l i g h t , 

X 40) , 

P l a t e 35 

T y p i c a l , i r r e g u l a r a e g i r i n e a u g i t e i n SS5, w i t h zoning not very 

pronounced o p t i c a l l y . Rim o f a r f v e d s o n i t e mostly a t e x t i n c t i o n , 

(Sp, No, 46243, pyroxene and amphibole analyses 46243.3, o r d i n a r y l i g h t , 

X 40) 





P l a t e 36 

T y p i c a l g r a i n of l i l a c - c o l o u r e d t i t a n a u g i t e w i t h i n c l u s i o n s of a p a t i t e 
and subhedral magnetite i n SS4b. (Sp. No. 59672, pyroxene analyses 
59672.4, o r d i n a r y l i g h t , X 75) 

P l a t e 37 

I n t e r g r o w t h o f needles of a e g i r i n e a u g i t e w i t h f e l d s p a r on the edge 

of an a e g i r i n e a u g i t e g r a i n i n SS2. (Sp, No. 127021, o r d i n a r y l l ^ t , X 75) 

P l a t e 38 

Secondary pale greenish acmite ( c e n t r e ) formed by r e a c t i o n between 

magnetite and r e s i d u a l l i q u i d i n SS3, Small grains o f opaque magnetite 

can s t i l l be seen, and b i o t i t e i s v i s i b l e a t the top o f the photograpii, 

(Sp. No. 127038, acmite analyses 127038.2, o r d i n a r y l i g h t , X 75) 





P l a t e 39 

F a y a l i t e ( c entre) w i t h heavy rims o f i r o n ore enclosed by a e g i r i n e 

a u g i t e ( t o p r i g h t ) and a r f v e d s o n i t e (bottom l e f t ) i n SS5. (Sp. No. 46243, 

o l i v i n e analyses 46243.1, o r d i n a r y l i g h t , X 75) 

P l a t e 40 

Rounded f a y a l i t e enclosed by a e g i r i n e a u g i t e ( l e f t ) and b i o t i t e (bottom) 

i n SS5. (Sp. No. 58230, o l i v i n e analyses 58230.2, o r d i n a r y l i g h t , X 40) 

P l a t e 41 

O l i v i n e rimmed by I n t e r s t i t i a l t i t a n a u g i t e i n SS4b. Also seen are 

p r i s m a t i c a p a t i t e and i r r e g u l a r , opaque magnetite. (Sp, No, 59673, 

ordi n a r y l i g h t , X 20) 





Plate 42 

Olivine (hortonolite) vdth a thin rim of turquoise amphibole from a 
mafic band i n SS4b. Also seen i s a rounded grain of magnetite with 
radiating fringes of b i o t i t e (bottom r i g h t ) . (Sp. No. 59672, o l i v i n e , 
analyses 59672.5, ordinary l i g h t , X 40) 

Plate 43 

. Rounded grains of magnetite ( l i g h t grey) with well developed, coarse 

exsolution lamisllae of pleochroic ilmenite (black and white) p a r a l l e l to 

the 111 cleavage. (Sp. No. 46243, reflected l i g h t , crossed polars, X 750) 

Plate 44 

Subhedral, rounded grains of eucolite i n an SS3 marginal pegmatite. 

(Sp. No. 59661, ordinary l i g h t , X 20) 





Plate 45 

Zoned, euhedral eucolite-mesodialyte i n an SS3 marginal pegmatite. 
(Sp. No. 59662, crossed polars, X 20) 

Plate 46 

Typical euhedral eucolite from an SS3 marginal pegmatite as Plates 

44 and 45. (Sp. No. 59663, ordinary l i g h t , X 20) 

Plate 47 

P o i k i l i t i c , zoned eucolite-mesodialyte from an SS3 marginal pegmatite 

as Plates 44 - 46. (Sp. No. 59665, ordinary l i g h t , X 20) 
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4. MINERALOGY 

(4a) I n t r o d u c t i o n 

A l l analyses were made using a Geoscan e l e c t r o n microprobe, and were 

corrected f o r counter dead time, atomic number e f f e c t , mass absorption, 

fluorescence and e l e c t r o n back s c a t t e r (Sweatman & Long,1959) using the 

computer program (ABFAN) of Boyd e t a l , (1969). The standards used were 

pure metals, s t a b l e oxides or analysed s t o i c h i o m e t r i c minerals. D e t a i l s 

of sample p r e p a r a t i o n , standards, running conditions f o r each element and 

computer programs used are given i n Appendix I . 

Three t o f i v e samples were chosen from various l o c a l i t i e s i n each of the 

major u n i t s (SS2, SS3, SS4a, SS4b, and SS5); one from a microsyenite 

sheet; one from the essexite dyke; one each from SS2 and SS3 pegmatites 

and one r e c r y s t a l l i s e d sample from each of SS4b and SS5. The l o c a t i o n s 

of probe samples are shown i n F i g . 2.1, and complete l i s t i n g s of analyses 

are given i n Appendix I I I . 

(4b) Pyroxenes 

The pyroxenes have proved t o be the most i n f o r m a t i v e mineral group 

i n the present i n v e s t i g a t i o n . I t i s t h e r e f o r e convenient t o discuss 

them f i r s t so t h a t the other mineral data may be i n t e r p r e t e d i n 

c o n j u n c t i o n w i t h them. Most o f t h i s s e c t i o n has already been published 

(Stephenson, 1972), but several m o d i f i c a t i o n s have been made i n the l i g h t 

o f more recent work. 

I n general, the pyroxenes of the f o y a i t e s are s t r o n g l y zoned a e g i r i n e 

augites w i t h pale green, or sometimes n e u t r a l cores and darker green rims, 

although i n some cases zoning i s not apparent and the grains are a 

uniform dark green. The zoning i s u s u a l l y continuous, but occasionally 

there i s a sharp break between core and r i m , probably representing a 

period o f a r r e s t e d growth. They are a l l s t r o n g l y pleochroic, p a r t i c u l a r l y 

the darker v a r i e t i e s w i t h ou apple green, ^ y e l l o w green, T yellow brown. 

Grains are u s u a l l y anhedral and vary i n s i z e up t o 8 mm. They can occur 
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i n d i v i d u a l l y , but commonly form c l u s t e r s w i t h other mafic minerals and 

occa s i o n a l l y form s m a l l , i n t e r s t i t i a l areas between f e l s i c minerals. 

I r o n - t i t a n i u m oxides and a p a t i t e , and occasionally o l i v i n e , nepheline 

and a l k a l i f e l d s p a r occur as i n c l u s i o n s . 

Amphibole i s i n t i m a t e l y associated w i t h the pyroxene i n most samples 

and f r e q u e n t l y forms rims or p a r t i a l rims i n a manner which suggests a 

discontinuous r e a c t i o n s e r i e s . B i o t i t e also occasionally forms rims 

on a smaller scale, t h i s being most apparent v^en amphibole i s absent 

or subordinate. Replacement along cleavage planes o f t e n erroneously 

suggests amphibole or b i o t i t e as i n c l u s i o n s . Frequently, the pyroxene 

g r a i n boundaries have overgrowths o f small pyroxene l a t h s i n o p t i c a l 

c o n t i n u i t y , intergrown w i t h nepheline or a l k a l i f e l d s p a r . 

I n several samples of SS3, and possibly other f o y a i t e s , grains of 

secondary, pale greenish-brown acmite occur, which appear t o be forming 

as a r e s u l t of r e a c t i o n between magnetite and r e s i d u a l l i q u i d (Bowen 

e t , a l . , 1930; Bailey, 1969). Acmitic compositions are also found i n 

pyroxenes from coarse pegmatitle areas i n the syenites. I n pegmatite 

v e i n s , l a r g e p r i s m a t i c c r y s t a l s of pyroxene up t o 30 cm. long grow 

inwards from the w a l l s . They f r e q u e n t l y have cores of deep green, 

p l e o c h r o i c a e g i r i n e , and rims of pale brown t o colourless acmite. 

The pyroxenes o f the a u g i t e s y e n i t e have many features i n common 

w i t h those o f the f o y a i t e s ( g r a i n s i z e and form; i n c l u s i o n s ; t h i n rims 

of amphibole), but are less sodic i n composition, being predominantly 

l i l a c coloured t i t a n a u g i t e s , w i t h pale green, pleochroic rims marking 

the s t a r t o f a l k a l i enrichment. I n the mafic bands, vihere pyroxenes 

are a major c o n s t i t u e n t , zoning i s not apparent, but i n samples which 

have been r e c r y s t a l l i s e d by the I g d l e r f i g s s a l i k centre, regular zoning 

becomes q u i t e pronounced. Overgrowths upon g r a i n boundaries are not 

as common as i n the f o y a i t e s , except i n the r e c r y s t a l l i s e d rocks. 
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The essexite pyroxenes are s i m i l a r t o the t i t a n a u g i t e s of SS4b and 

occur as l a r g e , p o i k i l i t i c c r y s t a l s , f r e q u e n t l y showing o r i e n t a t e d , 

exsolved rods of i r o n oxide. However, these may be modified by thermal 

e f f e c t s . SS4a, and t o a le s s e r extent the microsyenites, have many 

petrographic s i m i l a r i t i e s t o SS4b, but contain s t r o n g l y zoned, green 

pyroxenes o f t e n w i t h w e l l developed rims of amphibole. 

Several grains were selected from each probe sample, and each gr a i n 

was analysed a t several r e p r e s e n t a t i v e p o i n t s . I n t h i s way the whole 

pyroxene s e r i e s was represented; v a r i a t i o n s from syenite t o syenite 

were determined; and v a r i a t i o n s i n the zoning of i n d i v i d u a l grains 

w i t h i n the same sample could be seen. A t o t a l of 167 complete analyses 

and 117 p a r t i a l analyses (Ca, Na, Fe, and Mg only) were made. 

Since the o x i d a t i o n s t a t e of i r o n cannot be determined s a t i s f a c t o r i l y 

by e l e c t r o n probe a n a l y s i s , i t was necessary t o a l l o c a t e a Fê VFê "*" r a t i o 

according t o the amount of a l k a l i s present. I n f u l l y analysed a l k a l i 

pyroxenes (Na + K) i s always matched by almost exactly equal amounts of 

Fe"̂ "*" (Carmichael, 1962). Hence an atomic percent o f Fe, equal t o t h a t 
3"t* 

of Na (K was not detected) was a l l o c a t e d t o Fe , the remainder being 

taken as Fe 

As the m a j o r i t y o f the pyroxenes are sodic, the major element 

v a r i a t i o n can be shown on a molecular p r o p o r t i o n p l o t of diopside -

hedenbergite - acmite ( F i g . 4.1). The corresponding minor element trends 

are shown i n F i g . 4.2. 'The parameter (Na-Mg), based upon atomic 

proportions on the basis of 6 oxygens, has been chosen as a f r a c t i o n a t i o n 

index, since i n i t i a l d e p l e t i o n i n Mg (with' i n s i g n i f i c a n t amounts of Na), 

i s f o l l o w e d by a b u i l d up i n Na ( w i t h i n s i g n i f i c a n t amounts of Mg) during 

the e v o l u t i o n of the pyroxenes. Thus a l l parts of the trend can be 

represented by the same simple index (Na-Mg). 

From F i g . 4.1 i t can be seen t h a t a continuous s o l i d s o l u t i o n series 

e x i s t s between compositions of Di^gHd^^ACg and DigHd^^Ac^^; The trend 

i s f u r t h e r extended by ae g i r i n e s (green) and acmites (brown t o colourless) 



F i g . 4.1 

Analyses of pyroxenes from t h e South ofitoq Centre. The 

average t r e n d f o r the normal syenites and modified trends from 

the r e c r y s t a l l i s e d syenites SS4b and SS5 are shown. The lower 

diagram shows the range of compositions w i t h i n i n d i v i d u a l 

i n t r u s i o n s . (Molecular percent based on r e c a l c u l a t i o n t o 6 

oxygens) 
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• normal sycnKc pyroxenes 
• rccrystallised pyroxenes 
• secondory ocmite 
« essexite pyroxenes 
• pegmatite pyroxenes 
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pegmatite 
« 

secondory^ 
acmite 

Ac 



F i g . 4.2 (Two pages) 

V a r i a t i o n s of major and minor elements i n the pyroxenes r e l a t i v e 

t o the f r a c t i o n a t i o n index (Na minus Mg). Bars a t the base of the 

diagram show the range w i t h i n each i n t r u s i o n . Symbols as f o r 

F i g . 4.1. N.B. Fe"̂ '''/Fê '̂  i s c a l c u l a t e d from the a l k a l i content, 

t h e r e f o r e i n e f f e c t Fê "*" « ^Fe-Na. (Atomic prop o r t i o n s on the 

basis o f 6 oxygens) 
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from the pegmatites and by secondary acmites from SS3, which show ranges 

from Di^Hd.^QACgg t o Ac^^^. Each syenite i s seen t o contain a d i s t i n c t 

p a r t of the pyroxene s e r i e s , the lack of overlap between the f i e l d s o f 

SS4b and SS5, and SS5 and SS3,being very n o t i c a b l e . The e a r l i e s t syenite 

(SS2) has a very extensive t r e n d , but t h i s ends a t the same composition 

as f o r SS3 (DigHd^^Ac^^). The r e c r y s t a l l i s e d syenites from SS4b and 

SS5 have trends vihich s t a r t a t the same composition as t h e i r respective 

u n a l t e r e d equivalents, but vs^iich become enriched i n NaFe'̂ ''" a t a much 

e a r l i e r stage r e l a t i v e t o CaFê "*". 

Fi g . 4.2 i l l u s t r a t e s the behaviour o f major and minor elements 

r e l a t i v e t o the f r a c t i o n a t i o n index (Na-Mg). Values of Si tend t o be 

ra t h e r e r r a t i c , due t o a n a l y t i c a l e r r o r , and hence have not been included. 

C l e a r l y the main s u b s t i t u t i o n i s CaFê "*" f o r CaMg during the f i r s t p art 

of the t r e n d , followed by NaFê "*" f o r CaNgFê "*"' The poin t a t which NaFe'̂ '*' 

enrichment becomes dominant (about Na-Mg «« -0.1) i s c l e a r l y seen on the 

Ca p l o t as the p o i n t where Ca s t a r t s t o decrease w i t h i n c r e a s i n g Na i n 

an approximately 1:1 r a t i o . S i m i l a r l y Fê "*", a f t e r i n c r e a s i n g s t e a d i l y 

i n the e a r l y stages, also shows a decrease from t h i s p o i n t , w i t h a 

sympathetic v a r i a t i o n i n Mn content. Al and T i show a sympathetic 

v a r i a t i o n and increase sharply d u r i n g the very e a r l y stages of f r a c t i o n a t i o n , 

when Na has l i t t l e e f f e c t , as found by Kushiro (1950) and Le Bas (1962). 
4+ 

Most of the A l i s probably i n t e t r a h e d r a l c o - o r d i n a t i o n , and T i i s used 

to balance the p o s i t i v e charge d e f i c i e n c y . However, t h i s trend i s 

foll o w e d by a ra p i d f a l l and l e v e l l i n g o f f such t h a t l a t e r parts o f the 

seri e s have f a i r l y low, uniform A l and T i . 

Pyroxenes from r e c r y s t a l l i s e d rocks are seen to deviate from the 

normal t r e n d i n some elements, and of p a r t i c u l a r i n t e r e s t i s the constant 

co n c e n t r a t i o n of Fê "*" i n the r e c r y s t a l l i s e d SS4b pyroxenes. This would 

tend t o suggest a f a i r l y constant b u f f e r i n g of oxygen f u g a c i t y ( f ^ ) 

du r i n g r e c r y s t a l l i s a t i o n . A s l i g h t increase i n Fe /Fe , i s detectable 



i n the bulk geochemistry o f these rocks (see Chapter 5 ) , and magnetite 

and i l m e n i t e occur as d i s c r e t e grains instead of i n the normal o x i d a t i o n -

e x s o l u t i o n r e l a t i o n s h i p . F a y a l i t e appears t o become unstable during 

r e c r y s t a l l i s a t i o n and i s not found w i t h i n the r e c r y s t a l l i s e d zone, 

i n d i c a t i n g t h a t the f ^ was a t l e a s t higher than the f a y a l i t e - magnetite -

quartz b u f f e r curve (see considerations of oxygen f u g a c i t y i n section 4d). 

The more basic nature of the essexite i s i l l u s t r a t e d by d e v i a t i o n s 

from the main pyroxene trends, and p a r t i c u l a r l y i n the higher concentrations 

of T i and A l . However, the pyroxenes are p o i k i l i t i c and c l e a r l y 

c r y s t a l l i s e d i n s i t u , thus precluding a deeper l e v e l o r i g i n . 

The e x t e n t o f zoning i n i n d i v i d u a l grains from each syenite i s shown 

i n F i g . 4.3. This stresses the f a c t t h a t the l i n e drawn through the 

points i n F i g . 4.1 i s , a t the most, only an-average trend f o r the whole 

pyroxene s e r i e s . I n d i v i d u a l g r a i n s , even w i t h i n the same rock s e c t i o n , 

can show very d i f f e r e n t trends, p a r t i c u l a r l y i n t h a t p a r t of the series 

occupied by pyroxenes of SS5 and s i m i l a r compositions. This i s the 

c r i t i c a l area i n which NaFe enrichment becomes dominant, and the great 

v a r i a t i o n can probably be a t t r i b u t e d t o c r y s t a l s growing i n t h e i r own 

chemical micro-environment, p a r t i c u l a r l y w i t h regard t o f ^ and 

a v a i l a b i l i t y o f Na i n the l i q u i d . Pyroxenes from mafic bands are u s u a l l y 

unzoned w i t h compositions corresponding t o the cores i n unhanded 

eq u i v a l e n t s , due t o removal from the l i q u i d a t an e a r l y stage. 

Very few published analyses are a v a i l a b l e of pyroxenes from the 

Gardar Province and there are no continuous series analysed. However, 

trends from several other a l k a l i n e provinces are p l o t t e d on F i g . 4.4. 

together w i t h the few published Gardar analyses. The South Q^roq t r e n d , 

i n common w i t h those from other undersaturated p l u t o n i c s u i t e s (Yagi, 1953; 

T y l e r and King, 1967; Gomes et a l . , 1970) shows an enrichment i n NaFe"̂ "*" 

a t a f a i r l y e a r l y stage r e l a t i v e t o the CaMg-CaPê ''" s u b s t i t u t i o n . 



F i g . 4.3 

Zoning w i t h i n r e p r e s e n t a t i v e pyroxene grains from each 

i n t r u s i o n . Closed c i r c l e s , normal g r a i n s . Open c i r c l e s , 

grains from r e c r y s t a l l i s e d s y e n i t e s . 
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F i g . 4.4 

Comparison between the South Qoroq pyroxene trends and other 

published data. 

Analyses from the Gardar Province, South Greenland: 

(S), SjzJrensen, 1962, p.l92.(U), Upton, 1964, pp.28 & 64. 

(W), Washington & Merwin, 1927, P.249. 

Pyroxene trends from other provinces: 

( 1 ) , Morutu, Sakhalin (Yagi, 1953). (2) Uganda ( T y l e r & 

King, 1967). (3) I t a p i r a p u a , B r a z i l (Gomes e t a l . , 1970). 

(4) ' A l k a l i b a s a l t - t r a c h y t e s e r i e s ' (Aoki, 1964). 

(5) Black Jack s i l l . New South Wales (Wilkinson, 1957). 

(6) Garbh Eilean s i l l , Shiant I s l e s (Murray, 1954). 

(7) P a n t e l l e r i t e t r e n d (Carmichael, 1962). 
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Mol. °/o 

South Qoroq Centre trends. 

1 - 7 Trends from other alkaline igneous provinces; 

• Published Gardar pyroxene analyses. 

Fields of Co & No rich alkali pyroxenes, after Aoki (1964). 
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However, t h e a l k a l i b a s a l t - s a t u r a t e d t r a c h y t e trend o f Aoki (1964) and 

the p a n t e l l e r i t e trend of Carmichael (1962) proceed much f u r t h e r towards 

a hedenbergite composition. A s i m i l a r s i t u a t i o n occurs i n the Gardar 

Province i n the oversaturated, p l u t o n i c a l k a l i n e complex a t Nunarssuit, 

where the pyroxenes tr e n d towards hedenbergite before becoming enriched 

i n NaFe"̂ "*" (P. Greenwood, personal communication, 1971). There i s no 

evidence from South Q^roq t o suggest a trend such as t h a t found i n the 

Shonkin Sag l a c c o l i t h (Nash & Wilkinson, 1970 p.265-256), i n which f o r 

each successive rock type the m i l d l y sodic pyroxene cores progress from 

s a l i t e t o sodic hedenbergite, but subsequently f r a c t i o n a t e along d i f f e r e n t 

trends. 

From comparison w i t h these other a l k a l i pyroxene trends, i t would 

seem t h a t i n general undersaturated igneous s u i t e s produce pyroxene 

trends which show NaFe'̂ ''" enrichment a t an e a r l y stage compared w i t h 

oversaturated s u i t e s . An exception t o t h i s i s the Gardar, undersaturated 

Ilimaussaq Complex. Apart from t i t a n a u g i t e s from the marginal Augite 

Syenite a l l the pyroxenes from t h i s complex f a l l along the hedenbergite -

acmite j o i n (L. Melchior, personal communication, 1972). However, i t 

i s perhaps s i g n i f i c a n t t h a t the complex i s a g p a i t i c w i t h very l i t t l e 

Mg a v a i l a b l e i n the magma f o r i n c l u s i o n i n pyroxenes. Considering the 

e f f e c t o£ r e c r y s t a l l i s a t i o n upon SS4b pyroxenes ( i n which the trend i s 

moved away from the hedenbergite composition, w h i l s t Fê "*" i s kept f a i r l y 

constant) i t would seem t h a t f ^ may exert some c o n t r o l upon' the r e l a t i v e 

p o s i t i o n of contrasted trends. However, since l i t t l e q u a n t i t a t i v e data 

i s a v a i l a b l e a t present on f ^ i n a l k a l i n e rock s u i t e s , very l i t t l e can 

be deduced about the nature of t h i s c o n t r o l (see sec t i o n 4d). 

C l e a r l y the pyroxenes are important as they provide diagnostic 

c r i t e r i a f o r recognising each syenite where petrogra^^iy and whole rock 

geochemistry f a i l due t o o v e r a l l homogeneity, and are subtle i n d i c a t o r s 

o f r e c r y s t a l l i s a t i o n , o f t e n where i t i s not apparent from rock t e x t u r e s . 



1 
'J 

They also support the order o f i n t r u s i o n deduced from f i e l d r e l a t i o n s h i p s , 

since the e a r l i e r rocks c o n t a i n the most f r a c t i o n a t e d pyroxenes, and 

compositions become progressively less f r a c t i o n a t e d vd.th time. This 

recession of s t a r t i n g composition f o r successive syenite pyroxene trends 

has considerable i m p l i c a t i o n s on the o r i g i n and subsequent magmatic 

e v o l u t i o n of the South oBroq Centre, and w i l l be discussed a t greater 

length i n Chapter 6 i n conjunction w i t h other evidence. 

(4c) Amphiboles 

Amphibole i s present as a primary mafic phase i n a l l major u n i t s of 

the c e n t r e , although i t i s occasionally absent from small l o c a l i s e d areas 

p a r t i c u l a r l y i n SS3. The grains are anhedral and commonly occur i n 

c l u s t e r s w i t h other mafics or i n i n t e r s t i t i a l areas. Frequently they are 

found as rims t o pyroxene i n a discontinuous r e a c t i o n s e r i e s , but i n some 

samples the two minerals are intergrown and may have grown together a t 

l e a s t d u r i n g p a r t of t h e i r c r y s t a l l i s a t i o n h i s t o r y . Amphibole i s not 

present i n the essexite and i s less abundant i n r e c r y s t a l l i s e d rocks, which 

are correspondingly enriched i n b i o t i t e . 

The amphiboles of the f o y a i t e s , SS4a and microsyenite sheets are 

a l k a l i n e and are probably members of the Katophorite - arfvedsonite series 

(see below). Their intense absorption, d i s p e r s i o n and v a r i a b l e pleochroism 

makes accurate determination of o p t i c a l p roperties d i f f i c u l t . However, 

they are u s u a l l y pleochroic from y e l l o w i s h brown ( ? ^ ) through "muddy" 

brown ( ? ^ ) and dark "muddy" green(?c<:) w i t h occasionally a b l u i s h green. 

They are always b i a x i a l -ve, have a low e x t i n c t i o n angle, and u s u a l l y have 

a f a i r l y low 2V which v a r i e s between approximately 10° and 40°. Zoning 

i s sometimes detectable o p t i c a l l y , but i s seldom w e l l developed. I n the 

a u g i t e syenites amphibole i s g e n e r a l l y less a l k a l i n e w i t h c l e a r e r (as 

opposed t o "muddy") brown c o l o u r s . The pleochroism i s from y e l l o w i s h 

brown (? ̂  ) t o dark brown (?cxz). I n some mafic bands (e.g. 59672) the 

amphibole i s a reddish brown t o pale y e l l o w i s h and resembles b a r k e v i k i t e 
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i n o p t i c a l p r o p e r t i e s . 

I t i s d i f f i c u l t t o o b t a i n complete analyses o f amphiboles by e l e c t r o n 

probe due t o the presence of v o l a t i l e s and the lack of any simple r e l a t i o n ­

ship from which t o c a l c u l a t e the Fe'̂ Vpê ''" r a t i o (Rucklidge e t a l . , 1971). 

Hence t h i s work i s confined p r i n c i p a l l y t o an i n v e s t i g a t i o n of the 

c o n t i n u a t i o n of the pyroxene - amphibole discontinuous r e a c t i o n series mentioned 

i n 4b. Amphiboles from selected s l i d e s of the major u n i t s were analysed 

p a r t i a l l y f o r S i , Fe, Mg, Ca, Na and K. Of the elements not determined 

only A l i s considered t o be present i n s i g n i f i c a n t amounts. I n a d d i t i o n , 

two l a r g e amphibole c r y s t a l s from pegmatites were analysed completely f o r 

major and t r a c e elements and these w i l l be considered separately. 

I n F i g . 4.5 the analyses are p l o t t e d on a (Na+K) - 2jFe - Mg diagram 

t o f a c i l i t a t e comparison w i t h the pyroxenes i n F i g . 4.1. I t should be 

noted t h a t i n F i g . 4.5 (amphiboles) 'Fe' i s UPe, whereas i n F i g . 4.1 

(pyroxenes) 'Fe' i s Fê "*", and also t h a t the amphiboles contain appreciable 

K which i s n o t present i n the pyroxenes. Zoning i s less w e l l pronounced 

i n the amphiboles, and there i s considerable overlap of i n d i v i d u a l trends, 

but i n general i t can be seen t h a t the s t a r t o f each amphibole trend 

regresses i n the order SS2-SS3-SS4a-SS5-microsyenite-SS4b, which i s i d e n t i c a l 

t o the order of regression of the ends of the respective pyroxene trends. 

Thus, i n agreement w i t h the t e x t u r a l r e l a t i o n s h i p s , i t would appear t h a t 

the end o f the pyroxene trend f o r any p a r t i c u l a r syenite i s governed by 

the appearance of amphibole. The b a r k e v i k i t i c amphiboles from the mafic 

band 59672 f o l l o w a d i f f e r e n t trend t o the f o y a i t e amphiboles, and 

probably r e f l e c t a more'basic" l a t e stage l i q u i d i n such bands. 

Several workers have commented on the discontinuous r e a c t i o n series 

a e g i r i n e a u g i t e - ar f v e d s o n i t e - a e g i r i n e (Yagi, 1953; Ssz5rensen, 1962). 

Yagi observed t h a t a e g i r i n e a u g i t e becomes unstable as water becomes 

concentrated i n the r e s i d u a l magma du r i n g c r y s t a l l i s a t i o n , and a l k a l i 



F i g . 4.5 

V a r i a t i o n o f a l k a l i s , Fe and Mg i n South Qoroq amphiboles. 

The f r a c t i o n a t i o n trends f o r various syenites are marked w i t h 

s o l i d l i n e s and i t can be seen t h a t the general order o f regression 

o f the s t a r t i n g p oints o f t h e trends i s i d e n t i c a l t o the order o f 

regression of the ends of r e s p e c t i v e pyroxene trends i n F i g . 4.1. 

Thus i t would appear t h a t the end o f each pyroxene t r e n d i s 

determined by the appearance of amphibole. The a n a l y s i s 

connected by a dotted l i n e t o the SS4a tren d i s an e a r l i e r g r a i n 

enclosed i n a pyroxene. 
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F i g . 4.6 

V a r i a t i o n s o f K, Na and Si w i t h Ca i n the South Q^roq 

amphiboles, suggesting possible c a t i o n s u b s t i t u t i o n s i n the 

A, X and Z s i t e s (see t e x t ) . The o f f s e t s o f Si v Ca l i n e s 

could j u s t be due t o a n a l y t i c a l e r r o r i n S i . Symbols as 

i n F i g . 4.5. 
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amphibole f o l l o w s i n a r e a c t i o n r e l a t i o n s h i p . Ernst (1962) has shown 

experimentally t h a t a r f v e d s o n i t e i s only stable a t f a i r l y low temperatures 

«700°C) and moderately low oxygen f u g a c i t y (between the w u s t i t e -

magnetite and f a y a l i t e - magnetite - quartz b u f f e r curves) under f a i r l y 

h igh P c o n d i t i o n s . Such conditions are t o be expected i n the South Ĥ O 

Q&roq syenites d u r i n g the l a t e r stages o f c r y s t a l l i s a t i o n (see s e c t i o n 

4d f o r considerations of oxygen f u g a c i t y ) , and hence the p o s i t i o n of 

the pyroxene - amphibole r e a c t i o n i s probably determined l a r g e l y by the 

r a t e of b u i l d up of P i n each i n t r u s i o n . 
Ĥ O 

Bailey (1969), i n v e s t i g a t i n g the s t a b i l i t y of acmite i n the presence 

of water, found t h a t a t low temperatures arfvedsonite becomes unstable 

and gives way t o acmite even a t q u i t e high P i f there i s an increase 
Ĥ O 

i n oxygen f u g a c i t y , p a r t i c u l a r l y i f t h i s i s accompanied by a b u i l d up i n 
Na i n the r e s i d u a l l i q u i d . The b u i l d up of P„ _ could be s u f f i c i e n t t o 

Ĥ O 

r a i s e the oxygen f u g a c i t y s l i g h t l y i n the l a t e r stages of c r y s t a l l i s a t i o n , 

or the appearance of another mafic mineral such as b i o t i t e could s i m i l a r l y 

provide a new, i n t e r n a l f ^ b u f f e r (see section 4d). Thus the f u l l 

discontinuous r e a c t i o n series becomes a e g i r i n e a u g i t e - a r f v e d s o n i t e -

a e g i r i n e . This complete series i s observed w i t h i n s i n g l e samples from 

c e r t a i n u n i t s o f the I g d l e r f i g s s a l i k Centre (C. H. Emeleus, personal 

communication, 1971), but not i n South Q^roq. However, the l a r g e , 

a c m i t i c pyroxenes present i n l a t e pegmatite veins complete the series 

w i t h i n t h i s centre as a whole. 

F u r t h e r element v a r i a t i o n s i n the amphibole series are shown i n 

F i g . 4.6 i n which K, Na and Si are p l o t t e d against Ca (atomic p r o p o r t i o n s ) . 

I t i s seen t h a t w i t h f r a c t i o n a t i o n there i s a 1:1 replacement of Ca by 

Na, but K remains remarkably constant throughout the series a t about 

1.5 Wt.%. S i m i l a r l y , w i t h i n i n d i v i d u a l samples Si increases 1:1 w i t h 

Ca, suggesting' t h a t i t i s i n v o l v e d i n a coupled s u b s t i t u t i o n (see below). 



The displacement of the Si v Ca l i n e s f o r c e r t a i n i n d i v i d u a l samples 

could j u s t be due t o s l i g h t systematic e r r o r s i n the Si determination. 

Two complete analyses were made of large amphibole c r y s t a l s from 

pegmatites (59650 & 127014) which appear s i m i l a r t o the other p a r t i a l 

analyses. 59650 i s from a i m . wide vein c u t t i n g SS5, but 127014 i s 

from scree, although i t probably o r i g i n a t e d i n SS2 or SS3. Most of the 

elements ( i n c l u d i n g F & CI) were determined by e l e c t r o n probe, FeO and 

Ĥ O were determined wet chemically, and tr a c e elements were determined 

by X-Ray fluorescence. The analyses are l i s t e d i n Table 1 and have been 

r e c a l c u l a t e d t o give c a t i o n a l l o c a t i o n s using the method of P h i l l i p s (1963). 

The s t r u c t u r a l formulae ( n e g l e c t i n g minor c o n s t i t u e n t s ) and names 

obtained from the P h i l l i p s r e c a l c u l a t i o n are as f o l l o w s : -

59650 Na^^^Ca^^QNaQ^gFe;;2FeQ;;Si^^QAl^^Q022(OH,F)2 f e r r o - e d e n i t e s.e. 

127014 Na^^^CaQ^gNa^^2K.'o^^i.>S.2^1o.8°22^°"'^^2 ferro-eckemannite s.e. 

They are thus very close t o the t h e o r e t i c a l k a t o p h o r i t e composition of 
I t I I I 

Na^Ca^Na^Fe^ Fe^ Si.^A1^022(OH,F)2 i n which a l l the Al occurs s u b s t i t u t i n g 

f o r S i i n t h e Z s i t e , and which has a s u b s t a n t i a l l y higher Ca content than 

a r f v e d s o n i t e . The t r a c e e l orient data shows p a r t i c u l a r l y strong concentra­

t i o n s o f Zr and Mb, but t h i s could be due t o contamination by small 

i n c l u s i o n s o f z i r c o n . The moderate values f o r Zn, Pb, La and Y are 

probably i n the amphibole i t s e l f , although magnetite and ae g i r i n e are also 

present as i n c l u s i o n s . 

From the r e l a t i o n s h i p s seen i n F i g . 4.6 and considerations of the two 

complete analyses, i t would seem t h a t the p r i n c i p a l s u b s t i t u t i o n s operating 

i n the amphibole series are Na f o r Ca i n the X s i t e and A l f o r Si i n the Z 

s i t e . These are balanced by an increase i n Na i n the A s i t e and a 

s u b s t i t u t i o n of Fê "*" f o r Fê "*" i n the Y s i t e . There i s also probably a 

s u b s t i t u t i o n o f F f o r OH as has been found i n Ilimaussaq and Tugtutoq 

amphiboles (G. Rowbotham, personal communication, 1972). 



^ 5 

SiO^ 
TiO^ 
AI2O3 

^^2°3 
FeO 
MnO 
MgO 
CaO 
Na^O 
K̂ O 
H2O+ 
F 
CI 

0 s F 

TOTAL 

'Ni 
, K 

Ca 
Na 
Na 

59650 

43.91 
0. 98 
5.74 
7.21 

23.31 
1.39 
2.17 
6.24 
5.36 
1. 75 
1.22 
0.66 

99.94 
0.28 

99.66 

127014 

44.61 
1.05 
4.84 
9.77 

24.21 
0.91 
0.44 
4.61 
6.31 
1.63 
1.33 
0.70 

100.40 
.0.30 

100.10 

£pm 

La 
Ba 

+ Nb 
+ Zr 
Y 
Sr 
Rb 
Pb 
Zn 
Cu 
Ni 
V 
U 

Th 

59650 

64 
27 

1246 
6840 

39 
26 
23 

100 
842 
15 
7 
5 
0 

0 

Formulae on the"basis of 24 oxygen atoms :-

59650 127014 
1 Si 7.044 I 

z 
S i 

.Al 0.956 J 
f 
T i 0.118 
A l 0.126 
Fe^^ 0.870 

Y Fe^-^ 3.128 
Mn 0.189 
.Mg 0.519 ^ 

8.000 

4.950 

7.152 .\ 
0.848 , 

0.127 " 
0.067 
1.179 
3.246 
0.124 
0.105 

8.000 

4.848 

OH 
F 

1.073 ' 
0.927 / 
0.740 ' 
0.358 / 

1.306 ' 
0.335 

2.000 

1.098 

1.641 

.792 ' 

.208 ,' 

.754' 

.333 / 

.422 " 

.355/ 

2.000 

1.087 

1.777 

127014 

280 
36 

1134 
6470 
127 
45 
29 
58 

612 
14 
4 
3 
4 

•+ Probably contamination of the sample by zi r c o n i n c l u s i o n s . 

TABLE 1. Analyses of A l k a l i Amphiboles from South Qoroq Centre Pegmatites 
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The p a r t i a l analyses of the au g i t e syenite and f o y a i t e amphiboles 

resemble the two katophorites i n the concentrations of elements which have 

been analysed, and t h e i r low Si concentrations suggest a s i m i l a r degree of 

Al - Si s u b s t i t u t i o n . However, i t i s not known how much of the series 

k a t o p h o r i t e - a r f v e d s o n i t e i s represented and some o f the more sodic 

compositions may be a r f v e d s o n i t i c . Miyashiro (1957) demonstrates t h a t 

k a t o p h o r i t e s c r y s t a l l i s e a t somewhat higher temperatures than arfvedsonites, 

being more c h a r a c t e r i s t i c of basic a l k a l i n e rocks and volcanics. The 

series represented i n the South Qoroq Centre i s continuous w i t h the 

ar f v e d s o n i t e s e r i e s of Ilimaussaq, but r e f l e c t s the generally higher 

c r y s t a l l i s a t i o n temperatures of the former i n t r u s i o n . However, i t i s 

d i f f i c u l t t o r e c o n c i l e the presence of ka t o p h o r i t e i n the South Qoroq 

pegmatites w i t h the f i n d i n g s of Miyashiro and i t appears t h a t i t s s t a b i l i t y 

range may be greater than was o r i g i n a l l y thought. 

(4d) O l i v i n e s 

O l i v i n e i s present i n var y i n g proportions i n most u n i t s of the centre. 

However, i t i s absent from syenite SS3, from pegmatite patches and veins, 

and from the zone of a l t e r a t i o n surrounding the I g d l e r f i g s s a l i k Centre. 

I t s d i s t r i b u t i o n i n the f o y a i t e s and microsyenite sheets i s sporadic, some 

samples having no o l i v i n e o r only accessory amounts, whereas i n parts of 

SS4a and SS5 i t can form up t o 2-3% of the rock. I t u s u a l l y occurs as 

ea r l y formed, s l i g h t l y y e l l o w i s h , rounded grains varying i n size from 0.2 -

5 mm. These show signs of o x i d a t i o n i n the form of t h i c k rims and exsolved 

lamellae, both of i r o n ore (us u a l l y magnetite). The grains o f t e n occur i n 

c l u s t e r s w i t h other mafic minerals and f r e q u e n t l y a c t as n u c l e i i f o r pyroxene 

and amphibole c r y s t a l l i s a t i o n , possibly forming a discontinuous r e a c t i o n 

s e r i e s . I n the augite syenites of SS4b o l i v i n e i s more abundant and i n 

general shows less l a t e - s t a g e o x i d a t i o n . However, i n mafic bands i t i s 

cumulus, very f r e s h and can form up t o about 8% of the rock. The essexite 

contains about 15% o l i v i n e which i s s i m i l a r i n appearance t o those of the 

mafic bands. 
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A l l the o l i v i n e s analysed are i r o n - r i c h , and i n the f o y a i t e s they are 

also manganiferous. The major element v a r i a t i o n and f r a c t i o n a t i o n trend 

can thus be shown i n p a r t of the system f o r s t e r i t e - f a y a l i t e - t e p h r o i t e 

( F i g . 4.7) which shows a range from Fo.^Fa^.Te^ to Fo Fa„^Te^^. The most 

magnesium r i c h o l i v i n e s are found i n the essexite dyke, but even these 

have only 36% Fo. The syenites of SS4a and SS4b show a considerable range 

of o l i v i n e compositions, the most magnesian of which are found as f r e s h 

grains i n mafic bands. With increase i n Fê "*", Mn also increases s t e a d i l y 

u n t i l , i n o l i v i n e s of SS4a and the f o y a i t e s , Mn becomes the p r i n c i p a l 

f r a c t i o n a t i n g element. C l e a r l y the f o y a i t e o l i v i n e s are compositionally 

d i s t i n c t from those of t h e a u g i t e syenite and essexite, but there i s no 

d i s t i n c t i o n between those o f i n d i v i d u a l f o y a i t e s as i s the case w i t h the 

pyroxenes. Simkin and Smith (1970) r e p o r t a general high Mn content of 

up t o 1.5 Wt.% Mn i n o l i v i n e s from undersaturated p l u t o n i c rocks. However, 

i n the South Q0roq f o y a i t e s the average Mn content i s around 5 Wt.%, and 

values of up t o 8.6% occur. 

Of the minor elements only Ca occurs i n any s i g n i f i c a n t amount, ranging 

from 0.2 t o 0.6 Wt.% Ca ( F i g . 4.8). This i s considerably higher than the 

normal l i m i t f o r p l u t o n i c o l i v i n e s of 0.1 Wt.% proposed by Simkin and Smith 

(1970), although they do r e p o r t t h a t the higher values tend t o be found i n 

undersaturated rocks. C. H. Emeleus and A. D. Chambers (personal 

communications - 1972) have found s i m i l a r high values of Mn and Ca i n 

o l i v i n e s from the I g d l e r f i g s s a l i k and North oSroq Centres, suggesting t h a t 

Simkin and Smith may have used only a small range of a l k a l i rocks. Simkin 

and Smith suggest t h a t the Ca content may be pressure c o n t r o l l e d , i n which 

case the high l e v e l nature of the I g a l i k o centres could account f o r the 

high Ca. A l t e r n a t i v e l y they suggest t h a t slow c o o l i n g i n p l u t o n i c rocks 

allows d i f f u s i o n o f l a r g e r Ca ions out of o l i v i n e s i n l a t e stages of 

c r y s t a l l i s a t i o n . This could have been prevented i n the I g a l i k o o l i v i n e s 

by the t h i c k o x i d i s e d r i m around the g r a i n s . T i i s u s u a l l y present i n very 



F i g . 4.7 

O l i v i n e major element v a r i a t i o n i n terms o f F o r s t e r i t e (Mg) -

F a y a l i t e (Fe^"*") - Tephroite (Mn). (Molecular % based on 

r e c a l c u l a t i o n t o 4 oxygen atoms.) 
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F i g . 4.8 

V a r i a t i o n i n Ca content o f the o l i v i n e s r e l a t i v e t o the 

f r a c t i o n a t i o n index (Mn - Mg) atoms per 4 oxygens. The index 

has been chosen so as t o represent the f u l l range i n composition 

as seen i n F i g . 4.7 ( c f . pyroxene f r a c t i o n a t i o n index Na - Mg, 

see s e c t i o n 4b). Symbols as f o r F i g . 4.7. 
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F i g . 4.9 

Zoning i n i n d i v i d u a l o l i v i n e grains from the various u n i t s 

o f the Centre. Symbols as f o r F i g . 4.7. 
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F i g . 4.10 

V a r i a t i o n of oxygen f u g a c i t y w i t h tenperature i n n a t u r a l rock 

s u i t e s w i t h reference t o the s y n t h e t i c b u f f e r curves haematite -

magnetite (HM) and f a y a l i t e - magnetite - quartz (FMQ) (Eugster & 

Wones, 1962; Wones & G i l b e r t , 1969). T h e o r e t i c a l l i m i t s o f 

oxygen f u g a c i t y f o r b a s a l t s and ph o n o l i t e s from Carmichael & 

N i c h o l l s , 1967 and Nash e t a l . , 1969, r e s p e c t i v e l y . Acid lava (small 

dots) and b a s a l t ( l a r g e d o t s ) temperatures and oxygen f u g a c i t i e s are 

determined from c o e x i s t i n g i r o n - t i t a n i u m oxides u s i n g the curves 

o f Buddington & Lindsley (1964) and published by Carmichael & 

N i c h o l l s (1967). 

The general c r y s t a l l i s a t i o n path f o r Shonkin Sag (Nash & 

Wilkinson, 1970) i s shown as a s o l i d l i n e , p a r a l l e l t o FMQ i n the 

ea r l y stages, but running along the a n n i t e - a l k a l i f e l d s p a r -

magnetite b u f f e r i n the f i n a l stages a f t e r the disappearance of 

o l i v i n e , when oxygen f u g a c i t y decreases a t a le s s e r r a t e . I t i s 

possible t h a t the c r y s t a l l i s a t i o n path i n the South Qoroq Centre 

i s s i m i l a r (see t e x t ) . 
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small amounts (ca. 0.03 Wt.% T i ) and Al i s occasionally detected i n trace 

amounts. However, Cr and Ni were not detected i n any samples. 

Zoning'is u s u a l l y present t o a small extent i n most grains (Fig. 4.9) 

w i t h an increase i n Fê "*" and Mn, and decrease i n Mg towards the rims, 

although t h i s i s not o p t i c a l l y detectable. Ca shows no systematic 

d i s t r i b u t i o n . As i n the pyroxenes, zoning i s l e a s t w e l l developed i n 

o l i v i n e s from mafic bands i n SS4b. Occasionally i n the f o y a i t e s f a i r l y 

homogeneous cores have a t h i n r i m of very manganiferous o l i v i n e as i n 

sample 127021 (SS2). 

O l i v i n e appears t o be an e a r l y , cumulus phase i n a l l the syenites, 

and the high Fe contents are thus a t t r i b u t a b l e t o a f a i r l y advanced 

f r a c t i o n a t i o n s t a t e i n the immediate parental magma. The end of the 

o l i v i n e f r a c t i o n a t i o n t r e n d seems t o be r e l a t e d t o oxygen f u g a c i t y during 

the l a t e r stages of c r y s t a l l i s a t i o n , and evidence of i n s t a b i l i t y i s seen 

i n the rims and exsolved lamellae of i r o n ore. I t t h e r e f o r e seems 

p e r t i n e n t a t t h i s stage t o discuss the e f f e c t s of f ^ on c r y s t a l l i s i n g 

a l k a l i n e magmas. 

Unf o r t u n a t e l y i t i s not possible t o o b t a i n q u a n t i t a t i v e estimates 

of the p h y s i c a l conditions of c r y s t a l l i s a t i o n by using the i r o n - t i t a n i u m 

oxide geothermometer and oxygen barometer of Buddington and Lindsley (1964). 

This i s because, as i n most p l u t o n i c rocks, the magnetite-ulvospinel and 

i l m e n i t e - h a e m a t i t e s o l i d s o l u t i o n s do not c o e x i s t as primary phases, and 

u s u a l l y only magnetite w i t h exsolved i l m e n i t e i s present. However, 

several workers have c a l c u l a t e d ranges of f ^ f o r n a t u r a l rock s u i t e s 

using s y n t h e t i c b u f f e r curves and thermodynamic considerations (Carmichael 

& N i c h o l l s , 1967; Nash e t a l . , 1969; Nash & Wilkinson, 1970). 

From the s y n t h e t i c b u f f e r curves haematite - magnetite (HM) and 

f a y a l i t e - magnetite - quartz (FMQ) (Eugster & Wones, 1962; Wones & 

G i l b e r t , 1969) i t i s seen t h a t f ^ decreases w i t h decreasing temperature 

( F i g . 4.10). These curves are displaced i n n a t u r a l systems i f the phases 
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i n v o l v e d are not pure end members, and- are s i m i l a r l y a f f e c t e d by the 

s i l i c a a c t i v i t y o f the magma (Carmichael e t a l . , 1970). . A decrease 

i n s i l i c a a c t i v i t y w i l l decrease f ^ f o r a given tenperature e t c . , thus 

producing a set o f p a r a l l e l curves. 

I n many a l k a l i n e lavas o l i v i n e and magnetite c o e x i s t a t l e a s t d u r i n g 

the e a r l y stages o f c r y s t a l l i s a t i o n , so conditions must approximate t o 

those of the FMQ s y n t h e t i c b u f f e r curve. Nash e t a l . (1969) s u b s t i t u t e d 

the a c t u a l compositions o f the phases i n Mt. Suswa trachytes and phonolites, 

and f o r the maximum possible range o f s i l i c a a c t i v i t y , found t h a t they 

c r y s t a l l i s e d w i t h f ^ less than the s y n t h e t i c FMQ values ( F i g . 4.10). 

Nash and Wilkinson (1970) found a s i m i l a r e f f e c t i n the Shonkin Sag 

l a c c o l i t h , but also took i n t o account the e f f e c t o f b i o t i t e l a t e r i n the 

c r y s t a l l i s a t i o n sequence. The appropriate b i o t i t e - magnetite - a l k a l i 

f e l d s p a r b u f f e r curve cuts across the corresponding FMQ curve so t h a t i n 

the l a t e r stages the magma, f o l l o w i n g t h i s curve, has an f ^ greater than 

t h a t o f FMQ f o r any given temperature. Thus o l i v i n e i s unstable and 

disappears a t the p o i n t where the two curves cross ( F i g . 4.10). Nash 

and Wilkinson (op. c i t . ) consider t h i s t o be most l i k e l y due t o a new 

i n t e r n a l s i l i c a t e - oxygen b u f f e r t a k i n g over from FMQ ( i . e . b i o t i t e -

magnetite - a l k a l i f e l d s p a r ) ; b u t i t could also represent the p o i n t a t 

which a gas phase suddenly begins t o c o n t r o l the s i l i c a t e mineralogy 

w i t h an e x t e r n a l b u f f e r i n g e f f e c t . 

Several workers have shown t h a t acmite can be sta b l e under q u i t e a 

low f ^ ( B a i l e y , 1969) and i t i s t h e r e f o r e s t a b l e a t low temperatures 

above the FMQ b u f f e r curve, a f t e r the disappearance of o l i v i n e . This 

i s seen i n Shonkin Sag and also i n the South Qoroq Centre. I t would 

seem reasonable t o suggest t h a t f ^ b u f f e r i n g i n South Q^roq f o l l o w s 

a s i m i l a r course t o t h a t o f Shonkin Sag, since o l i v i n e and magnetite 

appear as e a r l y phases and other mafic s i l i c a t e s i n c l u d i n g b i o t i t e appear 
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l a t e r i n the c r y s t a l l i s a t i o n . Where f ^ has been above the appropriate 

FMQ b u f f e r curve d u r i n g most of the c r y s t a l l i s a t i o n ( i . e . i n lower 

temperature rocks such as SS3 and i n pegmatites), a c m i t i c pyroxene i s 

common but f a y a l i t e i s unstable and does not occur. This adds support 

t o the concept of r e c r y s t a l l i s a t i o n under an f ^ above the p a r t i c u l a r 

FMQ b u f f e r around the I g d l e r f i g s s a l i k Centre (possibly a t a f a i r l y low 

temperature - see also nepheline data 4 f ; or w i t h e x t e r n a l b u f f e r i n g 

from a gas phase), since w i t h i n a wide zone (about 1.5 km.) o l i v i n e i s 

not present. However, moving outwards through the zone one eventually 

f i n d s o l i v i n e pseudomorphs and f i n a l l y normal o l i v i n e . 

(4e) I r o n - T i t a n i u m Oxides 

I r o n - t i t a n i u m oxide minerals occur i n a l l u n i t s of the centre, and 

u s u a l l y take the form of t i t a n i f e r o u s magnetite w i t h e x s o l u t i o n lamellae 

of i l m e n i t e . They f r e q u e n t l y appear t o be an early phase present as 

rounded or subhedral grains i n mafic aggregates or as i n c l u s i o n s i n mafic 

minerals. However, i n some samples, a l l or par t of the oxides occur i n 

d i s t i n c t l y i n t e r s t i t i a l areas. I n r e f l e c t e d l i g h t the exsolved i l m e n i t e 

lamellae have a higher r e f l e c t i v i t y than the magnetite, are pleochroic 

from pale brown t o white, and have a marked anisotropy. Fine, granular 

i n t e r g r o w t h s of magnetite and haematite occur around the edges of grains 

where secondary o x i d a t i o n has been intense. 

Buddington and Lindsley (1964) reason t h a t s o l i d s o l u t i o n s between 

magnetite and i l m e n i t e cannot e x i s t , and t h e r e f o r e i l m e n i t e lamellae 

cannot form by s t r a i g h t f o r w a r d sub-solidus e x s o l u t i o n or o x i d a t i o n . I n 

the South Qoroq Centre, as i n most p l u t o n i c rocks, the i l m e n i t e lamellae 

are o f the " t r e l l i s " type, p a r a l l e l t o the 111 plane o f the host, and up 

t o three sets i n t e r s e c t i n g each other a t 60° can be seen depending on the 

o r i e n t a t i o n o f the s e c t i o n . Duchesne (1972) i n t e r p r e t s t h i s t e x t u r e as 

being i n d i c a t i v e o f d i r e c t o x i d a t i o n - exsol u t i o n (mainly a t supersolvus 

temperatures) o f u l v o s p i n e l (2Fe0.Ti02) dissolved i n the magnetite, t o 



form i l m e n i t e lamellae (Fe0.2Ti02). "Cloth" microtexture i n d i c a t i v e of 

e x s o l u t i o n o f u l v o s p i n e l followed by o x i d a t i o n t o i l m e n i t e (Duchesne, 

op c i t . ) was not detected i n any of the samples. Sometimes, p a r t i c u l a r l y 

i n SS2, the i l m e n i t e lamellae are not very w e l l developed and are only 

r e s o l v a b l e under very high power, but i n most f o y a i t e samples they become 

very broad. 

Separate grains of magnetite and i l m e n i t e are only found i n samples 

which have been r e c r y s t a l l i s e d near t o the I g d l e r f i g s s a l i k Centre, 

f r e q u e n t l y w i t h considerable amounts of associated sphene. Bjddington 

and L i n d s l e y (1964) suggest t h a t c o e x i s t i n g separate phases are favoured 

by i n t e n s e o x i d a t i o n and high d i f f u s i o n rates ( i m p l y i n g a high temperature), 

w i t h slow c o o l i n g and f l u i d phases also c o n t r i b u t i n g t o a c e r t a i n extent. 

This supports the con d i t i o n s of r e c r y s t a l l i s a t i o n i n f e r r e d from other 

m i n e r a l o g i c a l data, except t h a t temperatures cannot have been very high. 

The i r o n - t i t a n i \ j m oxide analyses have not proved t o be p a r t i c u l a r l y 

i n f o r m a t i v e , and consequently they have not been i n v e s t i g a t e d as i n t e n s i v e l y 

as the other mafic minerals. Since only t o t a l Fe may be obtained from the 

e l e c t r o n probe analyses, the Fe202/Fe0 a l l o c a t i o n has been made f o r both 

magnetite and i l m e n i t e u s i n g the method o f Carmichael (1967). The 

r e c a l c u l a t e d analyses are p l o t t e d i n terms of molecular percent RO, RÔ  

and ^2^3 F i g . 4.11 w i t h r e p r e s e n t a t i v e t i e l i n e s between c o e x i s t i n g 

magnetite and i l m e n i t e . 

Carmichael (op c i t . ) argues t h a t a l l magnetite analyses should p l o t 

w i t h i n the f i e l d magnetite - u l v o s p i n e l - i l m e n i t e i n the RO - RÔ  - ^^^3 

diagram, and hence r e c a l c u l a t i o n s of e l e c t r o n probe analyses on the i l m e n i t e 

basis (along the magnetite - i l m e n i t e j o i n ) and u l v o s p i n e l basis (along the 

magnetite - u l v o s p i n e l j o i n ) should both have t o t a l s approaching 100%. 

This i s seen t o be t r u e f o r most of the South QSroq magnetites. There i s 

l i t t l e systematic compositional v a r i a t i o n between magnetites from d i f f e r e n t 

u n i t s of the ce n t r e , such as was found f o r example by Lipnan (1971) i n 
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zoned ash f l o w sheets i n southern Nevada. However, SS2 has a greater 

range of compositions than the other syenites, presumably owing t o the 

f a c t t h a t i t i s the outermost s y e n i t e , has cooled quicker, and hence 

e x s o l u t i o n - o x i d a t i o n i s generally less w e l l developed. The more 

t i t a n i u m - r i c h analyses are from magnetites having very l i t t l e e x s o l u t i o n 

or extremely f i n e lamellae, unresolvable by the probe beam. I n the 

other f o y a i t e s and SS4b, lamellae are b e t t e r developed and the magnetite 

contains less T i . Some of the magnetites from veins i n metasomatised 

country rocks (127001) are almost s t o i c h i o m e t r i c . 

Most n a t u r a l i l m e n i t e s contain greater or less e r amounts of haematite 

i n s o l i d s o l u t i o n and hence p l o t along the i l m e n i t e - haematite j o i n . 

However, i n a l l but one of. the South Q^roq analyses, there i s an excess 

of T i over t h a t necessary t o make up s t o i c h i o m e t r i c i l m e n i t e (Fe0.2Ti02), 

and consequently the analyses f a l l along the i l m e n i t e - RÔ  j o i n . Some 

of the analyses are c l e a r l y i n e r r o r (due t o p r a c t i c a l d i f f i c u l t i e s 

encountered i n analysing t h i n l a m e l l a e ) , as i s seen by low FeO and low 

t o t a l s . However, others appear t o be good analyses, and repeat determina­

t i o n s o f T i and Fe show reasonably good agreement precluding the p o s s i b i l i t y 

of random e r r o r s . Systematic e r r o r s due t o e l e c t r o n - probe c o r r e c t i o n 

procedure are also considered t o be too small t o be responsible f o r the 

l a r g e excess of T i encountered (e.g. fluorescence o f Fe i n the surrounding 

magnetite may s l i g h t l y enhance the T i peak i n the ilmenite.). 

Buddington and Lindsley (1964) consider three p o s s i b i l i t i e s f o r excess 

T i i n i l m e n i t e s : -

(a) the o r i g i n a l i l m e n i t e may have contain TiO^ i n s o l i d s o l u t i o n 

}fjhen formed. 

(b) unreported elements i n the RO group 

(c) a l t e r a t i o n by o x i d a t i o n tometa-ilmenite w i t h exsolved r u t i l e . 

(a) i s considered by Buddington and Lindsley (op c i t . ) t o be impossible 

i f the i l m e n i t e has formed from t i t a n i f e r o u s magnetite, and since the 



F i g . 4.11 

Compositions o f i r o n - t i t a n i u m oxides (magnetite and i l m e n i t e ) 

p l o t t e d i n terms of Mol.% RO, RO^, and ̂ 2*^3' '^^^ common end 

members are shown on the i n s e t . Magnetites are p l o t t e d on the 

u l v o s p i n e l basis (along the magnetite - u l v o s p i n e l j o i n ) and 

i l m e n i t e s , owing t o t h e i r excess o f T i , appear along the i l m e n i t e -

RO^ j o i n . The analyses are r e c a l c u l a t e d from e l e c t r o n probe data 

using the method of Carmichael (1967) t o estimate the Fe^O^/FeO r a t i o . 

T i e l i n e s are between r e p r e s e n t a t i v e host magnetite and i l m e n i t e 

lamellae i n the same g r a i n . 
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F i g . 4.12 

V a r i a t i o n of the p r i n c i p a l minor elements (Mn and A l ) i n the 

i r o n - t i t a n i u m oxides. Magnetites are p l o t t e d against Mol.% o f 

t h e u l v o s p i n e l end member (%Usp), corresponding t o an increase 

i n T i . I l m e n i t e s are p l o t t e d a g a i n s t Wt,% of excess TiO^ i n the 

a n a l y s i s , since t h i s i s the only v a r i a b l e s u i t a b l e which also 

corresponds t o an increase i n TiO^. 
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t o t a l s are good, (b) also seems unl i k e l y . Thus the excess Ti i s probably-

real and due to the exsolution of r u t i l e during l a t e stage oxidation. 

However, o p t i c a l examination does not reveal any signs of further 

exsolution wit h i n the ilmenite lamellae even under the highest power 

available. Thus although the excess i s considered to be r e a l , i t s nature 

cannot be conclusively established. 

The p r i n c i p a l minor elements present i n the oxides are Mn and Al 

with smaller amounts of Si (Fig. 4.12). Al i s significant only i n the 

magnetites and i s higher i n the augite syenites (about 0.1 - 0.6 Wt.%) 

than i n the foyaites (about 0.02 - 0.10 Wt.%). Mn i s considerably higher 

i n the ilmenites (about 0.4 - 2.0 Wt.%) than i n the magnetites (about 

0.05 -0.60 Wt.%) but shows a general increase with increasing Ti i n both 

phases. These findings are consistent with those of Duchesne (1972). 

Zoning i s occasionally detected i n magnetite grains, but i n most cases 

i t i s obscured by the development of ilmenite lamellae. Duchesne (1972) 

reports considerable sub-solidus, deuteric adjustment i n composition on 

both sides of magnetite/ilmenite boundaries owing to diffusion between 

the two phases. The i r r e g u l a r nature of element variation i n the South 

Q^roq magnetites suggests that t h i s has probably occurred, although 

sometimes an outwards increase of Ti and Mn i s detectable. 

Very few deductions can be made about the evolution of the South 

Qoroq Centre syenites from the iron-titanium oxides, since the geothermometer 

and oxygen barometer of Buddington and Lindsley (1964) i s inapplicable where 

the magnetite and ilmenite do not exist as separate phases. In the 

re c r y s t a l l i s e d rocks, where two separate phases are present, the excess 

of Ti i n the ilmenite places the compositions out of the range of Buddington 

and Lindsley's curves. However, the presence of separate phases does 

suggest a high f and high d i f f u s i o n rates. 
—2 
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The veins i n metasomatised country rocks contain near-stoichiometric 

magnetite and perovskite, an assemblage which i s indicative of a r e l a t i v e l y 

high f_ according to Carmichael (1967). 
—2 

(4f) Nephelines 

Nepheline i s a major constituent of a l l the syenitic rocks i n the 

centre, except i n a few instances where contamination with country rock 

quartzite has occurred on the edge of SS2 (e.g. 52239, 126810). In the 

foyaites i t has c r y s t a l l i s e d early along with the feldspar, and frequently 

shows euhedral tendencies (Plate 19). I n SS4b and parts of SS4a, the 

nepheline occurs i n t e r s t i t i a l l y and i s clearly l a t e r than the feldspars 

and certain mafics, (Plate 19). Similar relationships are found i n the 

augite syenites and foyaites of the Hviddal dyke, Tugtutoq (Upton, 1964). 

In SS4a, SS4b and certain of the s a t e l l i t i c syenites i t also occurs as 

rounded "blebs" within feldspar crystals i n a manner which suggests an 

exsolution relationship (Widenfalk, 1972; see Chapter 3, Section 4g, 

Plate 23), I n a l l rocks nepheline i s the mineral most prone to deuteric 

a l t e r a t i o n and weathering, generally to the micaceous mineral "gieseckite" 

which occurs as f i n e flakey aggregates, and gives the nepheline a pink 

colour i n hand specimen. Such samples also have an increased Ĥ O and 

decreased Nâ O content i n whole rock analyses, r e l a t i v e to the unaltered 

rocks (see Chapter 5). • Reaction with CO^-rich residua i s seen as 

radiating rims of cancrinite on some nepheline grains, particularly near 

in t e r s t i c e s f i l l e d by c a l c i t e (see Chapter 3, Plate 26). 

The nepheline analyses l i s t e d i n Appendix I I I show a general 

deficiency i n the a l k a l i sites when recalculated to 32 oxygen atoms, and 

the sum (Na + K + 2Ca) i s less than the theoretical value of 8 atoms. 

This may represent vacant sites or may be due to the presence of the 

hydroxonium ion '̂ '̂ •̂̂ ^ (Heier, 1966), and i s balanced, as i n most natural 

nephelines, by an apparent excess of Si. 
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The analyses have been recalculated i n terms of molecular weight 

percent nepheline (NaAlSiO.), k a l s i l i t e (KAlSiO.), anorthite (CaAl„Si„0o), 
4 4 2 2 8 

and excess Si (expressed as SiO^)? and are plotted i n Fig. 4.13 i n the 

system nepheline - k a l s i l i t e - quartz. Also shown on the diagram are 

the experimentally derived l i m i t s of nepheline solid - solution at 500, 

700, 775 and 1068°C f o r nepheline i n equilibrium with a l k a l i feldspar, 

(Hamilton, 1961). The l i m i t s are determined at a P„ . of 15,000 p.s.i. 
Ĥ O 

(1.034 Kb), but they are not considered to be affected much by changes 

i n pressure. 

During c r y s t a l l i s a t i o n , nephelines change t h e i r composition i n .two 

ways: (a) The Si/Al r a t i o decreases with decreasing temperature, giving 

an in d i c a t i o n of c r y s t a l l i s a t i o n tanperature, p a r t i c u l a r l y i n rapidly 

cooled rocks. (b) Sub-solidus exchange of Na and K atoms frequently 

occurs between coexisting nepheline and feldspar. In the l a t t e r , 

nepheline compositions move towards an ideal Na:K r a t i o of .3:1, bringing 

them i n t o a f i e l d between the ideal Morozewicz and Buerger compositions 

marked 'M' and 'B' i n Fig. 4.13). Most plutonic nephelines are found 

within t h i s f i e l d , and the nepheline geothermometer becomes inappliable. 

The South oSroq Centre nephelines do not f a l l within the Morozewicz -

Buerger convergence f i e l d , a feature which i s also found i n the plutonic 

nepheline syenites of Kangerdlugssuaq (Kempe & Deer, 1970). This suggests 

that sub-solidus exchange of Na and K has been minimal, and therefore the 

compositions do r e f l e c t c r y s t a l l i s a t i o n temperature. Most of the analyses 

(for both foyaites and augite syenites) f a l l between the 700°C and 775°C 

l i m i t s of s o l i d solution. I f t h i s indicates the nepheline c r y s t a l l i s a t i o n 

temperature, i t would appear that the foyaites (with early c r y s t a l l i s i n g 

nepheline) commenced c r y s t a l l i s a t i o n within t h i s range of temperature, 

whereas the augite syenites (with i n t e r s t i t i a l nepheline) commenced 

c r y s t a l l i s a t i o n at a higher temperature, but i n t h i s case nepheline did 



Fig. 4,13 

South Q0roq Centre nepheline compositions plotted i n terms of 

molecular weight percent nepheline (NaAlSiO^), k a l s i l i t e (KAlSiO^) 

and excess Si (expressed as SiO^)* Also shown are the experimentally 

determined l i m i t s of s o l i d solution at 500, 700, 775 and 1058°C of 

nepheline i n equilibrium with a l k a l i feldspar (P *> 15,000 p . s . i , , 
Ĥ O 

1.034K1)) taken from Hamilton (1961); the theoretical Morozewicz 

composition 'M' (Na^^^K^^^^ 0.38^S.62^^8. 38°32^' "̂"̂  theoretical 

Buerger composition 'B' (Na^KAl^Si^O^^). Sp. No. 127025 (SS4b) 

probably contains a systematic error i n the SiO^ determination, and 

Sp. No. 58230 (SS5) may be s l i g h t l y altered, although i t i s possible 

that these are r e l i c high temperature compositions. The three 

analyses from SS2 with only s l i g h t excess SiO^ are nepheline grains 

completely surrounded by i n t e r s t i t i a l sodalite and have probably 

l o s t SiO^ to the l a t e r mineral. 
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not c r y s t a l l i s e u n t i l l a t e r . Thus nepheline appears i n the same 

temperature range irrespective of magma type. , (Experimental work by 

Sood and Eklgar (1970) at P„ „ = 1Kb and f„ between the "haematite -
"2° -^2 

magnetite" and "Ni - NiO" buffers shows an appearance of nepheline at 
o ''• 

about 800 C i n Ilimaussaq foyaite and green l u j a u v r i t e . ) 

As has been found i n several other mineral groups, the range i n 

composition i n SS2 i s greater than i n the other syenites, owing to i t 

being the outer syenite, c h i l l e d against country rocks. Many grains 

within SS2 show s l i g h t zoning with Na and Al increasing and Si decreasing 

towards the rims', K remaining constant throughout. This was not generally 

detected i n the other syenites, and can also be attributed to s l i g h t l y 

faster cooling i n SS2 allowing less time f o r equilibration with the l i q u i d . 

Thus, in d i v i d u a l grains r e f l e c t a temperature range of 1,000 to 700°C. 

A few grains i n SS2, which are completely surrounded by i n t e r s t i t i a l 

sodalite (Sp. No. 127075, Plate 24), have v i r t u a l l y no excess SiO^ and 

plot near the base l i n e of Fig. 4.13. Other grains i n the same slide 

have normal compositions, so i t appears that Si has entered the l a t e 

sodalite. Nash et a l . (1969) suggest that coexisting sodalite may 

invalidate the nepheline geothermometer ( i n Mt. Suswa lavas with sodalite 

phenocrysts, Si i s higher than expected i n riephelines), but i n the South 

Q^roq Centre sodalite c r y s t a l l i s e s much l a t e r , and only appears to have 

an effe c t where i t i s i n d i r e c t contact with nepheline. No significant 

compositional differences have been detected i n SS4b between the normal 

nepheline and that contained within feldspar. 

Nephelines from the recrystallised syenite i n SS5 indicate s l i g h t l y 

higher temperatures than normal, but t h i s i s not noticeable i n SS4b. 

Thus r e c r y s t a l l i s a t i o n does not appear to have involved re-equilibration 

at a s i g n i f i c a n t l y higher temperature. There does not appear to be a 

change i n the Na:K r a t i o i n such nephelines (c.f. increase i n Na i n 

pyroxenes from recrystallised rocks). 
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Two samples give anomalously high temperatures. Sp. No. 127025 

(SS4b) appears to have a systematic error i n the SiO^ determination since 

both SiO^ and the t o t a l s are higher than normal. However, Sp. No. 58230 

(SS5) has s l i g h t l y higher SiO^j higher Al^O^ and lower Nâ O than normal, 

but reasonable t o t a l s . Hence the differences appear to be real and 

could be due to s l i g h t a l t e r a t i o n , decreasing Na/Al, although, t h i s i s 

not apparent i n t h i n section. Alternatively, the grains could have 

r e l i c high temperature compositions as i s found i n cores of SS2 grains. 

The only s i g n i f i c a n t minor elements present i n the nephelines are 

Ca and Fe. As i n most plutonic rocks, Ca i s very low, being generally 

between 0.0 and 0.05 Wt.% i n the foyaites, and only s l i g h t l y higher 

(0.05 - 0.30 Wt.%) i n the augite syenites. Fe (probably present as 

Fe"̂"*" sub s t i t u t i n g f o r Al) i s always present, but i s low i n the augite 

syenites (0.20 - 0.35 Wt.%) and tends to increase i n the foyaites 

(0.45 - 0.60 Wt.%). 

Although the compositional range of South Qoroq Centre nephelines 

i s not great, and they are therefore less useful than mafic minerals f o r 

d i f f e r e n t i a t i n g between syenites, they can be used as a guide to 

c r y s t a l l i s a t i o n temperature. However, care must be exercised i n 

i n t e r p r e t i n g the results since exchange of Na and K with feldspar i s 

possible, and also other effects, such as the presence of sodalite, 

and secondary a l t e r a t i o n can affect^Si/Al r a t i o . 

(4g) A l k a l i Feldspars. 

A l k a l i feldspar i s the most abundant mineral i n a l l the South Qoroq 

Centre rocks, constituting 40 - 60% of the foyaites and 50 - 70% of the 

augite syenites, according to the amount of coexisting nepheline. In 

the foyaites the feldspar usually occurs as tabular crystals, flattened 

p a r a l l e l to 010, and reaching up to 30 x 7 x 2 mm i n size i n SS3 and SS5, 

where they commonly show a pronounced lamination. Some of the augite 
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syenites also contain tabular feldspar, but more commonly a rhombic habit 

i s indicated by rectangular crystals up to 15 x 5 x 5 mm i n size. 

Most of the feldspars have p e r t h i t i c textures, showing varying degrees 

of sub-solidus unmixing even within individual grains. I n the foyaites 

the perthites are generally better developed and the Na and K - r i c h phases 

occur i n almost equal proportions, but i n parts of SS4b the texture i s 

a n t i p e r t h i t i c . TMn, i r r e g u l a r rims of a l b i t e are found i n many samples 

of both f o y a i t e and augite syenite, but separate grains are not found. 

Some of the augite syenite feldspars are M c r o p e r t h i t i c or occasionally 

c r y p t o p e r t h i t i c , and have a characteristic blue s c h i l l e r i n hand specimen, 

similar to those of the Oslo l a r v i k i t e s (Muir and Smith, 1956). 

Recrystallised samples of the syenites have par t i c u l a r l y coarse perthites. 

Twinning i s normally of Carlsbad type (pa r a l l e l to 010), with simple 

twins i n the augite syenites and frequently multiple twins of up to six 

individuals i n the foyaites. Manebach twins (pa r a l l e l to 001) are 

scarce, but are sometimes seen creating a 'herringbone' effect of perthite 

lamellae. A l b i t e twinning occurs i n the plagioclase rims, but i s seldom 

observed i n the perthites. A l b i t e - Pericline combinations of the 

microcline type were not. detected. 

Bulk electron - probe analyses of the feldspars were obtained by using 

a broad, defocussed beam (Ca. 50/ui, and by concentrating on grains which 

were less coarsely exsolved. This i s not entirely satisfactory since, 

even with a broad beam, s l i g h t fluctuations i n Na/K r a t i o occur, and 

concentration on microperthitic areas may create a s l i g h t bias. However, 

the analyses give a useful indication of fractionation trends and are shown 

on Fig. 4.14 plotted i n terms of molecular percent Or - Ab - An. 

The compositions from the essexite dyke and SS4b augite syenites f a l l 

on a trend from sodic andesine to a calcium-bearing a l k a l i feldspar of 

composition Or^^. The trend ends i n the region of the 5Kb cotectic 



Fig. 4.14 

Compositions of South Qoroq Centre feldspar bulk analyses i n 

the system A l b i t e - Orthoclase - Anorthite (Ab - Or - An) - molecular 

weight percent. Also shown i s the ternary cotectic at 5Kb (Yoder 

et a l . , 1957) which separates feldspars from the augite syenites and 

essexite from those of the foyaites. The more calcic analyses of 

59672 are feldspars from a mafic band wi t h i n SS4b. Feldspars from 

r e c r y s t a l l i s e d rocks a l l f a l l on the K - r i c h side of the cotectic. 
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Fig. 4.15 

Average 2Voc values f o r unmixed feldspars as a function of the 

mean bulk feldspar composition i n each electron-probe s l i d e . The 

v e r t i c a l l ines indicate the range of 2V values obtained i n each 

sample. The foyaite feldspars l i e i n a f i e l d between the low 

a l b i t e - orthoclase and low a l b i t e - maximum microcline joins and 

thus correspond to type (e) i n the cooling sequence of MacKenzie 

and Smith (1962). The augite syenite feldspars l i e nearer to the 

low a l b i t e - orthoclase j o i n i n d i c a t i n g a lower degree of Al - Si 

ordering - type (d) of MacKenzie and Smith (op c i t . ) . Increased 

Ca content i n the essexite and SS4b mafic band feldspars has 

probably increased the 2V, and these samples should l i e nearer the 

h i ^ a l b i t e - sanidine j o i n . (Diagram constructed as i n Emeleus 

and Smith, 1959). 
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(Yoder et a l . , 1957) and i s comparable with other Gardar trends from 

Kungnat and TugtutSq (Upton, 1960, 1964a, b, c ) . The SS4b compositions 

are similar to those from the Oslo l a r v i k i t e s (Muir and Smith, 1956). 

Feldspars from a mafic band i n SS4b ( i . e . 59672), which probably 

c r y s t a l l i s e d l a t e r than some of the mafics (see Chapter 3), are 

considerably more calcic than those of the normal augite syenite, and 

even at the cotectic contain 4% An. 

Without exception, the foyaite feldspars l i e on the K - r i c h side 

of the 5Kb cotectic, and contain no appreciable Ca. Compositions of 

0 r _ o to Or occur, but the spread i s probably enhanced due to the 

p e r t h i t i c nature of some of the grains. There are no sig n i f i c a n t 

differences between compositions from d i f f e r e n t foyaites. SS4a and 

microsyenite feldspars have similar compositions to those of the 

foyaites, although the range i s more restrict e d (probably because they 

are less coarsely exsolved). 

Feldspars from the recrystallised rocks of SS5 show no change i n 

composition compared with unrecrystallised rocks, but i n SS4b the change 

i s very apparent. Whereas a l l normal SS4b feldspars f a l l on the Na -

r i c h side of the 5Kb cotectic, i n the recrystallised samples they f a l l 

on the K - r i c h side and have a similar range to the foyaite feldspars. 

However, they s t i l l r e t a i n a higher Ca content. This decrease i n Na/K 

i n the feldspars compliments the increased Na found i n pyroxenes from 

re c r y s t a l l i s e d rocks (see Section 4b). 

In many of the feldspar grains, chemical zoning i s detected, although 

the e f f e c t i s often confused by sub-solidus exsolution. I n the essexite 

and augite syenite feldspars the zoning i s i n i t i a l l y a depletion of CaAl, 

followed by an increase i n K. This produces, as would be expected, a 

trend towards a minimum - melt composition near the 5Kb cotectic. 

However, i n the foyaites the zoning i s also usually towards K - enrichment. 



producing a trend away from the cotectic. This effect w i l l be discussed 

i n more d e t a i l below. 

The only s i g n i f i c a n t minor element present i n the feldspars i s Fe, 

which from the formula balance appears to be present as Fe"̂"*" substituting 

f o r A l. There i s l i t t l e v a r i a t i o n between feldspars from d i f f e r e n t rock 

types, and values range from 0.1 to 0.2 Wt.% Fe. However, feldspars 

from the mafic band (59672) have a very low Fe content. Ba was not 

detected i n any of the samples. 

Universal stage measurements of 2V^plotted against the average feldspar 

compositions of the probe samples are shown i n Fig. 4.15. The 2V values 

represent the average f o r the 2-phase feldspar within the f i e l d of the 

objective, since measurement of individual phases i s impracticable. 

Limitations of the method are outlined by Parsons (1965), and i n the 

South Qoroq samples 2V values were unobtainable from very coarsely p e r t h i t i c 

feldspars which may produce a s l i g h t bias towards higher structural states. 

From Fig. 4.15 i t can be seen that the foyaite feldspars l i e i n a f i e l d 

between the low a l b i t e - orthoclase and low a l b i t e - maximum microcline 

j o i n s , and thus correspond to type (e) i n the cooling sequence of MacKenzie 

and Smith (1962), as do most of the I^gnat and Tugtutoq feldspars 

investigated by these authors. The augite syenite feldspars plot closer 

to the low a l b i t e - orthoclase j o i n (type (d) of MacKenzie and Smith, op c i t ) , 

i n d i cating a' lower degree of Al-Si ordering. The essexite and SS4b mafic 

band feldspars are d i f f i c u l t to evaluate since t h e i r high Ca content w i l l 

increase the 2V, but they probably belong to the high a l b i t e (anorthoclase) -

sanidine series. 

Textural and mineralogical evidence suggests that the South Q^roq 

Centre magmas were below t h e i r liquidus temperatures on emplacement (see 

Chapter 6), and that feldspar fractionation had already occurred giving 

a range of compositions i n the various rock types. Since a l l the rocks 
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contained essentially one feldspar phase, which has subsequently unmixed 

to a greater or lesser extent, the c r y s t a l l i s a t i o n must have been hyper-

sol vus and i s outlined as follows:-

The early stages of fractionation from andesine, through progressively 

more K - r i c h oligoclase, are seen i n the essexite and i n cores of feldspars 

from SS4b mafic bands. In the augite syenites i t i s d i f f i c u l t to t e l l , i n 

the absence of d i f f r a c t i o n data, whether i n i t i a l feldspar c r y s t a l l i s a t i o n 

was monoclinic or t r i c l i n i c . However, the bulk compositions suggest that 

they were on the monoclinic side of the mon o c l i n i c / t r i c l i n i c inversion 

curve at c r y s t a l l i s a t i o n temperatures, and hence appeared as soda - sanidine 

rather than anorthoclase. The rhombic habit i s characteristic of feldspars 

of a s i m i l a r composition from TugtutSq Central Complex described by Upton 

(1964a), With continued feldspar fractionation i n foyaites of the Hviddal 

dyke, Tugtutoq, the 010 face becomes increasingly developed and eventually 

very t h i n , tabular feldspars are produced (Upton,1964a, c ) . This also 

clearly occurs i n the South Qoroq Centre i n the more fractionated, Ca - free, 

K - r i c h a l k a l i feldspars of the foyaites. Changes from a rhombic 

anorthoclase ( t r i c l i n i c ) or soda - sanidine (monoclinic) to a tabular form 

with f r a c t i o n a t i o n are also recorded from the Kangerdlugssuaq intrusion 

(Konpe and Deer, 1970), and the lavas of Mount Suswa (Nash et a l . , 1969). 

MacKenzie and Smith (1961) note that the very f l a t , tabular habit i s 

characteristic of feldspars c r y s t a l l i s i n g from undersaturated magmas, and 

suggest that i t i s due to the metastable c r y s t a l l i s a t i o n of sanidine 

cryptoperthite with subsequent preservation of the sanidine habit. Thus 

i t would appear from t h e i r composition and habit that the foyaite feldspars 

f i r s t c r y s t a l l i s e d as sanidine, C / ~ v ' '•- • 

I n order that K - r i c h a l k a l i feldspars can be precipitated i n the 

foyaites i t i s necessary f o r feldspar compositions to cross the ternary 

cotectic (Fig. 4.14) and, as i s seen from the zoning, fractionation then 

proceeds i n the d i r e c t i o n of further K - enrichment. (From the experimental 

work of Bowen and T u t t l e , C1950) and Yoder et a l . (1959) i t i s unlikely 
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that the e f f e c t of varying water pressure i s capable of moving the cotectic 

s u f f i c i e n t f o r a l l the feldspars to l i e on one side). I n view of the 

" f l a t " nature of the solidus curve i n the region of the cotectic (Bowen 

and T u t t l e , 1950), i t i s possible that i n the foyaites coprecipitation of 

nepheline, i n t o which Na enters p r e f e r e n t i a l l y , causes l a t e stage K -

enrichment i n the feldspars. Similar K - r i c h feldspars are found i n 

undersaturated l a t e fractions of the Hviddal dyke, Tugtut^q (Upton, 1964c), 

the Ilimaussaq intrusion (Ferguson, 1970) and the Kangerdlugssuaq intrusion 

(Kempe and Deer, 1970). However, feldspars from oversaturated alkaline 

complexes, with no coexisting feldspathoids, and from augite syenites with 

only i n t e r s t i t i a l nepheline are seldom seen to cross the cotectic, although 

they frequently move down the cotectic curve towards a minimum - melt 

composition on the Ab - Or j o i n (Kungnat - Upton, 1960; Tugtutoq Central 

Complex - Upton, 1964a; Loch Ailsh - Parsons, 1965). 

Continued cooling of the feldspars under sub-solidus conditions resulted 

i n unmixing i n t o separate Na and K - r i c h phases with increase Al - Si 

ordering and the development of a p e r t h i t i c texture. Emeleus and Smith 

(1959) demonstrate that v o l a t i l e fluxes have a considerable influence on 

the degree of ordering i n feldspars, and Ferguson (1970) indicates marked 
r 

s t r u c t u r a l differences between feldspars of Ilimaussaq augite syenites and 

agpaites, a t t r i b u t a b l e to higher v o l a t i l e pressure i n the l a t t e r . Similarly, 

i n the South Q6roq Centre the augite syenite feldspars are less coarsely 

p e r t h i t i c and are of a higher structural state than those of the foyaites, 

which presumable re f l e c t s a higher v o l a t i l e content i n the foyaites, coupled 

with lower c r y s t a l l i s a t i o n temperatures and slower cooling. The very-

coarse perthites invariably found i n the recrystallised rocks suggest a 

high v o l a t i l e pressure during r e c r y s t a l l i s a t i o n . 

The feldspars of i n i t i a l soda - sanidine composition i n the augite 

syenites resemble those of the Oslo l a r v i k i t e s i n many features, and hence 
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t h e i r sub-solidus c r y s t a l l i s a t i o n was probably s i m i l a r t o t h a t described 

by Smith and Muir (1958). However, Widenfalk (1972) has pointed out t h a t 

i n a d d i t i o n t o unmixing and ord e r i n g of felds p a r phases, exsolution of 

nepheline a l s o occurs, due t o the i n i t i a l feldspars having a s l i g h t 

d e f i c i e n c y of SiO^. This i s also seen i n the South Qoroq Centre augite 

syenites as rounded 'blebs' of nepheline w i t h i n the f e l d s p a r , and appears 

t o have occurred q u i t e e a r l y i n the sub-solidus c r y s t a l l i s a t i o n , since 

the surrounding f e l d s p a r i s o f t e n q u i t e a f i n e m i c r o p e r t h i t e . Some of 

the f e l d s p a r s do r e c a l c u l a t e t o give a s l i g h t SiO^ d e f i c i e n c y , but t h i s 

cannot be c o r r e l a t e d w i t h the e x s o l u t i o n features i n any regu l a r manner. 

The r e s t r i c t i o n o f exsolved nepheline t o augite syenite feldspars can 

probably be c o r r e l a t e d w i t h t h e i r higher Ca content, which reduces the 

amount of nepheline which can be held i n s o l i d s o l u t i o n (Widenfalk, op 

c i t . ) . 

Consideration of the experimental data i n the system Ab - Or (Bowen 

and T u t t l e , 1950; Yoder e t a l . , 1957) enables broad estimates of 

c r y s t a l l i s a t i o n temperature and pressure t o be made. Since the feldspars 

are a l l hypersolvus, they must have c r y s t a l l i s e d a t a P of less than 
Ĥ O 

5Kb, since a t t h i s pressure the solidus and solvus i n t e r s e c t r e s u l t i n g 

i n two separate f e l d s p a r phases (Yoder e t a l . , 1957). Parsons (1965) 

considers by e x t r a p o l a t i n g the data, t h a t 3Kb i s a reasonable upper l i m i t 

t o P i n the Loch A i l s h i n t r u s i o n , and h i s arguments can be applied t o 

the South oSroq Centre. From other m i n e r a l o g i c a l and petrographic data 

i t i s c l e a r t h a t the rocks c r y s t a l l i s e d under hydrous c o n d i t i o n s , and 

considering a possible b a s a l t cover of up t o 3Km, i t seems reasonable t o 

suggest a lower l i m i t of P̂^ ̂  of about 1Kb. Thus the temperatures of 

i n i t i a l • c r y s t a l l i s a t i o n were w i t h i n .a range determined by the solidus 

curve a t 1Kb (upper l i m i t ) , and the top of the solvus a t 3Kb (lower l i m i t ) . 

For the f o y a i t e s t h i s gives a range of 850°C t o about 700°C (the temperature 
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of the t o p o f the solvus i s not accurately known a t 3Kb, but i s 680°C 

a t 2Kb and 715°C a t 5Kb i n the Ca - f r e e system). I n the augite syenites 

the estimates are complicated by the e f f e c t of the An content. Assuming 

1% An the lower l i m i t w i l l be raised t o about 750°C (Parsons, 1965). I n 

view of the r e l a t i v e l y f l a t nature of the solidus curve i n the system 

Ab - Or over the observed range of f e l d s p a r compositions, c r y s t a l l i s a t i o n 

must have been completed over a temperature range of less than 20°C assuming 

constant pressure, and the fel d s p a r s then remained s t a b l e u n t i l they had 

cooled t o the solvus temperature appropriate t o t h e i r bulk composition. 

Since no data i s a v a i l a b l e on the compositions of separate phases from 

the p e r t h i t e s , i t i s not possible t o give estimates of the lower temperature 

l i m i t o f sub-solidus e x s o l u t i o n . 

Assuming a P of between 1 and 3Kb, the South Qoroq feldspars 
^ o commenced c r y s t a l l i s a t i o n around 850 C (possibly s l i g h t l y higher i n the 

aug i t e s y e n i t e s ) , completed c r y s t a l l i s a t i o n w i t h i n about 20°C and remained 

s t a b l e down t o ca. 750°C ( a u g i t e s y enites) or ca. 700°C ( f o y a i t e s ) before 

commencing sub-solidus unmixing. (Compositions f u r t h e r away from t h a t of 

the solvus peak would remain s t a b l e t o lower tonperatures). During most 

of t h e i r c r y s t a l l i s a t i o n the f o y a i t e feldspars would have been c o p r e c i p i t a t i n g 

w i t h nephelines, which i n Section 4f were seen t o commence c r y s t a l l i s a t i o n 

between about 900 and 850°C (cores i n SS2) and f i n a l l y s t a b i l i s e between' 

775 and 700°C. 

(4h) Other"Minerals 

S o d a l i t e : -

S o d a l i t e i s present i n a l l the f o y a i t e s and i n many samples of SS4a, 

as grey i n t e r s t i t i a l areas. Under u l t r a - v i o l e t l i g h t the s o d a l i t e fluoresces 

b r i g h t orange and i s seen t o be concentrated i n areas up t o 5 cm. across 

w i t h i n i n d i v i d u a l hand-specimens. I n SS4b, t h i n rims of s o d a l i t e are 

occ a s i o n a l l y found around nepheline, but no large areas occur. Disseminated 
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SiO, 

AI2O3 

^^2°3 
CaO 
Na^O 
K̂ O 
S 
CI 

0 s S,C1 

TOTAL 

127075 

SS2 

37.50 

30.58 
0.60 
'0.13 
26.36 

0.08 
6.52 

101.87 
1.52 

100.35 

58230 

SS5 

38.00 

34.41 
0.53 
0.19 
22.75 

0.06 
6.75 

102.70 
1.54 

101.15 

58154 

SS4b ( r e c r y s t a l l i s e d ) 

37.04 

32.50 
0.40 
0.27 
24.75 
0.05 

6.53 

101.55 
1.48 

100.07 

Cations t o 26.(0, S, CI) :-

Si 
A l 
Fe 3+ 

5.054 
5.819 
0.073 

11.946 
5.973 
6.376 
0.062 

12.411 
5.951 
6.154 
0.048 

12.154 

Ca 
Na 
K 

S 
CI 

0.022 
8.255 8.277 

0.025 
1.809 J *̂ 834 

0.031 
6.932 

0.017 
1.800 

5.963 

1.817 

0.047 
7.709 
0.115 

7.872 

1.776 I *̂ 776 

Table 2 

South oSroq Centre s o d a l i t e analyses 
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Perovskite - (Ca, Fe^"^, Na, Ce) ( T i , Nb)0 

127003 

SiO^ 0.13 
TiO^ 48.21 

^2°5 4.08 
FeO 2.05 
MnO 0.11 
CaO 36.04 
Na^O 1.18 
CeO^ 7.71 

TOTAL 100.51 

;o 24 Oxygens :-

Si 0.026 
T i 6.990 
Nb 0.356 

2 + 
Fe 0.331 
Mn 0.019 
Ca 7.460 
Na 0.442 
Ce 0.521 

7. 372 

8.773 

Table 3 

Ele c t r o n - microprobe analysis of perovskite, from a magnetite-rich, 

metasomatic v e i n , c u t t i n g Julianehab Granite near the SS2 margin on the 

east side of T u n u g d l i a r f i k F j o r d . 
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blue s o d a l i t e occurs i n a s i n g l e pegmatite v e i n c u t t i n g SS3. This 

v a r i e t y has a pale purple fluorescence under u l t r a - v i o l e t l i g h t . 

Three e l e c t r o n - probe analyses of s o d a l i t e s (one each from SS2, SS5 

and r e c r y s t a l l i s e d SS4b) are given i n Table 2. The two f o y a i t e analyses 

are from i n t e r s t i t i a l areas and the SS4b analysis i s of a t h i n r i m aroimd 

nepheline. A l l the analyses are r i c h i n CI but contain l i t t l e S, and 

are very s i m i l a r t o those from the Ilimaussaq n a u j a i t e (S?$rensen, 1952). 

However, Deer e t a l . (1966) p o i n t out t h a t s o d a l i t e v a r i e s very l i t t l e 

i n major element composition (apart from v o l a t i l e s ) over a wide range of 

environments, so few conclusions may be made from the analyses, except 

t h a t a b u i l d up i n CI i n the l a t e residua i s i n d i c a t e d . There i s very 

s l i g h t s u b s t i t u t i o n of Fê "*" f o r A l , and Ca f o r Na, but no appreciable K 

i s detected. 

The d i f f e r e n c e s i n colour and fluorescence i n n a t u r a l s o d a l i t e s are 

not f u l l y understood and seem to be associated w i t h l i t t l e chemical 

v a r i a t i o n (Deer e t a l . , 1956). I n the Ilimaussaq I n t r u s i o n , orange 

f l u o r e s c i n g s o d a l i t e occurs i n the s o d a l i t e f o y a i t e , but t h a t from the 

n a u j a i t e fluoresces pale purple and only rims and small i n t e r s t i t i a l 

areas show orange. However, sulphur-bearing hackmanite from the Lovozero 

I n t r u s i o n , Kola Peninsula i s orange f l u o r e s c i n g (Vlasov e t a l . , 1965). 

Perovskite:-

Perovskite does not occur i n the South oSroq Centre syenites, but i s 

found i n metasomatic v e i n s , c u t t i n g Julianehab Granite around the margin 

of the c e n t r e (see Chapter 2 ) . The mineral i s unusual i n t h a t i t i s 

completely opaque, u n l i k e most other quoted examples which are weakly 

b i r e f r i n g e n t (Deer e t a l . , 1966). However, the e l e c t r o n - probe analysis 

confirms the i d e n t i f i c a t i o n .(.Table 3) and i n d i c a t e s a high content of Na 

and Ce ( s u b s t i t u t i n g f o r Ca), and Nb ( s u b s t i t u t i n g f o r T i ) i n the i d e a l 

formula o f CaTiO^. The sample analysed contains magnetite (see Section 4e) 
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and p e r o v s k i t e i n an approximate 1:1 r a t i o , and an X.R.F. tr a c e element 

analysis i n d i c a t e s high values of Ba, Sr, Y and La v^iiich are presumably 

concentrated i n the perovskite along w i t h the Ce and Nb. The analysis 

i s of the subhedral grains of perovskite which form most of the sample, 

but a second generation also occurs as rims around these grains and 

these are found t o be even higher i n Ce and Nb. 

Metasomatising s o l u t i o n s from the syenites are thus i n f e r r e d t o 

contain a h i g h p r o p o r t i o n of r a r e earths and other r e s i d u a l elements, 

as i s a l s o seen i n the v a r i e d mineralogy of other metasomatic veins i n 

the country rock (see Chapter 2 ) . 

B i o t i t e : -

B i b t i t e i s the only major rock forming mineral i n the syenites which, 

due t o l a c k o f time, was not subjected t o electron-micro pro be a n a l y s i s . 

I t ' s omission i s u n f o r t u n a t e , since i t i s c l e a r l y a major f a c t o r i n the 

l a t e r stages of c r y s t a l l i s a t i o n , f r e q u e n t l y occuring i n equal proportions 

w i t h a l k a l i amphibole. Occasionally i t i s the only hydrous mafic phase 

present, p a r t i c u l a r l y i n SS3, I n Section 4d i t was i n f e r r e d , from 

comparison w i t h the data of Nash et a l . (1971), t h a t the l a t e r stages o f 

c r y s t a l l i s a t i o n i n the South GfSroq Centre could have been under the i n f l u e n c e 

of the "sanidine - magnetite - a n n i t e " oxygen f u g a c i t y b u f f e r and/or an 

e x t e r n a l b u f f e r due t o the separation of a gas phase. Thus b i o t i t e 

analyses could give an i n d i c a t i o n o f c r y s t a l l i s a t i o n c o n d i t i o n s , and o f 

f a c t o r s i n f l u e n c i n g the r e l a t i v e proportions of a l k a l i amphibole and b i o t i t e . 

O p t i c a l examinations suggest t h a t the b i o t i t e s i n the f o y a i t e s , which 

have a s t r o n g absorption and are i n t e n s e l y pleochroic from yellow - brown 

t o almost b l a c k , are probably lepidomelane (high Fe"̂ "*" c o n t e n t ) . This 

would f i t i n w i t h data obtained from the other mafics and i s i n common 

w i t h a l k a l i undersaturated rocks elsewhere. However, i n the augite 

s y e n i t e s , the essexite and the problematic south-eastern extension of SS2, 

t h e b i o t i t e i s a very reddish - brown, possibly suggesting a higher T i 

content. 
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E u c o l i t e - E u d i a l y t e : -

Members o f t h i s s e ries occur only i n marginal pegmatites i n SS3, and 

r e f l e c t the a g p a i t i c nature o f the f i n a l residua from t h i s , the most 

d i f f e r e n t i a t e d of the f o y a i t e s . They u s u a l l y occur as dark red, 

subhedral g r a i n s , up t o 1 cm. i n diameter, but are also found i n t e r s t i t i a l l y . 

No probe analyses were made, but o p t i c a l examination reveals strong zoning 

(Plates 44, 45, 46, 47) w i t h cores of e u c o l i t e ( u n i a x i a l -ve) and rims 

of mesodialyte ( i s o t r o p i c ) . Thin outer rims of e u d i a l y t e ( u n i a x i a l +ve) 

r a r e l y occur. This zoning contrasts w i t h t h a t found i n the a g p a i t i c 

i n t r u s i o n s of Ilimaussaq (Ssz$rensen, 1962) and Lovozero (Vlasov et al.,1966), 

where e u d i a l y t e zones outwards t o mesodialyte, and e u c o l i t e i s less abundant. 

SizSrensen, (op c i t . ) suggests t h a t both physical conditions and chemical 

environment c o n t r o l the composition of members of t h i s s e r i e s . Thus 

the prevalence o f the c a l c i c end-member ( e u c o l i t e ) over the sodic 

( e u d i a l y t e ) i n the South Q^roq Centre could r e f l e c t the more c a l c i c nature 

of the magma. 

Other less abundant minerals which were not analysed are aenigmatite 

(found o c c a s i o n a l l y i n SS2 mafic aggregates); a p a t i t e (ubiquitous i n a l l 

r o c k s ) ; z l ^ o n , sphene and ?lavenite (occasionally present i n accessory 

amounts). 
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5_ ROCK GEOCHEMISTRY 

(5a) I n t r o d u c t i o n 

Samples from a l l u n i t s of the South Qoroq Centre were analysed 

by X-Ray Fluorescence techniques f o r 10 major elements ( S i , T i , A l , 

j F e , Mn, Mg, Ca, Na, K, P) and 14 tr a c e elements (Ba, Nb, Zr, Y, Sr, 

Rb, Pb, Zn, Cu, N i , La, Th, U, V). D e t a i l s of sample preparation, 

a n a l y t i c a l methods and c o r r e c t i o n procedures are given i n Appendix I I . 

A t o t a l o f 128 analyses w i t h C.I.P.W. norms are l i s t e d i n Appendix IV, 

i n c l u d i n g 90 re p r e s e n t a t i v e samples analysed f o r FeO (method of Wilson, 

1955) and Ĥ O-, H^0+, CÔ  (method of R i l e y , 1958). D e t a i l s of the 

sampling have been given i n Section l e , and l o c a t i o n s are shown on 

Plate lA. 

The rocks are a l l s i l i c a - u n d e r s a t u r a t e d , c o n t a i n i n g both normative 

and modal nepheline. The p e r a l k a l i n i t y index (atomic r a t i o (Na + K)/A1) 

i s between 0.7 - 0.95 i n the augite syenites but r i s e s t o values close 

t o u n i t y (0.95 - 1.10) i n the f o y a i t e s ( F i g . 5.1). The centre i s thus 

only m i l d l y p e r a l k a l i n e and lacks the a g p a i t i c geochemical and 

petrographic features o f the Ilimaussaq I n t r u s i o n (Siz5rensen, 1960). 

I n v a r i a t i o n diagrams (Figs. 5.1, 5.2, 5.4, 5.5) the analyses form 

a smooth, continuous trend from the essexite, through mafic bands i n 

the a u g i t e s y e n i t e s , t o the augite syenites and f o y a i t e s . 

(5b) Major Element V a r i a t i o n 

The major element v a r i a t i o n diagrams are shown i n F i g . 5.1 using 

the " F r a c t i o n a t i o n Index" ( F . I . ) o f Macdonald (1969) as an abcissa. 

This index i s a m o d i f i c a t i o n of the " D i f f e r e n t i a t i o n Index" of 

Thornton and T u t t l e (1960) and consists of the sum of a l l the normative 

components i n the "residua system" + ac + ns ( i . e . i n the South Qoroq 

Centre, F . I . = or + ab + ne +.ac). The m o d i f i c a t i o n i s e s s e n t i a l i n 

p e r a l k a l i n e rocks, since the appearance o f ac i n the norm tends t o 
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p r o g r e s s i v e l y decrease 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 w i t h progressive f r a c t i o n a t i o n . (N.B. the index l i s t e d i n 

Table IV.2 i s t h a t of Thornton and T u t t l e (op c i t . ) and not the one 

used i n t h e v a r i a t i o n diagrams.) Since i n most cases i t i s impossible 

t o d i s t i n g u i s h between i n d i v i d u a l f o y a i t e s from t h e i r geochemical 

f e a t u r e s , SS2, SS3 and SS5 are p l o t t e d w i t h the same symbol f o r c l a r i t y . 

The analyses l i s t e d i n Table IV. 1 i n c l u d e a group i n vihich the 

nepheline i s pseudomorphed by aggregates o f micaceous m a t e r i a l 

(probably g i e s e c k i t e ) . Such rocks have a reduced content o f Na^O 

and s l i g h t l y higher Al^O^ compared w i t h unaltered equivalents, w i t h 

the r e s u l t t h a t they have anomalously low values o f F r a c t i o n a t i o n Index 

and p e r a l k a l i n i t y , and f r e q u e n t l y show normative corrundum. These 

analyses cause considerable d i s t o r t i o n i n the v a r i a t i o n diagrams and 

hence have been omitted. The loss i n Nâ O is accompanied by a 

considerable increase i n H^0+ (2.0 - 2.5% as opposed t o 0.5 - 1.5% i n 

u n a l t e r e d rocks) and hence appears t o be due t o hydrothermal a l t e r a t i o n 

of nepheline. Many o f the a l t e r e d samples are from the v i c i n i t y of 

f a u l t s or marginal areas o f i n t r u s i o n s , but are also found elsewhere. 

I n F i g . 5.1 most elements are seen t o f o l l o w a smooth, continuous 

t r e n d through the a u g i t e syenites and f o y a i t e s , w i t h the exception of 

SiO^* The l a t t e r shows an increase w i t h f r a c t i o n a t i o n i n the 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 , followed by s c a t t e r i n g and vague decrease 

i n the more f r a c t i o n a t e d a u g i t e syenites and f o y a i t e s . •'̂ 2̂'̂ 3 ^̂ 2*̂  

increase s t e a d i l y through the s e r i e s , but Na^O shows an increase w i t h 

a pronounced k i n k towards the end of the a u g i t e syenite p a r t of the 

t r e n d , f o l l o w e d by a-steep r i s e i n the f o y a i t e s . This i s even more 

pronounced i n the normative nepheline content and r e f l e c t s the p o i n t 

a t which nepheline appears as an e a r l y - c r y s t a l l i s i n g phase w i t h a l k a l i 

f e l d s p a r , r a t h e r than i n t e r s t i t i a l l y . CaO, MgO, TiO^ and P̂ Ô  decrease 

s t e a d i l y through the s e r i e s but t o t a l i r o n (as Fe^O^) and MnO, although 



F i g . 5.1 (Three pages) 

V a r i a t i o n of major elenents and major element r a t i o s w i t h the 

" F r a c t i o n a t i o n Index" ( F . I . ) of Macdonald (1969) 

i . e . F . I . = or + ab + ne + ac (see t e x t . ) . N.B. The index l i s t e d i n 

Table IV.2 (DIFIX) i s the " D i f f e r e n t i a t i o n Index" of Thornton and 

T u t t l e (1960) and i s converted t o F . I . by the a d d i t i o n o f normative 

ac i . e . F . I . = DIFIX + ac. 

• Foyaites SS2, SS3 and SS5 

^ SS4a 

Augite syenites o f SS4b 

4- Essexite 

0 Microsyenite sheets 

+ SSI 

HJ Narssarssuaq Syenite 

J T u n u g d l i a r f i k Syenite 

p 0 s t f j o r d s d a l Syenite 

• r e c r y s t a l l i s e d syenites near t o the I g d l e r f i g s s a l i k 

Centre 

(J) ^ accumulative rocks 
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decreasing, show a s l i g h t suggestion of a separate, convergent trend 

i n the f o y a i t e s . The i r o n o x i d a t i o n r a t i o n (Fe"̂ V(Fe^'*'+Fe^'*^)) shows 

a general increase w i t h f r a c t i o n a t i o n . 11^0+ and CÔ  show a considerable 

s c a t t e r , but there i s a suggestion t h a t H^0+ increases throughout the 

aug i t e syenites but decreases i n the l a t e r stages of f o y a i t e f r a c t i o n a t i o n . 

The t h r e e analyses from mafic bands i n SS4b, and the essexite dyke, 

a l l o f which show accumulation of o l i v i n e , i r o n - t i t a n i u m oxides and 

possibly clinopyroxene, l i e on smooth,backward extensions of the trends 

f o r a l l elements. Extreme l a t e f r a c t i o n a t e s such as pegmatite veins 

have not been analysed, but a e u c o l i t e - b e a r i n g rock from marginal SS3 

(59664) i s included i n Tables IV.1 and IV.2. 

R e c r y s t a l l i s e d rocks near t o the I g d l e r f i g s s a l i k Centre show l i t t l e 

d e v i a t i o n from normal values i n most major elenents. I n the area 

around Niaqomarssuk, where the r e c r y s t a l l i s a t i o n i s most intense (see 

Chapter 2 ) , samples of SS3 and SS4a have a s l i g h t d e p l e t i o n i n t o t a l 

Fe, and samples of SS4b have a s l i g h t l y increased i r o n o x i d a t i o n r a t i o . 

However, f u r t h e r t o the northeast, samples of SS5 show a marked reduction 

of o x i d a t i o n r a t i o . I t has been seen (Chapter 4) t h a t clinopyroxenes 

from r e c r y s t a l l i s e d rocks are more sodic than those from u n r e c r y s t a l l i s e d 

e q u i v a l e n t s . This i s p a r t i c u l a r l y n o t i c e a b l e i n SS4b v^Siere there i s a 

corresponding decrease i n Na/K i n the a l k a l i f e l d s p a r s . However, there 

i s no apparent increase i n the whole-rock content of Na^O and K̂ O, and 

some samples of SS3 and SS4a from Niaqomarssuk a c t u a l l y show a d e p l e t i o n . 

Analyses from the microsyenite sheets and s a t e l l i t i c i n t r u s i o n s are 

also p l o t t e d on F i g . 5.1, apart from the Narssarssuaq Syenite where no 

f r e s h samples are a v a i l a b l e . I n general they are seen t o f a l l on the 

same trends as the l a r g e r i n t r u s i v e u n i t s . However, the 0 s t f j o r d s d a l 

Syenite, which conforms t o the f o y a i t e p a r t o f the trend i n most elements, 

has a lower K̂ O content and s l i g h t l y higher Na^O. 
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Analyses from the major u n i t s of the centre are p l o t t e d on a c a t i o n 

Wt.% A - F - M diagram (Na + K, SFe, Mg) i n F i g . 5.2, w i t h the general 

Gardar Province trend of Watt (1966) f o r comparison. The enrichment 

of a l k a l i s r e l a t i v e t o i r o n i n the l a t e r stages of f r a c t i o n a t i o n , and 

the steady d e p l e t i o n of Mg from the mafic accumulates through the augite 

syenites are c l e a r l y demonstrated. 

Since a v e r t i c a l s e c t i o n o f almost 1,000 m. i s represented i n the 

ce n t r e , the p o s s i b i l i t y of c r y p t i c , geochemical v a r i a t i o n was 

i n v e s t i g a t e d by p l o t t i n g the analyses against h e i g h t above sea l e v e l . 

No systematic v a r i a t i o n i n a v e r t i c a l sense was detected. 

' s l i g h t v a r i a t i o n s i n a h o r i z o n t a l sense, across the outcrops of 

the syenites are det e c t a b l e , and are best seen i n the outer syenite 

SS2 and t h e ring-dyke rocks of SS4a and SS4b (Fig . 5.3). Although 

SS5 i s t h e most complete separate i n t r u s i o n , mafic bands and igneous 

l a m i n a t i o n are u s u a l l y developed and probably mask any s l i g h t h o r i z o n t a l 

v a r i a t i o n s . For many elements the s c a t t e r masks the systematic v a r i a t i o n , 

but r e p r e s e n t a t i v e elements from SS2 and SS4 are shown on F i g . 5.3, where 

s l i g h t trends outwards towards more f r a c t i o n a t e d rocks are seen. 

Normal c e n t r i p e t a l c o o l i n g , as described by Kempe e t a l . (1970) f o r 

the Kangerdlugssuaq I n t r u s i o n , would r e s u l t i n a trend inwards t o more 

f r a c t i o n a t e d rocks. H e n c e i n the South Qoroq Centre the v a r i a t i o n i s 

more l i k e l y due t o v o l a t i l e t r a n s f e r of a l k a l i elements outwards along 

a thermal d i f f u s i o n g r a d i e n t d u r i n g c o o l i n g . A l k a l i elements would 

thus be concentrated towards the margins producing more f r a c t i o n a t e d 

rocks. ii^O+ i s p l o t t e d on F i g . 5.3, but i f anything shows a decrease 

towards the margins, probably r e f l e c t i n g loss i n t o country rock. 

Accumulation o f v o l a t i l e s i n other areas of the i n t r u s i o n s could 

account f o r some of the s l i g h t v a r i a t i o n s i n composition and f r a c t i o n a t i o n 

s t a t e seen on the v a r i a t i o n diagrams. 



F i g . 5.2 

A - F - M ( N a + K- ^Fe - Mg) diagram f o r the South Q^roq. 

Centre major i n t r u s i v e u n i t s . (Cation Wt. % ) . Also shown i s 

the mean tren d f o r rocks of the Gardar Province taken from Watt 

(1965). 
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N a + K Cation Wt. % Mg 

• Foyaites SS2, SS3 & SS5. 

0 SS^a. 

A Augite syeni tes SSLb. 

+ Essexi te. 

o accumula t i ve rocks 



Fig. 5.3 

Variations i n selected element concentrations h o r i z o n t a l l y , 

across the outcrops of SS2 and SS4. Only the most i n s t r u c t i v e 

elonents are shown plotted against distance from the outer contacts 

of the respective u n i t s . I n the case of SS4, both SS4a and SS4b 

are plotted against distance from the outer contact of SS4a. 

Despite considerable scatter the rocks are seen to generally become 

more fractionated outwards with an increase i n F.I. and i r o n 

oxidation r a t i o , and a decrease i n CaO, TiO^, P20^ etc. 
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Fig. 5.4 (Two pages) 

Trace element vari a t i o n i n the South cBroq Centre rocks. 

"Fractionation Index" (F.I.) and symbols as i n Fig. 5.1. 
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Fig. 5.5 

Potassium (Cation WT, %) versus Rubidium (Wt. ppm.) diagram f o r 

the South Qoroq Centre rocks. Average K:Rb curve and normal l i m i t s 

of scattering taken from Ahrens et a l . (1952). 

X SS2 

• SS3 

• SS5 

Other symbols as i n Fig. 5.1 
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(5c) Trace Element Variation 

Trace element variation i s shown i n Fig. 5.4, i n which the elements 

are plotted against the same "Fractionation Index" (F.I.) as i n Fig. 5.1. 

The ranges of most elements are similar to those found i n highly 

fractionated rocks elsewhere i n the Gardar Province (Upton 1950, 1954c; 

Macdonald and Edge, 1970; G i l l , 1972) but do not reach the extreme 

values found i n the Ilimaussaq Intrusion (Hamilton, 1954; Ferguson, 1970). 

The v a r i a t i o n patterns are generally t y p i c a l of highly differentiated 

magmas of alkaline a f f i n i t i e s (Nockolds and Allen, 1954). Correlation 

coefficients f o r the trace elements are given i n Table 4. 

Bariijmi and Strontium :-

These two elements have a strong positive correlation (Table 4) 

and both show a rapid depletion through the augite syenites of SS4b 

and SS4a, so that low concentrations with a s l i g h t spread are found 

i n the foyaites. Slight variations can be detected between individual 

foyaites, with SS5 having generally higher values and SS2 having low 

values. Ba and Sr usually concentrate with fractionation i n more 

basic magmas u n t i l the point where a l k a l i feldspar begins to c r y s t a l l i s e , 

but then decreases rapidly i n l a t e d i f f e r e n t i a t e s due to fractionation 

of the feldspar (Taylor, 1965). A l k a l i feldspar fractionation i s 

thus strongly implicated during the evolution of the South Qoroq Centre 

(see Chapter 5). The essexite and accumulative rocks from SS4b l i e 

on a separate, r i s i n g trend, which could represent the concentration of 

Ba and Sr i n the l i q u i d p r i o r to a l k a l i feldspar fractionation. 

Rubidium:-

Rb shows a steady increase through the series, having a negative 

correlation with Ba and Sr. The K/Rb ratio- drops considerably with 

increasing F.I. from 550 i n the most basic augite syenite, to 150 i n 

some of the foyaites. This behaviour i s usual i n alkaline complexes 
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where fr a c t i o n a t i o n i s dominated by a l k a l i feldspar c r y s t a l l i s a t i o n , 

since size differences lead to an enrichment of Rb (1.47^) r e l a t i v e 

to K (I.33S) i n the l i q u i d (Taylor, 1965). The strong Rb enrichment 

i s evident from the K - Rb diagram (Fig. 5.5) i n which the South oSroq 

trend i s very oblique to the average K:Rb curve of Ahrens et a l . (1952). 

Differences between individual syenites can be recognised on t h i s trend, 

and the more di f f e r e n t i a t e d nature of SS3 i s pa r t i c u l a r l y well seen. 

The essexite and two of the augite syenites l i e outside the normal 

l i m i t s of scatter (Ahrens et a l . , op c i t . ) on the Rb deficient side. 

Rb deficiency also occurs i n several less fractionated rocks from the 

Kungnat Complex (Upton, 1960) and i s correlated with an increased Ca 

and/or Ba content i n the c r y s t a l l i s i n g feldspar r e s t r i c t i n g the entry 

of Rb (Heier and Taylor, 1959). 

Zirconium, Niobium, Yttrium,Lanthanum and Zinc:-

These elements do not substitute readily f o r major elements i n 

the rock forming minerals and are concentrated i n residual liquids 

(Taylor, 1965). I n strongly d i f f e r e n t i a t e d series they therefore 

increase with fractionation. I n the South oSroq Centre values tend 

to be f a i r l y constantly low, or increase s l i g h t l y with F.I. i n the 

augite syenites, but show a wide scatter over much higher values i n 

the foyaites and related rocks. Within the scatter the f i v e elements 

behave almost i d e n t i c a l l y as i s demonstrated by t h e i r high correlation 

coefficients given i n Table 4. I n some elements there i s a suggestion, 

p a r t i c u l a r l y within individual intrusions that values are highest i n 

foyaites with a lower F.I. and that there i s then a rapid decrease 

with f r a c t i o n a t i o n . Zircon and zirconium s i l i c a t e s are not common 

i n the rocks, but recent data shows that Zr can enter aegirine and 

a l k a l i amphibole to a large extent (e.g. Bowden, 1966: Ferguson, 1970). 

I t i s therefore possible that the residual elements may enter l a t e -

c r y s t a l l i s i n g sodic clinopyroxene and/or alkai amphibole (c.f. high 
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contents of these elements i n amphiboles - Section 4c) and are thus 

subsequently reduced during the f i n a l stages of c r y s t a l l i s a t i o n . 

The wide scatter may then be attributed to the irre g u l a r development 

of amphibole and/or b i o t i t e as l a t e stage hydrous minerals. However, 

Macdonald and Parker (1969) found that Zr concentrations i n aegirine 

and a l k a l i amphibole are unable to account f o r whole rock content i n 

Tugtut^q alkaline dykes, and tentatively suggest the presence of 

sub-micrbscopic, Zr-rich accessory minerals. 

Lead, Thorium and Uranium:-

The heavy elements appear from Fig. 5.4 to have a similar residual 

behavic^ to the previous group, although they do not show quite such 

strong correlations .(.Table 4 ) . Radioactive minerals are not detected 

i n the centre apd (Th + U) never exceeds 60 ppn. In many samples they 

are near or below the detection l i m i t s . 

Copper, Nickle and Vanadium:-

Cu shows a steady decrease from the essexite through accumulative 

augite syenites and augite syenites to the foyaites, where concentrations 

are less than 10 ppm. Ni and V values are close to or below the 

detection l i m i t s and are thus not included i n Fig. 5.4. 

The hydrothermal a l t e r a t i o n of nephellne does not a l t e r the trace 

element content of the rocks appreciably, but recrystallised rocks near 

to the I g d l e r f i g s s a l i k Centre show a marked depletion of residual elements. 

In such rocks amphibole i s usually absent or considerably reduced and 

b i o t i t e i s the main hydrous mafic. Hence the depletion could be due 

to the i n a b i l i t y of these elements to enter any other phase a f t e r the 

disappearance of amphibole. However, i t i s also possible that they 

were "sweated out" along,with v o l a t i l e s during reheating. 

Microsyenite sheets and s a t e l l i t i c syenites generally conform to 

the trends as i n the major elements. However, the 0stfjordsdal Syenite, 

having a lower K̂ O content, i s correspondingly depleted i n Rb and 



Fig. 5.6 

Analyses from the main units of the South C^roq Centre (excluding 

hydrothermally altered rocks) plotted i n the Q - Ne - PCs "Residua 

System". Phase ecjuilibria relationships at 1 Atm., Ikb P,̂  and 

5 kb P̂ ^̂  :-

1 Atm. - a f t e r Schairer (1950) 

1 kb - " Hamilton and MacKenzie (1965) 

5 kb - " Morse (1969) 

m = feldspar binary minimum at 1 kb 

M = "nepheline syenite" ternary minimum at 1 kb 

e = 5 kb eutectic 

Unicjue f r a c t i o n a t i o n paths at 1 and 5 kb are also shown. 
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enriched i n Ba and Sr r e l a t i v e to the other rocks. 

I n general the accrumulative rocks do not l i e on the same trace 

element trends as normal rocks, as they do in'major element content. 

They are usually displaced s l i g h t l y upwards i n the residual elements 

and Rb and, as explained above, may r e f l e c t an e a r l i e r stage of 

fr a c t i o n a t i o n p r i o r to a l k a l i feldspar c r y s t a l l i s a t i o n . 

Variations with height i n the intrusion are not detected, and 

trace elements show less systematic variation towards the edges of 

intrusions than the major elements due to scattering, probably 

acc^uired during the l a t e stages of c r y s t a l l i s a t i o n . However, some 

elements have f a i r l y constant values i n the centres of intrusions, 

but show increased scatter towards the margins. This i s demonstrated 

i n Fig. 5.3 by the Zr content of SS2. 

(5d) Normative Mineralogy and Comparisons with Experimental Systems 

With the exception of accumulative rocks and two less fractionated 

samples from SS4b, a l l the unaltered South Qoroq Centre rocks have 

normative (Ab + Or + Ne) greater than 80% and have been plotted i n 

"Petrogeny's Residua System" (Q - Ne - Ks) (Bowen, 1937). The 

p e r a l k a l i n i t y index i s very close to 1.0 f o r most of the foyaites and 

only the more fractionated rocks are peralkaline. Hence the analyses 

l i e close to the Q - Ne - Ks plane, and distortions due to the normative 

allocation of the excess a l k a l i s over aluminium are only significant 

i n the most fractionated samples (Bailey and Schairer, 1964; Thompson 

and MacKenzie, 1967). 

Rocks from the main in t r u s i v e units (with the exception of 

hydrothermally altered rocks) are shown i n Fig. 5.6 i n relation to 

phase ecjuilibrium relationships i n the Q - Ne - Ks system at 1 atmosphere 

(Schairer, 1950); at Ikb Pj^ ̂  (Hamilton and MacKenzie, 1965); and at 

5 kb P _ (Morse, 1969). I t has already been seen from Section 4g Ĥ O 
that P„ - was most l i k e l y between 1 and 3 kb during c r y s t a l l i s a t i o n of Ĥ O 
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the South Qoroq magmas, so the analyses w i l l be related principally 

to the 1 kb phase e q u i l i b r i a . 

The rocks l i e on a curving trend (concave towards the Ne - Q join ) 

from the least fractionated augite syenites of SS4b near to the Or - Ab 

thermal divide, through SS4a and the foyaites, to a minimum i n the 

region of the feldspar - nepheline phase boundary. Several analyses 

f a l l j u s t inside the nepheline f i e l d at 1 kb, but are well within the 

feldspar f i e l d at 5 kb. I f t h i s trend represents a fractionation 

curve then, by comparison with the experimentally derived curves of 

l i q u i d descent (Hamilton and MacKenzie, op c i t . ) , the foyaites would 

appear to l i e i n the low temperature thermal trough, and.are derived 

via the augite syenites from the sodic side of the trough. The shape 

of the- fr a c t i o n a t i o n curve conforms to that of'experimental equivalents 

and the foyaites l i e along a l i n e p a r a l l e l to the unique fractionation 

curve i n the experimental thermal trough. However, there i s a 

considerable overall displacement towards Ks i n the South Qoroq rocks 

compared with both the experimental data and the density d i s t r i b u t i o n 

of natural rocks from Washington's tables (Hamilton and MacKenzie, 

o p c i t . ) . I t i s not unusual f o r such a displacement to occur i n 

natural rock series, due to the presence of other phases not represented 

i n the "Residua System", and the trend i s similar to natural fractionation 

curves derived by Nash et a l . (1959) f o r Mt. Suswa lavas. Peralkaline 

rocks (with normative acmite) are pa r t i c u l a r l y prone to displacement 

and the apparent South C^roq minimum i s considerably more K-rich than 

the 1 kb nepheline syenite minimum ('M') since i t i s defined by the 

more peralkaline rocks of the centre. 

I n Fig. 5.7, analyses from the various units of the centre are 

plotted with t i e lines to average feldspar and nepheline compositions 

(where available) from individual samples. Phase equilibrium 

relationships at 1 kb (Hamilton and MacKenzie, op c i t . ) , and l i m i t s of 

nepheline s o l i d solution (Hamilton, 1951) are also shown. Regular 



F i g . 5.7 (Two pages) 

Analyses from i n d i v i d u a l u n i t s o f t h e South C^roq Centre 

(ex c l u d i n g hydrothermally a l t e r e d rocks) together w i t h c o e x i s t i n g 

average f e l d s p a r and nepheline analyses where a v a i l a b l e , p l o t t e d 

i n the "Residua System" Q - Ne - Ks. Phase r e l a t i o n s h i p s a t 

1 kb ^ a f t e r Hamilton and MacKenzie (1965). L i m i t s of Ĥ O 
nepheline s o l i d s o l u t i o n a f t e r Hamilton (1961). 

N.B. i ) two analyses from rocks contaminated by country rock i n 

SS2 ( c i r c l e d ) . 

i i ) extreme potassium enrichment i n the f e l d s p a r from a 

r e c r y s t a l l i s e d rock i n SS4b ( c i r c l e d ) . 
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r e l a t i o n s h i p s between whole rock analyses and the f e l s i c phases suggest 

t h a t the whole rock compositions are l i t t l e modified by accumulative 

development of these phases and hence represent t r u e bulk l i q u i d 

compositions. 

F r a c t i o n a t i o n of a r e l a t i v e l y sodic a l k a l i f e l d s p a r i s seen i n 

SS4b, and f e l d s p a r compositions become more potassic as the l i q u i d 

moves towards the thermal trough. (SS4b feldspars p r o j e c t on the 

K-rich side of the experimental f e l d s p a r minimum ('m') as a r e s u l t of 

t h e i r Ca content. ) S t r a i g h t t i e l i n e s i n several analyses p a r t i c u l a r l y 

i n SS4a and SS5 between nepheline, rock and f e l d s p a r compositions ( i . e . 

there i s no three phase t r i a n g l e ) suggest t h a t the p a r t i c u l a r l i q u i d s 

have reached the unique f r a c t i o n a t i o n curve (Hamilton and MacKenzie, 

op c i t . ) . I n SS2 and SS3 i t can generally be seen t h a t feldspar 

compositions become more potassic and even cross over the p r o j e c t i o n 

of the thermal trough on the Ab - Or j o i n as l i q u i d s become more 

f r a c t i o n a t e d . This r e f l e c t s the trend towards K - enrichment and 

crossing of the f e l d s p a r t e r n a r y c o t e c t i c , probably due t o the 

c o p r e c i p i t a t i o n of nepheline, discussed i n Section 4g. There i s no 

I n d i c a t i o n t h a t feldspars become more sodic w i t h f r a c t i o n a t i o n i n the 

f o y a i t e s and i n F i g . 5.1, normative Or i s seen t o increase constantly 

w i t h F . I . 

The departure o f p e r a l k a l i n e l i q u i d s from the plane of the 

Q - Ne - Ks "Residua System", and the enrichment of l a t e f r a c t i o n a t e s 

i n other a l k a l i s i l i c a t e s (noteably acmite), l e d Bailey and Schairer 

(1966) t o p o s t u l a t e a "Peralkaline Residua System" based on the system 

Na 0 - Fe 0- - Al 0_ - SiO a t 1 Atm. and P = a i r . The components 

of t h i s system account f o r w e l l over 90% of the South Qoroq Centre rocks, 

w i t h the exception of the accumulative rocks i n which they account f o r 

80 - 90%. I t i s thus p e r t i n e n t and i n s t r u c t i v e t o consider the centre 

i n r e l a t i o n t o t h i s system. 
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Engell ( i n press; and personal communication, 1972) has projected 

the phase r e l a t i o n s h i p s onto the plane Na^O - ^^2'^3 ~ "̂''2̂ 3' which 

he has p l o t t e d the Ilimaussaq rocks ( F i g . 5.8). A l a r g e p a r t o f the 

diagram i s dominated by the acmite - i r o n oxide incongruent melting 

r e l a t i o n s h i p s , but the most s i g n i f i c a n t f e a t u r e ' i s the c o t e c t i c l i n e 

E - A, along which Ab, Ne, .Ac and l i q u i d c o e x i s t . (E = r e a c t i o n p o i n t 

where Ab, Ne, Ac, Heand l i q u i d c o e x i s t ; A = the Ab, Ne, Ac, Ds, l i q u i d 

e u t e c t i c ) . Assuming a closed system, l i q u i d s such as those of the 

Ilimaussaq I n t r u s i o n , p r e c i p i t a t i n g f e l d s p a r , nepheline and acmite 

should f o l l o w t h i s curve towards a l k a l i enrichment and i r o n d e p l e t i o n . 

The proposed trend of Ilimaussaq l i q u i d compositions (Engell, i n press), 

although p a r a l l e l t o the c o t e c t i c , i s considerably displaced towards 

the Al^O^ comer. However, the in.tirusion probably f r a c t i o n a t e d a t a 

higher P„ „ ( 1 - 3 kb) and a lower (ft:^QFM) than those under which Ĥ O 0^ 

the phase e q u i l i b r i a were determined, so a d i r e c t comparison i s not 

r e l e v a n t . 

Using phase r e l a t i o n s h i p s i n the system Ab - Ne - Ac (Nolan, 1966) 

and the s t a b i l i t y r e l a t i o n s of acmite (Bailey, 1969), Engell calculates 

the e f f e c t of i n c r e a s i n g P t o 1 and 2 kb and decreasing the P 
Ĥ O 0^ 

below the NNO b u f f e r . The former tends t o increase the s t a b i l i t y 

f i e l d of acmite r e l a t i v e t o a l b i t e and nepheline, and the l a t t e r reduces 

the acmite s t a b i l i t y f i e l d , Hence the variance of these two f a c t o r s 

tend t o have a c a n c e l l i n g e f f e c t . However, Nolan (op c a t . ) found 

t h a t t h e a d d i t i o n of even small amounts of diopside t o the system 

considerably increased the s t a b i l i t y f i e l d o f acmite. The Ilimaussaq 

pyroxenes do have a diopside component i n t h e i r e a r l y stage of 

f r a c t i o n a t i o n (L. Melchior - unpublished d a t a ) , and Engell considers 

t h a t t h i s i s responsible f o r the apparent s h i f t of the c o t e c t i c towards 

A1^03. 



F i g . 5.8 

South Qoroq Centre and Ilimaussaq I n t r u s i o n analyses (excluding 

hydrothermally a l t e r e d rocks) p l o t t e d i n the Na^O - Fe^O^ - ^^2^3 

plane of the "P e r a l k a l i n e Residua System" Na^O - Fe^O^ - "^^2^3 ~ ^^^2 

(Bailey and Schairer, 1956). Phase r e l a t i o n s h i p s adapted from Bailey 

and Schairer (1966) by Engell ( i n p r e s s ) . Ilimaussaq p l o t s also from 

Engell ( i n p r e s s ) . 

= South C^roq Centre essexite 

A = " SS4b 

^ = " SS4a 

• = " f o y a i t e s SS2, SS3 and SS5 

(J) 0 = " accumulative rocks 

I j = f i e l d o f Ilimaussaq k a k o r t o k i t e s and l u j a u v r i t e s 

^^/^= Ilimaussaq proposed l i q u i d t r e n d 

E = r e a c t i o n p o i n t where Ab, Ne, Ac, He and l i q u i d c o e x i s t . 

A = e u t e c t i c p o i n t where Ab, Ne, Ac, Ds and l i q u i d c o e x i s t . 

* N.B. 2Fe i s expressed as Fe^O^ 

Na^O = Na^O + K̂ O as equ i v a l e n t Na^O. 
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The South Qoroq analyses are p l o t t e d on Fig . 5.8 along w i t h the 

Ilimaussaq data. A t r e n d , p a r a l l e l t o the Ilimaussaq l i q u i d t r e n d , 

occurs i n the augite syenites and probably turns downwards i n the 

f o y a i t e s towards Ab and Ne on the Ac - Ab - Ne plane (see below). The 

f o y a i t e s e x h i b i t a spread p a r a l l e l t o the Ac - Ab - Ne plane, s i m i l a r 

t o the Ilimaussaq l u j a ) f v r i t e s and k a k o r t o k i t e s , which Engell ( i n press) 

considers t o be modified from o r i g i n a l magma compositions by cumulus 

e f f e c t s and possible a l k a l i l o s s . . Part of the spread i n South Qoroq 

f o y a i t e s may be due t o s l i g h t accumulation o f mafic minerals ( c . f . 

s l i g h t enrichment i n Fe and Mn i n f o y a i t e s - Fig . 5.1). The t u r n i n g 

down of the t r e n d towards Ab + Ne i s t o be expected, since these are 

end products o f s o l i d s o l u t i o n s e r i e s , and a l i q u i d may only cross the 

Ac - Ab - Ne plane by p r e c i p i t a t i n g a p e r a l k a l i n e mineral such as 

s o d a l i t e (Engell,personal communication, 1972). This occurs i n the 

Ilimaussaq s o d a l i t e f o y a i t e and n a u j a i t e but not i n the South Qoroq 

Centre, where s o d a l i t e only occurs as a l a t e , i n t e r s t i t i a l mineral. 

The South Q^roq Centre accumulative rocks l i e on an e a r l i e r p a r t 

of the t r e n d , which i s approximately p a r a l l e l t o the Ac - He c o t e c t i c 

i n the s y n t h e t i c system. Thus they probably represent the early 

f r a c t i o n a t i o n path of the l i q u i d , p r i o r t o the appearance of feldspar 

and nepheline a t the r e a c t i o n p o i n t E. At the P̂  expected i n the 

magma, acmite would thus be p r e c i p i t a t i n g w i t h magnetite and/or 

o l i v i n e (P •y*̂  FMQ - see Section 4d) r a t h e r than haematite (P = a i r ) . 
°2 2 

This i s c o n s i s t e n t w i t h t e x t u r a l and mine r a l o g i c a l evidence presented 

i n e a r l i e r chapters. Since i n general the South Q^roq Centre 

clinopyroxenes are more d i o p s i d i c than those from Ilimaussaq, i t i s 

to be expected^the acmite s t a b i l i t y f i e l d w i l l be f u r t h e r enlarged 

and the c o t e c t i c trend displaced even f u r t h e r towards Al^O^ as i s i n 

f a c t observed i n F i g . 5.8. 

Thus comparison of the South QSroq Centre analyses w i t h both the 

"Pe r a l k a l i n e Residua System" and the conventional "Residua System" 
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enables a more complete i n t e r p r e t a t i o n t o be made than w i t h the 

Q -̂ Ne - Ks system alone. The e v o l u t i o n of the centre can be explained 

i n terms of f r a c t i o n a l c r y s t a l l i s a t i o n i n a closed system of clinopyroxene 

and o l i v i n e / m a g n e t i t e i n the e a r l y stages, followed by a l k a l i 

clinopyroxene, a l k a l i f e l d s p a r and nepheline f r a c t i o n a t i o n i n the 

l a t e r stages. 
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6 CONCLUSIONS 

(6a) I n t r u s i v e Mechanisms 

The major i n t r u s i v e u n i t s comprising the South Qoroq Centre are 

concentric stocks and r i n g i n t r u s i o n s w i t h steep, outward dipping 

contacts and e l l i p t i c a l cross sections. The north-west - south-east 

elongation conforms t o the r e g i o n a l stress p a t t e r n of maximum north-east -

south-west s t r e s s and minimum north-west - south-east stress deduced 

from f a u l t i n g and d i r e c t i o n o f dyke emplacement. The centre was 

emplaced a t a r e l a t i v e l y high s t r u c t u r a l l e v e l , and cuts through the 

E r i k s f j o r d basalt/sandstone succession, which has a maximum known 

thickness o f 3 km. Contacts w i t h country rock are u s u a l l y sharp, 

and the outer syenite SS2 f r e q u e n t l y shows a marked c h i l l . Angular 

x e n o l i t h s are u s u a l l y r e s t r i c t e d t o the immediate v i c i n i t y of the 

contact and shearing i s seen along the contact a t one l o c a l i t y . 

Metamorphism of country rock i s not very widespread, although c e r t a i n 

areas are h e a v i l y metasomatised. I n the area around Narssarssuaq, 

the inward d i p o f the b a s a l t succession i s seen t o increase towards 

the i n t r u s i o n which, together w i t h the above evidence suggests a 

permissive i n t r u s i o n by r i n g f r a c t u r e and block subsidence. 

Three s i m i l a r f o y a i t i c magmas were emplaced i n the order SS2, SS3, 

SS5. I n t e r n a l contacts between these i n t r u s i o n s are u s u a l l y d i f f u s e 

or g r a d a t i o n a l , marked only by zones of marginal pegmatites, suggesting 

three pulses of magma from a common source i n f a i r l y r a p i d succession 

(Harry and Richey,1963). I t i s l i k e l y t h a t the magmas were below 

t h e i r l i q u i d u s on emplacement and i n the c h i l l of SS2, small f e l d s p a r 

phenocrysts are present, laminated p a r a l l e l t o the contact. I n 

Chapter 4, v a r i a t i o n i n several mineral groups has been i n t e r p r e t e d 

i n terms of f r a c t i o n a t i o n p r i o r t o emplacement. This i s best demonstrated 

by the clinopyroxenes which show d i f f e r e n t compositional ranges i n 

successive i n t r u s i o n s . 
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Igneous lam i n a t i o n of platey f e l d s p a r i s found i n a l l the f o y a i t e s , 

but i s best developed i n SS5 vihere s l i g h t accumulation of mafic minerals 

i s also o c c a s i o n a l l y seen i n mafic banding. The syenite SS4 has i n 

general sharper contacts, o f t e n w i t h associated minor crushing, and 

f i e l d r e l a t i o n s h i p s suggest t h a t i t i s younger than both SS3 and SS5. 

The magma i s an augite s y e n i t e , , l e s s d i f f e r e n t i a t e d than the f o y a i t e s 

and i n places w e l l developed mafic banding i s observed. These features 

suggest t h a t i t i s probably a l a t e r r i n g dyke. I n t e r n a l contacts 

w i t h i n SS4 suggest t h a t i t consists of a t l e a s t two pulses, SS4a and 

SS4b. Thus the o r i g i n a l order o f i n t r u s i o n , as deduced by Eitieleus 

and Harry (1970), has been modified t o :- SS2, SS3, SS5, SS4a, SS4b. 

The i n c l i n e d microsyenite sheets which cut SS3 and d i p inwards 

towards SS4 have many m i n e r a l o g i c a l and geochemical features i n common 

w i t h SS4a. They would thus seem t o be associated w i t h the period of 

l a t e r i n g dyke i n t r u s i o n , as could the essexite g i a n t dyke since basic 

rocks elsewhere i n the I g a l i k o Complex are mostly associated w i t h 

arcuate i n t r u s i o n s (Emeleus and Harry, 1970). Small, s a t e l l i t i c 

i n t r u s i o n s around the periphery of SS2 predate the main u n i t s and appear 

t o be r e l a t e d bodies. 

The centre was cut by the Mid-Gardar dyke swarm and was af f e c t e d 

by t r a n s c u r r e n t f a u l t i n g , some of which appears t o have been contemporaneous 

w i t h dyke emplacement. Some of the t r a n s c u r r e n t stress appears t o have 

been taken up i n ' t h e contemporaneous dykes by an apparent s i n i s t r a l 

r o t a t i o n on the Narssarssuaq - Q^roq peninsula, producing an 'S' shaped 

d e f l e c t i o n of the dykes (Emeleus and Stephenson, 1970, see Section 2e). 

(6b) Source and Primary E v o l u t i o n of the South Qoroq Centre Magmas 

F i e l d r e l a t i o n s h i p s show t h a t the South Q^roq Centre i s made up of 

a se r i e s of c o n c e n t r i c , high l e v e l i n t r u s i o n s emplaced i n f a i r l y r a p i d 

succession. The trend towards successively less f r a c t i o n a t e d magmas 

w i t h time can be seen from the petrography and geochemistry, but i s 
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p a r t i c u l a r l y w e l l demonstrated by the clinopyroxene trends. 

Upton e t a i . (1971) describe s i m i l a r s i t u a t i o n s i n the Gardar 

s i l i c a - o v e r s a t u r a t e d s y enite complexes of Kungnat and Central Tugtutoq. 

At Kungnat, l a t e r i n t r u s i o n s became successively less f r a c t i o n a t e d , 

c u l m i n a t i n g i n an a l k a l i gabbro r i n g dyke. The two e a r l i e r i n t r u s i o n s 

of quartz s y e n i t e c r y s t a l l i s e d under conditions of slow c o o l i n g t o 

give an accumulative sequence w i t h considerable c r y p t i c l a y e r i n g . 

At Central Tugtutoq, which i s a higher l e v e l i n t r u s i o n , a succession 

of magma batches already below t h e i r l i q u i d u s temperatures were intruded 

i n r a p i d succession. Cooling was f a s t e r than a t Kungnat and i n s i t u 

f r a c t i o n a t i o n was n e g l i g a b l e , although deeper l e v e l s may have s i m i l a r 

accumulative sequences t o those a t Kungnat. I n both cases Upton et a l . 

(op c i t . ) consider t h a t the complexes were derived from a deeper magma 

chamber which had already d i f f e r e n t i a t e d g i v i n g t r a c h y t i c compositions 

o v e r l y i n g more basic magma a t depth. I t i s suggested t h a t the South 

Q^roq Centre i s anal0,gous t o the Central TugtutOq Complex and t h a t 

separate i n t r u s i o n s were derived from some form o f d i f f e r e n t i a t e d 

chamber a t depth, from' which progressively deeper f r a c t i o n s worked up 

to' the surface separated by short time i n t e r v a l s . 

P a r t i a l M e l t i n g : -

I n recent years several authors ( B a i l e y , 1964; Bailey and Schairer, 

1966; Wright, 1971) have presented convincing evidence f o r the d e r i v a t i o n 

of t r a c h y t i c and p h o n o l i t i c magmas by mel t i n g o f mantle m a t e r i a l i n areas 

of high geothermal gradients such as are found i n r i f t environments. 

Therefore, an a l t e r n a t i v e hypothesis i s t h a t the successive i n t r u s i o n s 

i n the South Qoroq Centre are produced by successive stages i n p a r t i a l 

m e l t i n g of c r u s t a l or upper mantle m a t e r i a l . The e a r l y , lower temperature 

melts would form f i r s t , f ollowed by more basic members as higher 

temperature melts formed. Since there i s l i t t l e m a t e r i a l of more basic 

composition than augite s y e n i t e , i t may be t h a t tenperatures never rose 
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above the a u g i t e syenite l i q u i d u s . This apparent lack of basic 

m a t e r i a l would tend t o favour a p a r t i a l m elting hypothesis, but i t 

i s h i g h l y l i k e l y t h a t l a r g e volumes of basic m a t e r i a l are present a t 

greater depths (see below). 

The smooth, continuous major element trends from augite syenite 

t o f o y a i t e seen i n Chapter 5, are suggestive of f r a c t i o n a l c r y s t a l l i s a t i o n 

of a common magma source. During p a r t i a l m e l t i n g , major and tr a c e 

elements of the ea r l y m e l t i n g phases would form the f i r s t melts, 

probably w i t h some d i f f u s i o n out of i n t e r g r a n u l a r areas, and u l t i m a t e l y 

the magma should have a composition equal t o t h a t of the parent. 

However, immediate removal of e a r l i e r formed magma t o higher c r u s t a l 

l e v e l s could r e s u l t i n successive batches l y i n g along s i m i l a r v a r i a t i o n 

curves t o those produced by f r a c t i o n a l c r y s t a l l i s a t i o n . 

The t r a c e element d i s t r i b u t i o n observed i n the South Qoroq Centre 

may be pos s i b l e w i t h the above mechanism, but the h i g h l y ordered 

enrichment and d e p l e t i o n of elements i s more consistent w i t h f r a c t i o n a l 

c r y s t a l l i s a t i o n (Taylor, 1965; Taylor e t a l . , 1968). Ba and Sr decrease 

r a p i d l y t o low l e v e l s of concentration as i s u s u a l l y observed i n the 

l a t e stages of e v o l u t i o n of a b a s a l t i c magma i n which feldspar f r a c t i o n a t i o n 

has played a major p a r t . K enters p r e f e r e n t i a l l y over Rb i n t o a l k a l i 

f e l d s p a r and hence i n successive l i q u i d s the IC/Rb r a t i o i s progressively 

reduced (Taylor, 1965). These features are w e l l i l l u s t r a t e d i n the 

centre, i m p l y i n g a considerable amount of feldsp a r f r a c t i o n a t i o n . 

C r y s t a l f r a c t i o n a t i o n would also lead t o a b u i l d up i n r e s i d u a l elements 

(Zr, Nb, Y, La, Zn, Pb, Th, U) i n l a t e l i q u i d s and t h i s too i s w e l l seen. 

Comparisons w i t h the systems Q - Ne - Ks and Na^O - Fe^O^ - •^12^3 ~ '̂ ^̂ 2 

are c o n s i s t e n t w i t h f e l d s p a r f r a c t i o n a t i o n , and data on i n d i v i d u a l mineral 

phases c l e a r l y demonstrates continuous c r y s t a l l i s a t i o n trends. Although 

i t i s recognised t h a t comparative data i s unavailable f o r magma series 

w i t h a proven o r i g i n by progressive p a r t i a l m e l t i n g , the evidence strongly 
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suggests e v o l u t i o n of the South Qoroq Centre by f r a c t i o n a t i o n of a 

common magma source. 

F r a c t i o n a l C r y s t a l l i s a t i o n : -

Bridgwater and Harry (1968) present convincing evidence f o r the 

presence o f layered gabbro - a n o r t h o s i t e bodies beneath much of the 

Gardar Province. During the e a r l y stages o f c r y s t a l l i s a t i o n i n these 

bodies, f r a c t i o n a t i o n of plagioclase and mafic minerals occured. The 

ea r l y p l a g i o c l a s e was less dense than the l i q u i d a t t h i s stage and 

tended t o accumulate i n suspension a t high l e v e l s where i t was 

incorporated i n r i s i n g batches of magma and hence can be seen i n the 

"Big Feldspar Dykes" (BFD's) of the province (see Section 2b). Mafic 

minerals would sink t o lower l e v e l s o f the chamber and hence the 

o v e r a l l e f f e c t o f removing these phases would be t o deplete the l i q u i d 

i n Ca, A l and Mg t o produce an a l k a l i - e n r i c h e d residua. Bridgwater 

and Harry (op c i t . ) c a l c u l a t e t h a t when the l i q u i d reached an SiO^ 

content of about 53% (about the content of an augite s y e n i t e ) , the 

f r a c t i o n a t i n g p l a g i o c l a s e would be more dense than the l i q u i d and 

hence would s i n k . As a r e s u l t o f t h i s , very few anor t h o s i t e x e n o l i t h s 

are present i n the more d i f f e r e n t i a t e d Gardar i n t r u s i o n s , although they 

are found s p o r a d i c a l l y i n c e r t a i n u n i t s o f the I g d l e r f i g s s a l i k Centre 

(Emeleus and Harry, 1970),in the nearby Klokken i n t r u s i o n and i n 

several o t h e r complexes. 

Continued f e l d s p a r f r a c t i o n a t i o n and renoval of Ca + Al r e s u l t s 

i n a tren d towards i n c r e a s i n g p e r a l k a l i n i t y of successive residua. I n 

the South C^roq Centre the f e l d s p a r s are seen t o range from a sodic • 

o l i g o c l a s e , through Ca-bearing soda-sanidines i n the augite syenites, 

t o K - r i c h a l k a l i feldspars i n the f o y a i t e s . On reaching the f e l d s p a r / 

nepheline phase boundaryi nepheline began t o c o p r e c i p i t a t e w i t h a l k a l i 

f e l d s p a r . Since Na i s p r e f e r e n t i a l l y incorporated i n t o nepheline, 

marked changes i n the chemical trends of the rocks are seen at t h i s 
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p o i n t , and f e l d s p a r compositions are "forced" across the ternary c o t e c t i c 

becoming enriched i n potassium. 

I n order t h a t the f r a c t i o n a t i o n processes should be e f f e c t i v e , i t 

i s necessary t h a t some of the' e a r l y formed feldspar c r y s t a l s be removed 

from the l i q u i d by c r y s t a l s e t t l i n g . I t i s t h e r e f o r e possible t h a t a 

series o f layered cumulates i s present below the South Qoroq Centre i n 

a s i t u a t i o n analagous t o the iCungnat/Central Tugtutoq r e l a t i o n s h i p 

(Upton e t a l . , 1971). C r y p t i c l a y e r i n g i s present i n u n i t SI4 and 

possibly other u n i t s o f the I g d l e r f i g s s a l i k Centre, but l i t t l e i s known 

y e t of the other I g a l i k o i n t r u s i o n s (C. H. Emeleus, personal communication, 

1972). 

The South Q^roq element v a r i a t i o n cannot be e n t i r e l y explained by 

feld s p a r f r a c t i o n a t i o n and a considerable c o n t r i b u t i o n has also been 

made by f r a c t i o n a t i n g mafic phases. F a y a l i t i c o l i v i n e , i r o n - t i t a n i u m 

oxide, a p a t i t e and t i t a n a u g i t e are u s u a l l y present as early phases, 

p a r t i c u l a r l y i n the less d i f f e r e n t i a t e d augite syenites. The reductions 

i n Mg, Fei and P i n the augite syenites and low concentrations i n the 

f o y a i t e s may be a t t r i b u t e d t o f r a c t i o n a t i o n of these phases. A l k a l i 

clinopyroxene, a l k a l i amphibole and b i o t i t e continue c r y s t a l l i s i n g 

throughout the s e r i e s , f u r t h e r d e p l e t i n g the l i q u i d i n Fe and Ca. The 

f r a c t i o n a t i o n of c e r t a i n of the m a f i c j i n terms of phase e q u i l i b r i a i s 

w e l l seen i n the p r o j e c t i o n of the system Na^O - Fe^O^ - ̂ ^2^3 ~ ^iO^ 

(E n g e l l , i n press). 

The few a v a i l a b l e analyses from SS4b mafic bands l i e on smooth 

backward extensions of the major element trends i n non-accumulative 

rocks, and can also be r e l a t e d t o the phase e q u i l i b r i a ; i n the 

Na^O - Fe^O^ - ^^2^3 ^^^'^^'^ ^^^^ Chapter 5 ) . This suggests t h a t 

they l i e on or close to -the l i q u i d l i n e o f descent and emphasises the 

importance of f r a c t i o n a t i n g mafic minerals, p a r t i c u l a r l y i n the e a r l i e r 

e v o l u t i o n of the augite s y e n i t e magma. Si'ight deviations i n the Fe 
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and Mn content o f several f o y a i t e samples suggest t h a t mafic accumulation 

probably also occurred i n the f o y a i t e s , p a r t i c u l a r l y i n SS5 where d e f i n i t e 

mafic bands are observed. 

I t has already been suggested t h a t the South Qoroq magmas were below 

t h e i r l i q u i d i p on emplacement and hence were i n a p a r t i a l l y c r y s t a l l i n e 

s t a t e . Feldspar and nepheline were the p r i n c i p a l phases a t the l i q u i d u s , 

but i t i s also l i k e l y t h a t small amounts of a p a t i t e , magnetite, o l i v i n e 

and clinopyroxene had also s t a r t e d t o nucleate. Clinopyroxene i n 

p a r t i c u l a r commonly occurs as phenocrysts i n the I g a l i k o t r a c h y t i c dykes. 

Mel t i n g experiments on s i m i l a r undersaturated rocks from the province by 

Piotrowski and Edgar (1970) and Sood and Edgar (1970) have shown t h a t 

under most c o n d i t i o n s o f P ^ and P , clinopyroxene i s e i t h e r the primary 
Ĥ O 0^ 

l i q u i d u s phase (excluding high temperature phases such as a p a t i t e and 

magnetite) or appears w i t h i n 20°C of the l i q u i d u s a f t e r f e l d s p a r and/or 

nepheline. Thus, i n each o f the South oSroq i n t r u s i o n s , the s t a r t i n g 

p o i n t o f the r e s p e c t i v e pyroxene trend probably r e f l e c t s the composition 

of the pyroxene on i n t r u s i o n , and hence the depth of o r i g i n i n the 

un d e r l y i n g magma chamber. 

The e a r l i e s t s y enite (SS2) has a trend which s t a r t s f a i r l y e a rly 

i n the pyroxene s e r i e s , probably due t o i n t r u s i o n -before much d i f f e r e n ­

t i a t i o n had taken place a t depth. Pyroxenes from t h i s syenite also 

show considerable zoning which r e f l e c t s the r e l a t i v e l y r a p i d c o o l i n g 

against country rock, preventing continuous r e a c t i o n w i t h l i q u i d . 

(This i s also seen i n several other minerals.) The next syenite (SS3) 

contains the most f r a c t i o n a t e d pyroxenes, w i t h a considerably advanced 

s t a r t i n g p o i n t , i n d i c a t i n g an o r i g i n near the top of the d i f f e r e n t i a t e d 

chamber which had now formed. Successive i n t r u s i o n s (SS5, SS4a, SS4b) 

then show a continuous regression of s t a r t i n g p o i n t due to tapping 

from deeper l e v e l s ( F i g . 4.1). 



152 

The s a t e l l i t i c syenite stocks around the periphery of SS2 would 

i n general appear to be derived from the same or a similar source to 

the rest of the centre. They l i e on the same major and trace element 

trends with the exception of the 0stfjordsdal Syenite which i s s l i g h t l y 

less potassic and i s correspondingly depleted i n Rb and enriched i n Ba 

and Sr r e l a t i v e to the other syenites. A l l the s a t e l l i t e s were 

emplaced e a r l i e r than the main centre and hence may represent small 

batches of magma which separated at an early stage and subsequently 

evolved along s l i g h t l y d i f f e r e n t l i n e s . 

Liquid Fractionation:-

Objections may be raised to a model invoking tapping of a 

di f f e r e n t i a t e d magma chamber on the grounds that lower levels would be 

largely c r y s t a l l i n e long before they could be emplaced. The syenites 

were emplaced over a short time i n t e r v a l , and i t could be significant 

that there i s very l i t t l e material more basic than augite syenite i n 

a l l the- Gardar major intrusions. Thus i t i s possible that the higher 

levels of the magma chambers were tapped o f f , forming intrusions of 

syenite, nepheline syenite and augite syenite, but that the lower, more 

basic levels were too highly c r y s t a l l i s e d to ris e to higher levels. 

Alternatively a residual magma of augite syenite composition may have 

become compositionally zoned through some form of l i q u i d fractionation, 

to act as a largely l i q u i d parent body f o r the higher level intrusions. 

Liquid fractionation involving a v e r t i c a l column of magma, more 

sal i c i n composition i n higher levels and more basic towards the base, 

i s envisaged by Bridgwater and Harry (1968) as the principal source of 

high level Gardar dykes involving pulses of magma with widely varying 

composition. Thus the primary compositions of the feldspars and other 

minerals i n each magma batch would r e f l e c t the composition of the l i q u i d 

at the depth of origin;. A similar mechanism i s proposed by Lipman 

et a l . (1965) and Lipman(1967) f o r the source of compositionally zoned 
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salic ash flow sheets i n Southern Nevada and South-western Japan. 

I t i s also implied by Gibson (1970) fo r similar welded ash flows 

from F^ntale volcano, Ethiopia. 

Although t h i s hypothesis i s perhaps the simplest way of explaining 

compositional differences i n successive magma pulses, and par t i c u l a r l y 

such mineralogical variations as are seen i n South Qoroq clinopyroxenes, 

i t i s d i f f i c u l t to envisage a mechanism whereby such a column of l i q u i d 

may be generated, and perpetuated on such a large scale. Problems of 

degree of solidification are avoided i f the column remains largely l i q u i d 

p rior to emplacement. However, i t i s clear that many Gardar high level 

intrusions were partly c r y s t a l l i n e on emplacement, and at crustal levels 

one would expect considerable c r y s t a l l i s a t i o n of at least the higher 

temperature mineral phases such as ol i v i n e and plagioclase. 

The most l i k e l y mechanism of l i q u i d fractionation i s an upward 

d i f f u s i o n of a l k a l i s i n the l i q u i d , aided by v o l a t i l e transfer (Kennedy, 

1955). The South Qoroq magmas are seen to have had a reasonably high 

v o l a t i l e content, and v o l a t i l e transfer under a thermal diffusion 

gradient a f t e r emplacement has been demonstrated i n Section 5b. The 

presence of v o l a t i l e s would tend to lower the liquidus temperature of 

the magma which would preserve the l i q u i d state f o r longer than i n a 

dry magma. However, i t i s unlikely that such a process i s capable 

of producing vari a t i o n on such a large scale as i s seen i n the Gardar 

major intrusions without some fr a c t i o n a l c r y s t a l l i s a t i o n occuring. 

Most of the vari a t i o n i n the South Qoroq Centre can be explained on a 

crystal f r a c t i o n a t i o n hypothesis, but i t i s l i k e l y that upward v o l a t i l e 

transfer could also have played a si g n i f i c a n t part, par t i c u l a r l y i n the 

development of the residual l i q u i d s . However, i t i s d i f f i c u l t to 

assess the r e l a t i v e influence of the two mechanisms. 
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Summary:-

The interpretations on the magmatic and structural evolution of 

the South Q^roq Centre presented i n t h i s thesis, add considerable 

support to the conclusions of many workers i n the Gardar Province, 

that the d i f f e r e n t i a t e d alkaline complexes can be derived from a l k a l i 

o l i v i n e basalt, largely by processes of fra c t i o n a l c r y s t a l l i s a t i o n 

(Upton, i n press). Progressive p a r t i a l melting and removal of early 

melts to higher levels, although s t i l l feasable, seems to be an unlikely 

mechanism, p a r t i c u l a r l y i n view of the trace element evidence. Large, 

layered intrusions of gabbro - anorthosite postulated by Bridgwater 

and Harry (1968) probably gave r i s e to residua of augite syenite 

composition by fractionation and subsequent removal of plagioclase 

feldspar and mafic phases. Further feldspar and mafic fractionation, 

possibly i n conjunction with a certain amount of l i q u i d fractionation 

through upward v o l a t i l e transfer of a l k a l i s , produced s t r a t i f i e d magma 

chambers with an upward increase i n s a l i c constituents. Tapping of 

such a magma chamber from successively lower levels produced a series 

of concentric, high level stocks of foyaite and a l a t e r ring dyke of 

augite syenite to form the South Qoroq Centre. 

The source of the primary a l k a l i o l i v i n e basalt i s beyond the 

scope of t h i s thesis, but i t i s probably closely related to a r i f t 

valley environment, since many features of modern r i f t systems can be 

i d e n t i f i e d i n the Gardar Province ( G i l l , 1972; Upton, i n press). In 

such an environment, p a r t i a l melting of upper mantle material occurs 

i n areas of high geothermal gradient, producing large volumes of magma 

of both t h o l e i i t i c and alkaline a f f i n i t i e s , within and on the flanks 

of the r i f t s . Models to explain the generation of the various magma 

types have been proposed by Bailey (1964), Bailey and Schairer (1966) 

and Harris (1969, 1970), and a review of the application of these 
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models has been given by G i l l (1972). Recent isotopic work on the 
A A 87 86 

Kungnat and Tugtut^q rocks has shown that i n i t i a l Sr /Sr ratios 

are consistent with a lower crustal or upper mantle o r i g i n (Van Breeman 

and Upton, 1972). 

(6c) Conditions of Cry s t a l l i s a t i o n and Late-Stage Evolution of the 

South Q^roq Magmas 

Estimates of liquidus temperatures of natural magmas from experi­

mental phase e q u i l i b r i a are usually unreliable due to the presence of 

additional components; inaccuracies i n estimating P ^ and P i n the 
Ĥ O 0̂  

magma; and the i n a b i l i t y to take i n t o account variations of P and 
H 0 

2 

Pq during c r y s t a l l i s a t i o n . However, i n the South C^roq Centre data 

i s available on a l k a l i feldspar and nepheline, both of which appeared 

at or close to liquidus temperatures. 

Nepheline provides the most r e l i a b l e geothermometer (assuming 

no sub-solidus adjustments) since compositions are almost independent 

of other variables (Hamilton, 1961). Cores of zoned nepheline i n 

SS2 suggest that the phase commenced c r y s t a l l i s a t i o n between 900 and 
o o 850 C and most grains appear to have stabilised between 775 and 700 C. 

Assuming a P _ of between 1 and 3 kb (see below), the a l k a l i feldspars 

probably commenced c r y s t a l l i s a t i o n around 850 C i n the foyaites and 

completed c r y s t a l l i s a t i o n within 20°C. There i s thus reasonable 

agreement between the methods. Feldspar i n the augite syenites 

probably commenced c r y s t a l l i s a t i o n at temperatures s l i g h t l y above 

850°C, but nepheline appeared at similar tanperatures irrespective 
of magma composition. 

Melting relationships determined by Sood and Edgar (1970) f o r 

similar Gardar rocks at controlled P„ _ and P. give liquidus 
" 2 ° °2 

temperatures (excluding high temperature phases such as apatite and 
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magnetite) i n the same range. However, detailed comparisons of 

temperature and order of c r y s t a l l i s a t i o n are not relevant, since only 

two samples were investigated under controlled P̂  , and the buffer 

conditions used were higher than those expected i n the South Qoroq 

Centre (see below). 

From comparisons with calculations of oxygen fugacity i n other 

alkaline rock series' (see Section 4d), the early stages of c r y s t a l l i s a t i o n 

i n the South Q^roq magmas were controlled by the f a y a l i t e - magnetite -

quartz (FMQ) buffer. However, i n l a t e r stages, o l i v i n e became unstable 

and hydrous a l k a l i amphibole and b i o t i t e started to precipitate, 

suggesting either a new in t e r n a l buffer above the FMQ (such as the 

annite - magnetite - sanidine b u f f e r ) , or an external buffer due to 

the separation of a v o l a t i l e phase. The nature of the clinopyroxene 

fractionation trend ( i . e . the state at which enrichment i n NaFe'̂ '*' commences) 

may be related to f„ and differences i n trends from oversaturated and 

undersaturated alkaline complexes could be due to d i f f e r e n t oxidation 

conditions. 
From phase relationships i n the Ab - Or system i t i s deduced that 

P„ _ was between 1 and 3 kb during the c r y s t a l l i s a t i o n of the foyaite 
" 2 ° 

a l k a l i feldspar. The normative rock compositions have been related to 

the 1 kb phase e q u i l i b r i a i n the Q - Ne - Ks system and considering the 

possible thickness of basalt/sandstone cover, 1 kb seems to be a reasonable 

estimate. However, P ^ may have been i n i t i a l l y lower i n the augite 

syenites and probably b u i l t up i n the l a t e r stages of foyaite c r y s t a l l i s a t i o n 

to values above 1 kb. As a result of increased P ^ (and the gradually 
" 2 ° 

decreasing f'^ ) during the l a t e r stages, a l k a l i amphibole became stable 

i n place of a l k a l i clinopyroxene, and i n many samples, b i o t i t e formed 

as a second hydrous mafic phase. The hydrous phases are always 

i n t e r s t i t i a l r e l a t i v e to the other phases, suggesting a separate stage 
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of c r y s t a l l i s a t i o n . I t i s possible that t h e i r precipitation i s 

controlled by a rapid decrease i n load pressure as the magma was 

emplaced to i t s present l e v e l , causing P to exceed P, ^, but there 
Ĥ u t o t a l 

i s i n s u f f i c i e n t evidence to determine the extent of t h i s influence. 

Other v o l a t i l e fractions i n the magma which became active during the 

l a t e r stages are F which entered a l k a l i amphibole and occasional 

f l u o r i t e ; CI which resulted i n the precipitation of i n t e r s t i t i a l 

sodalite; and CÔ  which entered secondary cancrinite and i n t e r s t i t i a l 

c a l c i t e . 

Since the South Q^roq Centre i s composed of batches of magma which 

were already below t h e i r liquidus temperatures and highly differentiated 

on emplacement i n t o a f a r i l y cool, high structural l e v e l , further 

d i f f e r e n t i a t i o n a f t e r emplacement has been minimal (c.f. Central 

Tugtut^q, Upton et a l . , 1971). Occasional mafic bands, concordent 

with igneous lamination have•produced local variations. However, the 

main ef f e c t has been the v o l a t i l e transfer of a l k a l i s outwards under 

a thermal d i f f u s i o n gradient established during cooling. This i s 

seen i n s l i g h t variations i n element content across the intrusion, 

with an increase i n d i f f e r e n t i a t i o n outwards. Marginal pegmatites, 

suggesting local accumulation of trapped v o l a t i l e s , are common and 

there i s often a zone of a l k a l i metasomatism i n the country rocks 

around the centre. Pegmatite veins representing the f i n a l magmatic 

residua, and composed essentially of the low temperature phases a l b i t e , 

aegirine and carbonate, cut the outer syenite SS2. 

Sub-solidus exsolution, commencing i n the temperature range 750 -

700°C, occurred to a greater or lesser extent i n a l l a l k a l i feldspars. 

The exsolution was probably enhanced i n rocks with a high v o l a t i l e 

content. Exsolution - oxidation ordering of the iron-titanium oxides 

probably occurred at super-solvus temperatures. 

Hydrothermal a l t e r a t i o n of the rocks occurred i n several areas, 

but was p a r t i c u l a r l y active, i n the v i c i n i t y of f a u l t s , i n shear zones 
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and i n marginal areas. The al t e r a t i o n principally involved hydration 

of the nepheline to produce gieseckite pseudomorphs, thus increasing 

Ĥ O and decreasing Nâ O i n the affected rocks. 

(6d) Effects of Recrystallisation Around the I g d l e r f i g s s a l i k Centre 

I t has been seen i n Chapter 3 that marked textural and mineralogical 

changes occur i n the South Q6roq Centre rocks i n a wide zone around the 

l a t e r I g d l e r f i g s s a l i k Centre. The effect i s most pronounced i n the 

area around Niaqomarssuk, where remobilisation has occurred i n certain 

rocks. I n most recrystallised samples there is.no systematic change 

i n major element content, although the iron oxidation r a t i o Fe'̂ '''/(Fe"̂ ''' + Fê "*") 

i s increased i n some samples (SS4b) and reduced i n others (SS5). 

A l k a l i metasomatism has not occurred and some samples even show a 

s l i g h t l y reduced a l k a l i content. However, a l l the samples show a 

marked depletion i n residual trace elements. 

Increased oxidation and high d i f f u s i o n rates i n recrystallised 

rocks are suggested by the fact that, i n more extreme examples, ilmenite 

and magnetite occur as discrete phases instead of i n the normal exsolution 

relationship. The pyroxene trends of such rocks suggest some form of 

constant f buffering, at least during part of t h e i r c r y s t a l l i s a t i o n . 
— 2 

Fayalite i s absent from the recrystallised zone, and the hydrous mafic 

mineral tends to be b i o t i t e rather than amphibole. Both features 

suggest that f ^ had been raised above the FMQ buffer, (see Section 4d). 
3+ 

The increase i n f ^ caused more NaFe to be taken in t o the pyroxenes, 

and i n the SS4b sample investigated (58164) there i s a corresponding 

decrease i n Na/K i n the a l k a l i feldspars. The a l k a l i feldspars 

themselves are very coarsely exsolved perthites, indicating a high 

degree of sub-solidus ordering. Eineleus and Smith (1959) have shown 

that t h i s i s favoured by a f a i r l y high P and slow cooling rates. 
Ĥ O 

Nepheline tsnperatures do not indicate any sig n i f i c a n t rise, i n temperature 

during r e c r y s t a l l i s a t i o n , so i t i s suggested that the temperatures were 
sustained f o r a longer period i n recrystallised rocks, enabling increased 



feldspar ordering. This was probably aided by an increase i n P 
Ĥ O 

which probably also contributed to a general increase i n f ^ . 

Although no large systematic changes occurred i n the major elements, 

i t appears that residual elements were removed, possibly with the 

aid of v o l a t i l e solutions. 

159 



APPENDICES 



160 

APPENDIX I 

ELECTRON MICROPROBE ANALYSIS(techniques and analytical conditions) 

The samples f o r analysis were prepared as polished t h i n sections, 

and whenever possible, samples and standards were carbon-coated 

simultaneously to ensure a uniform thickness of carbon. The samples 

were cleaned and recoated frequently since the coating deteriorates 

with time, p a r t i c u l a r l y i f the samples are not stored i n a dessicator. 

The instrument used i n the University of Durham i s a Cambridge 

Instrument Company "Geoscan", and the general techniques employed are 

those suggested by Sweatman and Long (1969). The standards used f o r 

the analyses i n t h i s thesis are l i s t e d i n Table I . l , together with the 

analysing conditions. Most of the mineral groups were analysed with 

an accelerating voltage of 15KV, except f o r nephelines, which were 

analysed at 12KV i n order to minimise v o l a t a l i s a t i o n of a l k a l i elements, 

A lower voltage was found to be unnecessary fo r the feldspars, since 

a defocussed beam was used i n order to obtain bulk analyses of 

microperthitic intergrowths. 

The "Geoscan" has two spectrometers and four pre-set spectrometer 

positions. I n general, two elements were determined simultaneously 

with pre-set peaks and backgrounds f o r each element. However, i n 

strongly zoned minerals such as the pyroxenes and amphiboles i t i s 

desirable t o ensure that the four most variable elements ( i n t h i s 

case Na, Ca, Fe and Mg) are analysed on exactly the same spot. Hence, 

four elements were determined simultaneously using the pre-set 

spectrometer positions f o r the four peaks (backgrounds were determined 

separately). For the remaining elenents, a return to the same spot 

was f a c i l i t a t e d by the use of sketches, and the recognition of bum 

marks on the carbon coating. 
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• Since many analyses were usually being performed i n the pair of 

slides loaded i n the machine at any one time, analysis was usually 

performed i n the following order:-

3 X 10 second counts on each standard 

2 X 10 second counts on each of 9 unknowns 

3 X 10 second counts on each standard 

Backgrounds as appropriate (usually 4 x 10 seconds on standards) 

Repeat f o r next 9 unknowns 

Thus, f o r each run, nine unknowns were each counted for 20 seconds and 

each standard was counted f o r 60 seconds. The data was processed 

(taking i n t o account d r i f t and counter dead-time) using the computer 

program "SORT", provided by F.B. Frost. The uncorrected analyses were 

then corrected f o r mass-absorption, secondary fluorescence and atomic 

number ef f e c t (stopping power and electron back-scatter) using the 

program "ABFAN" (Boyd et a l . , 1969). 

Although the smallest possible diameter f o r the electron beam i s 

th e o r e t i c a l l y l^m, the excited area i n the sample i s somewhat greater 

than t h i s . Other factors such as d i r t i n the electron-optical system 

also i n h i b i t precise focussing of the beam, but i n general the 

resolution i s considered to be between 2 and 5^m. Detection l i m i t s 

(calculated from the formula > where m = mean peak counts/sec/%, • 
b 

R̂  = mean background cp.s. , = counting time on background) f o r most 

elements are i n the order of .01%, but some are s l i g h t l y higher, the 

worst being Si at .04%. Overall accuracy, taking i n t o account counting 

precision and uncertainties i n the correction procedure, i s i n the order 

of - 2% of the amount present f o r the major constituents. Elonents 

present i n quantities below about 3 - 5 % and certain v o l a t i l e elements, 

noteably F, CI and S have a somewhat lower accuracy. 
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APPENDIX I I 

X-RAY FLUORESCENCE - WHOLE ROCK ANALYSIS 

( I l a ) Sample Preparation 

Rock samples selected f o r analysis were s p l i t i n t o fragments of less 

than 6 cm. i n size using a Cutrock Engineering hydraulic s p l i t t e r . Where 

possible up to 1 Kg. of coarse grained rock was used i n order to gain a 

representative sample, but frequently the sample was smaller than the ideal. 

At t h i s stage care was taken to exclude weathered edges, veins, inclusions, 

etc. and to remove a l l traces of paint and other superficial deposits. 

The fragments were then crushed to a coarse gravel using a Sturtevant 2" x 6" 

Roll Jaw Crusher, and -J, ̂  or ̂  fractions were taken to reduce the sample 

to a representative 100 - 200 gm. This f r a c t i o n was then ground to a 

fi n e powder using a Tema Laboratory Disc M i l l , model T-lOO with a tungsten-

carbide Widia grinding barrel. 

Work by Fit t o n and G i l l (1970) has shown that considerable atmospheric 

oxidation of ferrous i r o n occurs i n hydrous igneous rocks during continued 

grinding i n the disc m i l l . Thus a small sample of powder was withdrawn 

from the m i l l a f t e r 30 seconds f o r the determination of FeO by the method 

of Wilson (1955), and the remainder was ground f o r a further 3 - 4 minutes 

u n t i l the powder was s u f f i c i e n t l y f i n e . 

I n the Durham University Geology Department, the X-Ray Fluorescence 

procedure i s based on the use of rock-powder bricquettes, largely because 

of the great saving i n preparation time compared to fusion techniques. 

The powders were pressed i n t o bricquettes (with a few drops of Mowiol as 

a binding agent) using a hydraulic press operating at 5 - 6 tons/sq.in, 

(800- 900 Kg/cm^). 

The analyses were then carried out on a Philips PW1212 automatic 

spectrometer equipped v/ith a vacuum path. Most of the routine running 

conditions used on th i s particular machine are given by Reeves (1971), 

but d e t a i l s relevant to the present work w i l l be given i n the following 

sections. 
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( l i b ) Major Element Analysis 

The elements Si, A l , Fe ( t o t a l ) , Mg, Ca, Na, K, Ti and P were 

determined using a Cr target and an evacuated X-Ray path. Mn was 

determined separately using a W target. I n order to minimise systematic 

and random errors due to electronic i n s t a b i l i t y etc. the method of "fixed 

counts" was used, together with a monitor f o r a l l the major elements and 

certain traces. I n t h i s method the time (T) taken to accumulate a 

pre-determined 'N' counts on a monitor f o r a particular element i s 

automatically recorded. The next three samples are then counted over 

the same time i n t e r v a l (T) f o r the same element, and hence an allowance 

i s made f o r i r r e g u l a r i t i e s i n the count rate as detected by the monitor. 

The standards used were of similar composition to the unknowns to 

minimise mass absorption differences and matrix effects, and were found 

to cover the range of most elements s a t i s f a c t o r i l y . Most of them were 

Gardar samples provided by Dr. B. G. J. Upton and the geochemical laboratory 

of Gr!Z$nlands Geologiske UndersjzSgelse (G.G.U.), but international standards 

G-1, W-1, and S-1 were also used (Table I I . 1 ) . 

I t i s usual to correct the analytical data f o r mass absorption 

differences between standards and unknowns as described by Holland and 

Brindle (1966) and Reeves (1971). However, t h i s procedure depends 

considerably upon a normalisation o£ the analysis to a t o t a l of 100% i n 

order to produce r e a l i s t i c analyses, and hence i s open to much c r i t i c i s m . 

The reasons f o r the dependancy upon normalisation are not entirely under­

stood, and i t i s found that f o r compositions of standards and untaowns 

which are very similar, there i s considerable over-correction f o r certain 

elements, which i s very noticeable i n un-normalised analyses. G i l l (1972), 

using the same set of standards as i n the present work, has observed the 

same ef f e c t and gives a f u l l c r i t i c a l evaluation of the correction procedure 

as applied to standards and unknowns of similar composition. 
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For syenites and nepheline syenites, the most r e a l i s t i c analyses are 

obtained by d i r e c t comparison of the unknown with the uncorrected standard 

c a l i b r a t i o n , except i n the case of SiO^, where an anpirical correction i s 

necessary i f the t o t a l Fe (expressed as Fe^O^) exceeds 11%. This 

correction i s dependant en t i r e l y on the Fe content of the unknown, and 

f u l l d e t a i l s of i t s derivation and application are given by G i l l (op c i t . ) . 

A l l analyses cjuoted i n the present work are derived by th i s method. 

The t o t a l s f o r those samples which have been analysed wet chemically 

f o r FeO, Ĥ O and CO^j although showing a greater variation than i s normal 

f o r complete wet chemical analyses, are mostly within the range 98.0 to 

100.5%, which i s considered satisfactory f o r the present work (see histogram -

Fig. I I . 1 ) . Internal consistency, as with most X.R.F. analyses, i s 

extremely good, which makes the method ideal f o r the present work, where 

many analyses are required to establish quite subtle variations i n 

composition. Analyses which have been performed on d i f f e r e n t occasions 

are shown i n Table I I . 2 as an indication of precision. 

( I I . c ) Trace Element Analysis 

The elements Ba, Nb, Zr, Y, Sr, Rb, Pb, Zn, Cu, Ni, La, Th, U and V 

were determined using a W target and an evacuated X-Ray path. For most 

of the samples the usual counting time was halved and the machine set to 

recycle twice. The data was then processed using the program "COMPARE" 

developed by G i l l (1972) which enables random errors due to stray counts 

etc. to be detected. The main calculation was then performed by the 

program "TRATIO" ( G i l l , op c i t . ) using the count-rate function (peak 

intensity/background i n t e n s i t y - 1). This function enables scattered 

background radiation to be used as an int e r n a l standard to compensate for 

matrix and mass absorption effects. The programme enables corrections 

f o r blank/contamination and interference (e.g. interference of SrK£ 

on ZrK^) to be included. I t also calculates the nominal detection l i m i t 
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of each element from the formula 3(B^'), where B i s the mean background-

under-peak i n counts averaged over a l l the determinations processed. 

Certain elements need special procedures:-

( i ) La values are calaalated from the count rate function (peak -

background) since t h i s gives a more r e l i a b l e standard ca l i b r a t i o n . I t 

i s also necessary to use a monitor f o r the count rate (see I I . b ) . 

( i i ) Because of the serious interference of TiK^ upon VK^^cit i s 

necessary to analyse Ti and V simultaneously during V determinations. 

A special procedure and computer program has been developed by 

J. G. F i t t o n f o r t h i s purpose. 

For most of the elements the standards used were synthetic, spiked 

glasses prepared by the Pilkington Research Laboratory (Lathom, England) 

f o r use i n lunar investigations (Brown et a l . , 1970). These standards 

are i n two sets i n order to avoid interelement interferences as much as 

possible.. International standards G-1, G-2, W-1, S-1, GSP-1, and AGV-1 

were also run f o r most elements,and i n certain cases they were used 

exclusively due either to interferences i n the PiTkington standards ( i . e . 

Pb and Th) or the element not being present ( i . e . La). Certain heavy 

metals ( i . e . Cu and Ni) gave count rates which seemed too high at low 

concentrations i n the Pilkington standards. . This was interpreted as 

due to lack of mass absorption and matrix effects f o r heavy metals i n 

the synthetic glasses, compared with natural samples. Consequently, 

only the natural international standards were used f o r low concentrations 

of these elements. 

As i n the major elements, precision between runs i s extremely good 

and therefore the results are i n t e r n a l l y consistent (Table I I . 3 ) . To 

enable a better comparison to be made with analyses from other laboratories, 

the analysed values f o r the common international standards are tabulated 

i n Table I I . 4 along with the accepted values. 
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Fig. I I . 1 

Histogram of to t a l s f o r 82 South Qoroq Centre Analyses including 

FeO, Ĥ O* and CÔ  
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Sp. No. 58281 

Syenite SI4 - I g d l e r f i g s s a l i k Centre 

Feb/March, 1970 

SiO^ 59.47 58.91 59.05 58.60 58.81 59.18 

TiO^ 0.47 0.47 0.47 0.47 0.45 • 0.45 

^2°3 19.40 19.23 19.46 19.15 19.42 19.32 

Fe^O^(T) 5.64 5.62 5.61 5.60 5.56 5.56 

MnO t . l 7 0.16 0.16 0.17 0.17 0.16 

MgO • 0.33 0.31 0.30 0.31 0.22 0.23 

CuO 1.66 1.63 1.63 1.64 1.64 1.67 

Nâ O 6.54 7.19 7.18 7.25 5.87 7.28 

K̂ O 5.80 5,76 5.80 5.81 5.73 5.73 

^2°5 0.11 0.10 0.11 0.11 0.12 0.13 

TOTAL 99.60 99.40 99.78 99.11 97.99 99.71 

March 1971 

Table I I . 2 

Repeat analyses of Sp. No. 58281 from two separate X.R.F. runs, 

giving an indication of the precision of the method. For most elements 

precision i s high, but Nâ O i s prone to occasional low values and MgO 

shows a marked difference between the two runs. 



INTERNATIONAL STANDARD G-1 (ppm) 

170 

Ba — — 

Nb 20 21 1 20 21 20 

Zr 186 186 1 197 198 195 

Y 13 10 1 11 12 10 

SR 264 260 1 238 237 238 

Rb 233 231 1 233 233 .235 

Pb , 34 32 35 30 -

Zn' 63 60 1 71 71 73 

Cu 29 24 1 21 21 22 

Ni 11 10 10 - -

La 82 84 83 84 81 

Th 53 62 64 70 -

U 6 4 3 4 -

V 18 — 

Table I I . 3 Repeat trace element analyses of international 

21 

84 

by X.R.F. Vertical lines separate values obtained i n d i f f e r e n t runs with 

a d i f f e r e n t standard c a l i b r a t i o n curve. 
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( p p n ) 

G-1 G-2 W-1 S-1 GSP-1 AGV-

Ba _ 1254 _ 

1200 1950 180 282 1360 1410 

Nb 20 13 10 — 22 15 
20 16 10 75 28 22 

Zr 192 356 95 _ 544 270 
210 316 100 3030 544 227 

Y 11 13 21 _ 41 19 
13 12 25 441 37 25 

Sr 247 562 184 — 271 765 
250 463 180 285 247 657 

Rb 233 199 22 — 250 80 
220 - 22 - — — 

Pb 33 45 26 275 67 47 
49 29 8 495 52 35 

Zn 72 96 95 246 111 91 
45 75 82 219 143 112 

Cu 23 12 116 24 32 60 
13 11 110 25 35 54 

Ni 9 10 75 35 14 22 
1 6 78 43 11 18 

La 81 77 10 114 111 32 
97 82 10 180 173 33 

Th 62 25 2 1100* 110 7 
52 25 4 1100 110 7 

U 4 3 0 2598* 0 6 
4 < 2 <2 2700 <2 <2 

V 18 33 246 73 45 100 
10 37 240 89 52 121 

Table I I . 4 Averages of X.R.F. determinations f o r trace elements i n 

International standards, compared with quoted values. Top l i n e - X.R.F. 

average. Bottom l i n e - quoted average (less optical spectrometry results) -

Flanagan (1959), Fleischer (1969), Sine et a l . (1969) 

* Close comparison due to S-1 being the only available standard with high 

concentrations i n the c a l i b r a t i o n . 
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APPENDIX I I I 

ELECTRON-MICROPROBE MINERAL ANALYSES 

Table I I I . l 

The South C^roq Centre mineral analyses arranged i n the -order of 

mineral groups as found i n Chapter 4, i . e . pyroxene, amphibole, o l i v i n e , 

magnetite, ilmenite, nepheline, feldspar. Within each mineral group the 

analyses are arranged i n the order:- SS2, SS3, SS4a, SS4b, SS5, pegmatites, 

microsyenite sheet, essexite. The d i g i t s following each specimen number 

refer to the index number of a particular grain or group of grains i n the 

section, and where- photographs of analysed grains occur, these numbers 

are referred to i n the caption. Analysed points are also marked 'x' on 

some photographs. 

Recalculations of complete analyses to an appropriate number of oxygens 

to make up the u n i t c e l l are given, together with end-member compositions. 

Details of end-member calculations and estimates of Fê Ô /FeO r a t i o (where 

appropriate) are given i n the relevant sections of Chapter 4. 

The sample numbers used f o r each rock u n i t are as follows:-

SS2 - 58231 
127021 
127075 

SS3 - 46269 
58229 
58236 
127015 
127038 

SS4a - 58150 
58228 

SS4b - 58221 
59676 
127025 

Mafic band 
i n SS4b - 59572 

Recrystallised 
SS4b - 58164 

SS5 - 46243 
45244 
58230 

recrystallised SS5 - 58154 

peg. vein i n SS2 - 127071 
" patch i n SS3 - 59663 

Microsyenite sheet - 127027 

Essexite - 58150 

Magnetite veins 
cutting Jhb. Gr. - 127001 

127003 

59676 has several mineralogical s i m i l a r i t i e s to SS4a and may be 

associated' with t h i s syenite. 
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Ô J O 00 
rH cn cn 

• • • 
vO CM O 

>o ro 

00 
in 

CM 

cn 
in 

c n - t c O v o O ' d - i n r ^ r - in 
r o i n c n r * - i n o » o O s O in 
• • • • • • • * * • 

O O J O O j C O r H r H O O 
in ^ rH CM O 

c n c o r - c n r o r - c r c n c M 
O r H C M f ^ r O s O h - h - C M 

C T r H O O r o i n o o o o 

r ^ O O O O O O O O 

r- o ro 
00 r- >j-

• » » 
r- sO in 

in CO 

in 

CM 

r-
>o 
cr 
in 

i n i n % o r o s f h . o o < t - Q 
C O ' t C r o o r ^ s t r H r H v O CM 

• 
O O J O O J f - l C r C M r H o CM 
in rH (M o 

f ^ o o r » - o o o o > r H o o 
O O C M O O s D C M C n o o C M 
C T r H o o c o i n o o o o 

« • « • • • • » • 
r H O O O O O O O O 

ro -4-
o o cr 

• * • 
CO ro CO 

in ro 

>0 
in 

CM 

cn 
in 

% o > o i n i n ( r r » - o o c v 
r - C T v C r o o c r s o r o n -

Cr rH O CO CO rH rH o 
rH rvJ 

O 

• 
O 
O 

QOCrcnr^ojoorMn-.i-
r H O O r H c r c M i n c n c r c M 
c r o o o > i - > d - o o o o 

• • • • • • • • • 
r H O O O O C O O O 

CM sD <\S 
in • • • 

cn in >t 

i n 
in 

U J lA >-
_ J 
< 
z 
< 

UJ 
z 
Ul 
X 
o 

CC 
> a. 

2 
U J 

a 
o 

CC 
o o 

a 
i/> 

4-
in 

ro 
in 

CM 
u^ 

m 

O 
cn 
in 

cr 
in 

r-
^o 
cr 
in 

o 

cr 
in 

•4-

00 
rg 
CM 
00 
m 

UJ 

< 
I-
z 
U J 
o 

UJ 
a . 

X 

o 
1—1 
UJ 
St 
U J 
Q 
t—I 
X 
o 

o o c r ^ c i n r ^ r H c r r o o o 1^ c M i n o i n o r H r ^ i T o o cr rH O 
o o c o o * £ i c M i n Q O o i n 00 o o c o h - c T ' j - r ^ r - r H oo O rH • « • » • • » • • • C n r H Q O O O v O O O O O • • • 
O C M r H O J C r i - H r H r H Q 1—1 r\j o 
in ,-1 oo o 

rH 
r H O O O O O O O O o ro 

Ut 
r O C M v O C r i n r H O r H C D m o r H C M t o c r c M O i n c r o o in in o 
m i n r H O i n r - c M o o i n rH >- O r H c o i n c o o c n i n r H 00 

• • • • • • • > • • X c n r H O o r o v O o o o o • • • 
O O O r H O J O O C M O O rH o » • * • • • • « • in cn >J-
in rH r-H CM o r H O O O O O O O O in ro 

rH 

U-
c n i n v O i n i n i n r H c n r o 00 o r H o e o r o o O r H v o r o o cn >i-
c n c o c n i n n - ^ t ' - i c r v O r H O C M ^ - O O O O t ^ O O cn in 

• « • « • • ( ) « • • 00 cr r H O o < a - ' d ' c r o o • • • 
C > C M O C M C M O O O J O O o •—1 00 ro 
•d- rH CM o oo r H O O o O O o O O 

rH < CD 
U J 

O ' d - i n r O r - t O s f o o v O O X c r o o - i ' r o r o i n c r O r H i-H 00 CM 
^ o o o i n c M r - i c n c n o i- O J O ^ C M h - O o ^ O O f ^ C M 00 rf'. oo 

• • • • • • • • • * c r o o o > i - ^ c n o o z • • • 
o c M o o j r o o O r H O O o z • • • • • • • • » o r*- r- If > 
in ^ o o — l O O O O O O O O 1—1 

l-H 1-
to 
2 00 

r H r O i n « 0 4 ' v O h - O r H 
o o 

r H r O i n « 0 4 ' v O h - O r H 1—I < ^ i n o o o f ^ ^ - r o O > o a 00 •d- ro 
c n o o > o o o i n r o r o i n o o OJ 1- c n t T i f - i r H C M i n v O i - i r v j s : cn CC- OJ 

• • « * • * « • • « cc c n o O r H > * - r o o O r H O o • 
C M n W O C O r O v O r H r H O 00 a i_) rH CO en 
in rH (M o a r H O O O O O O O O iH ro 

o a: cc UJ 
a. 00 

s : 
u OJ 

ro ro —t •—I s : 
CM O 00 D O < T. C D O J O O J O O O C M O O ro OJ Q 
• - i _ j i - < u j u ; c ) < < z O • - < _ j » - < u j u j t i < i < z Z o rH a 
o o < f - u - u . s : o z 2 : H- < o o < ; i - u . u . 5 : o z 5 : UJ < O X 



179 

o OJ 
ro 
00 
in 

c r o o r H r o c r o r o v O o i ro 
i n C T r H r M f ^ i n r ^ Q O ^ ro 
999999999 9 
rorHrHnjcrojrooo s>-
in rH CM o 

c o i n o O f - - c r > t - r H i n 
o o o r o > o c r r ^ o o » O r H 
a ^ o o o r o x C o o o o 
• • • • • • • • « 

r H O O O O O O O O 

OD 
in >o 

* * • 
in -J" cr 

o ro 

cr 

ro 
9 

o rH 
00 
m 

i n ^ - t o j O o o m r o r o in 
c r c r m r \ j r M ( y ( r \ j r H s o o 
999990999 9 

r H O O r O C T r O ^ i n r H o 
in rH rH O 

^ r o o r o i n o o > o c M r o 
c r > t r H O o < r r o o o o o i n 
c r o o r o r o r o i n r o o 
• • « • • • « • • 

r H O O O C O O O O 

cr «4-
00 ro • • • 
a- ro >£) 
ro ro ro 

00 

ro 

rH 
00 
m 

rHOcrrMrHvO'4 ' rHNi - cr 
>*-CrrO'4-rH,Oinrot^ ro 
• • • • • • • • • ( 

r H O o r o o o , j - > t i n r H o 
in rH rH O 

h - r H r H C T r H r ^ c r c r h -
r^>i'rHOo<X)vOcrooin 
c r o o r o r o r o i n r o o 
• • • • • • • • • 

r H O O O O O O O O 

ro ro 
cr vO 
• • • 

cr ro 
ro oo ro 

ro 
9 r^ r^ j - «d - rH ( \ j ro rgcr 00 

ror^ror^vO>oj - r ->o ro 
r- «o • • • • • • • • f t • rH o o O o ^ o o r o r o i n r H rH 

00 in rH rH O 
m rH 

OJ 
ft rMrOf lDroroin>OyOr^ ro 

>t sOOOh-h->j - -d-«^-or- - rH 
%0 • • • • • • • • • • «o rH r O r H O r ^ O r H r H r - i O m 
00 in rH rH CM o 
m rH 

ro 
• ' ^ • r o ^ f ^ r H r - 0 \ C h - rH 

r~-oDr«-inroroo^rH\o rH 
m o • • • • • • • • f t • o rH o j r H O i n < » r H c r r M O ro 

00 in rH rH o 
in rH 

00 oo 
UJ Z 
oo ro UJ 
> « rHOOroo^NOrooorHin r j 

i n r H i n i n O x d ' C T r H r o r- > < >t o • X 
z <o rH r o r H o o c r s o i n s j - r H rH o 
< 00 in rH rH o 

in rH 
UJ 
z 
UJ rH u. 
X • o h - i n c r N o o o > O r H o o in o 
o o o i r . « t - * - c r r - o . t 00 
cc ro 999999999 • I/} 

o rH o j r H O i n r - r M r H o a r H 00 r-t 
CL 00 m rH rH cr OO 

in <r 
CD 

rH UJ 
ft r H N O i n . o > o o h - r ~ > j - ro X 

Ul Sf UJ > 4 - r - o r - r o r o o O h - rH (-
cc ro vO • • • • • • • • • • h- >o rH < r v J r H O r M O r H O J r H O ro z 
z 00 ITl rH rH ro O o 
UJ in Z rH 
o Ui to 

o z 
a rH cc o 
a » UJ x D r o f ^ i n r H ^ t o r o o J o r-l 
oc CL r o c r r o o j O o o - 4 - i n s D 00 t-
a rH vO 999999999 • o: 
a rH h- r H O O > t o D r o r o i n r H cr o 

CD X in rH rH cr a 
X in o o 
H oc D UJ a 
O 3: 
oo o 

U) ro ro r-l 
o OJ O ro D o < £ 
r-f O r o o r o c o c r o o O 
X t - i J r - U J U J O « I < Z O H-
o o o < » - u . u . 5 : o z 5 : <t 

o o i n o r o i n v o c r o i n 
c r r O r H C M h - O x d - r o i n 
c r o o ' J - r M r o t n ' J - o 
9 9 , 9 , , , , , 

• H O O O O O O O O 

>4-crr\ jNoor^in>Dvt 
r o h - r o h - ( M r M < f h - r o 
( ^ o o o ^ o ^ £ ) o o o o 
• • • • • • • • • 

r H O O O O O O O O 

r H ( r r H r O r O i n r H r O , H 
r o r ^ r o i n m r - i o o i n r M 
c r o o r H r o > £ ) r ^ r H O 
• • • • • • • • • 

r H O O O O O O O O 

o o r o i n o o o i n o r o 
r - i n r H O Q o > o >j-o>d-
c r o o r o o j r o < o r o o 
• • • • • • • • f t 

r H O O O O O O O O 

0^o>\0(MrorMO^(M<r 
r H s i - r H i n ^ i ^ o o i n s f -
o o o > 4 " r M r H » t 4 - o 
• • • • • • • • • 

Oi o o o o o o o o 

rH^OOvOCrOrHvOrO 
r o f ^ r H r » - ^ r o r > - h - r M 
c r o o o r o - o o o o o 
• • f t f t f t f t f t ^ f t 

r H O O O O O O O O 

>orOrH«OcrrovO>oro 
oo>i-rH,Hh-roinrHin 
c r o o ^ t r o o j i n v t o 
• * • • • • • • • 

r H O O O O O O O O 

ro ro 
_J HH UU UJ o 
< u. u- s : 

< <: z 
o z X 

00 
z 
o 

IT) 
o 
a 
s ; 
a 
o 
QC 
UJ CD 
2: 
UJ 

o 
z 
Ui 

«o 
rH -d- rri 
• • • 

>d- rH 
>j- ro ro 

ro cr cr 
ro 00 00 
* • • 
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. . . . . . 1 * » . . . . . . 
ro s4- c cc O C v£> o o IT 00 ro r-l ^ cr c 0^ 

cc rr- in ro o lO rr. o CM 

r-i 
rH rH . 

S t 
S t cr o gD c\j in vO CM C O rH xO m xj- St C 
CM o g3 O O O ' ro o t-i in cr in r<- t - CM ro 

in O . » . . « . 1 • . . . . . . 
rr, o •4- o o cr r-t o xO s t rH CM rH xj- Ô J ro 
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ô  Ox! C C <I 
c r r x i r v c c o c K 
> - • • - . _ j CC U.i Z CD < C 
</) t- «a o a s : s C J h-

c 
a 

(_) 
a 
a: 
a 
c 
o 

o^ 
c 
rvj rr 
a i U J 
a u. 

< 
t-
c 

Ol 
c 
CM 

og 
n 

OO 
X 



2? 6 

OO 
LL 
00 

< 
z 

UJ 

u.-
DC 

U J 
CJ 

G 
O 
C t 
c 
G 

=> 
O 
00 

O J 

o 
rvi 

cr 

00 

fv-
rH 

in 
r-l 

in 
v t 

in 
r-l 
00 
LP, 

v t 
IP, 

oc 
LP 

ft 
v t 
m 
rH 
00 
in 

in 
ft 

vt 
vi 
OJ 
vO 
v t 

- t 

v t 
n j 
vC 
v t 

v t 
v t 

o 

vt 
v t 
O.I 
vCl 
v t 

U-i 

z 
U J 
(_i 
CC 
lU 
a. 

X 
(Si 

LL' 
Q 

X 
o 

vO rv.1 vj c\ oc in 
o Q o o vO cr 

C vt 
in 

O O IC' o 
v t 

I I 

ro rri vO ^t <r aT O ' 
rH IP r-' O CN tf\ O 

ft ft ft ft ft ft I ft 
O C O fvl c o 

U"' vt 

CT rH CT Ol IP O-
C vO O C r- O 

O v t O O IP r-l 
in v t 

I I 

0- a , vt o,i cc in 
O rH O O vf) CM 

O IP o o 
If • 

I I 
vJ .-1 
vT 

rH . - I IP O J CT rH 
r- o o o r- o 

in o o 
in 

I I 

ro vT CM in o 
— IP c O vO -t o 
ft ft ft ft ft ft ft 

o cv o c in r-' o 
IP- v t 

O" vO 0- 0.1 r j O 
r-l O O C oc- O., 

ft ft ft ft ft ft 
O vt O O ro, rH 

in <t-

O . O ' 
cv O J a 
C C O J O.' c c. c c-
' - f ' - ' - J D i U . 2 C 5 < 
O0(— < O U - 5 - 5 : u 

r- Cf, 1^ OC rri 
rv- O vO r- O cv 

» • ft ft ft ft c o in C o r j 
c vt o 

r j 

r—1 r-! 

vt ai •t CT o 
r - C OJ Ov o 
• ft ft ft ft ft rr o o ' ro o ro 

CT v t O 

ip- IP LP IP CT 
O C rH O rH Ot 
ft ft ft ft ft ft rH O If* r-* o ro 

o vT c 
rH rH 

vC oc vC cc rH 
OJ vO fV o CM 

ft CT ft ft ft ft ft rH r-l O v t r-l o vt 
c vt O 

ft. r-i 
_ l 
< 

0- X CT CT r-i 
o u o CT' O cv 
ft c ft • ft ft o O vt c o v t 

o DC vt C 
r— <• r~ 

U l 

Dd 
c\ LL IP O. r-l CM 
vC 1— C VL r-1 vC 
ft LL ft ft ft ft ft 

CT <r C IP CT CD o 
CT — •J O 

U.I 
00 

O V O' o nj Ifl 
CO _ J C cc rr . - 1 rH 

ft < ft ft ft « ft 
CT C rr- CT o vt 
CT vJ- CT 

c 
U_' rv 
f-
C J ro 

_ J a , rf' C 
< cc C - --- Ol 
1- or o; O \- cc 00 

C IL LL C ' X 
o LL LL H &^ 



00 

2^7 

OJ • i " cr rH ro ro rH rH « t eg 00 r»- cr eg in 00 
O CM in gj CM 00 cr in 01 00 - t o eg v t g5 00 

o t - » • • • » • • 00 rH O o in ro * « • 
rH CM •O rH O O - J - l A CO » • • • • • O O 00 

rH •t (r\ r H cr 00 O O in rH rH r- rH 

S t 
• 

rH 
ro OO m CO rH rH 00 xO rH 00 o g> g) rH (J> rH 
rg 1*- cr xO x*- »H ro rg in rH cr 00 o cr CO xj-

cr 00 • • • • • t • xO rH O rg cr rg • • . 
in in rH o rH sO in r H • » . • • • v t xO 00 

vt ro r H O 00 O O in rH h- rH 

s t 
• 

• H 

rH 
ro xO «4" g3 r H O >t o cr ro xO x t o o ro 
rg cr rg ga rH 00 t - in O cr - t rH rH in gj CO 

00 00 • « • « • • • xo rH o ^t cr cr • 0 • 
u> s t rH o 0x1 in rn 00 in o to) 

v t ro rH cr CD o o in o 00 rH 

s t 
• 

rH 
ro 1^ ( X - ^ v t ro h- s t in 00 cr (T in rH tH >o ro 
OJ eg rH CM >4' rH rH o - t <o o m rH ro 
00 • • • • • • • xO rg rH o o •4- • • • 
in in rg o o o • • • • • « in in cr 

v t ro rH o OO O O xO rH rH 

s t 
• 

f H 

rH 
ro g3 eg rH t - 00 h - rH in CO r j in s t o O rH 00 
CM 00 cr cr o rH 4- x t h- ro rH 0^ tn xO CO o 

g5 00 « gj rg rH o g5 CO • • « 
m xt rH o o in in 00 • « • • • • 00 0x1 0^ 

s t ro rH cr 00 f>- o o in rH rH 

CO 
• 

rH 
0^ s t ro eg O g3 s t cr g3 >t ro o O 00 o ro 1^ 
eg CO ro rH rg in t - <H o rg t - ro o v t in 
00 * • * • • • • xO rg rH o cr ro • • • 
in in rg o o g3 in o • • • • • • xt CO 

xt 0^ r - f o 00 r«- o o in rH t - rH 

ro OO 
00 • 2 
UJ r H ai 
00 ro gj 00 ro rH ro 00 cr CD xo rH rH eg o rg rH eg h-
> og cr gD O h - OO cr > cr cr o <4- cr vt 00 t -

vi- 00 • e • • • • • X rH O O 00 rH • * • 
< in in rH o o in x t 00 O • • • • . • cr ro xo 
z • t ro r H cr 00 f~- O O lA rH r- rH 
< rg 

ro CO 
UJ • 
2 rH a — 

rH ro 00 t - ro xO g3 O rH rg CO O rH o x t in 
- J eg eg o ro rH xO rg CM 00 in rg gj o eg 00 cr 
ai ro 00 ' • • • • • * • OO 00 cr O O rH v t h- • . • 
X in gj rH o o gD in o rH • • • • • • 3 xO 00 
a s t ro rH o OI 00 xO O O r H rH 
ai rH < - J 
z ro 00 C 

* s: 
1 rH UJ 

ro cr eg g3 rH cr o ro X o r»- cr eg CO 00 01 rH xD 
UJ eg UJ >o o f*- o cr s t cr 1- rH cr O O rH CM OO t - 00 x t 
oc OJ 00 CD • » • • • • • rH . H o o> ro z • • • 
y~ in <t in rvj o o in in cr z • • • • • • o r- CO 00 
z 1- ^t ro rH cr o 00 o o in rH r—1 h- rH 
ai 2 h-
u ro UJ 00 

• u 2 00 
cs rH cc o o 
a ro UJ xt cr r H cr 00 00 cr r-> cr in i H 00 a r- in OO 
DC rvi a. og rg o h- x t iTi ro f- in xo s t in rH rH s: v t t -

o rH 00 • CC ui eg rH rH cr ro o • • • 
CJr in t - xO ro rH o xo in ro o • • • • • • u in in CO 

X "S* ro rH o a 00 fv- O O m rH h- rH 
X CD rH o cc 
h- •sH cc ai 
3 UJ a OQ 
o 3E s: 
00 CJ UJ 

UJ ro ro -1 t-H s: 
Q rg O O O < 2: 
>-H O rg CM O rg O o CO o 
X »-H « j HI < < rg o 1 - _ J UJ <I < z rxj UJ 00 
o 00 < a u Z ^ »- < 00 < a a 2 iii a a z 5<c 



o 
O J 

in 
o 
CM 

in o in v£) 00 fv-
00 h- rH ro o v t • ft ft ft 
v t ^ t h- CM vt v t 
•<t OJ rH 

vO 

CT 

r j f>~ ro s t >o 
vf O o v t ro 
CT> 00 O in v t rH • ft ft ft ft ft 
OO in rH o l ^ ^ rH 

in 
00 

CT 
to 

< t 1̂  
rH 

cr 

m 
o 
O J 

0^ 00 CM 00 «o vt 
ro o ro rH CT sD in 

• ft a • • • • 
sO OO <t r j in v t 
vt r j r-» o 

rH fo cr m «t ro o rH »t cr OJ 
00 fO vO v t 00 r-l 

ft • ft • ft ft 
00 >o o o m rH 

fv- 00 in 
rH r-l vO • • ft 
in 00 vo 

cr 
4 

OO 
O 
OJ 

00 rH 00 rH CO in rH 
ro CM r- o in cvj oj 

• • • t • • • 

st r j o O vO in CT 
vt ro rH 0̂  

ro cr ro OJ cr rH 
in rH rH o 0̂  CT 
in CO rH o rH nj 
* ft • • • • 

00 f*- O O vO rH 

«t 00 
m vO 
• ft • 

in vO r--
rH 

<r 

OJ OJ cr v t c j v t r~ v t vO 00 CT rH 00 rH ro v£) 
o O CT O 00 O vO in r~- rH O rH fv- >t CO CM 

h- • • • • • • • in v t r - l O 1̂  OJ 9 9 9 

«-H OJ ro rH o o v t in in » • • • ft ft 00 ro 00 
r H >t ro rH CT 00 r>- o O in rH f>- rH 

CT* 
ft 

rH 
OO CO 00 fv- fO ro rvj rH CM rH vO vO rH O OJ r - i 
o rH <(• vo o f o v t O C^ CT O ro CT* rH f*- r H 

O • • « • • • ft vO CM O O O CO ft ft 9 

rH nj m rM o o vo in o • * • ft ft ft vO ^ CT 
rH v t ro rH o 00 O O >0 rH rH 

CT 
• 

rH 
OJ «0 in ro v t OJ cr CT JO in vo ro OO CT 
o in CT ̂ - o vo in in cj {^ o o f*- r-- OJ in rH 

in • • « # • • ft JD OJ rH o 00 ro ft ft 9 

rH Cvt v t rH o o in in 00 9 ft ft • ft ft r- ro CT 
rH v t ro -H CT 00 o o in rH rH 

cr 00 
OO • 2 
Ol r-l UJ 
00 OJ 00 cr CT* o 00 ro a CT fO rH rH v t 00 CO 00 CT 
> o CM in O rH O l>- O >- 00 in O OJ OJ rH h- CT OJ 

• • • * • • ft X in - t rH o m v t ft 9 9 

< rH CM v t og o o v t m 00 o 9 ft ft 9 9 ft 00 o o 
z 4-1 v t ro rH CT 00 h- o o in rH r» cj 
< rvj 

00 ro 
uu ft z r-H U-
r-4 OJ OJ OJ vO rH - t OJ a 00 in - t (0 in o rH 00 OJ 
-J O o rH r- I CO vt fO OJ o fO o 00 ro CT 
UJ CO h- • ft ft • • • ft sO ro rH o s t m 1- 9 9 9 

T rH OJ O 00 O O rH vO 4—4 9 ft 9 9 9 ft cr fv- OJ 
a. i - i in CM rH CT </) CT vO O O vt r H rH in CM 
LU < _J 
z 00 o 

• z: 
1 rH LU 

CM rH ro CO vt oj r- in X CT CT 00 CO 00 rH vt fv- 00 
UJ O UJ tn ro >o o ro rH o in CT o fO *o OO o ro m 
C3C OJ C5 • ft ft • ft 9 ft O O O O CT CM z 9 9 9 

h - r H OJ <t f^ rH O O CO in 00 2 9 9 9 9 9 f t o O in CO 
z - rH t- ^ rO r H CT O cr o o - t rH •H >0 r H 
UJ Z 

^ rO r H 
t-

u 00 l U OO l-H 
ft o z CO 

a r H cc o o 
vt rvj v t c CM LU .H O r-l CT CO in CT* r- rH OJ 00 in o Cl vt rvj v t 

cc o Q. r j f^ in o 00 OJ in rH v t rH rH v t rH rH fv-
o rH • • • • • • * CC 00 rH O O ro h- O 9 9 f t 

a rH CM (- OJ 1̂  O O r-* fv- o 9 9 9 ft 9 9 U o in v t a 
rH X tn OJ CT 0. cr vO O O v t rH CM in OJ 

X O o cc 
K LU 
D UJ 00 
D 3: s: 
00 LU 

LU ro ro -J X. 
a r j O O O < s: 

O r j OJ D nj O o ro Q 
X J l U < < (M O _ J UJ < < 2 M l U CO 
o </) < U- O z ^ »- < 00 < u. o 2 LU a z ^ 



2?9 
s t 

» 
cr 
>o in cr rH r-» o ro O 00 rH eg O rH 0 cr rH 
rg xo o CO o g) ^ 00 00 00 rg o ro CM rg gD rH 

o xO • • • 1 • >t eg rH o ^ st • • • 
ro st OJ rH O C vjD in • • » • • 0 rO t*- cr 

^t CO rH cr 00 t~ O O >0 rH r>~ rH 

x t 
* cr 

gj O r- O rH rH rH « t xO CI CM ro x t rg in 01 
rg t- tH r~ o rH in OJ CD ro rH o in 00 in in cjx 

cr xO • • • « • • • gD CM rH o rH ro • • • 
rg st ro rH o o >o in • • • • • • in in 00 

vt ro rH cr CO r*- o o gD rH rH 

x t 
• 

cr 
o xO cr rH vO CM ro in r- eg gD ro •4- 00 00 
OJ 00 00 in o cr CM in 00 ^ 00 o o >t st 0 

00 o * • * • • • * in ro o o o CO • • • 
rg •4- CO rH O O in in • • # » • • vO in 00 

v t CO rH 00 t- O O O rH r- rH 

• 
in 

v t xo 00 r»- vt ro r-« in in o rg rg 
o oj in •<) o og 01 rH v t in o rH in st rg ro 

• • • • • • • CO ro rH o ro 00 • • • 
rg eg eg rH o o cr ro • • • • « * 0 CO rH 

rH v t ro rH cr 00 o o o 00 >H 

gj 
• 

in 
cr rH cr rH gD 00 s t vo in xO CM ro 00 >t rH in 

O ro cr in o CO t - in ro rH 00 O rH CO cr 10 in 
o • • • • • • • st 01 o o rH cr • • • 
rg eg ro rH o o 00 ro CO f • • • • 0 rH in rg 

rH st n rH cr 00 o o t~ o 00 rH 

gD 
• 

in 
v t rH cr s t CO CO ro o •£) in in o 0 0 in 

o in g) o in 00 st ro O rH t-( CM t~ v t rv 
in • • • • • • • fo CO rH o st cr * . • 
rg rg eg rH o O C7* ro 00 • • • t • 9 0 rg 

rH st ro rH cr 00 o O O 1 00 rH 

in oo 
00 • z 
UJ in ai 
00 t - o in xo rH CO ts- CD m st 00 rg 00 rg in x t rH 

>- o cr rg t- rH ro rH > gD CO o OJ rsj st 0 eg 
- J st r~ • • • « » • • X rg in rH o x t in • • « 
< rg eg CO cr o o v t gD o o • • • • * • rH rH 

z rH st rg rH o cr >£) o o m rH rH xO OJ 
< rH CM 

in ro 
UJ • 
z in a 
>-H 1^ x£) rH ro gj cr eg O xO rg 00 xO CM rH 00 rH 
_ J o o cr gD o cr rg cr eg rH 00 o cr cr cn 0 xO 
ai ro r- • • • • • • • xO rg o O rg rg • a • 

X 04 r j in rH o o gD in cr t-H • • • » • • 3 in r*-
a rH v t ro rH cr to 00 h- O O g3 rH rH 
ai < _ J 
z m cc O 

• 
1 m Mi 

h- eg ro 00 1^ r- rH 00 X gD m >£) - t CM gD rH rH 00 
lU O ai in <r 00 o 01 >t rH t~ t~ CM rH in r-l 00 r— fH rH 
cc rg r~ o • • t • • • • gj rH rH O O 01 2 • • • 
t- OxJ eg < in rH o o ga in o 2 • ! • • • * O xO in 00 
z rH 1- st CO rH o O 00 r- o o gD rH r H -H 
UJ 2 rH 

C J in UJ 00 
* U 2 00 

c? in CC O o 
o UJ O O v t st o o 00 t—1 CO 01 x t rg xO a rH v t gD 
cc o a CO rH in rg OO rH in H o CTi r>- v t cr ui 5: r- 00 x t 
o rH • • • • • • • CC l A rH o o CO cr o • • • 
C3r OJ OJ h- r>- v t o o ro st o C • • • • • • u xt rH ro 

rH X in rsj rH o Q. o in o o >4- o rg gj rH 
X o rH o rH cc 
h- rH QC ai 
3 ai a. OO 
O 3 2: 
00 u a 00 at 01 ro - J •s: 

D rg O o o < s: 
r—t O rg rg Q eg O o CO 0 
X l-H «J UJ < < rg o (- _ J UJ < < z M UJ 00 
o 00 < a U 2 sii < OO < a u 2 ii£ a C Z 



in 

230 

o 
v t 

00 
ro 
o 

OJ 

00 O *0 rH rH fs. fO 
vt cr o o ro ^ 

9 9 9 9 9 0 9 

<t o o o vO in 
<t fO rH cr 

O v t CM CM rH r j 
rH ro rH O CO vt 
( V - rH rH O O CO 

9 ft ft ft 9 9 

CO fv- O O J3 rH 

00 r H O 
vO CT v t 

vO v t OO 
1^ rH 

CT 
r o 

in 
9 

00 
ro 
o 

Osl 

r- i n i n rH *o CT rn 
ro r- o OJ 00 o 

9 9 ft 9 * 9 9 

ro rH o O i n CT 
v t CO rH CT 

m 00 o <̂ i O v t 
OJ CT rH O OJ vO 
LP rH rH O in -t 

9 ft ft ft 0 9 

00 fv- O O vO rH 

rH 4- vO 
f^ 00 v t 

O J I*- CT 
f^ rH 

00 
ro CT CT eg - H O O rH >t C J ro rH rH v t in 
O v t 00 o v t o CT vO o o 00 ro vO rH nj 

OO f*~ 9 9 9 9 * 9 • u^ C J rH o rH ro 9 9 9 

ro C J v t ' H o o *o UA CT * ft 9 ft 9 9 in >o CO 
i H v t ro rH CT CO O O vO rH ( V - . H 

in 
9 

00 
CO vO CM vt S t *0 <M v t O in ro 00 fv- o C J 0 00 
o 00 rH v t O vO vO o CT 4H o in o v t rH s t 

9 • • 9 9 9 9 vO - H C J o cr v t • ft 9 

ro OJ ro rH rH o in 9 9 9 * 9 9 vO vt CT 
rH v t ro rH CT 00 t'̂  o o in rH rH 

9 

CT 
vC CO s t rH vO rH C J C J 00 CT CJ ipi v t 0 C J 00 
CM O rH vO O *0 O f v CM CT O v t CO f~- 0 C J 

vO vO 9 9 * 9 9 9 9 vt C J o o CO 9 ft 9 

ro S t r o rH o O f*~ in 00 9 ft 9 9 9 9 rH 0 CO 
s t CO rH CT 00 iO O vO rH 00 rH 

9 

cr 
vO v t OO vt rH in OO O cvj cr u^ oj f^ ro CT rH 0 
C J C J s t .o o cr «o O CT 00 cr o in CM 0 00 rH 
vO 9 9 9 9 9 9 9 • t C J o O s t v t 9 9 9 

CO v t ro rH o O *0 U^ 00 0 • 9 9 * 9 
crt fv- cr 

vt ro rH CT 00 o o >o rH rH 

t>~ 00 
00 9 2 
UJ cr UJ 
00 vO vt fv- rH O 00 r- O s t rH in CJ CM vt CM r- rH 
>- C J t>- in u> o CT o 00 >• vO fv- 00 O CT 00 U^ 0 s t 
_ J v t O 9 ft 9 9 9 9 9 X v t ro o o v t eg 9 ft 9 

< CO v t OJ rH O O vO u^ o o 9 9 9 9 9 9 r o c^ 
2 v t CO r H CT 00 O O rH h- rH 
< CM 

1̂  ro 
LU ft 2 cr a. 

vO rH 00 vO r H ro O CT D 00 ro O OJ rH 00 0 00 r j 
-1 OJ ro *0 O v t >0 in O CO CT O CT 00 CO CT 
UJ CO *o 9 9 9 9 9 9 • 00 vO C J o o rH ro »- 9 ft 9 

X r o v t v t rH O O vO CO 1—1 9 9 9 9 ft 9 in in 00 
0. vt ro r H cr I/O 00 f - O O >0 rH 1̂  rH 
UJ < _ l 
2 r~ CD 

9 T. 
1 cr LU 

O v t rH O OJ C J X C J 00 in CM in 0 rO 
UJ C J UJ ro rH o o CT m CT t- rH rH IP, O v t 00 00 s t CT vO 
ee C J *o o 9 9 ft 9 9 * 9 u> OJ rH o s t r o Z 9 9 9 

h - CO v t < r o rH rH O >0 l ^ 2 9 9 9 9 9 9 ro f - 00 
2 h- S t ro r H cr O 00 0 0 >C rH »—1 rH 
UJ Z 
o vt UJ 00 • H 

9 u Z OO 
a cr cx: o 0 
o -c l U O O CT rH «£) S t O 0 in CM OJ rH , t a ro v t (O 
oc C J a C J OJ *0 O 00 u^ y~ OJ in 0 0 CT s : v t 00 
o rH NO 0 9 9 9 9 9 ft cc OJ rH 0 v t ro 0 ft 9 9 

a CO v t CO rH o o vO in o ft ft ft 9 9 9 0 ro CO 
X v t ro rH cr Q. 00 fv- 0 0 vO rH f^ rH 

X o cc 

4—4 cc l U 
D LU a. CO 
O 3: 2: 
00 o UJ 

LU ro ro - J I-" 2: 
o C J o a a <t i : 
r-i O OJ OJ O C J D h- o CO 0 
X >- _ ) LU < < C J a H «-< _ J LU < < z fvj l U 00 
o 00 < u. a 2 < 00 < u. a z ^ UJ 0 Z 5<i 



in 

231 
0 0 

o «o r-4 in - 1 ro 1-4 0 oj 00 0 00 vO 
o j in o o <̂^ r - i fM CT' 0 in fM 1^ m 

O • • • • • • • - K i H 0 0 0 rsl • • • 
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cc 00 CL Ĉ  NO r H G r H r H o \~ P^ O r H r H tn P - X gD ro Q 
o r H CM • • • • • • * CC O^ .'-J 3 O r H 00 o • • • o gD eg (- in 00 o o vO CO 0N o u rH O CO 

00 X sO r H (7̂  CL r~l si" O O r H in st 
X i n (JD o r H QC 
1- I H cc UJ 
_J txi a. CD 
o 3 X 
oo U LU 

lU ro CO _J l-H X 
Q CM Q o O < 
r H a eg eg o CM o o (O Q 
X l-H ^ UJ < •«i eg O •-< _) UJ < < 2 CD 2 QC 
a 00 < u. O Z i£ h- < 00 < U. O 2 i£ UJ < < c 



246 

00 
• i n in CM CM gD in in cr 00 g) r H 00 r H gD r H m 

o 
r H eg o " - t s t st o m ro »t r-* i n rg st r H st 

o rg • • • • • • * cr 0 0 0 eg g) • * • 
00 rg gD o o o gD cr • • • • • • i n rg rg 

00 sO r-H cr —< st ;0 0 rg r H m st 
i n r H 

r-
• O o o eg i n st r H gj ro 00 rn CO st st rg 

r H CO eg r H st 00 p- r H ro i n r H p- gD ro 00 0 r H 
cr rg • • • • • • * cr 0 0 0 CO i n • • • 
r- rg gD cr o o gD gD • • * < • • 1̂  rg 0 00 sO r H r H - t 0 0 ej r H i n 4-

i n r H r H 

ps-
• rM CO cr 00 ro 00 m eg vO sO m 00 sO sO eg eg 

r H m eg r H m r H ^ t p- rg r*- rg p~- ro r H 00 <7s eg 
00 eg • • • • • • • cr 0 0 0 1̂  • • • 
p- rg sO cr o o so p^ cr • * • • • • CM r H m 

00 gD r H cr st 0 0 CM i - t i n st 
i n r H 

• cr CM rg 00 r H 00 0 0 s t g) ro cr gD rO r H fs-
r H rg r H r H rn o rg rg cr >t r H p- ro gD co 00 m 

p- rg • • • • • • • 00 0 e» 0 >4- gj • • • 
p- eg gD cr o o p- 0 * • * • • • «0 r H r H 

00 gD r H 0 st 0 0 rg r H m ^ 
in r H r H 

Ps-
• i n m rn ro cr p- a st ro P- g) ro «t in rH 

r H 00 r H r H rn m o r H i n m r H gj 00 rH r H g) rg 
gj rg • cr 0 0 © rg sO • • • 

rg sO cr o o gD p~- • t • • • • gD r H rg 
00 gD r H st 0 0 rg r H i n st 
i n r H r H 

p-
• 00 i n ro r H CD r H gD gD i n h- cr 0 i n p- cr st 

r H vO r H r H ro gD sO i n r H ro r H i n rH CO P^ st 
m rg • * • • • • • cr 0 0 0 ro r - • • t 
ps- rg so cr e o gD 0 • • • • • • •4- -* «^ CO sO r H r H st 0 0 rg r H i n - t 

m r H r H 
00 00 
HI z 
00 ps- HI 
>- • s t rg in o 00 fO CM C5 St 00 r H fs- 0 gD cr p- st 
-J st rg r H p- CM cr fO > eg st rg ro fO CO st r H m 
< st gD • • • * • • • X P-- r H 0 CM 0 • • » 2 p«- r H s t cr o o sO 00 cr • • • • • 1 — 00 m 00 
< 00 g) r H cr r H St 0 0 rg eg st St 

i n rg r H z 
QC CO LU 
< 0 
a p~ H CC 
00 • ro st fo vO f»- rg i n 0 p- p- 00 rg 0 - t HI rg 00 r o st gD eg r H so rn r H r H in 0 r H fO 00 - t a. 00 0 r H 
- J ro gD • * • * • • • 00 00 0 0 i n gD • • • HI p- r H m 00 O ,3 st r H 00 r n • • • • • t st fO rg 
H 00 sO r H , H cr 00 r H st 0 0 — t rg X ro sO 

i n <. r H CD 
CD I-H 

Hi 
Hi 

• r H P~ i n 0 0 0 m X st r H r H cr >t CO w eg r H 
UJ st Hi m gj r H gD \0 p- 0 h- g) g> rg r H 0 St «t cr gD 
QC rg •c CD • • • • t t • CO 0 0 •-• 0 0 Z • • • 
1- P- r H < s t 00 o 0 m 00 CO 2 • • • • t • a gD eg 3 
2 00 h- vO " H cr r H st 0 0 rg CM r H st in 
UJ i n 2 rH 1-

HI 00 r n 
O 2 to 

O QC 
o • HI rg 0 cr cr 00 00 CO s3 C J P~ m a st cr CO 
QC st a 0 st rg ro rg cr rg eg 00 st (s- cr P- 2: gD 00 st 
o r H gD • • • • • • • CC cr cr 0 ^"i •4- i n 0 • « • 
CT P- r H I — i n 00 0 c3 st r'a cr 0 * * * * * * 0 - t r H CO 

00 X g) r H r H cr a r H rn S 5 C S r H fSJ ro gD 
X i n 0 r H QC 
1- I-H QC HI 
3 HJ 0. CO 
O 3 2: 
00 HI 

HI m ro _ i r H 5: Q eg 0 0 0 < s: 
t-H O rg OJ 0 rg 0 0 CO Q 
X • - t J HI < < rg a _ l HI < <t Z CO Z QC 
o 00 < H t J 2 1̂ : 1- < 00 < H 0 Z UJ < < 0 



247 

o 

oo 

o 
i n 

i n rH rn a> •-• i n - t o <D f-H m >o • • • • • • • 
i n o> o o -t 00 <7> 

0 5 (\J 0 0 0 0 C 
fr> r-J 0 > ON 
0 0 (M O f-l m CT̂  

• • • • • • 
r-l O O r-l rH 

- i - csj m 

•4- i n 

• CO O CX' O t\i ff> o m o ^ o •4- 0 0 r»-
( M t*» r-1 ( \ J m rH i n > 0 CNJ O J ( \ J 0 0 (f\ '•^ 
r- • NO O vt" "i" • • • 

0 0 o i n o O fM 03 fvi i n r~i m 
cr -4- O O <NJ O r-t rH 
i n 

• r- (\j i n 0 0 0^ 0 0 i n m ro <-H o i n Nt (NJ 
0^ o O >t r<> 0^ 0 0 •O 0 0 O 0 0 ON r-l NO 0 

oo * • • • • • • CNj o n j 0 0 >o • • • 
0 0 •c •d- o o <-» m vo 0 0 • • • • • • 0 0 r>-a> O Csl r-{ >t Q O '-' <l-

i n r-l 

• i n o »o i n o (\J m 0 0 CM ON ^t m 0 
0 0 o "O O 0 0 i n a O <NJ CNJ « t m ON 

• • * • • • • NO O ro ro • • • 
0 0 O »!• Q O <-* ^ m • • • • • • vO 0 0 sj-

vO n i rH >i- o O n j ^ i n m 
i n 

NO 

» rH r-t O C >0 ON >t m i n i n >t r-4 i n >*-
sO <M 1-4 -4- C7^ i-l c\j NO tH m f*- NO ON ON 

vO • • • • • • • f*i nO o NO O n j • • • 
0 0 o m (\J O 0 0 rH m r- NO 

ON r-t O O £1 r~ r-l 
i n 

• o m vo >o m o r>~ ><• f>- o NJ- n j 4 -

(vj i n o (s- (V i n ON o 1 ^ O" NO ON ^ 
i n r- • m o i n 0 0 i n • • • 
oo m O 0 0 t \ j C O • • • • • • Q m i n 

r-t -4- Q O (M O («- rH r-l 
i n r-l 

</) 
U J 

U J 

• h - >!• f o i n o OO o p-4 ON >t ro m m QN NO >0 
- J CM - < rH O OvJ (M i n > m r*- c i fO r n fM CO m 
< •4- h - « • • • • • • i n >t o - J - o i n « • t 
2 0 0 vO • J - O c\j 0 0 f g 0 0 o « • • • • • — 

•4" >H rn 
<t 0> O CM (T- <-i o o o i-l r-l 

i n CM <-* z cn U J 
< u 
a. 0 0 u . tx 
t o • O m i n s t (?> 1^ 0 0 O ON r~ o m ON uu r<̂  0 

o r-l fO •-• » t 0 0 CO 0 0 0 0 CO CO 0^ CL C7N .-1 ON 
_ i fO (\J • • • • • • • I/) 0 0 o O o i n • • • 
U J 0 0 (M o o •^i ON • t • • • • ON) ON 
u. 0 0 o f l ON OO »H >*• O Q <M r-t 

r-l 
I m m 

i n < 
»H >*• O Q <M r-t 
r-l O 

0 0 •—< 
U J 

0 0 U J 3 
• vO i n o >o o o >£! I --4 CNJ .O ON Nt rO — i n CO NO 

U J ua i n 0̂  »-< rn i n r n CO 1- i n iH cvi NO NO r- ON h- ( \ J 
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APPEOTIX IV 

WHOLE ROCK ANALYSES AND C.I.P.W. NORMS 

Table IV.1 

L i s t of G.G.U. sample numbers available for the South Q&roq Centre 

including dykes, country rocks etc. Also given are the name of the 

collec t o r and references to the appropriate G.G.U. f i e l d d i a r i e s . 

N.B. Not a l l of the .samples have been analysed, and i n general only 

analysed samples of syenites are indicated on Plate lA. 

G.G.U. No's. Collected by:- Reference 

46202 - 05 

46286 - 88 C. H. Emeleus G.G.U. Fie l d Diary 1961 

46298 - 300 

45237 - 84 W. T. Harry G.G.U. Fi e l d Diary 1961 

58118 - 22 
58130 - 69 
58191 - 94 c . H. Emeleus G.G.U. Fi e l d Diary 1962 

58200 - 77 
58327 - 34 

59640 -
59721 -

90 
34 w. T. Harry G.G.U. Fi e l d Diary 1962 

52201 - 07 
52229 -
52254 -

40 
300 

c . H. Emeleus G.G.U. Fie l d Diary 1963 

58346 - 51 

54113 - 21 

59865 - 76 w. T. Harry G.G.U. Fi e l d Diary 1963 

59883 - 89 

63892 c . H. Emeleus G.G.U. Fiel d Diary 1969 

127001 -
126801 -

- 100 
- 15 D. Stephenson G.G.U. Fi e l d Diary 1969 
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Table IV.2 

Whole rock major and trace element analyses of the South C^roq Centre 

rocks. Within each rock unit the analyses are arranged i n numerical 

order i n two groups. The f i r s t group are complete analyses including 

FeO, Fe^O^, H^O-, H^OH- and CO^. These are followed by further analyses • 

which are X.R.F. re s u l t s only, i n whicdi total Fe i s expressed as Fe^O^ 

(Fe^O^T). The cjuoted t o t a l i s exclusive of H^O-. 

The trace elements are ppm cation Wt.%. Detection l i m i t s calculated 

as given i n Appendix I I and upper l i m i t s of standard calibration are:-

Detection Limit Upper Limit of Standards 

Ba 8 ppm 5000 ppn 
Nb 3 ti 573 II 

Zr 3 If 5000 II 

Y 3 It 500 II 

Sr 3 II 1100 II 

Rb 3 11 1000 II 

Pb 7 II 266 II 

Zn 2 II 1000 II 

Cu 2 II 1000 II 

Ni 2 II 1000 II 

La 3 II 272 II 

Th 7 II 1100 II 

U 5 II 2700 II 

V 5 II 998 II 

Also quoted are the height above sea l e v e l of the sample i n metres 

(HT OD), and the distance i n metres from the outer edge of the appropriate 

intrusion (DIST). I n the case of SS4, distances for both SS4a and SS4b 

are quoted from the outer contact of SS4a. 

Specimen l o c a l i t i e s are shown on Plate lA. 

£ I n Samples with heavily altered nepheline, loss of Na and high H204-

(see Chapter 5 ) . 

• « Samples with Si contamination by country-rock quartzite 

R Samples with pronounced r e c r y s t a l l i s a t i o n near to the I g d l e r f i g s s a l i k 

Centre 
C = Samples with extensive development of crumulus mafic phases 
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Table IV. 3 

C.I.P.W. norms and other petrochemical functions for the analyses 

l isted in Table IV .2 . The table i s arranged in the same order as the 

previous table with norms of complete analyses followed by norms based on 

an X . R . F . analysis only. In the lat ter , a common Fe^O^/FeO ratio i s 

read in for a l l the analyses in each unit, ecjual to the average ratio 

of the complete analyses in the same unit. In units for which no 

complete analyses are available (e.g. the essexite) a suitable estimate 

has been made. Norms for whic±i an Fe^O^/Fe 0 ratio- has been read in 

are identified by "EMPIRICAL FE RATIO" being included in the t i t l e . 

The norms were calculated using the program "NORMCAL" developed 

by R. C. 0. G i l l . The norm and Differentiation Index (the latter being 

the sum of a l l components in the system SiO^ - NaAlSiO^ - KAlSiO^, 

Thornton and'Tuttle, 1960) are given in Wt.%; the other functions are 

calculated from cation Mol.%. 

Symbols as for Table IV.2 
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(Si i n u -d û  (. Ou ov: CM r - i c vc- . . . 
00 ro ro r-i cc i, (. t. 
i n 

vC vC ro r-; if. vT r - C M i T I T ro vj vt i n 
i n . . . . • . . . . . • * • . v O 0 c \ ' 
•-^ f_" oc CM CM ro o. t- i . - I -.̂  C or- . . . 
oc 0"- rO' —< 00 t 1 
ITi 

CT m ov a i n _ ,r V CN vd - CN r - r-. a oc 
NJ- . v c r - v j -
— r" a i r vj- .-- . I r rM o • o. ir . • . 
or ro rr r ! or , . ' i 
i n 

LU a - J X 
O o u Lll • — 

z OO LU UJ tr. a. c _ l rr-
c? -ei H- Z < LC H a- ••a LL 
c _ l h- Q U J h- u : 1—1 + + 
oe cc C U u. X -J LU Ul ^ Z h - N—J 1 - < — C N I 

O < z o H- I - UJ 2. OO LU z i—1 cc . z 
cr 2 3 X >-i or X » £3. > z L I ( - LL. u + cr 

CC cc O CL 2 C O 1—• c •cr u . . O Cc - 1 Z UJ O O _ J < —1 a <C 1—' < z 0 ' 

OO 0 0 o Q <r < z < OO Q o 2 I—* < 3- c z — u. 



290 

c 

o 

< 

a 
c. 

a 

< 
OL 

< 
O 

a. 

a. 
r>: 
L U 

< 
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Plate 1 

Geological map of the I g a l i k o Nepheline Syenite Complex. 

Scale 1:50,000. Taken from Emeleus and Harry (1970) w i t h mcxiifications 

based upon the present work. 

N.B. The newly defined area of SS5 west of Qoroq F j o r d ; the 

approximate SS4a/SS4b boundary; the d i s t i n c t south-eastern 

• area o f SS2; and the l i m i t of r e c r y s t a l l i s a t i o n around the 

I g d l e r f i g s s a l i k Centre. 

Plate lA 

Specimen l o c a l i t y map f o r the South Q^oq Centre. Scale 1:50,000. 

Specimen numbers are a l l i n the Gr(z5nlands Geologiske Undersiz5gelse series. 
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