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Frontispiece

The southern part of the Narssarssuaq - QSroq peninsula, viewed across,
Tunugdliarfik Fjord from near Qagssiarsuke. The principal outcrops of the
South Rrogq Centre are to‘be found on the plateaﬁ, the cliffs on the coast
‘section being of SS2. Thé high mountains in the background are beyond
Qﬂrqq Fjord and are composed of Igdlerfigssalik Centre syénites with

Eriksfjord Formation sandstones and lavas to the right.






ABSTRACT
The South'QSkoq Centre is one of faur high-level, major intrusive
centres comprising the Igaliko Nepheline Syenite Complex. Three

elliptical stocks of foyaite were emplaced in fairly rapid succession by
ring fracture and block subsidence, followed by a partial ring/dyke of augite x/:
syenite. Petrographic and mineralogical data shows that thei;ntrusions
become successively less differentiated with time. Inward-dipping
‘microsyenite sheets appear to be associated with the ring dyke and four
earlier, satellitic stocks occur around the periphery of %Eg: -

Feldspar, nepheline, iron-titanium oxide, olivine, clinopyroxene and
amphibole have been investigated in each of the principal rock units by
electron-microprobe. Most minerals show a considerable range in composition,
often with chemical zoning, forming continuous series from the augite syenites
through the foyaites. Variations within the three individual foyaites are
usually slight, but the alkali clinopyroxenes have distinct compositional
ranges in each intrusion. Estimates of liquidus temperatures are made from

the nepheline and alkali feldspar compositions. Alkali feldspars provide

estimates of PH 0 and mafic minerals give an indication of fO conditions,
2 —2

Major and trace element analyses of the rocks were made by X-Ray
fluorescence. Variation diagram trends are interpreteq mainly in terms of
fractionation of feldspar and the mafic phases. Trace element distributions
are highly characteristic of fractional crystallisation series, but may not
be compatible with progressive partial melting. The analyses are compared
with phase equilibria in the experimental systems @ -Ne - Ks and Na20 - Fe203 -
A1203 - Si02.

It is suggested that the centre evolved from an underlying, differentiated
magma chamber, formed by crystal accumulation,possibly with associated liquid
fractionation. Successively lower portions of the chamber were tapped,
producing batches of fractionated magma. Post-emplacement differentiation

‘'was restricted mainly to slight outward diffusion of alkalis and volatiles

under a thermal diffusion gradient.
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Physico-chemical conditions during recrystallisation near to the
Igdlerfigssalik Centre are interpreted from textural, geochemical and

mineralogical changes.
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1.  INTRODUCTION

(1a) Nature and Scope of Work

The South Broq Centre is one of the four major intrusive centres
" comprising the‘Igaliko Nepheline Syenite Complex in the Late Precambrian '
Gardar Igneous Province of South Greenland. The Complex was mapped-by
C. H. Emeleus and the late W. T. Harry between 1961 and 1966. Their map
and general description (Emeleus and Harry, 1970) forms the basis for the
present work} which is part of a more detailed investigation of the various
units of the cpmplex, at present in progress at the University of Durham.
A visit to the area was made in the summer of 1969 whilst in the

ployment of Grgnlands Geologiske Undersdggelse (G. G Ud)e Two weeks were
spent on the South Qﬁroq Centre and, in addition to collecting further samples
tq supplement those of Emeleus and Harry, field relationships were 1nvestlgated,

resulting in several slight revisiona to the published map.
The laboratory inmestigatiqns which form the bulk of this work were
carried out im the Department of Geology, University of Durham, between
October 1969 and September51972; _ Wwhole 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 it has been possible to

draw coﬂclusions on the origin of the centre and its subsequent magmatic

evolutlon. The mineralogical data has been particularly usefui in determining

magmatic condltlons both prior to and after emplacement to the present level,

and is also useful in interpreting the effects of later recrystallisation.
It is hoped that the results and conclusions will make a significant

contribution to the understanding.df the_e&olution of the Gardar Province-as

a whole, and to problems of alkali rock genesis. Certain aspects may also

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

n@fﬁ&ével 1ntru51ons or surface volcanoces.
")"’l[g

ﬁ 6 API\ 1973
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(1b) The Gardar Province

The Gardar Igneous Province is situated between latitudes 60030'.and
61O3O'N, extending approximately 80 km. from north to south and 180 kme. from
east to wesf‘(Fig. 1e1)e General summaries of the geology are given by
Berthelsen and Noe-Nygaard (1965) and Upton (in press).

Pre-Gardar Geology :-

Thé pre-Gardar geology can be divided into the pre-Ketilidian and the
Ketilidian, which have been correlated with the Kenoran and Hudsonian of
Labrador (Allaart etal., 1969). Thé pre-Ketilidian rocks give ages between
2,500 andi2,700 My. and occur northwards from the Ivigtut area where they
form the éountry ro;k of the northern Gardar intrusions. They consist
mainly of high grade gneisses, but also include anorthosite bodies,
amphibolites and mica schists; a belt of locally migmatised supracrustal
rocks; and later basic dykes. These rocks are overlain unconformably by
Ketilidian metasediments and metavolcanics. When traced south towards
the centre of the Ketilidian mobile belt, these show progressive deformation
and increased plutonism so that the centre of the belt consists largely of
6rogénic granite (the Julianehab granite). This main Ketilidian plutonic
episode is dated at 1,800 My. and has north—east trending structures which
exefted considerable control on later Gardar featurese The‘orogeny culminated
in the Sanerutian plutonic episode, dated at 1,500 to 1,640 My., with .
reéctivation of older granites and the emplacement of post tectonic norites,
diorites and granites, of similar age to those of the‘Elsonian "orogeny" in
The Gardar period occurred during the succeeding cratogenic

Labradore.

intervai, with alkaline magmatism between 1,000 and 1,300 My. (Allaart et ale,

1969). The province is unaffected by later orogenic activity (i.e. the

Grenvillian) and hence the rocks are preserved with no regional deformation.



Fig. 1.1

General geological map of the Gardar Province showing major plutonic
intrusions; locations of the three Mid-Gardar dyke swarms; the extent
of the Early-Gardar Eriksfjord Formation; and major faults. (From

Emeleus and Harry, 1970) -
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Gardar Igneoﬁs Activity:-

Resting unconformably on the Ketilidian Julianehdb granite in the area
around Tunugdliarfik fjord is a thick sequence of continental sediments’ and
lavas, known as the Eriksfjord Formation (Poulsen, 1964; Stewart, 1964).

A total of about 3 km. of deposits is preserved in an east north east |
'trending, downfaulted trough, which is believed to have been subsiding
during the intermittent eruption of fissure volcanoes with aeolian,.lacustrine
and alluvial sedimentation. The proportion of lavas increases in the upper
.parf,of the succession and the flows, which are 1 to 15 m. thick with pahoehoe
or aa characteristics, are predominantiy of alkali olivine basalt. Volcanic
_breccias are‘found at the base of the formation and some of the higher flows
are trachybasalt or trachyte. In the more northern outcrops bedded ashes

and tuffs are quite widespread. These would appear to have been derived by
explosive activity related to carbonate-rich magmas, as many small,alkaline
ultramafic diatremes, and vents filled with carbonate rich rock fragments

are found (Stewart, 1970). Outside of the downfaulted trough, the basalt/
sandstone succession is assumed to have been much thinner, but its widespread
presence is inferred from included blocks in later central complexes and
boulders in recent moraines margining the ice cap.

Large volumes of basic magma are also represented by the numerous
Gardar dykes which are found over a wide area, largely between Julianehgb
in the south and Ivigtut in the north.. Between three and five ggnerations
can usually bé recogﬁised, spread in 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, paraliel

to the dominant structural trend of the Ketilidian basement. Particularly

dense swarms occur in three east-north-east trending zones through Ivigtut,

. ’ . .
Nunarssuit and Ilimaussads The majority of the dykes are dolerite or

olivine dolerite, but an early swarm may have tholeiitic affinities, and

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




in the Ivigtut and Ilimaussaq zones are felsic in nature and include great
numbers of érthotrachytes and phonolites, The Nunarssuit and Ilimaussaq
éohes 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 afe usually composite with a margin of
gabbro or syenogabbro and a core of syenogabbro, syenite, nepheline syenite
6: granite, and an intervening hybtid zone, Considefable remelting.bf the
country rock occurs around some basic dykes, and since at least the lower
members of the Eriksfjord Formation are cut by dykes having a petrographid
similarity to the lavas, it is reasonable to suppose that they acted as

' feeders for fissure volcanoes at the surface.

Xenolifhs of anorthosite and gabbro-anorthoéite are §buﬁdant in many
of the éariy dykes ranging from doleritic to trachytic in compositiﬁn, and
oftén comprise up to 80% of the dyke. The texture and composition éf the
 xenoliths suggest that they are derived.from basic, layered.igneous cumulates
such as those found in intrusions of a similar age in eastern Labrador
(Bridgwater, 1967). These 'big feldspar.dykegh a:e.found throughout the
Gardar province and hence suggest that wide areas are underlain by a
substantial layer of anorth051t1c rock (Brldgwater and Harry, 1968).

The Gardar ié best known for its alkaline intrusions, many of which

probably represent the roots of central complexes connecting with surface

volcanoes (Upton, in press). They vary in size from 2 to 30 km, in diameter

and their relative ages are spread throughout most of Gardar time. Some

complexes such as Gr¢nnedal-fka are early (abéut 1,200 My., Larsen, 1969) and
have been cut by most of the Gardar dykes and faults of the area, but others,
such as the Ilimaussaq complex, are very late (about 1,020 My., Bridgwater,
.1965) being cut by few dykes and being relatively unaffected by faulting.
The Igaliko complex i; comprised of several intrusive centres and was active
| over é_cohsiderable perioa of time, sinée early intrusions are cut by both

dykes and faults which become less prominent in the latest intrusions.




The complexes are invariably sélic in character with augite-syenite,
quértz syenite, foyaitic nepheline syenite and alkali granite being the
predominant>rook types.  Small amounts of alkali gabbro are occasionally
present, but are very subordinate and usually occur as late rino dyke
strﬁctures. Carbonatite magma was intruded at a late stage into'the
Gr¢nnedo1—fka'comp1ex ahd_several late sheets and dykes of carbonate rock
are found at Igaliko- and elsewhere. Igneous layering, with associated
feldspaf lamination and cumulus textures,'ié fouﬁd in nearly all of the
centres, with rhythmic, gravity stratified;‘inward dipping layers being
the most common. These are well seen in certain units of the Ilimaussaq
complex (Ferguson, 1964, 1970; Sdrensen, 1969). vIn‘other intrusions
(e.g. Kﬁngngt)‘cryptio 1ayefing has beenbrecorded (Upton, 1960). Most of
the betfer known layered complexes aré reviewed by Wager and Brown (1968).
Field evidence suggests fhat the intrusions were permissive, having been
emplaced by cauldron subsidence and stoping, and oncé established, the
earlier intrusions usually acted as foci for later pulses of magma so that
many of them are composite. |

Differentiation sequencés due to fractional crystallisation, either at
~depth or during’emplacemenf, are known from many of the complexes, and it is
found that thore afe two categories: (a) the oversaturated, proceeding from
augite syenite through qua;tz syenite to alkali granite with iocreased
fractionation; and (b) tﬁe undersaturated, passing from nepheline bearing
augite syenite to foyaites and other highly undersaturated, derivatives.

In each case, petrographic and field evidence suggésts an immediate parental
magﬁa of augite syenite composition, which plots close to the high tempera-
\ture thermal barrier in tho "residua system'. Hence, small variations in
the.composition of thio magma would result, dﬁring subsequent fractionation,
in a trend towards either the oversaturated granitic minimum or the under-
saturated minimum close to the composition of nepheline syenites. Deviations

from these ideal trends do occur, notably in the Ilimaussaq complex,

(Sgrensen, 1966; Upton, in press).



The existence of layered basic igneous bodies at depth is indicated
by the presence of gabbroic and anorthositic xenoliths in the ~"big feldspar
dykes”; so it is reasonable to suppose that the Gardar rocks were developed
by fractionation of an alkali olivine basalt magma‘iﬁ deep crustal or upper
mantle reservoirs. These were tapped to prdduce tﬁe regional dyke swarms
and lava éequences, Qith early crystallisation, forming horizons of gabbro
and anorthosite, depleting the magma in Ca, Al‘and Mg. Thus the upper
parts of the reservoir were enriched in alkalis and silica to form a
syenitic magma as an immediate parent for the major intrusions.

The provinég is cut by many faults whic£ pléy an integral part in the
siting of major intrusive centres, and in the development of the province
as a whole tBerthelsen and Noe-Nygaard, 1965). A conjugate set of
transcurrent faults coﬁsisting of large east ér eaét—south-easf, sinistral
dislocations and a subordinate dextral set £rending between N30°E and
N30°W determine the principal structural blocks of the province (Fig.1.1).
Other shear éonés énd minor faults occur, trénding east—north—eést, to
north-east parallel to the grain of the pre-Gardar basement. This is
also the dominant difection of dyke emplacement, and determines the course
of the larger fjords in the area.

The major easf—south—east sinistral faults often have displacements
of several kilometres with an aggregate of between 15 and 20 km. over the
whole area. In some cases the faults were active prior to Gardar times
(Henriksen, 1966), but the méjorify 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 transcurren£
faults with one of the three main zones of.north~east trending dykes,
suggesting that the faults exerted a considerable structural control on
the magmatism. The dvkes presumably indicate the positions of elongate
magma chambers, above thchlthe major intrusives were emplaced during periods

of stress release.



~ Vertical movements on the Gardar faults are generally more difficult
to prove. ~ Faults along several of the north-east trending shear zones,
must have a considerable vertical movemeht, and those responsible for the -
outcrop of the Eriksfjord Formation have a maximum throw of 2 to 3 km.
which gradually lessens north-eastwards. A throw of up to 2 km. during
the pré—Gardar development of one of the east—south—eastAsinistral faults
has been postulated (Henriksen, 1960) although in general these faults

show iittle more than a few hundred metres of vertical movement.

(lc) The Igaliko Nepheline Syenite Complex

The Igaliko Complex is situated at about 61°N and 45% covering an
area of about 450 square kilometres of mountainous country between
Tunugdliarfik and Igaliko Fjords and the inland ice (Fig. 1.1). Pl;te 1
is the map éf the complex prepared by Emeleus and Harry (1970) on which
slight modifications made in the light of the presént work are shown.

Four major intrusive centres‘were emplaced in the apparent sequence
Mbtzfeldt, North QSroq, South Q3roq and Igdlerfigssalik, with the ceﬁtre
of activity precessing in an anticlockwise direction with time. Smaller
satellitic stocks, partial ring dykes and inclined sheets are also present,
and most units of the complex are cut by dykes associated with the regional
Mid-Gardar éwarms. Igneous activity began in the Mid-Gardar since the
Eriksfjord sediments and lavas, and an early dolerite dyke are cut by the
earlier centres. However, it would appear that at least four later
intrusions in the Igdlerfigssalik Centre belong to the'Late-Gardar since

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

and TugtutSq'Central Complex. (Since dykes cutting the late Igdlerfigssalik

l
I'd
them to be slightly earlier than later members of the Ilimaussaq Intrusion .
syenites are displaced by east-south-east sinistral faults related to those

’
cut by the Ilimaussaq Intrusions)e.



Each centre is made up of séveral intrusions having arcuate, steep
sided outcrops with discordant intrusive relationships towards earlier
merﬁbersf They are all high level intrusions since they cut the Early-
Gardar basalt/sandstoné cover. Their mode of intrusion was principally
by riné fracture and block subsidénce, and some of the intrusions appear
to be ring-dykes and partial ring-dykes. Concentric, inward dipping
internélAstructures defined by igneous layering and mineral lamination
are common within several individual intrusions. These are often sharply
truncated by later intrusions within the same centre, suggesting a
reasonable time lapse. However, in other cases con;acts afe rather diffuse,

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

pulses of magma from the same source.

All members of the Igaliko Complex are silica - undersaturated, nepheline
bearing rocks, except Qhere contamination with country rock has occurred.
By far the most common rock type is "foyaite'" consisting principally of
perfhitic alkali feldspar, nepheline and alkali clinopyroxene with alkali
amphibole, biotite, iron-titanium oxides, sodalite and apatite. Slightly
less fractionatgd syenites'are termed "augite syenites" and are similar
mineralogically and texturally to the Oslo larvikites (Barth, 1944).
Alkali gabbro ("essexite") is present in small amounts as discontinuous
wide'dykeslénd partial ring dykes. With;n the syenites, pegmatitic areas
are common (barticularly towards the margins) and veins of pegmatite up to

1 me wide, often rich in carbonate, cut some of the units.

(1d) Previous Work

A detailed histofy of investigation of the Igaliko Complex as a whole
*is given by Emeleus and Harry (1970, pp. 14 - 16), including the surrounding
. country rocks, the famous pegmatite locality at Narssirssuk and the Gardar

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

South Qﬁqu Centre.
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The Igaliko area was visited during the early years of the i9th century
by Qiese;ke who.made notes on the rocks of the area, including a "granite" at
Qéroq (Giesecke, 1910 .pp. 36-37, 216-218). However, thé presence of a large
area of nepheline syenite was not known until the start of detailed | |
geological and mineralogical investigations in South Greenland (Steegftrup
and‘KOrnerﬁp, 1881; Flink, 1898). The first detailed mapping in the érea
was done by N. V. Ussing and O. Bgggild, mainly on the coast sectioné between
Narssarssuaq and Q0roq and around Flinks Dal (Ussing, 1894; 1912).  They
weré the first to distinguish between a marginal group of "Augite Syenites"
(brobably mainly in the Igdlerfigssalik Centre) and the remainder, most of
which were termed foyaites of thé "Korok Type'. Thé latter were extensiyely
de&eloped around Qeroé Fjord and are probably equivalent to syenite 555 pf the

.Soﬁth Q8roq Centre. Ussing also recognised many dykes of syenite porphyry
and tinguaite cutting these syenites, west of QSroq Fjord and in Flink's Dal.

'After Ussing's work the investigations were extended to the south-east
by @dum (1927) into the area which includes the ¢stfjordsda1 sateliitic
syenite, but the next major contribution was made by Wegmann (1938) during
a broad reconnaissance survey of the area south of F:ederikshgb. In the
Igaliko area this work was concentrated mainly around the valley at

' Narssarssuaq and on the Narssarssuaq - Qaroq coast section. Wegmann (op.cit.,
P«81) came to the conclusion that the nepheline syeniteé originated by
migmatitic transformation of pre-existing rocks (a similar origin was also
proposed for the Ilimaussaq Complex), and claimed to have found felic

earlier dykes within what is now termed the North Qdroq Centre. This
hypothesis was followed by Bondam (1955) in an investigation of some trachyte
dykes, but is not now generally accepted.

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

and a general description of the petrography and field relationships. The -

mapping was carried out jointly in 1961, 1962 and 1963 with further visits

by C. H. Emeleus in'1966 and 1969 after the death of W. T. Harry. Their
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original field diaries and G.G.U. internal field reports were available for

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

QSroq Centre (particularly on the Narssarssuaq - stoq peninsula) was carriea
out by C. He Emeleus, but We T. Harry mapped the lower Flinks Dal area, and

certain coast sections were investigated jointly.

(1e) SamEling

Over most of the South daroq Centre exposure is good and in general there

* are no great problems in sampling. The rocks are usually fresh, but very

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

representative‘analysis. Samples were available from most parts of the

centre from the collecting of Emeleus and Harry, and further sampling was .

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

centre is difficult to gain access to and hence has neither been mapped or

sampled in' great detail. Thus this work is based mainly on samples from
‘the Narssarssuaq - froq peninsula, lower Flinks Dal and lower Gieseckes Dal.
It is élso difficult to'obtain samples from the steep sides of the fjofds‘
and hence the vertical extent of sample cover is mainly restricted to sea
level and over 500 ms O.D. |

The sequénces of GeGeU. sample numbers used in this investigation are
listed in Appendix IV together with their respeétive collectors and year
The specimen localities

to facilitate reference to original field diaries.

are shown on Plate 1A.




Plate 2

Paﬁoramic view éouth—east from the 970 m. summit of thé Narssafssuaq -
Broq pléteaﬁ towards Glesecke's Dal. The outer :contact of the South Qeroq
Centre with Julianehgb Granite can clearly be seen;oh the 1eft, on the -
_ slopes of Q6r§up gagal. Much of the area around Giesecke's Dal consists |
of the south-eastern part of the South Brogq Centré, but the mountains on .

- the right are in the Igdlerfigssalik Centre. The' rubbly surface of the

. . |
plateau in the foreground is composed mainly of syenites SS3, SS4 and SS5. '
|







Fige. 2.1
The South Q3roq Centre showing major units within the centre, satellitic
intrusions and principal faults. The locations of samples used for electron

| microprobe analysis are shown by crosses. (Modified after Emeleus and

‘ '~ Harry, 1970).
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2. . FIELD RELATIONSHIPS OF THE SOUTH oBROQ CENTRE

ThevSouth Q3roq Centre consists of four concentric syenite intrusions
" (8s2, 8S3, SS4 and SS5) (Plate 1; Fig. 2.1). Four smaller earlier stocks
.occur arognd the periphery of SS2, and SS3 is cut by several inclined sheets
of microsyenite which appear to focus on SS54. Pegmatites are fairly common
throughout the centre. The only basic rock is a short, 100 m. wide essexite
dyke cuttiné SS5. . From the recent field studies and laboratory investigations
SS4 is now considered to be a partial ring dyke, consisting of two-or possibly
 more pulses and the order of intrusion (as given by Emeleus and Harry, 1970)
has been modified to SS2 — SS3 - SS5 - SSda - SS4b.

The centre is cut by many trachytic dykes of the Mid-Gardar regional
swarm. bufside the centre and elsewhere in the Igalikd Complex these have
- a fairly‘eonstanf trend of about 0600, but in the Narssarssuaq -~ @Broq
pem.nsula they undergo an unusual 'St shaped deflection, so that their trend

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

regional faulting (see section 2e).

' (2a) The South QB8roq Centre Syenites

(1) Syenite SS2:-
This is the earliest syenite in the centre with an extensive distribution,

and has an outcrop 0.25 - 1.5 Km. wide around most of the centre. It outcréps

extensively east and south of Narssarssuaq, particularly on the Tunugdliarfik

coast section; and high up on the north east side of Giesecke's Dal.
The rock is a medium to coarse grained, non porphyritic, grey nepheline
syenite, which is very distinctive in the field on account of characteristic

"mossy", pOiklllth aggregates of mafic minerals. It is very homogeneous,

apart from becoming finer grained towards its outer contact, as is well seen

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

fine grained facies of SS2 develops a weak, vertical flow lamination of

‘tabular feldspars, which becomes more pronounced nearer the contact.
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In the normal rock the feldspars occur as thin tablets, often showing
twinning and measuring 10 x 1 mm. although in the marginal facies they ére
_only 3 mm. long. Nepheline occurs as,gfey interstitial areas when fresh,
but is more conspicuous on weathered surfaces, where itAhas a milky white
appearances, The "mossy".aggregates of mafics afe generally about iO mme
acréss and constitute up to 20% of the rock.

Pegmatites are not common in $S2, but a few isolated veins occur, near
the contact on Akuliaruseq, and in the Tunugdliarfik coast section. The
latter are up to 1 me thick and contain large crystals of feldspar, long
prismatic blades of pyroxene perpendicular to the contact, and nepheline
(Plate 3). .Somé horizontal veins are composite, and appear to be
differentiated with dark green pyroxene in the lower part becoming lighter
vgreeh upwards (see 4b) towards a carbonate-rich core.  Occasional pegmatitic
patches cpntain prismatic feldspar and pyroxene with a white, lustrous mica
é? polylithionite). The syenite is normally f?ee from inclusions, but on
the funugdliarfik'coastbnumerous small, rounded or oval, dark inélusions

1o¢cur, and near the contact with the Tunugdliarfik Syenite (Fig. 2.1) there
are inclﬁsions of dark, mafic syenite. | |
(ii) Syenite Ss3:-

| This syenite has an arcuate outcrop inside thét_of SS2. It outcrops
extensively on the Narssarssuaq - QBroq peninsuia over a zone 1 km. wide,
and also on the ﬁorth-east side of Giesecke'!s Dal as a narrow .25 km strip,

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

or pinkish in colour, and chéracte:ised_by very.large blade-like or tabular
'crysta;é of perthitic alkali feldspar up to 30 x 7 mm. which commonly show

simple twinning in hand specimen. Nepheline tends to be intergrown with
the feldspar and occurs as small pinkish or milkylwhite grainse The

remainder of the rock consists of irrggular,interstitial areas of mafic

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







Slight variations in texture occur over the outcrop, mainly due to the

1}

degree of development of tabular féldspars. However, there is a marked
decrease in grain size towards the contact with SS2 and in some places SS3
: looks almost like a coarse vériety of SS2 with large '"mossy" aggregates of
mafics. The rock is usually massive with no mafic banding and only

occasional feldspar lamination. Where present the laminations dip inwards

at low to moderate angles.

Pégmatites are quite common in SS3 and are usually quite leucocratic,
although some have a high proportion of pyroxene prisms. In several .
localities marginal pegmatites céntain large, euhedral crysﬁals of red
eudialyte (e.g. west of Flink's Dal)e. An unusual pegmatite just south of

the 970 m. summit contains blue sodalite, sulphides'and carbdnates.

(iii) Syenite SS5:-
SS5 is the innermost of the South @Broq syenites and outcrops extensively

on the Narssarssuaq - QBroq peninsula, around lower Flink‘®s Dal, in Geisecke's

Dal, and on Agdlerulik Mountaine An area north of the SS4 outcrop on the
west side of Qeroq Fjord, previously assigned to SS3 by Emeleus and Harry

(1970) .is now known from petrographic and mineralogical data to be SS5 (see

amendment on Plate 1)e The pyroxene compositions lie within the range found

in SS5 (see 4b) and features of mafic banding etc. match those found in S85

on the opposite side of Qeroq Fjord, rather than SS3. There is also a

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

the wide essexite dyke, both being cut out by the Igdlerfigssalik syenites

to the south.

The rock is a coarse grained foyaite with tabular alkali feldspars up

to 30 x 3 x 2 mm. in size. In some outcrops it resembles SS3,but generally

it is coarser and is characterised by a well developed feldspar lamination.

' . ‘ .
The feldspar is usually twinned and is accompanied by greyish or white

. nepheline up to 1 cm. wide, which commonly becomes red on alteration.
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Mafic minerals oc;ur{as}interstitial aggregates in which biotite and olivine
-aré conspicuous in hand specimen, the latter asz rﬁsty brown grains. Areas
of irregﬁlar pegmatite are common thrbughout the syenite and are well seen
onvthé Qaroq coast sections.

The feldspar lamination is usually very regular, strikes parallel to the
céntacté, and.dips inQards towards the centre of'£he‘intrusi6n (Plate_6).

Near the margin‘tﬁe dips are about 700, but they becdmé shallower towards the
centre (20°). Oécasionally mafic mineral layering is present, conformable
Qith the laminatibn, and south of Flink's Dal, Harry (field diary, 1961) records
a'éone several_métrés widé'of dark grey microsYenite inclqsions 10 - 20 cm. Iong,
orientated parallel to the lamination. On the west side of Qeroq Fjord 2 km.
north-north-east of Niaqornarssuk, Emeleus andearry (1970, p.49, Fig.17) record
some brecciated mafic layéring in loose blocks, in which laminated structures
wrap around the mafic layers. Further along QSroq Fjord west-north-west of
the end of Flink's.Dal,lenficular inclusiqns of mafic material contéining normal
syenite in their centre ére aligned parallel to a faint lamination which dips
southWardé a;c.SOo (Plate. 7). The lamination is distorted slightly around the
inclusions, which are up’ﬁo .5 m. long and aré discoidal or spindle shaped in

- three dimensions. When spindle éhaped,their longest axis lies in the s%fike

of the iamination; As well as the mafic margins there are alsé other mafic
'concenffations on the inside forming semiconcentric loops and spiral structures.
They do not appear to be corroded xenoliths and seem more likely,to be mafic
schlieren or poorly fotmed mafic bands disturbed and "rolled up" during slumping
of a partly‘consolidated c?ystal mush. |

(iv) The SS4 Syenites:-—

.The syenite 5S4 has, an aréuate outcrop of maximum width 1 km; on the
'Narssarésuaq —‘Qaroq plateau between syeﬁites SS53 and SS5. The outcrop
Nnarrows coﬁsiderably to ébout .25 km. on the coast of Q8roq Fjord, opposite
Fliﬁk'é*DéI; and SS%4 does not appéar'to outcrop-tO the east of the fjord
except.poSsibly for a narrow strip between SS3 and SS5 on the south'éide'of

Agdlerulik Mountain.  Emeleus and Harry (1970) consider that SS4 has been







. Plate 7
Slumped mafic schlieren in syenite SS5 - west coast of 0froq Fjord,
(a) Génefal vj..'ew'~ of the outcrop with schlieren aligned parallel to é
faint lamination of platsa),( feldsparse.
(b) Section‘perpendicular to.the lamination.
(c¢) Section parallel to the lamination.

(Knife is 22 cm. long. Hammer shaft is 35 cm. long.)
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partially cut out by a later SS5, but theré is now strong“evidence from field
and labofatory data suggesting that SS4 is a later partial fing dyke intruded
along the SS3/5S5 éontdct (see 2b). |

The rock is.in generai an equigranular; medigm to coarse grained
nepheline syenité,(having stumpy crystals of féldépar measuring up to
- 10 x 5 mm. Iﬁ fresh outérops the feldspars are often schillerised, giving
the rock a dérk, bluiéh—grey colour and é characteristic "iarvikiticﬁ appearance.
Mafic minerals occur interStitially ér iﬁ shiny, black-aggregates in which
olivine is'quite prominent. Nepheline is not very conspicuous in hénd
specimen, and in general the rock is less fracticnated than the other South
abrog syenites; which have a foyaitic ﬁature. The texture of the rock is
quite variable from outcrop to outcrop and there may be two or more separate
syenites (see bélow). | |

Feldspar laminatién is only'occasionally found in- SS4, but mineral
.laYering is-present ana is particularly well exposedlon the west side of
,Q3foq Fjord, where finer grained mafic bands, rich in olivine and pyroxene,
alternate with coarser, more leucocratic syenite in bands 10 - 20 cm. thick.
The layering is s£eep to vertical and appears to parallel contacts (Pléte 5).

In the-Qeroq Fjord section a marginal facies is developed within the
SS4 syenite. . Thislconsists of irreqular pegmatitic patches with intervening
fine grained syenite and is'typical of marginal nepheliﬁe.syenites in the
Igaliko4Complex. There tﬁus appears to be a contact between two larvikitic-
lookiné syenites, the.northéfn one being characteriséd by more platy feldspars.
The southern_syenite contains the marginal'facies'and hence appears to be the
yQunger,;and also éontains mafic banding_younging.to the south (Fig. 2.2).
For the purpose of further work.SS4 has" been divided intor two units, SS4ar
“and SS4b, the latter being younger than the former énd occupying ‘the inner
part of the arcuate S4 outcrop shown in Plate 1.

From pefrographic and mineralogical work there is evidence to suggest



Figs 2.2

Sketch section of the west side of Qeroq Fjord opposite the entrance

to Flink's Dal, showing contact relationships between syenites and internal

structures. tpy

b=

areas of marginal facies pegmatites.

Figs 2.3

Cross section of the South Q8roq Centre across the Narssarssuaq - Brog

plateau, from Tunugdliarfik Fjord to Qfrog Fjord. (cf. Emeleus and Harry,

1970, Fig. 18). Contacts with good evidence of age relationships are shown

with shading on the younger side. See Fig. 2.1 for line of section.’
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that there are possibly several pulses of magma comprising SS4, which varies
considerably across its width. The basic ring dyke at Kﬁhgngt also has a

variable petrography and Upton (1960) records internal contacts in certain

areas.,
(v) Satellitic Syenites and Other Intrusions :-

Around the margins of the South QBroq Centre areAfour satellitic intrusions
of nepheliné-syenite, if one regards SS1 as a satellite. The Tunugdliarfik
Syenite, the @stfjordsdal Syenite and SS1 are all cut by the main centre,
but the age relat;onships of the Narssarssuaq stock are uncertain.

SS1 occupies a small, fairly inaccessible area on the south-east margin
of thé centre. The trend of the outer contact with ;ountry rock is similar
to' the trend of thé.ssz‘contact, and for this reason Emeleus.and Harry (1970)
include it as the earliest member of the South QSToq Centre proper. Occasioﬁal

weak feldspar laminations dip inwards towards the centre, but the rock is

generally massive. It does not appear anywhere else and hence is included

as another satellitic intrusion.
The Tunugdliarfik Syenite appears to be a marginal facies over much of

its outcrop, with patchy pegmatitic areas, although further to the south it

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

"on the hillside above the coast, is a coarse, larvikitic looking syenite
with tabular feldspar measuring 2 x 3 cm., poikilitically enclosed by 3 = 4 cm.

mafic areas. Nepheline is present mainly as euhedral inclusions in the mafics.

The @stfjordsdal Syenite has a slightly elliptical outcrop at the south-
east end of the centre. It is cut by 'SS1, but is younger than a distinctive

early group of nepheline porphyry dykes. The rock is fairly coarse grained

with tabular alkali feldspar (30 x 10 mm.), grey-green nepheline and interstitial

aggregates of mafics. There are several variations to the syenite including
a fine grained marginal facies, and a medium grained variety occuring around
numerous inclusions of quartzite and basic rock (? derived from the Eriksf jord

Formation). Feldspar lamination is developed parallel to the outer contact




ana in the centre of the intrusiori there is a suggestion of mineral layering;
The‘Narssarssuaq Syenite occurs in a small, steep sided intrusion
cutting the Eriksfjord Formation near Narssarssuade. Its age relationships
to the South Qﬁrbq Centre are not established, but it is cut by the regional
dyke swarm. The rock type is medium grained, equigranular nepheline syenite
which is commonly weathered to a dull brown colour, fresh specimens being
rare. Sporadic_xeﬁoliths of porphyritic syenite are found.
The South QSroq Centre syenites are cut by several inclined sheets of

| micro§yenite. ~ Most of these occur in SS3 on the Narssarssuaq - Qaroq plateau,
dipping steeply inwards and apparently focussing on SS4. They vary in width |
‘from 50 - 100 m. and are ﬁsually laminated, although considerable variations ‘
in texture and colour can be found. Some varieties are porphyritic, the
lamination being due to alignment of platy feldspars separated by mafics and
- brick-red weathering nephgline. S§S4 is not cut by such sheets and it would.
appear as though they are off-shoots related to this later syenite; as they
centre upon it and fresh samples often bear a resemblance to the SS4 rock
types. Microsyenite sheets also occasionally cut the country rocks
particﬁlérly near the SS2/basalt contact around Narssarssuade

| On the south side of Giesecke's Dal Bay, SS5 is cut by a 100 m. wide
alkali gabbro ("Essexite") dyke, which trends nofth - south for 200 m. before
| being cut out by SIZ, Near vertical mafic banding is present in some places
and there is a pronounced chill against SS5, although the contact is complex.
in'detail due to reaction with the syenite. In the centre o the dyke large
blocks of SS5 are included and these tend to be pegmatitic. The dyke is
entirely.within the zone of alteration due to the later Igdlerfigssalik

Centre (see below, 2d).

(2b) Internal Contacts within the Centre

(i)  sSs2/S8s3:-

Syenite SS3 has a central position within SS2, becomes finer grained

These marginal

towards the contact, and develops irregular pegmatitic areas.
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facies pégmatites are common throughout the Igaliko Complex and consist of
coarse, irregular patches of feldspathic pégmatite, separated by interstitial
afeas of fine grained nepheline syenite (Plate 9). Hamilton (1964) records
Similar‘marginaL pegmatites from thé Ilimaussaq Augite Syenité and the Narssaq

gabbrb. He suggests three possible modes of origin:-

(a) local accumulation of trapped water and volatiles,
'.(b) the first stage in a build up of water and volatiles moving outwards
under a thermal diffusion gradient,
(¢) an alkali rich liquid derived from selectively remobilised country rocke
In the South Q3roq Centre, in 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 likely explanation.
" (The pegmatites may thus be compared with the drusy marginal facies of other
" high level intrusions.) wﬁole rock geochemistry supports this interpretation
in thét it provides.further evidence for thérmal gradients (see Chapter 5)..
Emeleus and.Harry (1970) record a transitional passage from SS2 to SS3
~over about 50 - 100 m., and in some localities this is clearly the case.
However, in two separate outcrops, a sharp contact was found between the two
syenites dipping outwards at 70 - 800, demonstrating a true intrusive relation-
shipe . 853 is not chilled and there is no alteration of SS2, but it is clear
that SS3 is the later syenite, being intruded only a short while after ss2,
before the latter had completely cooled (Plate 8). Hence in some areas a
gfadation between the two is produced, and as:the two magma types are very

similar they may represent two pulses from the same magma source (Harry and

Richey, 1963).

(ii) SS3/554 :~
This contact often appears to be gradational with SS4 becoming finer

grained towards SS3 and developing a marginal pegmatite facies. However,

.in many places on the Narssarssuaq - Qfroq plateau the contact is i1l defined

due té bad exposure or alteration. Also, the relationships may be further
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confused by the superimposition of two contact zones close togethef, due to
several pulses within SS4 (see above) giving an unusually wide marginal zone.
Above Niagornarssuk the contact appears to be gradational over about 150 m.

but SS4 becomes finer grained, and Emeleus (field diary, 1962) has found

blocks.of SS3 enclosed.in SS4.

Thus SS4 is younger than SS3 and occupies a centfal position within the
latter. _The contact is xenolithiq in places but varies from quite sharp to
diffuse and somewhat gradational.

(iii) Ss4/ssS5:-

The relétionship between SS4 and SS5 is problématic in that it is not
absolutely certain from actual contact relationships which is the younger:-

Ss5 is usuaily seen té become irregular in grain size, with pegmatitic

patches near to $S4. Emeleus (field diary, 1962) records contact zones 10 cm.

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

age relationships. He also records minor shearing in many .places associated

with the contact. Above Niaqornarésuk there is a slight decrease in grain

size of 554 towards SS3, although it is not as pronounced as in 5S4 towards
SS3.
On the north-west coast of Qeroq Fjord coarse, laminated SS5 is in contact

with coarse, larvikitic looking SS54b to the north. The syenites on both sides

of the contact are irregular with a marginal pegmatitic facies, and the

contact is gradatioﬁal over 0.5 me The structure is obscured by much

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

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

‘layers and schlieren in $84b (Fige 2.2). To the north SS4a is in contact

with a syenite also now considered to be SS5 (see 2a, iv). The contact is

sharper and, although relationships are still rather obscure , blocks of 2SS5

are found in SS4a, the latter having fine grained mafic banding, which increases

'in grain size away from the contact.

In general fhe SS4/SS5 contact is vertical or dipping steeply outwards,
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but'in the north it dips out at a moderate angle, and hence the outcrop width of
Ssélis much reduced at fjord level (Fig. 2.3) and is eventually cut out on the east
side of Q8roq Fjord. Although the detailed contact relationships give conflicting
eviaénce of age in some cases, broader éonsiderations tend to indicate that SS4 is
a ring-dyke, younger thén SS5. ‘The crushing and vertical banding associated with
its contacts, and the possible feduction in grain size towards both of its marginé,,
with development of a marginal-facies are consistent with this hypothesis. Further- -
more, the identification of SS5 both north and south of SS4 on the west side of |
QSroq Fjord makes it difficult to envisage any other mechanism. Ring-dykes of
nepheline syenite are described by Emeleus and Harry (1970) in the Igdlerfigssalik.
aAdIMotzfeldt Centres, but not from South QSroq.

vThe petrography of the syenites would also seem to be consistent with

S5s4 being the latest syenite since, being larvikitic, it continues a trend

towards more basic syenites with time. S52, SS3 and SS5 are reasonably similar

in mineralogy and hence could be three separate pulses from the same magma
_source. SS4 could then be a later tapping of a more basic magma from possibly
__lowef down in the mégma chamber., (cof. later trend to more basic syenites

and finally an alkali gabbro ring-dyke at Kﬁngn@t - Upton, 1960). This
hypothesis will be further developed in subsequent chapters. If there are

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

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

marginal facies seen in SS5 at some contacts could be due to alteration or

remobilisation by the ring-dyke, or be a marginal facies déveloped prior to

the intrusion of SS4.
(iv) SS3/8S5:-
As outlined above, SS4 does not outcrop on the east side of Q3roq Fjord

. and hence 885 is in direct contact with SS3. This contact is seen on the

- coast section about 1 km. north of Flink's Dal entrance, but it can be traced
inland at several localities, although locating the actual line is difficult

as the two syenites are quite similar apart from the strong lamination usually




| _ Platé"8
SS2/$S3 contact on the west slde of the Narssarssuaq - Qﬁroql peninsula,

(a) General.viéw of the contact showing outward inclination.'A(SS3 on the
right)

(b) Close up showing the pegmatite developéd along the edgé of SS3, and
the normal textﬁre preserved in SS2.

(Pencil is 12 cm. long)










developed in SS5. However, in the coast section a marginal facies is very
prominent in SS5 (Plate 9) which is well laminated up to 50 m. from the

contact.

(2c) Contacts with Country Rock

(1) Contacts with Julianeh3b Granite:-

Julianehdb Granite forms'the metamorphic basement into which the Igaliko
Complex is intruded and consists of coarse granite and granite gneiss with
veins and dykes‘qf amphibolite. Where exposure is good, the line of contact
can easily be seen from a. distance and on air photographs, as the gravelly
wéathering, light grey syenites contrast strongly with dark, granitic outcrops.
Thié is particularly well seen high in the cliffs.above Giesecke's Dal, where
the contact is seen to dip steeply outwards (Plate 2).

On tﬁe Tunugdliarfik coast and north of Flink's Dal, SS2 becomes finer
. grained towards £he JulianehSb Granite, but still retains its small, mossy
- mafic aggrééates, and is quite normal in appearance up to SQ m. from the
contact. Thg outer 50 m. consists of a ﬁarginal pegmatitié facies with
iﬁtérstitial, fine grained syenite, veins of which penetrate into the granite.
The actual contact, where seen, is quite sharp bgt is ofteh obscured by gqulley
features., |

Within a few.metrés of the contact the graﬁite shows signs of alkali

metasomatism, with thin veins and patches of a bluish-green amphibole, and

.in some cases the amount of quartz has been considerably reduced due to

fenitisation. On the Tunugdliarfik coast section there are many irregular
veihs,'about 2 m. thick, containing dark, magnetite-rich material, which are

generaliy quite flat lyingde Similar rock types are to be found in sill-like

bodies and thicker veins, which look as though they may originally have been
amphibolites. These are essentially dense, zoned magnetite - aegirine augite -
biotite - hornblende rocks, 2 - 3 m. thick, with lenses of coarser materiale.

The latter contaln 1arge "phooks" of biotite with calcite, pyroxene and 1nterst1t1al

fluorite, magnetite, perovsklte, corundum, apatite and chlorite (Plate 10).
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From the hineralogy and textural relationships of the above it is suggested
that they are due to metasomatism around.the syenites with a considerable.
introduction of alkali elements. The more regular dykes and sills were
probably amphibolites‘in the basement, and it would appear that dykes, joints
and fracture zones acted as channels for the metasomatic emanations, hence
becoming much more altered than the surrounding éraﬂite which, except for a
few metres around the contact shows very little thermal or metasomatic effect.

Near fo the contacts,both SS2 and the Julianehgb Granite are.cut by a .
few'sheets of carbonatite. These are up to 0.5 me thick and are sometimes
zoﬁéd witﬁ an outer zone 5 - 10 cm. thick, rich in opaques, and an inner zone
rich in mica. Tn section the carbonatite is seen to contain phlogopite,
mégnétite and haematite. “In the zoned sheets, magnetite and haematite occur

in equal amounts in the margins, but the centres have only magnetite with

occasiénal haematite.
(ii) Contacts with Supracrustal Rocks:-

The suprécrustal rocks which rest on top of the JUlianehgb Gfanite are
members of the Early-Gardar Eriksfjord Formation consisting mainly of basaltic
lavas and tuffs with interbedded sandstones. Syenite SS2 is seen in contact
with these in the area south-east of Narssarssuaq, where the bedding dips

south or south-east towards the centre at about 150, steepening to 25o near

the contacte. This effect is also observed around the Igdlerfigssalik Centre

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

- early syenites in each centre.

At the contact SS2 forms a persistent,sinuouscﬂiff feature. The contact

_1s irregular in detail, presumably following joint surfaces in the basalts

and occasionally xenoliths of basalt up to 2 me. long occur, suggesting locallsed

stoping during emplacement (Plate 11). It is usually sharp, with a 3 - 4 cm.

" wide chill, outside of which platﬁf‘feldspars and occasionally mossy mafic

L aggregates are aligned parallel to the contact. In some places marginal

pegmatites are developed, although they do not appear to be as extensive as




Plate 11 L -
Sharp conjact between marginal SS2 syenite and an angular, xenolithie
block of basalt very near to the main contact - 1 km east of Narssarssuaq

Harbour., (Hammer shaft is 35 cm long.)

Plate 12

Brecciated SS2/basalt contact exposed near the coast south of

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

"Knobbly" surface of hornfelsed basalt due $o the weathering out of

ophitic mafic patches - east of Narssarssuaq. (Hammer shaft is 35 cm long.)

Plate 14

Basalt with calc-silicate bands presumably derived from calcareous
tuffs. The massive outcrop in the background is of syenite SS2 - 1.5 km

east of Narssarssuaq Harbour. (Hammer shaft is 35 ecm long.)



Plate 15
Syenite SS5 cut by Igdlerfigssalik syenite SI2 on the south side of

Giesecke's Dal Bay, Qfroq Fjord. (Hammer shaft is 35 cm long.)

o
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at the contact with Julianehgb Granite, and do not form a wide zone.
Immediately south of Narssarssuaq Harbour the contact relationships are

complicated by dykes and faults in the basalts. The actual contact has a

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

_ material in a zone about 10 m. wide (Plate 12). The generai impression is

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

éf intermediate by more basic material seems unlikely. It would appear that

.éither (a) at this particulaf locality there is an intrusioﬁ breccia developed,

_ although it is not seen anywhere else; or (b) the structure is due to later

faulting and shearing; or (c) there could be a combination of both mechanismse

The supracrustal‘:oéks exhibit quite widespread contact effects and the
-basalts tend to be hard and splintery with a "knobbly" hornfelsed appearance
(Plate 13) due to dark, obhitic patches weathering out. Very near to the
contact the basa}t has a thin porcelainous layer‘of véry fine-grained black
hornfeis with 1 cm. long white blobs aligned parallel to the contact, in a
zone 10 cm. wide, before giving way to a frgsh aphyric basalt with small

‘needles of plagioclase. Tnterbedded with the basalts are whitish bands of

|
l
carbonate rich rock, which are probably calc-silicate bands derived from
calcareous tuffs (Plate 14). These have a rough weathering surface due to
"differential'weatheriﬁg of the calcareous bands. The basalts are cut by

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

Narssarssuaq Harbour, dense bands rich in magnetite and biotite have a

51m11ar mineralogy and texture to the metasomatised basic material within

l.the Julianehab Granite. The sandstones have been affected by metasomatism

and are sometimes rich in alkali pyroxene and alkali feldspar.

(1ii) Contacts with Earlier Syenites:-
East of Narssarssuaq SS2 is in contact with the earlier North Q3roq Centre

and its relationship to the syenite SN1 can be seen in several places. The

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

parallel to the contact, with larger platy ' feldspar phenocrysts showing -
- f

prominent alignment. The lamination persists for a few tens of metres away
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from the oontact, but there is no development of pegmatite énywhere in the
areae. SN1 a£ the contact'is coarse grained and not visibly altered, although
it is cut by small veins of chilled SS2.

About 6 km. south of Narssarssuaq Harbour marginal SS2 is chilled against
coarse grained Tunugdliarfik Syenite,'which itself appears to have a marginal
facies developed. Thus the original Tunugdliarfik Syenite/JUlianehgb Granite
contact was probably nearby and is now obliterated by SS2. 'Coarse veins of |
nepheline syenite cut across both syenites, and SS2 has patchf pegmatites
rich in pyroxene. AFurther south SS2 has a few xenoliths of earlier syenite.

(24) Effects of the later Igdlerfigssalik Centre

2

Much of the southern part of the South QBroq Centre is cut out by the

later Igdlerfigssalik Centre and the relationship between these two centres

can be seen around the lower part of QSroq Fjord. On the south side of

Giesecke's Dél Bay, syenite SS5 occurs as a narrow strip along the coast up

to 260 m. wide, and is cut by the Igdlerfigssalik syenite SIZ. This becomes
fine-grained towards the contact in a 50- m. wide marginal zone and is chilled
agoinst S§S5. The line of contact is irregular (Plate 15) with occasional
1obes of SS5 surrounded by the later syenite, although SS5 does not appear

Near to the contact, SI2 has a

to have suffered much recrystallisation.
few dark, fine grained mafic horizons and xenoliths of SS5, but it becomes

more regular inwards and is coarser grained in the lower parts of Giesecke's

Dal.

On the west side of Brog Fjord, at Niagornarssuk there are three strips

of syenite parallel to the coast, considered to be Igdlerfigssalik syenites

SI6, SI3 and SI1 (Emeleus and Harry, 1970, p.57, Flg. 19)., Beyond these

syenites, on the hlllSlde, South Brog Centre syenltes and trachytic dykes

show signs of recrystallisation. SS5 has recrystallised mafics in the form

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

‘The dykes have similar dark, mafic spots, commonly with lighter coloured rims,

and the feldspér phenoorysts show signs of reaction.



Throughout most of the area around Niaqornarssuk the South Q3roq syenites
are cut by sheets of microsyenite and pegmatite, often associated with zones
of whitishAalteration and thin veins of magnetiteefich material. The contact
between SI1 and SS3 is exposed near the southern tip of the Narssarssuaq -
Qaroq peninsula (Emeleus and Harry, 1970), where fine grained SI1 cuts SS3
causing considerable remobilisation and back veining. - A zone of recrystallisation
“about 1 kme. wide can be recognised around the Igdlerfigssalik Centre from
petrographic and mineralogical work.. The approximate limit is ehown on Plate 1
based principally on the instability of olivine within the zone (see Chapters
3 and 4).

From the above relationships it is evident that there was a significant
time lapse between the emplacement of the later Soufm Qeroq syenites and the
earlier Iédlerfigssalik syenites, during which time a period of dyke emplacement
occurrede _ Thus the Igdlerfigssalik Centre was intruded into a solidified
fairiy cool country rock, causing considerable contact metamorphism and veining
with someAremobilisation of the host, around Niaqornafssuk. However, on the
soﬁth side of Giesecke's Dal, recrystallisation is not so intense, which may
~ reflect differences between the varieus Igdlerfigssalik syenites (i.e. augite
~ syenites SIi.aﬁd possibly SI4 at Niaqornarssuk, but foyaitic SI2 in Giesecke's

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

(2e) Faulting

The Igaliko Complex is situated on the line of one of the major east-south-

’ .
east fault zones, which cut the Gardar Province (Fige. 1.1), The Grgnnedal-Ika,

Nunarssuit and Ilimaussaq Complexes occur along similar, parallel fault zones
where the three Mid-Gardar dyke swarms intersect the fault systems, and hence,

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

faultlng, the dyke swarms and the major intrusive centres. The orientation

of the two complementary sets of tear faults (51nlstra1 ESE-WNW and dextral

N-S) in the prov1nce suggests a stress system con51st1ng of a maximum north-east -

south-west stress and a minimum north-west = south-east stress., This is further
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indicated by north-east -.éouth-West trending tensional features such as the
.dyke éwa;ms and the Eriksfjord '"graben" structure. Many of the major
intrusive centrgs, including South GBrogq, are eloﬁgateq along a north-west -
south-east axis, alsoAsuggesting a maximum north-east - south-west stress.

Pre-;yenite faults have been mapped in the Igaliko.Fjord area, where they
cﬁt the Eriksijra formation, but do not appear to éontinue into the
Igdlerfigssalik and ¢stfj9rdsdal syenites. Howevef, no such faults were
found around the South Qfroq Centre.

| Several minor faglts with a trend between_north,- south and north-east -

south—West cut the centfe. These do not have any considerable movement above
‘a few ﬂuﬁdréd metres‘but; in addition, there are many broad zones ofireddening
and crushing with a similar tfend, which‘éan givé rise to toﬁographic features.
Th;s is\well seen between Aﬁgpalugtut and Narséarssuaq,'(Fig. 2.4).

On ‘the Narssarssuaq'- oBroq plateau a north-east trending fault occurs
which appears to have a vertical movement with a downthrow to the south-east.

. Evidence for this'comes from the displacement of the S554/SS5 contact, which

is known to dip outwards, and which is displaced in opposite directions in
differént parts of the fault, (i.e. sinistral in the south-west and dextral
1in tﬁe northeeast)s The fault cuts several trachytic dykes and can be
féllowed for ébout 4 km. to the coast of Q3roq Fjord, where it can be seen

: in the Eliffs as a prominent red line, truncaﬁing the‘dykes.

THe centre is cut by sevgral faults and sﬁea; zones parallel to the major,

regional east of east-south-east trending faults, but most of the movement

' in the centre is along two large fault zones, which are marked by prominent

thpographic features and wide zones of crushing and discolouration. The

northern fault occurs as a prominent valley feature across the Motzfeldt Centre

(upbér Flink's Dal) and continues slightly south of west across the South Q8roq

Centre as a 200 m. wide crush zone until, 3 km. east of Narssarssuaq Harbour,

: ' o
where there is a sharp deflection to a trend of 050 « The fault then

cbhﬁinues to the Tunugdliarfik coast in the broad valley of Augpalugtute.
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On eithef side of this-valley there is a very wide zone of crushing for up
to 4OQ m. and it may be that two faults are superimposed along the valley
(Fige 2.4). One reason for the deflection may be that the fault runs into
one of the north-east trending crush zones, which can be followed through .
éhe North Qeroq Centre for over 10 km. as a long,straight valley feature.
A mﬁch attenuated extension of the original fault may continue westwards
tﬁrough Akuliaruseq, since a reddened zone can be seen passing.down the
hillside aﬁd most of the coast section between the harbour and Augpalugtut
is very discoloured (Fig. 2.4). As in most of the Gardar east - west
faults, the displacement is predominantly horizontal and sinistral, remaining
‘quite constanﬁ at 2 km. (from the displacement of distinctive dykes) between
Augpa'lﬁgtut and Motzfeldt Sd.

The southern fault can be seen on the north side of Giesecke's Dal
as a reddened line on the slopes of QGrqup gaqai, truncating several dykes.
The drag on these dykes indicates displacement in a sinistral sense and
theré is a zone of crushing up to 100 m. wide. West of Q8roq Fjord, the
fault continues across the Narssarssuaq - Qeroq plateau with only minor
variations in trend (Plate 16).. In Giesecke's Dal, the displacement of the
SSZ/Julianehgb Granite contact in&icates a sinistral movement of about 1 km.,
but on the plateau the syenite contacts and dykes are never displaced by mo%e
than 400 m.. This is due to a spiitting of the fault into at least three
branches, each of which has suﬁsidiary, parallel, sinistral faults associated.

with it. This subsidiary faulting has been mapped in detail in the area

shown in Fig.‘2.5.' The major branches can be seen from Tunugdliarfik Fjord
as lines‘on the hillside, occasionally truncating dykes (Plate 17.)

The two main faults do not intersect and no direct evidence_is found
of relative ages. Both of the faults truncate the regional dykes, althoqgh
| _a few of the later trachytes are not affécted by the southern fault. Thus
tﬁe southern fault is probably the earlier and faulting continued more or

less contemporaneously with the later dyke emplacement.







. Fig. 2.4
Faulting and crush zones in the area between Narssarssuaq and

Augpalugtut. (Pr = trachytic dyke; Dol = dolerite dyke)

Fig. 2.5
Sketch map showing detail of branching in the southern transcurrent
fault of the South QSroq Centre, around the 1969 camp site, 6 km. south

of Narssarssuag Harbour. The locality is marked on Fig. 2.1.
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Fig. 2.6
Attempted correlations of faults on the west and east sides of

Tunugdliarfik Fjotd. (From Emeleus and Stephenson, 1970).
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During the 1969 season, some time was spent in the Qagssiarsuk area,

t

examining the westward continuation of the fault zone, and tentative correlations
were made across Tunugdliarfik Fjord (Emeleus and Stephenson, 1970), (Fig.‘2.6).
Four faults were studied in detail, one normal fault and three sinistral tear
faults, Movement along each sinistral fault is from 400 me to 5 km. and
there is a total movement along the three faulﬁs of 6 - 6.5 kme When compared
with the faults east of Tunugdliarfik Fj&rd it is clear that no simple
correlation may be made, even‘though there is clearly a continuation of the
.faulﬁ zone. A total-sinistral fault movement of 2.5 - .3 km. hés been measured
in the South cﬁrog Centre, 2 km. of which is along the northern fault. Howevef,
a total offset of between 6jahd 7 km. may be obtained in this centre by taking |
| into account the sinuous deflection of the Gardar dykes, which is in a sinistral
sense and amounts to 4 - 5 km. when resolved in an east-west direction (Plate 1).
This is then consistent with the amount of movement west of Tunugdliarfik Fjord.
Emeleus and Harry (1970) propose two explanations for the deflection of
_the dykeé. As there is no deflection of the dyke swarm elsewhere in the

region, it is possible that the development of the Igdlerfigssalik Centre

could have modified the regibnal stress pattern. However, - the dyke distribution

does not correspond to that found in other igneous centres where this is known

to occur (Odé, 1957), and also some of the affected dykes are probably later

' than the Igdlerfigssalik Centre. From the evidence of the fault displacements

and from the fact that the faulting éppears to be contemporéneous with the

dyke emplacement, it would seem more likely that stresses associated with the

transcurrent faulting were éuperimposed on the regional stresses at the time

of emplacement, causing a deflection from the normal trend. This acted as

a form of stress release, reducing the amount of movement along the faults.

Evidence for a vertical component in’the faults was found in the Qagssiarsuk

area from the elevation of the Eriksfjord Formation base, but except for one

fault with a downthrow of about 100 m. to the south, the amount of throw

could not be estimated. Emeleus and Harry (1970) prppose'a'déwnthrow of

at least 400 m. to the south for the southern fault cutting the South QBroq
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Cen£re, based on the height of the Eriksfjord Formation base south-east of
Flink's Dal and at the head of Igaliko Fjord.

If is possible that there is a fault along the line of QOroq :E"jord
earlier than the two east-wést sinistral faults (Emeleus and Harry, 1970, p.102).
'However, owing to the recént amendments, the map now shows né apparent displacement
of syenite boundaries, and although the possibility of a fault still exists,
the ;emaining evidence (i.e. fhe presence of shear zones and mineralisation)

is rather circumstantial.
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3. PETROGRAPHY OF THE SYENITES

vThe principal syenites within the South Qbroq Céntre may be classified
' as either foyaites (SSZ, Ss3, SS5) or augite syenites (SS4b) with possibly
intermediate compositions in SS4a. The general petrégraphic and textural -
féatures of the intrusions are described below, with further details on
individual mineral phases in Chapter 4. |

(3a) Foyaites - SS2, SS3 and SS5

The three foyaitic syenites have in general a similar petrogréphy,
although significant differences in thé compositioﬁs of certain mineral
phases willvbe describéd in Chapter 4. They are considered to have been
emplaced in fairly rapid succession, possibly as pulses from the same
underlying'magma (see 2Db). |

Syenite SS2:-
.The typical S32 rock type, as found on the Narssarssuaq - QSroq peninsula

and around lower Flink;s Dal consists of approximately 80% perthitic alkali
feldspar aﬁd nepheline in approximately equal proportions, sodalite, and
aggregates of mafic minerals. The alkali feldspar and nepheline are

usually subhedral to euhedral and may be cumglus. Often, partiéularly nearer
| the margins, large tabular phenocrysts of Carlsbad or Manebach twinned alkali
feldspar are set in a slightly finer- grained groundmass of alkali feldspar -
laths and subhedral nepheline (Plate 18). Népheline appears to have beén
crystallising from quite an early stage, since small grains are frequently

included in the phenocryst feldspars, but most of the feldspar and nepheline

appears to have crystallised simultaneously. From the shape of the feldspar

crystals ié would appear that they originally crystallised as sanidine before
. exsolving uﬁder sub-solidus conditions into orthoclase perthites (see 4g).
Occasionally narrow rims of albite occur around the perthite crystals.

The mafic aggfegates, which give the rock its spotted, "mossy' appearance

in hand specimen, contain combinations of aegirine augite, arfvedsonitic

aenigmatite and apatite (Plate 27).

" amphibole, biotite, iron-titanium oxides,
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The minerals are also found separately in interstitial areas. A discontinuous

reaction series is developed from aenigmatite (whieh is present in certain
samples only-as cores), to zoned aegirine augite, to arfvedsonite which is
often found rimmingithe pyroxene (Yagi, 1953) (Plate 33). However, in many
instancea the mafic minerals just form intergrown aggregates, and aenigmatite
is often absent. Biotite is sometimes present as an additional hydrous phase,
although it is not as widespread'as in the other foyaites., Fayalite is
scarce in SS2 and, apart from the problematic south-eastern area Ysee below),
‘is only.found in one area, above the Tunugdliarfik coast (e.g. samples 59730,
127020,d127021). Here it appears to be early formed and is present as small,

rounded grains, rimmed by iron ore and frequently enclosed by other mafic

mlnerals, partlcularly pyroxene and amphibole. Magnetite is usually present

as small, rounded grains and 1nvar1ably has qu1te coarse, exsolved lamellae

" of ilmenite. It sometimes appears to have crystallised early, being almost

euhedral, but in some samples it occupies interstitial areas between feldspar

 and nepheline grains. Around the edges of the mafic patches there is

frequently an intergrowth of pyroxene needles and alkali feldspar. The

needles grow outwards from larger pyroxene gralns with which they are in

optical continuity (Plate 37; see 4b).

In most ef the samples there is a considerable amount of interstitial, -

isotropic sodalite, which clearly forms later than all the other primary

minerals (Plate 24). In hand specimen it is greenish grey and fluoresces

bright orange under ultra-violet 1light. Tt is thus seen to be confined

to.patches up to 1 cm. wide scattered irregularly throughout the rocke.

= Cahcrinite is also frequently present interstitially, usually around nepheline

gfaiﬂs. This suggests that it probably formed by reaction between nepheline
and a C02-r1ch residual lquld as part of the nepheline - cancrinite -

calcite dlscontlnuous reactlon series (Saether, 1957).

Apatlte is the most common accessory mineral and usually occurs as prismatic
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grains included in the mafic aggregates.  Small, subhedral grains of sphene
‘and zircon are visible in some samples and a pale yellow, interstitial mineral
is frequenfly present. This mineral is slightly pleochroic, has fairly high
relief, a high 2V (-ve) and a fairly high birefringence. A qualitative
glectron probe scan shows it to be a calcium silicate with moderate amounts.
of sodium and titanium suggesting that it may be 13venite. |

Towards the margins of the syenite, the’;ock begins to develop a lamination
and bécomes finer-grained; Alkali feldspar phenocrysts are, then prominent
in a finer groundmass of feldspar and nepheline. Mafié minerals tend to occur
interstitially rather than in aggregates, and amphiﬁole rims around pyroxenes .
| become beftef developed. Within a few centimetres of the contact, nepheline
frequently'disappears due to contamination by country rock, and there is a
tendency for amphibole to develop in exceds .of pyroxene. Sections from the
contact east of Narssarssuaq sometimes show a fine brecciation adjacent to
'the basalt.
Where the syenite has been recrystallised near to the Igdlerfigssalik
' Centre; the feldsparé and nephelines are larger, more irregulaf in shape and

develop interlocking margins. Feldspars are more coarsely perthitic and

mafic aggregates develop much more magnetite and biotite. Around the major

fault in Giesecke's Dal, the zone of recrystallisation extends further than

normal, nepheline ié highly altered and the mafic aggregates are completely
chloritised.

bAt the south-eastern end of the intrusion, (around the ridge between
@stfjordsdal and Giesecke's Dal) the rock type is completely atypical of -

SS2. Large perthitic laths of alkali feldspar and irreqular shaped nephelines

are closely interlocked, often with lobate margins. Mafic aggregates occur,

but the pyroxene is titanaugite rather than aegirine augite, and subhedral

magnetite has radiating rims of biotite. Fayalite is common and the mafics

are characteristically "larvikitic", resembling those of the augite syenites

‘of SS4b rather than SS2. Tn view of this contrast in petrography it is




suggested that thgre is another satellZitic intrusion in this area between
$51 and SS2 (see Plate 1).
Syenite SS3:-

Iﬁ many ways SSB is similar to SS2 and much_of the above description
may be applied to either syenite. SS83 is generélly coarser grained with
large, tabular érthociase perthites up to 30 x 7 mm. showing multiple
Cérlsbad or Manebach twins. Nepheline grains are often large, irregular
and have interlockiﬁé or lobate margins witb feldspar. As in SS2 some
small, euhedral nephelines are enclosed by larger feldspars, but in general
tﬁere appears to be simultanebus crystallisation of the two phases (Plate 19).

Aggregates of mafic minerals commonly occur,but are not as ubiquitous
as in SSZ.(Plate'28), and mofe frequently tﬁe mafics occur in separate
interstitial areas; 'Iron—titaniqm oxides occur as in SS2, but generally
there is a higher proportion of the'hydrous phases arfvedsonite and biotite.
Arfvedsonite rims are often well developed around small relic corés of
aegirine.augite, but in some samples biotite is the only hydrous phase.
Fayalite and aenigmatite are completely absent from SS3. In many samples
theré are indicationé that magnetite has reacted with the residual liquid
to form écmite (Plate 38; see 4b). - Aegirine augite/élkali feldspar
intergrowths .occur as in Ss2.

Sodélite and cancrinite occur aé in 832 and apatite is always an
‘abundant accessory. Sphéne is fairly common associated with the iron-
titanium oxides,aﬁd the pale yellow, interstitial accessory (? lgvenite)
is.present‘in a few samplés. A coloﬁrlesé intersﬁitial mineral, which
as yet has not been identifiéd, is sometimes present in SS$3 and certain
other rocks associated with small amognts of fluorite.

The syenite does not alter much towards its margin Qith SS2 (see 2b)

apart from the more frequent development of pegmatitic areas, having coarse



crystallisation and more coarsely exsolved feldspar than the normal rock.

Some pegmatites have large, euhedral nepheline with interstitial feldspar

and calcite. Aegirine is frequently present, both as large twinned crystals

and as overgrowths on arfvedsonite.  Zoned, poikilitic eudialyte is developed

in several pegmatites, together with occasional euhedral zircon. However,
near'the margin'on the east side of Qéroq.Fjord, early euhedral grains of
zonéd,eucolite - mesodialyte up to 2 cm. wide conétitute up to 50% of the
}pegmafite (Plates 44, 45, 46)., Poikilitic eucolite (Plate 47) also occurs
innthe same pegmatite which has a groundmass of alkali feldspar laths and

euhedral nepheline enclosed by larger, irregular nepheline. Mafic minerals

are maiﬁly iron-titanium oxide and an unusual bright red biotite, together

with some arfvedsonite and aegirine augite/aegirine.  An unusual pegmatite

nearer the centre of the intrusion contains blue sodalite which fluoresces

pale purple under ultra-violet light. However, this is surrounded by rims

' of more normal orange-fluorescing, grey sodalite.

"Near the southern tip of the Narssarssuaq = QBroq peninsula, SS3 is

intensely recrystallised by the Igdlerfigssalik Centre. Feldspars become

irregular and coarsely perthitic, with interlocking or lobate margins against

nepheline., . The mafic minerals are completely altered with development of

" "knots'" of iron ore and ‘decussate biotite flakes. At this locality there

_ is much spene associated with the ore whi
céUSing separation into magnetite, ilmenite and sphene (see 4e).

-Electrbn microprobe studies on the minerals of SS3 clearly show that

it is the most fractionated of the South QSroq Centre syenites (see Chapter 4).

The mineral variations are not in general obvious from optical examination, -

but certain petrographic facts tend to indicate a more fractionated state,

i.e. the. increased abundance of hydrous mafic phases compared to the other

foyaiteé; “the de&elopment of aegirine and eucolite - eudialyte in marginal

begmatites, suggesting a higher peralkalinity; the common occurrence of the

reaction magnetite + liquid = acmite; the instability of olivine; and the

ch could be due to the recrystallisation
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spbradic appearance of fluorite.
Syenite S55:-

Textﬁrally SS5 is similar to SS3 except that it often possesses a strong
lamination of tabular alkali feldspars.- The feldspars are ofthoclase perthites
with simple and.multiple twinning (Plates 21, 22) and have relationships with
nepheline as outlined for the other foyéites. Mafic minerals are usually
intgrstitial‘or-in aggregates and vary considerably in their relative propor-
tioné. Aegirine augite,énd iron-titanium oxides are usually present with
varying‘amounts of arfvedsonite and/or biotite. The~éegirine augite is often
a deep apple-~green colour, énd zoning is.less apparent optically than in the
" other foyaites. In some samples magnetite has reacted with the liqg? to give
isecondéry acmite, but this is not as common as in SS3. Arfvedsogite rims are
often well developed on aegirine augite (Plates 34, 355, and iron;titanium
.oxides sometimes have radiatingArims of biotite.. Fayalite is quite abundant
in certaiﬁ,sémples (e.g. 46243, 58230) and ié heavily rimmed by iron ore,
pyroxene or amphibole (Plates 39, 40). Scdalite and cancrinite are common,

‘énd oé;asionally the full series nepheiine -~ cancrinite - calcite'is observed
(Plate 26). Common accessories are apatite and sphene, but zircon also occurs
sporadical}y and one éample (46271) containé a -colourless interstitial mineral
aséociated with small.areas of fluorite.

Mafic bands are common in SS5 (see 2a), cgnsisting largely of subhgdral
aegirine augite, fayalite, iron-titanium oxide (with rims of biotite), and
apatite. Towards the edgés of the bands these minerals are packed tightly
- into interstices between cumulus feldspar and nepheline. In some bands the
pyroxeﬁes'are_euhedral to subhedral titanaugites, considerably less fractionated
than in the normal SS5.

Much of the SS5 on the_west side of roq Fjord has been recrystallised by
the igdlérfigssalik Centre, and progressive alteration can be traced southwafds
along the coast section. Fayalite, the first mineral to react, is pseudomorphed

by chlorite énd.iron ore and findlly disappears.- Aegirine augite and biotite



Plate 18
Marginal SS2 showing a pronounced lamination of tabular, perthitic
feldspar, and rounded nepheline. A small perthite phenocryst is seen

on the left. (Sp. No, 46276, crossed polars, X 20)

Plate 19
Simultaneous'cfystallisation of alkali feldspar (with perthitic texture)

and nepheline (smaller, rounded to subhedral grains) in SSB.. (Sp. No.

46269, crossed polars, X 20)

Plate 20

Typical texture of felsic minerals from one of the microsyenite sheets
cutting SS3. Twinned, tabular perthite (bottom), rounded nephelines (top),
surrounded by interstitial cancrinitej isotropic, interstitial sodalite

(top right). (Sp. No. 58233, crossed polars, X 20)







Plate 21

Typical, large, tabular, twinned crystal of perthific alkali feldspar

in Ss5. (Sp. No. 46244, crossed polars, X 20)

Plate 22
Large tabular alkall feldspars showing multiple twinning in SSS.

| (Sp. No. 46241, crossed polars, X 20)

>

Platé»23

"Blebs" of nepheliﬁe within irreqular grains of microperthitic alkali
feldspér in SsS4b. The "blebs" are in optical continuity within -
individual grains and have the appearance of an exsolution texture,

(Sp. No. 58259, crossed polars, X 20)







Plate 24
Euhedral grains of nepheline enclosed by interstitial, isotropic

sodalite in SS2. (Sp. No. 46255, crossed polars, X 75)

Plate 25
Interstitial nepheline (grey) between grains of microperthitic

feldspar (white) in SS4b, (Sp. No. 58221, crossed polars, X 20)

Plate 26
Reaction between nepheline (top)'and interstitial calcite (rhombohedral:
cleavage-centre) giving an intervening, radiating fringe of cancrinite

in s8s5. (Sp. No. 59644, crossed polars, X 75)







Plate 27

Typical "mossy'" mafic aggregate in SS2, (P,= pyroxene, A = amph,
Ap = apatite.) Alkali amphibole ié forming a discontinuous rim arouﬁd
the aegirine augite. (Sp. No. 58231, pyroxene and amph;bole anélysesv

- 58231.1, ordinary light, X 40)

Plate 28
* Mafic cluster in SS3. In this particular sample, the mafics are
exclusively aegirine augite (P) and biotite (B), with fairly abundant

prisms of apatite (Ap).  (Sp. No. 46269, ordinary light, X 20)

Plate 29
Typical clustef of mafic minerals in a mafic band from SS4b.
.Subhedral olivine (0) and titanadgite (P) with prisms of apatite (Ap).

(Sp. No. 59672, pyroxene and olivine-analyses 59672.3, ordinary light, X 40)







Plate 30

Biotite-rich aggregate in recrystallised SS5 near to the contact with_
the Igdlerfigssalik Centre. All the mafic minerals in this aggregate

are éither biotite or opaque oxides. (Sp. No. 58160, ordinary light, X 20)

Plate 31
Radiating growths‘of carbonate replacing the central part of a pegmatite
vein. "Ghost" prisms of aegirine can be seen in the bottom left;

"~ (Sp. No. 127072, crossed polars, X 20)

Plate 32

Large blade of alkali pyroxene growing inwards from the walls of tﬁe.
same pegmatite velin as Plate 31. The dark, inner-zone is deep apple-green,
strongly pleoéhroic aegirine, and thé rim is colourless to pale yellowish-.
brown.écmite. The compositional difference betweenlthe two zones is
very slight. (Sp. No. 127071, pyroxene analyses 127071.1, ordinary

light, X 20)
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begin to show a clearly recrystallised, poikilitic texture, and very near to
the contact the mafics are almost completely made over to '"knots" of iron ore
(with associated sphene) and decussate biotite (Plate 30). Feldspars are
irregular shaped and coarsely perthitic, nepheline is highly altered and there
is much development of interstitial cancrinite and calcite. Recrystallisation
is not so intense on the south side of Giesecke's Dal Bay but is well developed
near the Igdlerfigssalik Centre further up Giesecke's Dal (where the augite
syenite SI4 is closer - see 2d).

As with SS3 there is little variation towards the edge of the intrusion
apart from the development of marginal pegmatitié areas. The pegmatites are
similar to the ones in SS3 but contain zircon instead of eudialyte. Inter-
stitial areas between the pegmatite patches are filled with a microsyenite
having small laths of alkali feldspar with nepheline, iron ore and interstitial
or poikilitic aegirine augite, arfvedsonite and biotite. Sometimes this
microsyenite has an irregular flow structure. |

(3b) Augite Syenites and Related Rocks within SS4

The syenites of SS4 are continuously exposed on the west coast of Q8roq
Fjord opposite to Flink's Dal. | Samples from other areas may be related to
this type section, where the division into SS4a and SS4b was first recognised
(see 2a.iv).

Syenite SS4b:-

SS4b is a true augite syenite, very similar in texture and mineralogy
to the Oslo larvikites (Barth, 1944). In typical samples, the feldspar occurs
as irregularly shaped grains of microperthite, which are schillerised in hand
specimen giving the rock a bluish tint. Within the microperthite, more
coarsely exsolved areas frequently occur, and in some samples all the feldspar
is coarsely exsolved. The grains have interlocking, lobate margins with each
other and, in marked contrast to the foyaites, nepheline occurs in interstitial

areas which are frequently altered (Plate 25). Near the inner margin of the
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intrusion, nepheline constitutes only 10% of the rock, but there is a tendency
for it to become more abundant outwards, reaching about 30% near the boundary
with SS4a. A feature common to almost all the SS4 syenites, but absent from
the foyaites, is the presence of irregular, rounded "blebs'" of nepheline
within the alkali feldspar (Plate 23). Within a particular feldspar grain
all the "blebs" are in optical continuity and thus may be an exsolution feature.
Identical textures are found in aikali feldspars from augite syenites of the
Igdlerfigssalik Centre (C. H. Emeleus, personal communication 1972), and
similar textures in the Oslo larvikites are considered to be due to sub-solidus
exsolution by Widenfalk (1972).

Sequenées of crystallisation are often difficult to establish with any
certainty, but many of the mafic minerals appear to be formed earlier than
the nepheline, and probably earlier or at about the same time as the feldspar.
This is in strong contrast to the foyaites where most of the mafics are
interstitial. Olivine, iron-titanium oxide and apatite are always early;
pyroxene is usually irregular or subhedral, but o%ten shows early euhedral
tendencies with later overgrowths; and amphibole and biotite are always
interstitial or poikilitic. The iron-titanium oxides occur as rounded,
subhedral grains of magnetite with coarsely exsolved ilmenite (Plate 43),
and usually have radiating fringes of biotite (Plate 42). Olivine is present
in almost all the samples and is frequently enclosed by other mafic minerals
(Plates 41, 42). It often has thick rims of iron ore, but is also frequently
rimmed by a turquoise blue amphibole. Apatite is abundant; associated with
the mafics, and occurs as quite large, euhedral prisms (Plate 29). The pyroxene
is 1lilac’. coloured titanaugite and only occasionally shows a slight green
colouration on the edges (Plate 36). Well developed rims of muddy brown/green
arfvedsonitic amphibole are common (sometimes enclosing euhedral pyroxene) and
in some samples amphibole also occurs as separate poikilitic areas. Biotite
also occurs occasionally as separate interstitial grains in addition to rimming

the oxides. Accessory minerals are rare, but occasional specks of yellow
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sulphides (probably pyrite) are detected in reflected light. Sodalite is
present only in very small amounts, probably as thin rims around nepheline.

Mafic bands are common in SS4b, and most samples show a cumulus develop-
ment of mafic minerals to a greater or lesser extent (Plate 41). Apatite,
iron-titanium oxide, olivine and titanaugite are the cumulus phases, often
consfituting up to 60% of the rock. Of these, apatite appears to be the
earliest, being included by all other minerals, aﬁd titanaugite is fairly
late as it is sometimes interstitial. Amphibole and biotite occur as rims
and interstitially as in the normal ;ock, but the amphibole is often a deep
red colourkand is probably barkevikite (see 4c). The intercumulus material
consists of small, irreqular grains of microperthite and a little interstitial
nepheline,

Marginal pegmatites within SS4b are similar to the normal rock in their
content of mafic minerals, but are more coarsely crystalline and have large,
irregular grains of very perthitic feldspar. Nepheline also occurs as
irregular, interstitial grains, often with rims of cancrinite. The earlier
formed mafics tend to be altered but interstitial amphibole is fresh.

Syenite SS4a:-

SS4a has many features in common with SS4b such as the "blebs" of
nepheline in microperthitic alkali feldspar; rounded iron-titanium oxidgs
with fringes of biotite; and early olivine and apatite. However, it would
appear to be transitional towards the foyaites, since the pyroxene is pale
green, zoned aegirine augite, usually with well developed rims of arfvedsonite,
and nepheline is generally m§re abundant. . In some samples, the alkali feldspar
occurs as large, irregular, interlocking grains with interstitial nepheline
as in $S4b, but in others stumpy, rectangular perthite and square or hexagonal
to subhedral nepheline are clearly cumulus. In the latter feldspar and
nepheline are in approximately equal proportions as in the foyaites, with

interstitial areas filled by smaller alkali feldspar and nepheline grains.




Sodalite is fréquently present, and some samples have cancrinite. Apart
from the composition of the pyroxene, the mafics are similar to those of
SS4b except that olivine, although present in most samples is less abundant.
Marginal-pegmatitic areas are developed but mafic bands are rare.

Both SS4a and SS4b are recrystallised by the Igdlerfigssalik Centre
in the area above Niaqérnarssuk. Feldspar becomes very coarsely perthitic
and nepheline is usually altered with the development of much cancrinite.
Some samples also have additional fresh nepheline which may be developed
during recrystallisation. The pyroxene becomes more sodic, green aegirine
aﬁgite (see 4b) but some retain cores of titanaugite. As in the recrystal-
lised foyaites, olivine is unstable and amphibole, where present, is often
a blue-green variety. Aggregates of decussate biotite flakes develop in
the extremely recrystallised rocks, and magnetite and ilmenite recrystallise
as separate phases.

The thin strip of $S4 in Giesecke's Dal is similar to SS4b rather than
SS4a, particularly in the character of the felsic minerals, and in the
presence of titanaugite. However one sample has abundant, poikilitic red
amphibole, which is probably barkevikitic, with lesser amounts of titanaugite,
ore ‘and apatite, and no olivine or biotite. (The lack of olivine is probably
due to proximity to the Igdlerfigssalik Centre.) There is considerable
variation in the character of both mafic and felsic minerals in the outcrops
of SS4a and SS4b and occasional areas similar to one syénite are found within
the other. Although the sample cover is not extensive enough to investigate
this in detail, it may be that SS4 consists of sevéral distinct areas,

' representing several pulses of ring dyke magma (see Chapter 2).

(3¢c) Other Intrusions Associated with the Centre

Syenite SS1:-

The SS1 syenite has quite a variable petrography, but generally consists
of large, interlocking, coarsely perthitic grains of alkali feldspar and
nepheline, with irregular,interstitial mafic'aggregates. In some areas the

feldspar is more tabular and the nepheline is interstitial. "Exsolved blebs"
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of nepheline occur in the feldspar, as in 5S4, and interstitial sodalite is
widespread. The mafics are subhedral ore, fayalite and apatite with
interstitial aegirine augite and arfvedsqnite. Biotite is present in
only minor amounts and some samples have no olivine. A marginal sample
contains numerous irregular grains of olivine and ore with poikilitic
amphibole, in a fine grained groundmass consisting of rounded grains of
alkali feldspar and nepheline. However, this would appear to be a mafic
band.

The Tunugdliarfik Syenite:-

This syenite contains large, subhedral to euhedral nepheline grains
and taﬁular, multiple-twinned, perthitic alkali feldspar. Both minerals
sﬁow a tendency to enclose the other in»pla;es, suggesting simultaneous
crystallisation. Interstitial sodalite and cancrinite are common. Mafic
aggregates contain aegirine augite, arfvedsonite, iron-titanium oxides with
biotite fringes, and apatite but no olivine.

The @stfjordsdal Syenite:-

In genefal, this syenite contains 1afge, tabular crystals of perthitic
alkali.felaspar (some with "exsolved blebs" of nepheline)>and areas of
smaller, subhedral nepheline grains. There is usually interstitial
sodalite, sometimes with cancrinite and caicite. Olivine is not present,
except in one marginal sample, but subhedral, rounded iron-titanium oxide
‘is Ccommon.« Interstitial aggregates contain apatite, aegirine augite and
arfvedsonite with variable amounts of biotite. Some samples have accessory
zircon and ? lgvenite. A pegma%ite near to the south-west margin contains
irreqgular pe%hite, calcite, aegirine, apatite, zircon and fluorite.

The Narssarssuaq Syenite:-—

The Nérssarssuaq Syenite is texturally quite variable and most features

are obscured by intense alteration throughout the whole outcrop. The

groundmass consists of small laths of Carlsbad-twinned perthite and rounded
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or interstitial, altered nepheline. Occasionally the rock is porphyritic
with larger, tabular perthites, and in one sample thg groundmass nepheline
shows a pronounced linfation. Sodalite is not present, except in areas of
secondary veining, and the mafics are usually completely altered, so that
only relics of iron ore and ? aegirine augite can be detected. Near to
the margin the rock becomes very fine grained and is 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 alkali feldspar, in a groundmass of more '"stumpy",
rectangular perthites and subliedral to euhedral nepheline (Plate 20).
Nepheline and feldspar are present in approximately equal amounts, and
appear to have crystallised simultaneously. Some feldspars have "exsolved
blebs'" of nepheline. Interstitial sodalite and cancrinite are present ih
some samples but not in others. Rounded iron-titanium oxide and aegirine
augite are oftgn included in the feldspar,but usually occur interstitially
or in aggregates. Arfvedsonite rims are usually well developed, and biotite
occurs sporadically, but fayalite was found in only one sheet. Apatife and
sphene are common accessories,

Essexite:-

The 100 m. wide essexite dyke contains large, irregular crystals of
plagioclase feldspar, strongly zoned towards rims of microperthite and
albite. Inaividual laths of albite are also present with nepheline and
analcime.occuring interstitially. There are abundant, well-formed grains
of apatite, olivine and iron-titanium oxide with large, poikilitic crystais
of titanaugite and deep red biotite. In one sample olivine constitutes up

to 30% of the rock, and is 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 intrusion, the syenites are also cut by.several veins of
pegmatite-and carbonatité. 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
margine Some veins show several sharp, internal boundaries upon which
renewed pyroxene growth has taken place. Between the pyroxene blades,
small laths of albite occur with larger, but less abundant, nepheline,
occasional poikilitic antiperthite and interstitial cancrinite. There
are also small amounts of ore, biotite and zircon. The central parts
of these veins are similar to the marginal groundmass but with the
development of much calcite. Certain areas appear to be in the process
of being replaced by radiating growths of carbonate (Plate 31).

Occasional, irregular 5 - 10 cm. veins of carbonate-rich, feldspathic
material cut the syenites on the west coast of Brog Fjord, and around
the margins of the centre, more regular, 1 m. thick carbonatite sheets
OCCUr. These consist of interlocking grains of caicite, with poikilitic
?.diopside and small grains of magnetite. Towards the rim, magnetite
and haematite become more abundant, and occasional bands contain finely

disseminated fluorite.



Plate 33
Zoned aegirine augite with subhedral inclusions of magnetite and a’
well developed rim of arfvedsonite in SS2. (Spe No. 58231, pyroxene and

amphibole analyses 58231.2, ordinary light, X 75)

‘Plate 34
Aegirine augite with a sharply defined rim of arfvedsonite in SS5.
(Sp. No. 46243, pyroxene and amphibole analyses 46243.2, ordinary light,

X 40)

PlaFe 35

| Typical, irreqular aegirine augite in SS5, with zoning not very
pronounced optically. Rim of arfvedsdnite mostly at extinction.

(Sp. No. 46243, pyroxene and amphibole analyses 46243.3, ofdinary light,

X 40)







Plate 36

Typical grain of lilac-coloured titanaugite with inclusions of apatite'
and subhedral magnetite in SS4b. (Sp. No. 59672, pyroxene analyses

59672.4, ordinary light, X 75)

Plate 37
Intergrowth of needles of aegirine augite with feldspar on the edge

-of an aegirine augite grain in SS2. (Spe Noe. 127021, ordinary light, X 75)

Plate 38

Secondary pale greenish acmite (centre) formed by reaction between
magnetite and residual liquid in SS3. Small grains of opaéue magnetite
can still be seen, and biotite is visible at the top of the photograph.

(Spe No, 127038, acmite analyses 127038.2, ordinary light, X 75)







Plate 39
Fayalite (centre) with heavy rims of iron ore enclosed by aegirine
‘augite (top right) and arfvedsonite (bottom left) in SS5. (Sp. No. 46243,

olivine analyses 46243,1, ordinary light, X 75)

Plate 40
Rounded fayalite enclosed by aegirine augite (left) and biotite (bottom)

in Ss5. (Sp. No. 58230, olivine analyses 58230.2, ordinary light, X 40)

Plate 41
Olivine rimmed by interstitial titanaugite in SS4b, Also seen are
prismatic apatite and irregqular, opaque magnetite. (Sp. No. 59673,

ordinary light, X 20)







Plate 42

Olivine (hértonolite) with a thin rim éf turquoise amphibole from a
- mafic band in SS4b, Also seen is a rounded grain of magnetite‘with
radiating fringes of biotite (bottom right). (Spe No. 59672, olivine

analyses 59672.5, ordinary light, X 40)

- Plate 43
Rounded graihs of'magnetite (light grey) with well developed, coarsé
exsolution lamellae of pleochroic ilmenite (black and white) parallel tb

the 111 cleavage. (Sp. No. 46243, reflected light, crossed'polars, X 750)

Plate 44
Subhedral, rounded grains of .eucolite in an SS3 marginal pegmatite.

. (Sp. No. 59661, ordinary light, X 20)







Plate 45
Zoned, euhedral eucolite-mesodialyte in an SS3 marginal'pegmatite.

(Sp. Ne. 59662, crossed polars, X 20)

Plate 46
Typical euhedral eucolite from an SS3 marginal pegmatite as Plates

44 and 45. (Sp. No. 59663, ordinary light, X 20)

Plate 47

" Poikilitic, zoned eucolite-mesodialyte from an SS3 marginal pegmatite

as Plates 44 - 46, (Sp. No. 59665, ordinary light, X 20)
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4, MINERALOGY

(4a) Introduction

All analyses were made using a Geoscan electron microprobe, and were
corrected for counter dead time, atomic number effect, mass absorption,
fluorescence and electron back scatter (Sweatman & Long,1969) using the
computgr program (ABFAN) of Boyd e£ al. (1969)., The standards used were
pure metals, stable oxides or analysed stoichiometric minerals. Details
of sample preparation, standards, running conditions for each element and
computer programs used are given in Appendix I.

Three to five samples were chosen from various localities in each of the
major units (SS2, SS3; SS4a, SS4b, and SS5); one from a microsyenite

sheet; one from the essexite dyke; one each from 552 and SS3 pegmatites
and one recrystallised sample from each of SS4b and SS5. The locations
of probe samples are sﬁown in Fig. 2.1, and complete listings of analyses

are given in Appendix IIT.

(4b) Pyroxenes

'The pyroxenes have proved to be the most informative mineral group
in the present investigation. It is therefore convenient to discuss
them first so that the other mineral data may be interpreted in
conjunction with them. Most of this section has already been published
(Stephenson, 1972), but several modifications have been made in the light
of more recent worke.

In general, the pyroxenes of the foyaites are strongly zoned aegiriné
augites with pale green; or sometimes neutral cores and darker green rims,
although in some cases zoning is not apparent and the grains are a
uniform dark green. The zoning is usually continuous, but occasionally
there is a sharp break between core and rim, probably representing a
pefiod of arrested growth. They are all strongly pleochroic, particularly
the darker varieties with @ apple green, §yellow gfeen, Y yellow brown.

Grains are usually anhedral and vary in size up to 8 mm. They can occur
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individually, but commoniy form clusters with other mafic minerals énd
occasionally form small, interstitial areas between fglsic mineralse.
Iron-titanium oxides and apatite, and occasionally olivine, nepheline
and alkali feldspar occur as inclusions.

Amphibole is intimately associated with the pyroxene in most samples
and frequently forms rims or partial rims in a manner which suggests a
discontinubus reaction series. Biotite also occasionally forms rims
on a smaller scale, this being most apparent when amphibole is absent
or subordinate. Replacement along cleavage planes often erroneously
suggests amphibole or biotite as inclusions. Frequently, the pyroxene
grain boundaries have overgrowths of small pyroxene laths in optical
continuity, intergrown with nepheline or alkali feldspare.

In several samples of SS3, and possibly other foyaites, grains of
secondary, pale greenish-brown acmite occur, which appear to be forming
as a resulf of reaction between magnetite and residual liquid (Bowen
et .al., 1930; Bailey, 1969). Acmitic compositions are also found in
pyroxenes from coarse pegmatitic areas in the syenites. In pegmatite
veins; large prismatic crystals of pyroxene up to 30 cm. long grow
inwards from the walls. They frequently have cores of deep green,
pleochroic aegirine, and rims of pale brown to colourless acmite.

The pyroxenes of the augite syenite have many features in common
with those of the foyaites (grain size and form; inclusions; thin rims
of amphibole), but are less sodic in composition, being predominantly
1ilac coloured titanaugites, with pale green, pleochroic rims marking
the start of alkali enrichment. In the mafic bands, where pyroxenes
are a major constituent, zoning is not apparent, but in samples which
have been recrystallised by the Igdlerfigssalik centre, regular zoning
becomes quite pronounced. Overgrowths upon grain boundaries are not

as common as in the foyaites, except in the recrystallised rocks.



The essexite pyroxenes are similar to the titanaugites of SS4b and
occur as large, poikilitic crystals, frequently showing orientated,
exsolved rods of iron oxide. However, these may be modified by thermal
effectse. SS4a, and to a lesser extent the microsyenites, have many
pétrographic similarities to SS4b, but contain strongly zoned, green
pyroxenes often with well developed rims of amphibole.

Several grains were selected from each probe sample, and each grain
was analysed at several representative points. In this way the whole
pyroxene series was represented; variations from syenite to syenite
were determined; and variations in the zoning of individual grains
within the same sample could be seen. A total of 167 complete analyses
and 117 partial analyses (Ca, Na, Fe, and Mg only) were made.

Since the oxidation state of iron cannot be determined satisfactorily
by electron probe analysis, it was necessary to allocate a Fe3+/Fe * ratio
according to tﬁe amount of alkalis present. In fully analysed alkali
pyroxenes (Na + K) is always matched by almost exactly equal amounts of
Fe3+ (Carmichael, 1962). Hence an atomic percent of Fe, equal to that
-of Na (K was not detected) was allocated to Fe3+, the remainde; being
taken as Fe2+.

As the majority of the pyroxenes are sodic, the major element
variation can be shown on a molecular proportion plot of diopside -
hedenbergite — acmite (Fige 4.1). The corresponding minor element trends
are shown in Fig. 4.2. 'The parameter (Na—Mg), based upon atomic
proportions on the basis of 6 oxygens, has been chosen as a fractionation
index, since initial depletion in Mg (with insignificant amounts of Na),
is followed by a build up in Na (with insignificant amounts of Mg) during
the evolution of the py_roxenes. Thus all parts of the trend can be

represented by the same simple index (Na-Mg).
From Fig. 4.1 it can be seen that a continuous solid solution series

exists between compositions of D169Hd25Ac6 and D16Hd17Ac77; The trend

is further extended by aegirines (green) and acmites (brown to colourless)




Fig. 4.1

Analyses of pyroxenes from the South Q6\roq Centre. The
average trend for the normal syenites and modified trends from
the recrystallised syenites SS4b and SS5 are shown. The lower
diagram shows the range of compositions within individual
intrusions. (Molecular percent based on recalculation to 6

oxygens)
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Fig. 4.2 (Two pages)

Variations of major and minor elements in the pyroxenes relative
to the fractionation index (Na minus Mg). Bars at the base of the
diagram show the range within each intrusion. Symbols as for

. 34, 2+ . .
Fige 4.1. N.B. Fe" /Fe  is calculated from the alkali content,
therefore in effect Fe2+ = Z:Fe—Na. (Atomic proportions on the

basis of 6 oxygens)
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from the pegmatites and by secondary acmites from SS3, which show ranges
from Di4Hd&OAC86 to AClOO' Each syenite is seen to contain a distinct
part of the pyroxene series, the lack of overlap between the fields of
SS4b and SS5, and SS5 and SS3,being very noticable. The eérliest syenite
(SS2) has a very extensive trend, but this ends at the same composition

as for 553 (Di6Hd17Ac77). The recrystallised syenites from SS4b and

SS5 have trends which start at the same composition as their respective
unaltered equivalents, but which become enriched in NaFe3+ at a much
eaflier stage relative to CaFe2+.

Fig. 4.2 illustrates the behaviour of major and minor elements
felative to the fractionation index (Na-Mg). Values of Si tend to be
rather erratic, due to analytical error, and hence have not been included.
Clearly the main substitution is CaFe2+ for CaMg during the first part
of the trend, followed by NaFe>* for CaMgFe2+' The point at which NaFe3+
enrichment becomes dominant (about Na-Mg = -0.1) is clearly seen on the
Ca plot as the point where Ca starts to decrease with increasing Na in
én approximately 1:1 ratio. Similarly Fe2+, afterAincreasing steadily
in the early stages, also shows a decrease from this point, with a
sympathetic variatioﬁ in Mn content. Al and Ti show a sympathetic
variation and increase sharply during the very early stages of fractionation,
when Na has little effect, as found by Kushiro (1960) and Le Bas (1962).
Most of the Al is probably in tetrahedral co-ordination, and Ti4+ is used
to balance the positive charge deficiency. However, this trend is
followed by a rapid fall and levelling off such that later parts of the
series have fairly low, uniform Al and Ti.

Pyroxenes from recrystallised rocks are seen to deviate from the
normal trend in some elements, and of particular interest is the constant
concentration of Fe2+ in the recrystallised SS4b pyroxenes. This would
tend to suggest a fairly constant buffering of oxygen fugacity (fo )

—2
3 .
during recrystallisation. A slight increase in Fe +/Fe2+,1s detectable




in the bulk geochemistry of these rocks (see Chapter 5), and magnetite
and ilmenite occur as discrete grains instead of in the normal oxidation-
exsolution relationship. Fayalite appears to become unstable during
recrystallisation and is not found within the recrystallised zone,

indicating that the fo was at least higher than the fayalite -~ magnetite -

quartz buffer curve ?;ie considerations of oxygen fugacity in section 4d).

The more basic nature of the essexite is illustrated by deviations
from the main pyroxene trends, and particularly in the higher concentrations
ofATi and Al. However, the pyroxenes are poikilitic and clearly
crystallised in situ, thus precluding a deeper level origin.

The extent of zoning in individual grains from each syenite is shown
in Fige. 4.3. This stresses the fact that the line drawn through the
points in Fig. 4.1 is, at the most, only an average trend for the whole
pyroxene series. Individual grains, even within the same rock section,
can show very different trends, particularly in that part of the series
occupiéd by pyroxenes of S5S5 and similar compositionse. This is the
critical area in which NaFe3+ enrichment becomes dominant, and the great
variation can probably be attributed to crystals growing in their own
chemical micro-environment, particularly with regard to fg , and
availability of Na in the liquid. Pyroxenes from mafic bands are usually
unzoned with compositions corresponding to the cores in unbanded
equivalents, due to removal from the liquid at an early stage.

Very few published analyses are available of pyroxenes from the
Gardar Province and there are no continuous series analysed. Howéver,
trends from several other alkaline provinces are plotted on Fig. 4.4.
together with the few published Gardar analysese. The South QBroq trend,
in common with those from other undersaturated plutonic suites (Yagi, 1953;

3+

Tyler and King, 1967; Gomes et al., 1970) shows an enrichment in NaFe

2 .
at a fairly early stage relative to the CalMg-CaFe ¥ substitution.



Fig. 4.3

Zoning within representative pyroxene grains from each
intrusion. Closed circles, normal grains. Open circles,

grains from recrystallised syenites.
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Fig. 4.4

Comparison between the South Q8rog pyroxene trends and other
published data.

Analyses from the Gardar Province, South Greenland:

(8), S@rensen, 1962, p.192.(U), Upton, 1964, pp.28 & 64.

(W), Washington & Merwin, 1927, P.249.

Pyroxene trends from other provinces:

(1), Morutu, Sakhalin (Yagi, 1953). (2) Uganda (Tyler &

King, 1967). (3) TItapirapud, Brazil (Gomes et al., 1970).

(4) 'Alkali basalt - trachyte series' (Aoki, 1964).

(5) Black Jack sill, New South Wales (Wilkinson, 1957).

(6) Garbh Eilean sill, Shiant Isles (Murray, 1954).

(7) Pantellerite trend (Carmichael, 1962).
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e ' Publis‘hed Gardar pyroxéne analyses.

Fields of Ca & Na rich alkali pyroxenes, after Aoki (1964).



However, the alkali basalt-saturated trachyte trend of Aoki (1964) and
the pantellerite trend of Carmichael (1962) proceed much further towards
a hedenbergite composition. A similar situation occurs in the Gardar
Province in the oversaturated, plutonic alkaline complex at Nﬁnarssuit,
where the pyroxenes trend towards hedenbergite before becoming enriched
in NaFe3+ (P. Greenwood, personal communication, 1971). There is no
evidence from South QSroq to sﬁggest a trend such as that found in the
Shonkin Sag laccolith (Nash & Wilkinson, 1970 pPe265-266), in which for
each successive rock type the mildly sodic pyroxene cores progress from
salife té sodic hedenbergite, but subsequently fractionate along different
trends.

From comparison with these other alkali pyroxene trends, it would
seem that in general undersaturated igneous'suites produce pyroxene
trends which show NaFe3+ enrichment at an early stage compared with
oversaturated suites. An exception to this is the Gardar, undersaturated
Ilimaussaq Complex. Apart from titanaugites from the marginal Augite
Syenite all the pyroxenes from this complex fall along the hedenbergite -
acmite join (L. Melchior, personal communication, 1972). However, it
is perhaps significant that the complex is agpaitic with very little
Mg available in the magma for inclusion in pyroxenes. Considering the
effect of recrystallisation upon SS4b pyroxenes (in which the trend is
moved away from the hedenbergite composition, whilst Fe2+ is kept fairly
constant) it would seem that EQQ may exert some control upon’ the relative
position of contrasted trends. However, since little quantitative data
is available at present on EQQ in alkaline rock suites, very little can
be deduced about the nature of this control (see section 4d).

Clearly the pyroxenes are important as they provide diagnostic
criteria for recognising each syenite where petrography and whole rock
geochemistry fail due to overall homogeneity, and are subtle indicators

of recrystallisation, often where it is not apparent from rock textures.



They also support the order of intrusion deduced from field relationships,
since the earlier rocks contain the most fractionated pyroxenes, and
compositions become progressively less fractionated with time. This
recession of starting composition for successive syenite pyroxene trends
has considerable implications on the origin and subsequent magmatic
evolution of the South QBroq Centre, and will be discussed at greater
length in Chapter 6 in conjunction with éther evidence.

(4c) Amphiboles

Amphibole is present as a primary mafic phase in all major units of
the centre, although it is occasionally absent from small localised areas
particularly in SS3. The grains are anhedral and commonly occur in
clusters with other mafics or in interstitial areas. Frequently they are
found as rims to pyroxene in a discontinuous reaction series, but in some
samples the two minerals are intergrown and may haye grown together at
least during part of their ;rystallisation historye. Amphibole is not
present in the essexite and is less abundant in recrystallised rocks, which
are correspondingly enriched in biotite.

The amphiboles of the foyaites, SS4a and microsyenite sheets are
alkaline and are probably members of the Katophorite - arfvedsonite series
(see below). Their intense absorption, dispersion and variable pleochroism
makes accurate determination of optical properties difficult. However,
they are usually pleochroic from yellowish brown (2 ¥ ) through "muddy"
brown (?ﬂ ) and dark "muddy" green(?2o<¢) with occasionally a bluish green.
They are always biaxial -ve, have a low extinction angle, and usually have
a fairly low 2V which varies between approximately 10O and 400. Zoning
is sometimes detectable optically, but is seldom well developed. In the
augite syenites amphibole is generally less alkaline with clearer (as
Qpposed to "muddy'") brown .colours. The pleochroism is from yellowish
brown (2 ¥ ) to dark brown (2?2 o<). - In some mafic bands (eege. 59672) the

amphibole is a reddish brown to pale yellowish and resembles barkevikite

-



in optical properties.
It is difficult to obtain complete analyses of amphiboles by electron
probe due to the presence of volatiles and the lack of any simple relation-

ship from which to calculate the Fe3+/Fe2+

ratio (Rucklidge et al., 1971).
Hence this work is confined principally to an investigatioﬁ of the
continuation of the pyroxene - amphibole discontinuous reaction series mentioned
in 4b. Amphiboles from selected slides of the major units were analysed
partially for Si, Fe, Mg, Ca, Na and K. Of the elements not determined
only Al is considered to be present in significant amounts. In addition,
two large amphibole crystals from pegmatites were analysed completely for
major and trace elements and these will be considered separately.

In Fig. 4.5 the analyses are plotted on a (Na+K) - LFe - Mg diagram
to facilitate comparison with the pyroxenes in Fig. 4.1. It should be
noted that in Fig. 4.5 (amphiboles) 'Fe! is &Fe, whereas in Fig. 4.1
(pyroxenes) 'Fe! is Fe2+, and also that the amphiboles contain appreciable
K which is not present in the pyroxenes. Zoning is less well pronounced
in the amphiboles,-and there is considerable overlap of individual trends,
but in general it can be seen that the start of each amphibole trend
regresses in the order $52-553-S54a-SS5~-microsyenite-SS4b, which is identical
to the order of regression of the ends of the respective pyroxene trends.
Thus, in agreement with the textural relationships, it would appear that
the end of the pyroxene trend for any particular syenite is governed by
the appearance of amphibole. The barkevikitic amphiboles from the mafic
band 59672 follow a different trend to the foyaite amphiboles, and
probably reflect a more“basié\late stage liquid in such bands.

Several workers have commented on the discontinuous reaction series

vaegirine augite - arfvedsonite - aegirine (Yagi, 1953; Sdrensen, 1962).
Yagi observed that aegirine augite becomes unstable as water becomes

concentrated in the residual magma during crystallisation, and alkali



Fige 4.5

Variation of alkalis, Fe and Mg in South Qgroq amphiboles.
The fractionation trends for various syenites are marked with
solid lines and it can be seen that the general order of regression
of the starting points of the trends is identical to the order of
regression of the ends of respective pyroxene'trends in Fig. 4.1,
Thus it would appear that the end of each pyroxene trend is
determined by the appearance of amphibole. The analysis
connected by a dotted line to the SS4a trend is an earlier grain

enclosed in a pyroxene.
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Fig. 4.6

Variations of K, Na and Si with Ca in the South Qeroq
amphiboles, suggesting possible cation substitutions in the
A, X and Z sites (see text). The offsets of Si v Ca lines
could just be due to analytical error in Si. Symbols as

in Fig. 4.5.
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amphibole follows in a reaction relationship. Ernst (1962) has shown
experimentally that arfvedsonite is only stable at fairly low temperatures
(<700°C) and moderately low oxygen fugacity (between the wustite -
magnetite and fayalite - magnetite - quartz buffer curves) under fairly

high PH 0 conditionse. Such conditions are to be expected in the South
2

Qéroq syenites during the later stages of crystallisation (see section
4d for considerations of oxygen fugacity), and hence the position of
. the pyroxene - amphibole reaction is probably determined largely by the

rate of build up of PH 0 in each intrusion.
2

Bailey (1969), investigating the stability of acmite in the presence
of water, found that at low temperatures arfvedsonite becomes unstable
and gives way to acmite even at quite high PHgo if there is an increase
in oxygen fugacity, particularly if this is accompanied by a build up in

Na in the residual liquid. The build up of PH 0 could be sufficient to
2

raise the oxygen fugacity slightly in the later stages of crystallisation,
or the appearance of another mafic mineral such as biotite could similarly

provide a new, internal fo buffer (see section 4d). Thus the full
—2

discontinuous reaction series becomes aegirine augite - arfvedsonite -
aegirine. This complete series is observed within single samples from
certain units of the igdlerfigssalik Centre (C, H. BEmeleus, personal
communication, 1971), but not in South Qeroq. However, the large,
acmitic pyroxenes present in late pegmatite veins complete the series
within this centre as a whole.

Further element variations in the amphibole series are shown in
Fig. 4.6 in which K, Na and Si are plotted against Ca (atomic proportions).
Tt is seen that with fractionation there is a 1:1 replacement of Ca by
Na, but K remains remarkably constant throughout the series at about
1.5 Wt.%. Similarly, within individual samples Si increases 1:1 with

Ca, suggesting that it is involved in a coupled substitution (see below).
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The displacement of the Si v Ca lines for certain individual samples
could just be due to slight systemati; errors in the Si determination.
Two complete analyses were made of large amphibole crystals from
pegmatites (59650 & 127014) which appear similar to the other partial
analyses. 59650 is from a 1 m. wide vein cutting SS5, but 127014 is
from scree, although it probably originated in SS2 or SS3. Most of the
elements (including F & Cl) were determined by electron probe, Fe0 and
H2O were determined wet chemically, and trace elements were determined
by X-Ray fluorescence. The analyses are listed in Table 1 and have been
recalculated to give cation allocations using the method of Phillips (1963).
The structufal formulae (neglecting minor constituents) and names
obtained from the Phillips recalculation are as follows:-
' -.v

59650 Na 1. 1 1 O O 9 4 2 O 8 7 0 1 0 22(OH F) ferro-edenite s.e.

Tt l|l
127014 Na1 1 O 8 a,. 2 4 O e, . O i, 2 O 8 22(OH F) ferro-eckermannite s.e.

They are thus very close to the theoretical katophorite composition of
Na1Ca1Na1Fe4 Fe M 8171\.11022(OH,F)'2 in which all the Al occurs substituting
for Si in the Z site, and which has a substantially higher Ca content than
arfvedsonite. The trace element data shows particularly strong concentra-
tions of Zr and Nb, but this could be due to contamination by small
inclusions of zircon. The moderate values for Zn, Pb, La and Y are
probably in the amphibole itself, although magnetite and aegirine are also
present as inclusions.

From the relationships seen in Fig. 4.6 and considerations of the two
complete analyses, it would seem that the principal substitutions operating
in the amphibole series are Na for Ca in the X site and Al for Si in the Z
site. These are balanced by an increase in Na in the A site and a
substitution of Fe3+ for Fe2+ in the Y site. There is also probably a

4
substitution of F for OH as has been found in Ilimaussaq and Tugtuth

amphiboles (G. Rowbotham, personal communication,'1972).
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59650 127014 ppm 59650 127014
510, 43,91 44.61 La . 64 280
T30, 0.98 1.05 Ba 27 36
AL,0, 5.74 4.84 + NDb 1246 1134
Fe,0, 7.21 9.77 + Zr 6840 6470
Fe0 23.31 24,21 Y 39 127
MNnO 1439 0.91 Sr 26 45
MgO 2.17 0.44 Rb 23 29
ca0 6.24 4.61 Pb 100 58
Na,,0 5.36 6.31 Zn 842 612
K,0 i 1.75 1.63 Cu 15 14
H,0+ 1422 1.33 Ni 7 4
F ' 0.66 0.70 % 5
c1 - - U 0 4
99.94 100.40 Th 0 9
Oz F ©0.28 - 0.30
TOTAL 99.66 100.10
Formulae on the*basis of 24 oxygen atoms :-
59650 127014
. N
. {Sl 7.044) 8000 7.152 } 8000
Al 0.956 | 0.848
[ T 0.118 0.127 )
Al 0.126 : 0.067
Fest 0.870 1.179
y {r?t 3,128 b 4.950 3.0246 }  4.848
Mn 0.189 0.124
| Mg 0.519 0.105 |
(Ca . 1.073 _ 0.792 }' : |
x {re 0.927 2.000 1. 208 2.000
[ Na 0.740 0.754 }
1 . 1.087
A lx 0.358 1.098 0.333 8
OH 1.306 1,422
F 0.335 1.641 0.355 1777

+ Probably contamination of the sample by zircon inclusions.

TABLE 1. Analyses of Alkali Amphiboles from South Qgroq,Centre Pegmaiites
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The parfial analyses of the augite syenite and foyaité amphiboles
resemble the two katophorites in the concentrations of elements which have
been analysed, and their low Si concentrations suggest a similar degree of
Al - Si substitution. However, it is not known how much of the series
katophorite - arfvedsonite is represented and some of the more sodic
compositions may be arfvedsonitic.  Miyashiro (1957) demonstrates that
katophorites crystallise at somewhat higher temperatures than arfvedsonites,
being more characteristic of basic alkaline rocks and volcanics. The
series represented in the South QSroq Centre is continuous with the
arfvedsonite series of Ilimaussaq, but reflects the generally higher
crystallisation temﬁeratures of the former intrusion. However, it is
difficult to reconcile the presence of katophorite in the South QSroq
pegmatites with the findings of Miyashiro and it appears that its stability
range may be greater than was originally thought.
(4d4) Olivines

Olivine is present in varying proportions in most units of the centre.
However, it is absent from syenite Ss3, from pegmatite patches and veins,
and from the zone of alteration surrounding the Igdlerfigssalik Centre.
Tts distribution in the foyaites and microsyenite sheets is sporadic, some
samples'having no olivine or only accéssory amounts, whereas in parts of
SSd4a and SS5 it can form up to 2-3% of the rock. It usually occurs as
early formed, slightly yellowish, rounded grains varying in size from 0.2 -
5 mm. These show signs of oxidation in the form of thick rims and exsolved
lamellae, both of iron ore (usually magnetite). The grains often occur in
clusters with other mafic minerals and frequently act as nucleii for pyroxene
and amphibole crystallisation, poésibly forming a discontinuous reaction
series. In the augite syenites of S5S4b olivine is more abundant and in
general shows less late-stage oxidétion. However, in mafic bands it is
cumulus, very fresh and can form up to about 8% of the rock. The essexite

contains about 15% olivine which is similar in appearance to those of the

mafic bands.
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All the clivines analysed are irqn-rich, and in the foyaites they are
also manganiferous. The major element variation and fractionation trend
can thus be shown in part of the system forsterite - fayalite - tephroite
(Fige 4.7) which shows a range from Fo36Fa62Te2 to F02Fa82Te16. The most
magnesium rich oiivines are found in the essexite dyke, but even these
have only 36% Fo. The syenites of SS4a and S$54b show a considerable range
of olivine compositions, the most magnesian of which are found as fresh

- grains in mafic bands. With increase in Fe2+, Mn also increases steadily
until, in olivines of SS4a and the foyaites, Mn becomes the principal
fractionating element. Clearly the foyaite olivines are compositionally

~distinct from those of the augite syenite and essexite, but there is no
distinction between those of individual foyaites as is the case with the
pyroxenes. Simkin and Smith (1970) report a general high Mn content of
up to 1.5 Wt.% Mn in olivines from undersaturated plutonic rocks. However,

in the South Qeroq foyaites the average Mn content is around 5 Wt.%, and

values of up to 8.6% occur.

Of the minor elements only Ca occurs in any significant amount, ranging
from 0.2 to 0.6 Wt.% Ca (Fig. 4.8). This is considerably higher than the
normal limit for plutonic olivines of 0.1 Wt.% proposed by Simkin and Smith
(1970), although they do report that the higher values'tend to be found in
undersaturated rocks. C. H. Emeleus and A. D. Chambers (personal
communications - 1972) have found similar high values of Mn and Ca in
olivines from the Igdlerfigssalik and North QBroq Centres, suggesting that
Simkin and Smith may have used only a small range of alkali rocks. Simkin
and Smith suggest that the Ca content may be pressure controlled, in which
case the high level nature pf the Igaliko centres could account for the
high Ca. Alternatively they suggest that slow cooling in plutonic rocks
allows diffusion of larger Ca ions out of olivines in late stages of
crystallisatibn. This could have been prevented in the Igaliko olivines

by the thick oxidised rim around the grainse. Ti is usually present in very




Fige 4.7
Olivine major element variation in terms of Forsterite (Mg) -
Fayalite (Fe2+) - Tephroite (Mn). (Molecular % based on

recalculation to 4 oxygen atoms.)
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Fig. 4.8

Variation in Ca content of the olivines relative to the
fractionation index (Mn - Mg) atoms per 4 oxygens. The index
has been chosen so as to represent the full range in composition
as seen in Fige 4.7 (cf. pyroxene fractionation index Na - Mg,

see section 4b). Symbols as for Fig. 4.7.
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Fige 4.9

Zoning in individual olivine grains from the various units

of the Centre. Symbols as for Fig. 4.7.
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Fige 4.10

Variation of oxygen fugacity with temperature in natural rock
suites with reference to the synthetic buffer curves haematite -
magnetite (HM) and fayalite - magnetite - quartz (FMQ) (Eugster &
Wones, 1562; Wones & Gilbert, 1969). Theoretical limits of
oxygen fugacity for basalts and phonolites from Carmichael &
Nicholls, 1967 and Nash et al., 1969, respectively. Acid lava (small
dots) and basalt (large dots) temperatures and oxygen fugacities are
determined from coexisting iron - titanium oxides using the curves
of Buddington & Lindsley (1964) and published by Carmichael &
Nicholls (1967).

The general crystallisation path for Shonkin Sag (Nash &
Wilkinson, 1970) is shown as a solid line, parallel to FMQ in the
early stages, but running along the annite - alkali feldspar -
magnetite buffer in the final stages after the disappearance of
olivine, when oxygen fugacity decreases at a lesser rate. It is
possible that the crystallisation path in the South QSroq Centre

is similar (see text).
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small amounts (ca. 0.03 Wt.% Ti) and Al is occasionally detected in trace
amounts. However, Cr and Ni were not detected in any samples.

Zoning is usually present to a small extent in most grains (Fig. 4.9)
with ah increase in Fe2+ and Mn, and decrease in Mg towards the rims,
although this is not optically detectable. Ca shows no systematic
distribution. As in the pyroxenes, zoning is least well developed in
olivines from mafic bands in SS4b. Occasionally in the foyaites fairly
homogeneous cores have a thin rim of very manganiferous olivine as in
sample 127021 (SS2).

Olivine appears to be an early, cumulus phase in all the syenites,
and the high Fe contents are thus attributable to a fairly advanced
fractionafion state in the immediate parental magma. The end of the
olivine fractionation trend seems to be related to oxyéen fugacity during
the later stages of crystallisation, and evidence of instability is seen
" in the rims and exsolved lamellae of iron ore. It therefore seems
»pertinent at this stage to discuss the effects of fO on crystallising

—2

alkaline magmas.

Unfortunately it is not possible to obtain quantitative estimates
of the physical conditions of crystallisation by using the iron-titanium
oxide geothermometer and oxygen barometer of Buddington and Lindsley (1964).
This is because, as in most plutonic rocks, the magnetite-ulvospinel and
ilmenite-haematite solid solutions do not coexist as primary phases, and
usually only magnetite with exsolved ilmenite is present. However,
several workers have calculated ranges of 592 for natural rock suites
using synthetic buffer curves and thermodynamic considerations (Carmichael
& Nicholls, 1967; Nash et al., 1969; Nash & Wilkinson, 1970).

From the synthetic buffer curves haematite - magnetite (HM) and
fayalite - magnetite - quartz (FMQ) (Eugster & Wones, 1962; Wones &

Gilbert, 1969) it is seen that fo decreases with decreasing temperature
: —_2

(Fig. 4.10). These curves are displaced in natural systems if the phases
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involved are not pure end members, and are similarly affected by the
silica activity of the magma (Carmichael et al., 1970). - A decrease
in silica activity will dec;ease EQQ for a given temperature etc., thus
producing a set of parallel curves.

In many alkaline lavas olivine and magne£ite coexist at least during
the early stages of crystallisation, so conditions must.approximate to
those of the FMQ synthetic buffer curve. Nash et al. (1969) substituted
the actual compositions of the phases in Mt. Suswa trachytes and phonolites,
and for the maximum possible range of silica activity, found that they
crystallised with fQQ less than the synthetic FMQ values (Fig. 4.10).
Nash and Wilkinson (1970) found a similar effect in the Shonkin Sag
laccolith, but also took into account the effect of biotite later in the
crystallisation sequence. The appropriate biotite - magnetite - alkali
feldspar buffer curve cuts across the corresponding FMQ curve so that in
the later stages the magma, following this curve, has an EQQ greater than
that of FMQ for any given temperature. Thus olivine is unstable and
disappears at the point where the two curves cCross (Fige. 4.10). Nash
and Wilkinson (op. cit.) consider this to be most likely due to a new
internal silicate - oxygen buffer taking over from FMQ (iee. biotite -~
magnetite - alkali feldspar).but it could also represent the point at
which a gas phase suddenly begins to control the silicate mineralogy
with an external buffering effect.

Several workers have shown that acmite can be stable under quite a

low £. (Bailey, 1969) and it is therefore stable at low temperatures

5

above the FMQ buffer curve, after the disappearance of olivine. This

is seen in Shonkin Sag and also in the South QSroq Centre. It would

seem reasonable to suggest that fo buffering in South Qéroq follows
—2

a similar course to that of Shonkin Sag, since olivine and magnetite

appear as early phases and other mafic silicates including biotite appear




later in the crystallisation. Where f02 has been above the appropriate
EMQ buffer curve during most of the crystallisation (i.e. in lower
temperature rocks such as SS3 and in pegmatites), acmitic pyroxene is
common but fayalite is unstable and does not occur. This adds support
to the concept of recrystallisation under an f02 above the particular
FMQ buffer around the Igdlerfigssalik Centre (possibly at a fairly low
temperature - see also nepheline data 4f; or with external buffering
from a gas phase), since within a wide zone kabéut 1.5 km.) olivine is
not present. However, moving outwards through the zone one eventually

finds olivine pseudomorphs and finally normal olivine.

(4e) Iron-Titanium Oxides

Iron-titanium oxide minerals occur in all units of the centre, and
usually takg the form of titaniferous magnetite with exsolution lamellae
of ilmenite. They frequently appear to be an early phase present as
rounded or subhedral grains in mafic aggregates or as inclusions in mafic
mineralse. However, in some samples, all or part of the oxides occur in
distinctly interstitial areas. In reflected light the exsolved ilmenite
lamellae have a higher reflectivity than the magnetite, are pleochroic
from pale brown to white, and have a marked anisotropye. Fine, granular
intergrowths of magnetite and haematite occur around thé edges of grains
where secondary oxidation has been intense.

Buddington and Lindsley (1964) reason that solid solutions between
magnetite and ilmenite cannot exist, and therefore ilmenite lamellae
cannot form by straightforward sub-solidus exsolution or oxidation. In
the South éﬁroq Centre, as in most plutonic rocks, the ilmenite lamellae
are of the "trellis" type, parallel to the 111 plane of the host, and up
to three sets intersecting each other at 60° can be seen depending on the
orientation of the section. Duchesne (1972) interprets this texture as
being indicative of direct oxidation - exsolution (mainly at supersolvus

temperatures) of ulvospinel (2FeO.Ti02) dissolved in the magnetite, to
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form ilmenite lamellae (FeO.2Ti02). "Cloth'" microtexture indicative of
exsolution of ulvospinel followed by oxidation to ilmenite (Duchesne,

op cit.) was not detected in any of the samples. Sometimes, particularly
in SS2, the ilmenite lamellae are not very well developed and are only
resolvable under very high power, but in most foyaite samples they become
véry broad.

Separate grains of magnetite and ilmenite are only found in samples
which have been recrystallised near to the Igdlerfigssalik Centre,
frequently with considerable amounts of associated sphene. Buddington
and Lindsley (1964) suggest that coexisting separate phases are favoured
by intense oxidation and high diffusion rates (implying a high temperature),
with slow cooling and fluid phases also contributing to a certain extent.
This suppor£s the conditions of recrystallisation inferred from other
mineralogical data, except that temperatures cannot have been very high.

The iron-titanium oxide analyses have not proved to be particularly
informative, and consequently they have not been investigated as intensively
as the other mafic minerals. Since only total Fe may be obtained from the
electron probe analyses, the Fe203/FeO allocation has been made for both
magnetite and ilmenite using the method of Carmichael (1967). The
recalculated analyses are plotted in terms of molecular percent RO, RO2
and R203 in Fig. 4.11 with representative tie lines between coexisting
ﬁagnetite and ilmenite.

‘ Carmichael (op cit.) argues that all magnetite analyses should plot
within the field magnetite - ulvospinel - ilmenite in the RO - RO2 - R2O3
diagram, and hence recalculations of electron probe analyses on the ilmenite
basis (along the magnetite - ilmenite join) and ulvospinel basis (along the
magnetite - ulvospinel join) should both have totals approaching 100%.

This is seen to be true for most of the South Qﬁroq magnetites. There is
little systematic compositional variation between magnetites from different

units of fhe centre, such as was found for example by Lipman (1971) in




zoned ash flow sheets in southern Nevada. However, SS2 has a greater
range of compositions than the other syenites, presumably owing to the
fact that it is the outermost syenite, has cooled quicker, and hence
exsolution - oxidation is generally less well developed. The more
titanium—rich analyses are from magnetites having very little exsolution
or extremely fine lamellae, unresolvable by the probe beam. In the
other foyaites and SS4b, lamellae are better developed and the magnetite
contains less Ti. Some of the magnetites from veins in metasomatised
country rocks (127001) are almost stoichiometric.

Most natural ilmenites contain greater or lesser amounts of haematite
in solid solutlon and hence plot along the ilmenite - haematite joine
However, in all but one of. the South Qéroq analyses, there is an excess
of Ti over'that necessary to make up stoichiometric ilmenite (FeO.2TiO2),
and consequently the analyses fall élong the ilmenite - RO2 join. Some
of the analyses are clearly in error (due to practical difficulties
encountered in analysing thin lamellae), as is seen by low FeO and low
totals. However, others appear to be good analyses, and repeat determina-
tions of Ti and Fe show reasonably goéd agreement precluding the possibility
of random errorse. Systematic errors due to electron - probe correction
procedure are also considered to be too small to be responsible for the
large excesé of Ti encountered (e.g. fluorescence of Fe in the surrounding
magnetite may slightly enhance the Ti peak in the ilmenite).

Buddington and Lindsley (1964) consider three possibilities for excess
Ti in ilmenites:-

(a) the original ilmenite may have contain TiO2 in solid solution

when formed.

(b) unreported elements in the RO group

(c) alteration by oxidation o meta-ilmenite with exsolved rutile.

(a) is considered by Buddington and Lindsley (op cit.) to be impossible

if the ilmenite has formed from titaniferous magnetite, and since the

96



Fig. 4.11

Compositions of iron-titanium oxides (magnetite and ilmenite)

plotted in terms of Mol.% RO, R02, and R The common end

203;
members are shown on the inset. Magnetites are plotted on the
ulvospinel basis (along the magnetite - ulvospinel join) and
ilmenites, owing to their excess of Ti, appear along the ilmenite -
RO2 join. The analyses are recalculated from electron probe data
using the method of Carmichael (1967) to estimate the Fe203/FeO ratio.

Tie lines are between representative host magnetite and ilmenite

lamellae in the same grain.
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Fig. 4.12

Variation of the principal minor elements (Mn and Al) in the
iron-titanium oxides. Magnetites are plotted against Mol.% of
the ulvospinel end member (¥Jsp), corresponding to an increase
in Ti. Ilmenites are plotted against Wt.% of excess TiO2 in the
analysis, since this is the only variable suitable which also

corresponds to an increase in TiOZ'
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totals are good, (b) also seems unlikelye. Thus the excess Ti is probably
real and due to the exsolution of rutile during late stage oxidation.
However, optical examination does not reveal any signs of further
exsolution within the ilmenite lamellae even under the highest power
available. Thus although the excess is considered to be real, its nature
cannot be conclusively established.

The principal minor elements present in the oxides are Mn and Al
with smaller amounts of Si (Fige. 4.12). Al is significant only in the
magnetites and is higher in the augite syenites (about 0.1 - 0.6 Wte%)
than in the foyaites (about 0.02 - 0.10 Wt.%). Mn is considerably higher
in the ilmenites (about 0.4 - 2.0 Wt.%) than in the magnetites (about
0.05 - 0.60 Wt.%) but éhows a general increaée with increasing Ti in both
phases. These findings are consistent with those of Duchesne (1972).

Zoning is occasionally detected in magnetite grains, but in most cases
it is obscured by the development of ilmenite lamellae. Ducheéne (1972)
reports considerable sub-solidus, deuteric adjustment in composition on
both sides of magnetite/ilmenite boundaries owing to diffusion between
the two phases. The irregular nature of element variation in the South
Qeroq magnetites suggests that this has probably occurred, although
sometimes an outwards increase of Ti and Mn is detectable.

Very few deductions can be made about the evolution of the South
Qéroq Centre syenites from the iron-titanium oxides, since the geothermometer
and oxygen barémeter of Buddington and Lindsley (1964) is inapplicable where
the magnetite and ilmenite do not exist as separate phases. In the
recrystallised rocks, where two separate phases are present, the excess
of Ti in 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 fo and high diffusion rates.
—2



The veins in metasomatised country rocks contain near-stoichiometric
magnetite and perovskite, an assemblage which is indicative of a relatively

high f
9
(4f) Nephelines

Nepheline is a major constituent of all the syenitic rocks in the

according to Carmichael (1967).

centre, except in a few instances where contamination with country rock
quartzite has occurred on the edge of 552 (e.g. 52239, 126810). In the
foyaites it haslcrystallised early along with the feldspar, and frequently
shows euhedral fegdencies (Plate 19). In SS4b and parts of SS4a, the
nepheline occurs interstitially and is clearly later than the feldspars
and certain mafics, (Plate 19). Similar relationships are found in the
augite syenites and foyaites of the Hviddal dyke, Tugtutsq (Upton, 1964).
In SS4a, SS4b and certain of the satellitic syenites it also occurs as
rounded '"blebs" within feldspar crystals in a manner which suggests an
exsolution relationship (Widenfalk, 1972; see Chapter 3, Section 4qg,
Plate 23). In all rocks nepheline is the mineral most prone to deuteric
alteration and weathering, generally to the micaceous mineral "gieseckite"
which occurs as fine flakey aggregates, and gives the nepheline a pink
colour in hand specimen. Such samples also have an increased H20 and
decreased Na20 content in whole rock analyses, relative to the unaltered
rocks (see Chapter 5). - Reaction with C02—rich residua is seen as
radiating rims of cancrinite on some nepheline grains, particularly near
interstices filled by calcite (see Chapter 3, Plate 26).

The nepheline analyses listed in Appendix III show a general
deficiency in the alkali sites when recalculated to 32 oxygen atoms, and
the sum (Na + K + 2Ca) is less than the theoretical value of 8 atoms.
This may represent vacant sites or may be due to the presence of the

hydroxonium ion (H_0+) (Heier, 1966), and is balanced, as in most natural

3

nephelines, by an apparent excess of Si.



The analyses have been recalculated in terms of molecular weight
percent nepheline (NaAlSiO4), kalsilite (KAlSiO4), anorthite (CaAl2Si208),
and excess Si (expressed as Si02), and are plotted in Fig. 4.13 in the
system nepheline - kalsilite - quartz. Alsc shown on the diagram are
the experimentally derived limits of nepheline solid - solution at 500,
700, 775 and 10680C for nepheline in equilibrium with alkali feldspar,

(Hamilton, 1961). The limits are determined at a P of 15,000 p.s.i.

H20
(1.034 Kb), but they are not considered to be affected much by changes
in pressure.

During crystallisation, nephelines change their compositioh in .two
ways: f(a) The Si/Al ratio decreases with decreasing temperature, giving
an indication of crystallisation temperature, particularly in rapidly
cooled rocks. (b) Sub-solidus exchange of Na and K atoms frequently
occurs between coexisting nepheline and feldspar. In the latter,
nephelineAcompositions move towards an ideal Na:K ratio of 3:1, bringing
them into a field between the ideal Morozewicz and Buerger compositions
marked}'M' and 'B' in Fig. 4.13). Most plutonic nephelines are found
within this'field, and the nepheline geothermometer becomes inappliable.

The South (Brog Centre nephelines do not fall within the Morozewicz -
Buerger convergence field, a feature whicﬁ is also found in 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 reflect crystallisation temperature. | Most of the analyses
(for both foyaites and augite syenites) fall between the 700°C and 775°C
limits of solid solution. If this indicates the nepheline crystallisation
temperature, it would appear that the foyaites (with early crystallising
nepheline) commenced crystallisation within this range of temperature,
whereas the augitelsyenites (with interstitial nepheline) commenced

crystallisation at a higher temperature, but in this case nepheline did
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Fig. 4.13

South Qéroq Centre nepheline compositions plotted in terms of
molecular weight percent nepheline (NaAlSiO4), kalsilite (KAlSiO4)
and excess Si~(expressed as SiOZ). Also shown are the experimentally
determined limits of solid solution at 500, 700, 775 and 1068°C of

nepheline in equilibrium with alkali feldspar (P = 15,000 p.s.i.,

H20
1.034Kb) taken from Hamilton (1961); the theoretical Morozewicz

6.1K1.52 O.38A17.62518.38O32); and the theoretical

Buerger composition 'Bt (Na3KAl4Si4016). Spe No. 127025 (SS4b)

composition '™M' (Na

probably contains a systematic error in the Si0 determination, and

2
Sp. No. 58230 (SS5) may be slightly altered, although it is possible

that these are relic high temperature compositions. The three

analyses from SS2 with only slight excess Si0. are nepheline grains

2

completely surrounded by interstitial sodalite and have probably

lost SiO2 to the later mineral.
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not crystallise until later. Thus nepheline appears in the same

temperature range irrespective of magma type. . (Experimental work by

= 1Kb and f_ ‘between the "haematite -
H20 _92
magnetite'" and "Ni - NiO" buffers shows an appearance of nepheline at

Sood and Edgar (1970) at P

about BOOOC in Il{maussaq foyaite and green lujauvrite.)

As has been found in several other mineral groups, the range in
composition in $SS2 is greater than in the other syenites, owing to it
being the outer syenite, chilled against country rocks. Many grains
within SS2 show slight zoning with Na and Al increasing and Si decreasing
towards the rims, K remaining constant throughout. This was not generally
detected in the other syenites, and can also be attributed to slightly
faster cooling in $S2 allowing less time for equilibration with the liquid.
Thus, individual grains reflect a temperature range of 1,000 to 7OOOC.

A few grains in SS2, which are completely surrounded by interstitial
sodalite (Sp. No. 127075, Plate 24), have virtually no excess SiO2 and
plot near the base line of Fig. 4.13. Other grains in the same slide
have normal compositions, so it appears that Si has entered the late
sodalite. Nash et al. (1969) suggest that coexisting sodalite may
invalidate the nepheline geothermometer (in Mt. Suswa lavas with sodalite
phenocrysts, Si is higher than expected in riephelines), but in the South
Q6roq Centre sodalite crystallises much later, and only appears to have
an effect where it is in direct contact with nepheline. No significant
compositional differences have been detected in SS4b between the normal
nepheline and that contained within feldspar.

Nephelines from thé.recrystallised syenite in S35 indicate slightly
higher temperatures than normal, but this is not noticeable in SS4b.

Thus recrystallisation does not appear to have involved re-equilibration
at a significantly higher temperature. There does not appear to be a
change in the Na:K ratio in such‘nepheliﬁes (cefe increase in Na in

pyroxenes from recrystallised rocks).



Two samples give anomalously high temperatures. Sp. No. 127025

(SS4b) appears to have a systematic error in the SiO2 determination since

both SiO2 and the totals are higher than normal. However, Sp. No. 58230

(SS5) has slightly higher SiOZ, higher A1203 and lower Na20 than normal,
but reasonable totals. Hence the differences appear to be real and
could be due to slight alteration, decreasing Na/Al, although. this is
not apparent in thin section. Alternatively, the grains could have
relic high temperature compositions as is found in cores of SS52 grains.

.The only significant minor elements present in the nephelines are
Ca and Fe. As in most plutonic rocks, Ca is very low, being generally
between 0.0 and 0.05 Wt.% in the foyaites, and only slightly higher
(0.05 - O.éO Wt.%) in the augite syenites. Fe (probably present as .
Fe3+ substituting for Al) is always present, but is low in the augite
syenites (0.20 - 0.35 Wt.%) and tends to increase in the foyaites
(0e45 — 0.60 Wte%).

Although the compositional range of South QSqu Centre nephelines
is not great, and they are therefore less useful than mafic minerals for
differentiating between syenites, they can be used as a guide to
crystallisation temperature. However, care must be exercised in
interpreting the results since exchange of Na and K with feldspar is
possible, and also other effects, such as the presence of sodalite,

the

and secondary alteration can affectXSi/Al ratio.

(4g) Alkali Feldsparse.

Alkali feldspar is the most abundant mineral in all the South QSroq
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
parallel to 010, and reaching up to 30 x 7 x 2 mm in size in SS3 and SS5,

where they commonly show a pronounced lamination. Scme of the augite
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syenites also contain tabular feldspar, but more commonly a rhombic habit
is indicated by rectangular crystals up to 15 x 5 x 5 mm in size.

Most of the feldspars have perthitic textures,‘showing varying degrees
of sub-solidus unmixing even within individual grains. In the foyaites
the perthites are generally better developed and the Na and K - rich phases
occur in almost equal proportions, but in parts of SS4b the texture is
antiperthitic. Thin, irregular rims of albite are found in many samples
of both foyaite and augite syenite, but separate grains are not found.

Some of the augite syenite feldspars are microperthitic or oc;asionally
cryptoperthitic, and have a characteristic blue schiller in hand specimen,
similar to those of the 0Oslo larvikites (Muir and Smith, 1956). |
Recrystallised samples of the syenites have particularly coarse perthites.

Twinning is normally of Carlsbad type (parallél to 010), with sihple
twins in the augite syenites and frequently multiple twins of up to six
individuals in the foyaites. Manebach twins (parallel to 001) are
scarce, but are sometimes seen creating a 'herringbéne; effect of perthite
lamellae. Albite twinning occurs in the plagioclase rims, but is éeldom
cbserved in the perthites. Albite - 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. SQAQ, and by concentrating on grains which
were less coarsely exsolved. This is not entirely satisfactory since,
e&en with a broad beam, slight fluctuations in Na/K.ratio occur, and
concentration on microperthitic areas may create a slight bias. However,
the analyses give a useful indication of fractionation trends and are shown
on Fige 4.14 plotted in terms of molecular percent Or - Ab - An.

The compositions from the essexite dyke and Sé4b augite syenites fall
on a trend frbm sodic andesine to a calcium~-bearing alkali feldspar of

composition Or The trend,ends in the region of the 5Kb cotectic

49°



Fig. 4.714

Compositions of South QSroq Centre feldspar bulk analyses in
the system Albite - Orthoclase - Anorthite (Ab - Or - An) - molecular
weight percent. Also shown is the ternary cotectic at 5Kb (Yoder
et al., 1957) which separates feldspars from the augite syeniteé and’
essexite from those of the foyaites. The more calcic analyses of
59672 are feldspars from a mafic band within SS4b. Feldspars from

recrystallised rocks all fall on the K - rich side of the cotectic.
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Fig. 4.15

Average 2V values for unmixed feldspars as a function of the
mean bulk feldspar composition in each electron-probe slide. The
vertical lines indicate the range of 2V values obtained in each
sample, The foyaite feldspars lie in a field between the low
albite - orthoclase and low albite - maximum microcline joins and
thus correspond to type (e) in the cooling sequence of MacKenzie
and Smith (1962). The augite syenite feldspars lie nearer to the
low albite - orthoclase join indicating a lower degree of Al - Si
ordering - type (d) of MacKenzie and Smith (op cit.). increased
Ca content in the essexite and S$S4b mafic band feldspars has
probably increased the 2V, and these samples should lie nearer the

high albite - sanidine join. (Diagram constructed as in Emeleus

and Smith, 1959).
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(Yoder et al., 1957) and is comparable with other Gardar trends from
Kﬁngngt and Tugtut8q (Upton, 1960, 1964a, b, c). The SS4b compositions
are similar to those from the Oslo larvikites (Muir and Smith, 1956).
Feldspars from a mafic band in SS4b (i.e. 59672), which probably
crystallised later 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 lie on the K - rich side
of the 5Kb cotectic, and contain no appreciable Ca. Compositions of
Or38 to Or72 occur, but the spread is probably enhanced due to the
perthitic nature of some of the grains. There are no significant
differences between compositions from different foyaites. SS4a and
microsyenite feldspars have similar compositions to those of the
foyaites, although the range is more restricted (probably because they
are less coarsely exsolved).

Feldspars from the recrystallised rocks of SS5 show no change in
composition compared with unrecrystallised rocks, but in SS4b the change
is very apparent. Whereas all normal SS4b feldspars fall on the Na -
rich side of the 5Kb cotectic, in the recrystallised samples they fall
on the K'— rich side and have a similar range to the foyaite feldspars.
However, they still retain a higher Ca content. This decrease in Na/K

in the feldspars compliments the increased Na found in pyroxenes from
recrystallised rocks (see Section 4b).

In many of the feldspar grains, chemical zoning is detected, although
the effect is often confused by sub-solidus exsolution. In the essexite
and augite syenite feldspars the zoning is initially a depletion of CaAl,
followed by an increase in K. This produces, as would be expected, a
trend towards a minimum - melt composition near the 5Kb cotectic.

However, in the foyaites the zoning is also usually towards K - enrichment,



169

producing a trend away from the cotectic. This effect will be discussed
in more detail below.

The only significant minor element present in the feldspars is Fe,
which from the formula balance appears to be present as Fe3+ substituting
for Al. There is little variation between feldspars from different 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 in any of the samples.

Universal stage measurements of 2Vge plotted against the average feldspar
compositions of the probe samples are shown in Fig. 4.715. The 2V values
represent the average for the 2-phase feldspar within the field of the
objective; since measurement of individual phases is impracticable.
Limitations of the method are outlined by Parsons (1965), and in the
South Qgroq samples 2V values were unobtainable from very coarsely perthitic
feldspars which may produce a slight bias towards higher structural states..
From Fige 4.15 it can be seen that the foyaite feldspars lie in a field
between the low albite - orthoclase and low albite - maximum microcline
joins, and thus correspond to type (e) in the cooling sequence of MacKenzie
and Smith (1962), as do most of the Klhgrdt and Tugtutdq feldspars
investigated by these authors. The augite syenite feldspars plot closer
to the low albite - orthoclase join (type (d) of MacKenzie and Smith, op cit),
indicating a’ lower degree of Al-Si ordering. ' The essexite and SS4b mafic
band feldspars are difficult to evaluate since their high Ca content will
increase the 2V, but they probably belong to the high albite (anorthoclase) -
sanidine series.

Textural and mineralogical evidence suggests that the South 08roq
Centre magmas were below their liquidus temperatures on emplacement (see
Chapter 6), and that feldspar fractionation had already occurred giving

a range of compositions in the various rock types. Since all the rocks
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contained essentially one feldspar phase, which has subsequently unmixed
to a greater or lesser extent, the crystallisation must have been hyper-
solvus and is outlined as follows:-

The early stages of fractionation from andesine, through progressively
more K - rich oligoclase, are seen in the essexite and in cores of feldspars
from SS4b mafic bahds. In the augite syenites it is difficult to tell, in
the absence of diffraction data, whether initial feldspar crystallisation
was monoclinic or triclinic. However, the bulk compositions suggest that
they were on the monoclinic side of the monoclinic/triclinic inversion
curve at crystallisation temperaturés, and hence appeared as soda - sanidine
rather than anorthoclase. Tﬁe rhombic habit is characteristic of feldspars
of a similar composition from.TugtutSq Central Complex described by Upton
(1964a). With continued feldspar fractionation in foyaites of the Hviddal
dvke, Tugtuteq, the 010 face becomes incréasingly developed and eventually
very thin, tabular feldspars are produced (Upton,1964a, c)e This also
clearly occurs in the South Oﬁroq Centre in the more fractionated, Ca - free,
K — rich alkali feldspars of the foyaites. Changes from a rhombic
anorthoclase (triclinic) or soda - sanidine (monoclinic) to a tabular form
with fractionation are also recorded from the Kangerdlugssuaq intrusion
(Kempe and Deer, 1970), and the lavas of Mount Suswa (Nash et al., 1969).
MacKenzie and Smith (1961) note that the very flat, tabular habit is
characteristic of feldspars crystallising from undersaturated magmas, and
suggest that it is due to the metastable crystallisation of sanidine
cryptoperthite with subsequent preservation of the sanidine habit. Thus

it would appear from their composition and habit that the foyaite feldspars

. o

first crystallised as sanidine, < . -2 7 .7 -
In order that K - rich alkali feldspars can be precipitated in the

foyaites it is necessary for feldspar compositions to cross the ternary

cotectic (Fig. 4.14) and, as is seen from the zoning, fractionation then

proceeds in the direction of further K - enrichment. (From the experimental

work of Bowen and Tuttle, (1950) and Yoder et al. (1959) it is unlikely

- |



that the effect of varying-water pressure is capable of moving the cotectic
sufficient for all the feldspars to lie on one side). In view of the
nFlat" nature of the solidus curve in the region of the cotectic (Bowen
and Tuttle, 1950), it is possible that in the foyaites coprecipitation of
nepheline, into which Na enters preferentially, causes late stage K -
enrichment in the feldspars. Similar K - rich feldspars are found in
undersaturated late fractions of the Hviddal dyke, TugtutSq (Upton, 1964c),
the Ilimaussaq intrusion (Ferguson, 1970) and the Kangerdlugssuaq intrusion
(Kempe and Déer, 1970).  However, feldspars from oversaturated alkaline
complexes, with no coexisting feldspathoids, and from augite syenites with
only interstitial nepheline are seldom seen to cross the cotectic, although
they frequently move down the éotectic curve towards a minimum - melt
composition on the Ab - Or join (Kﬁngngt - Upton, 1960; Tugtut6q Central
Complex - Upton, 1964a; Loch Ailsh - Parsons, 1965).

Continued cooling of the feldspars under sub-solidus conditions resulted
in unmixing into separate Na and K - rich phases with increase Al - Si
ordering and the development of a perthitic texture. Emeleus and Smith
(1959) demonstrate that volatile fluxes have a considerable influence on
the degree of ordering in feldspars, and Ferguson (1970) indicates marked
structural differences between feldspars of Ilgmaussaq augite syenités and
agpaites, attributable.to higher volatile pressure in the latter. Similarly,
in the South Qéroq Centre the augite syenite feldspars are less coarsely
perthitic and are of a higher structural state than those of the foyaites,
which presumable reflects a higher volatile content in the foyaites, coupled
vwith lower crystallisation temperatures and slower cooling. The very
coarse perthiteé invariably found in the recrystallised rocks suggest a
high volatile pressure during recrystallisation.

The feldspars of initial soda - sanidine composition in the augite

syenites resemble those of the Oslo larvikites in many features, and hence
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their sub-solidus crystallisation was probably similar to that described
by Smith and Muir (1958). However, Widenfalk (1972) has pointed out that
in addition to unmixing and ordering of feldspar phases, exsolution of
nepheline also occurs, due to the initial feldspars having a slight

deficiency of Si0O This is also seen in the South Qeroq Centre augite

5
syenites as rounded 'blebs' of nepheline within the feldspar, and appears
to have occurred quite early in the sub-solidus crystallisation, since
the surrounding feldspar is often quite a fine microperthite. Some of
the feldspars do recalculate to give a slight 5102 deficiency, but this
cannot be correlated with the exsolution features in any regular manner.
The restriction of exsolved nepheline to augite syenite feldspars can
probably be correlated with their higher Ca content, which reduces the
amount of nepheline which can be held in solid solution (Widenfalk, op
cit.).

Consideration of the experimental data in the system Ab - Or (Bowen
and Tuttle, 1950; Yoder et al., 1957) enables broadlestimates of
crystallisation temperature and pressure to be made. Since the feldspars
are all hypersolvus, they must have crystallised at a PH20 of léss than
5Kb, since at this pressure the solidus and solvus intersect resulting
in two separate feldspar phasés (Yoder et al., 1957). Parsons (1965)
considers by extrapolating the data, that 3Kb is a reasonable upper limit

t in the Loch Ailsh intrusion, and his arguments can be applied to

o P
0
H2

the  South Qeroq Centre. From other mineralogical and petrographic data
it is clear that the rocks crystallised under hydrous conditions, and
considering a possible basalt cover of up to 3Km, it seems reasonable to
suggest a lower limit of PH2O of about 1Kb. Thus the temperatures of
initial crystallisation were within a range determined by the solidus
curve at 1Kb (upper limit), and the top of the solvus at 3Kb (lower limit).

For the foyaites this gives a range of 850°C to about 7OOOC (the temperature
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of the top of the solvus is not accurately known at 3Kb, but is 6800C

at 2Kb and 715°C at 5Kb in the Ca - free system). In the augite syenites
the estimates are complicated by the effect of the An content. Assuming
1% An the lower limit will be raised to aboﬁt 750°C (Parsons, 1965). In
view of the relatively flat nature of the solidus curve in the system

Ab - Or over the observed range of feldspar compositions, crystallisation
must have been completed over a temperature range of less than ZOOC assuming
constant pressure, and the feldspars then remained stable until they had
cooled to the solvus temperature appropriate to their bulk composition.
Since no data is available on the compositions of separate phases from

the berthites, it is not possible to give estimates of the lower temperature
limit of sub-solidus exsolution.

Assuming a P of between 1 and 3Kb, the South QBroq feldspars

H2O

commenced crystallisation around 850°C (possibly slightly higher in the
augite syenites), completed crystallisation within about 20°C and remained
stable down to ca. 750°C (augite syenites) or ca. 700°C (foyaites) before
commenéing.sub—solidus unmixinge. (Compositions further away from that of
the solvus peak would remain stable to lowér temperatﬁres). During most

of their crystallisation the foyaite feldspars would have been coprecipitating
with nephelines, which in Section 4f were seen to commence crystallisation
between about 5900 and SSQOC (cores in SSZ’ and finally stabilise between

775 and 700°C.

(4h) Other Minerals

Sodalite:-

| Sodalite is present in all the foyaites and in many samples of SS4a,

as grey interstitial areas. Under ultra-violet light the sodalite fluoresces
bright orange and is seen to be concentrated in areas up to 5 cm. across
within individual hand -specimens. In SS4b, thin rims of sodalite are

occasionally found around nepheline, but no large areas occure. Disseminated
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Ss4b (recrystallised)
37.04

32.50
1 0.40
0.27
24.75
0.06

6.53

101.55
1.48

100.07

5.951
6.154
0.048

12.154

0.047
7.709
0.116

7.872

1776 } 1,776
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Perovskite - (Ca, Fe2+, Na, Ce)(Ti, Nb)O3

127003
5102 0.13
TiO2 48.21
Nb205 4.08
Fe0 2.05
MnO 0.11
Ca0 36.04
Na20 1.18
CeO2 7.71
TOTAL 100.51
Cations to 24 Oxygens :-—
si 0.026 )
Ti 6.990 P 7.372
Nb 0.356
re’t 0.331 ]
Ca 7.460 P 8.773
Na 0.442
Ce 0.521 ]

Table 3

Electron - microprobe analysis of perovskite, from a magnetite-rich,
metasomatic vein, cutting Julianeh8b Granite near the SS2 margin on the

east side of Tunugdliarfik Fjord.
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blue sodalite occurs in a single pegmatite vein cutting SS3.  This
variety has a pale purple fluorescence under ultra-violet light.

Three electron - probe analyses of sodalites (one each from SS2, SS5
and recrystallised SS4b) are given in Table 2. The two foyaite analyses
are from interstitial areas and the S§4b analysis is of a thin rim around
nepheline. All the analyses are rich in Cl but contain little S, and
are very similar to those from the Ilimaussaq naujaite (Sgrensen, 1962).
However, Deer et al. (1966) point out that sodalite varies very little
in major element composition (apart from volatiles) over a wide range of
environments, so few conclusions may be made from the analyses, except
that a build up in Cl in the late residua is indicated. There is very
slight substitution of Fe3+ for Al, and Ca for Na, but no appreciable K
is detected.

The differences in colour and fluorescence in natural sodalites are
not fully understood and seem to be associated with little chemical
variation (Deer et al., 1966). In the Ilimaussaq Intrusion, orange
fluorescing sodalite occurs in the sodalite foyaite, but that from the
naujaite fluoresces pale purple and only rims and small interstitial
areas show orange. However, sulphur-bearing hackmanite from the Lovozero
Intrusion, Kola Peninsula is orange fluorescing (Vlasov et al., 1966).
Perovskite:-

Perovskite does not occur in the South Qgroq Centre syenites, but is
fouﬁd in metasomatic veins, cutting Julianehgb Granite around the margin
of the centre (see Chapter 2). The mineral is unusual in that it is
completely opaque, unlike most other quoted examples which are weakly
birefringent (Déer et al., 1966). However, the electron - probe analysis
confirms the identification (Table 3) and indicates a high content of Na
- and Ce (suﬁstituting for Ca), and Nb (substituting for Ti) in the ideal

formula of CaTiO3. The sample analysed contains magnetite (see Section 4e)
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and perovskite in an approximate 1:1 ratio, and an X.R.F. trace element
analysis indicates high values of Ba, Sr, Y and La which are presumably
concentrated in the perovskite along with the Ce and Nb. The analysis
is of the subhedral grains of perovskite which form most of the sample,
but a second generation also occurs as rims around these érains and
these are found to be even higher in Ce and Nb.

Metasomatising solutions from the syenites are thus inferred to
contain a high proportion of rare earths and other residual elements,
as is also seen in the varied mineralogy of other metasomatic veins in
the country rock (see Chapter 2). |
Biotite:-

Biotite is the only major rock férming mineral in the syenites which,
due to lack of time, was not subjected to electron-microprobe analysis.
It's omission is unfortunate, since it is clearly a major factor in the
later stages of crystallisation, frequently occuring in equal proportions
with alkali amphibole. Occasionally it is the only hydroﬁs mafic phase
present, particularly in SS3. In Section 4d it was inferred, from
comparison with the data of Nash et al. (1971), that the later stages of
crystalliéation in the South Q@roq Centre could have been under the influence
of the "sanidine - magnetite - annite" oxygen fugacity buffer and/or an
external buffer due to the separation of a gas phase. Thus biotite
analyses could give an indication of crystallisation conditions, and of
factors influencing the relative proportions of alkali amphibole and biotite.

Optical examinations suggest that the biotites in the foyéites, which
have a strong absorption and are intensely pleochroic from yellow - brown
to almost black, are probably lepidomelane (high Fe3+ content). This
would fit in with data obtained from the other mafics and is in common
with alkali undersaturated rocks elsewhere.  However, in the augite
syenites, the essexite and the problematic south-eastern extension of S52,

the biotite is a very reddish - brown, possibly suggesting a higher Ti ‘

content.

S
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Bucolite - Budialyte:-

Members of this series occur only in marginal pegmatites in Ss83, and
reflect the agpaitic nature of the final residua from this, the most
differentiated of the foyaites. They usually occur as dark red,
subhedral grains, up to 1 cme. in diameter, but are also found interstitially.
No probe analyses were made, but optical examination reveals strong zoning
(Plates 44, 45, 46, 47) with cores of eucolite (uniaxial -ve) and rims
of mesodialyte (isotropic). Thin outer rims of eudialyte (uniaxial +ve)
rarely occure. " This zoning contrasts with that found in the agpaitic
intrusions of Il{mauséaq (Sgrensen, 1962) and Lovozero (Vlasov et al.,1966),
where eudialyte zones ou£wards to mesodialyte, and eucolite is less abundant.
Sgrensen, (op ¢it.) suggests that both physical conditions and chemical
environment control the composition of members of this seriese. Thus
the prevalence of the calcic end-member (eucolite) over the sodic

(eudialyte) in the South oBroq Centre could reflect the more calcic nature

of the magma.

Other less abundant minerals which were not analysed are aenigmatite
(found occasionally in $S2 mafic aggregates); apatite (ubiquitous in all

r . . .
rocks)s zacon, sphene and ?lgvenlte (occasionally present in accessory

amounts,).
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5 ROCK GEOCHEMISTRY

(5a) Introduction

Samples from all units of the South QBroq Centre were analysed
by X-Ray Fluorescence techniques for 10 major elements (si, Ti, Al,
$Fe, Mn, Mg, Ca, Na, K, P) and 14 trace elements (Ba, Nb, Zr, Y, Sr,
Rb, Pb, 2Zn, Cu, Ni, La, Th, U, V). Details of sample preparation,
analytical methods and correction procedures are given in Appendix II.
A total of 128 analyses with C.I.P.W. norms are listed in Appendix IV,
including 90 representative samples analysed for FeO (method of Wilson,
1955) and H.0O-, H

2 2

sampling have been given in Section le, and locations are shown on

0+, CO2 (method of Riley, 1958). Details of the

Plate 1A.

The rocks are all silica-undersaturated, containing both normative
and modal nephéline. The peralkalinity index (atomic ratio (Na + K)/Al)
is between 0.7 - 0.95 in the augite syenites but rises to values close
to unity (0.95 - 1.10) in the foyaites (Fig. 5.1). The centre is thus
‘only mildly peralkaline and lacks the agpaitic geochemical and
petrographic features of the Ilimaussaq Intrusion (Sgrensen, 1960).

In variation diagrams (Figs. 5.1, 5.2, 5.4, 5.5) the analyses form
a smooth, continuous trend from the essexite, through mafic bands in
the augite syenites, to the augite syenites and foyaites.

(5b)- Major Element Variation

The major element variation diagrams are shown in Fig. 5.1 using
the "Fractionation Index" (F.I.) of Macdonald (1969) as an abeissa.
This index is a modification of the "Differentiation Index" of
Thornton and Tuttle (1960) and consiéts of the sum of all the normative
componenfs in the "residua system" + ac + ns (i.e. in the South QSroq
Centre, F.I. = or + ab + ne +.ac). The modification is essential in

peralkaline rocks, since the appearance of ac in the norm tends to



129

progressively decrease the "Differentiation Index" of Thornton and
Tuttle with progressive fractionation. (N.B. the index listed in
Table IV.2 is that of Thornton and futtle (op cit.) and not the one
used in the variation diagrams.) Since in most cases it is impossible
to distinguish between individual foyaites from their geochemical
features, 5$S2, SS3 and SS5 are plotted with the same symbol for clarity.
The analyses listéd in Table IV.1 include a group in which the |
nepheliné is pseudomorphed by aggregates of micaceous material
(probably gieseckite). Such rocks have a reduced content of Na20

and slightly higher Al compared with unaltered equivalents, with

203
the result that they have anomalously low values of Fractionation Index
and peralkalinity, and frequently show normative corrundum. These
analyses cause considerable distortion in the variation diagrams and
hence have beén omitted. The loss in NaZOjs accompanied by a
considerable increase in H20+ (2.0 - 2.5% as opposed to 0.5 - 1.5% in
unaltered rocks) and hence appears to be due to hydrothermal alteration
of nepheline. Many of the altered samples are from the vicinity of
faults or marginal areas of intrusions, but are also found elsewhere.

In Fig. 5.1 most elements are seen to follow a smooth, continuous
trend through the augite syenites and foyaites, with the exception of
Si02. The latter shows an increase with fractionation in the least
fractionated augite syenites, followed by scattering and vague decrease
in the more fractionated augite syenites and foyaites. A1203 and K20
increase steadily through the series, but Na20 shows an increase with
a pronounced kink towards the end of the augite syenite part of the
trend, followed by a steep rise in the foyaites. This is even more
pronounced in the normative nepheline content and reflects the point
at which nepheline appears as an early-crystallising phase with alkali
feldspar, rather than interstitially. Ca0, MgO, TiO2 and P205 decrease

steadily through the series but total iron (as Fe203) and Mn0O, although



Fige 5.1 (Three pages)

Variation of major elements and major element ratios with the
"Fractionation Index" (F.I.) of Macdonald (1969)
i.e. FoIo = or + ab + ne + ac (see text). N.B. The index listed in
Table IV.2 (DIFIX) is the "Differentiation Index" of Thornton and
Tuttle (1960) and is converted to F.I. by the addition of normative
ac i.e. F.I. = DIFIX + ac.

e Foyaltes SS2, SS3 and S35

SS4a
Augite syenites of SS4b
Essexite
Microsyenite sheets

551

+~ 0 + »p o

Narssarssuaq Syenite
Tunugdliarfik Syenite

@stfjordsdal Syenite

O w8 —+H 2Z

recrystallised syenites near to the Igdlerfigssalik
Centre

@ @ accumulative rocks
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decreasing, show a slight suggestion of a separate, convergent trend

3

in the foyaites. The iron oxidation ration (Fe3+/(Fe ++Fe2+)) shows

a general increase with fractionation. H2O+ and CO2 show a considerable

scatter, but there is a suggestion that H_O+ increases throughout the

2
augite syenites but decreases in the later stages of foyaite fractionation.

The three analyses from mafic bands in SS4b, and the essexite dyke,
all of which show accumulation of olivine, iron-titanium oxides and
possibly clinopyroxene, lie on smooth,backward extensions of the trends
for all elements. Extreme late fractionates such as pegmatite veins
have not been analysed, but a eucolite-bearing rock from marginal SS3
(59664) is included in Tables IV.1 and IV.2.

Recrystallised rocks near to the Igdlerfigssalik Centre show little
deviation from normal values in most major elements. In the area
around Niagornarssuk, where the recrystallisation is most intense (see
Chapter 2), samples of SS3 and SS4a have a slight depletion in total
Fe, and samples of SS4b have a slightly increased iron oxidation ratio.
However, further to the northeast, samples of SS5 show a marked reduction
of oxidation ratio. It has been seen (Chapter 4) that clinopyroxenes
from recrystallised rocks are more sodic than those from unrecrystallised
equivalents. This is ﬁarticularly noticeable in SS4b where there is a
corresponding decrease in Na/K in the alkali feldspars. However, there
is no apparent increase in the whole-rock content of Na20 and KZO’ and
some samples of SS3 and SS4a from Niagornarssuk actually show a depletion.

Analyses:from the microsyenite sheets and satellitic intrusions are
also plotted on Fig. 5.1, apart from the Narssarssuaq Syenite where no
fresh samples are avallable. In general they are seen to fall on the
same trends as the larger intrusive units. However, the @stfjordsdal

Syenite, which conforms to the foyaite part of the trend in most elements,

has a lower K20 content and slightly higher Na20.



Analyses from the major units of the centre are plotted on a cation
Wte% A — F - M diagram (Na + K, YFe, Mg) in Fig. 5.2, with the general
Gardar Province trend of Watt (1966) for comparison. The enrichment
of alkalis relative to iron in the later stages of fractionation, and
the steady depletion of Mg from the mafic accumulates through the augite
syenites are clearly demonstrated.

Since a vertical section of almost 1,000 m. is represented in the
centre, the possibility of cryptic, geochemical variation was
investigated by plotting the analyses against height above sea level.

No systematic variation in a vertical sense was detected. |

Elight variations in a horizontal sense, across the outcrops of
the syenites are detectable, and are best seen in the outer syenite
SS2 and the ring-dyke rocks of SS4a and SS4b (Fig. 5.3).  Although
SS5 is the most complete separate intrusion, mafic bands and igneous
lamination are usually developed and probably mask any slight horizontal
variations. For many elements the scatter masks the systematic variation,
but representative elements from SS2 and SS4 are shown on Fig. 5.3, where
slight trends outwards towards more fractionated rocks are seen.

Normal centripetal cooling, as described by Kempe et al. (1970) for

the Kangerdlugssuaq Intrusion, would result in a trend inwards to more
fractionated rocks. Hence in the South QSroq Centre the variation is
more likely due to volatile transfer of alkall elements outwards along

a thermal diffusion gradient during cooling. Alkali elements would

thus be concentrated towards the margins producing more fractionated
rocks. H20+ is plotted on Fig. 5.3, but if anything shows a decrease
towards the margins, probably reflecting loss into éountry rock.
Accurmulation of volatiles in other areas of the intrusions could

account for some of the slight variations in composition and fractionation

state seen on the variation diagrams.



Fig. 5.2
A~-F -M(Na + K- LFe - Mg) diagram for the South Q8roq

Centre major intrusive units. (Cation Wt. %).  Also shown is

the mean trend for rocks of the Gardar Province taken from Watt

(1966).
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Fig. 5.3

Variations in selected element concentrations horizontally,
across the outcrops of SS2 and SS4. Only the most instructive
elements are shown plotted against distance from the outer contacts
of the respective units. In 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 fra;tionated outwards with an increase in F.I. and iron

P.O. etc.

oxidation ratio, and a decrease in Ca0, TiOZ’ 505
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Fig. 5.4 (Two pages)
Trace element variation in the South Qgroq Centre rocks.

"Fractionation Index" (F.I.) and symbols as in Fige. 5.1.
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Fig. 5.4b
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Fig. 5.5

Potassium (Cation Wr. %) versus Rubidium (Wt. ppm.) diagram for
the South Q3roq Centre rocks. Average K:Rb curve and normal limits

of scattering taken from Ahrens et al. (1952).

X 582
) SS3
W SS5

Other symbols as in Fig. 5.1
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(5¢) Trace Element Variation

Trace element variation is shown in Fig. 5.4, in which the elements
are plotted against the same "Fractionation Index" (F.I.) as in Fig. 5.1.
The ranges of most elements are similar to those found in highly
fractionated rocks elséwhere in the Gardar Province (Upton 1960, 1964c;
Macdonald and Edge, 1970; Gill, 1972) but do not reach the extreme
values found in the Ilimaussaq Intrusion (Hamilton, 1964; Ferguson, 1970).
The variation patterns are generally typical of highly differentiated
magmas of alkaline affinities (Nockolds and Allen, 1954).  Correlation
coefficients for the trace elements are given in Table 4.
Barium and Strontium:-

These two elements have a strong positive correlation (Table 4)
and both show a rapid depletion through the augite syenites of S54b
and SS4a, so that low concentrations with a slight spread are found
in the foyaites. Slight variations can be detected between individual
foyaites, with $S5 having generally higher values and 3352 having low
values. Ba and ér usually concentrate with f;actionation in more
basic magmas until the point where alkali feldspar begins to crystallise,
but then decreases rapidly in late differentiates due to fractionation
of the feldspar (Taylor, 1965). Alkali feldspar fractionation is
thus strongly implicated during the evolution of the South Broq Centre
(see Chapter 6). The essexite and accumulative rocks from SS4b lie
on a separate, rising trend, which could represent the concentration of

Ba and Sr in the liquid prior to alkali 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 in the most basic augite syenite, to 150 in

some of the foyaites. This behaviour is usual in alkaline complexes
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where fractionation is dominated by alkali feldspar crystallisation,
since size differences lead to an enrichment of Rb (1.47R) relative
to K (1.33%) in the liquid (Taylor, 1965). The strong Rb enrichment
is evident from the K - Rb diagram (Fig. 5.5) in which the South QBroq
trend is very oblique to the average K:Rb curve of Ahrens et al. (1952).
Differences between individual syenites can be recognised on this trend,
and the more differentiated nature of SS3 is particularly well seen.
The essexite and two of the augite syenites lie outside the normal
limits of scatter (Ahrens et al., op cit.) on the Rb deficient side.
Rb deficiency also occurs in several less fractionated rocks from the
Kﬁngngt Complex (Upton, 1960) and is correlated with an increased Ca
and/or Ba content in the crystallising feldspar.restricting the entry
of Rb (Heier and Taylor, 1959).
Zirconium, Niobium, Yttrium,Lanthanum and Zinc:-

These elements do not substitute readily for major elements in
the rock forming minerals and are concentrated in residual liquids
(Taylor, 1965). In strongly differgntiated series they therefore
increase with fractionation. In the South QBrog Centre values tend
to be fairly constantly low, or increase slightiy with F.I. in the
'augite syenites, but show a wide scatter over much higher values in
the foyaites and related rocks. Within the scatter the five elements
behave almost identieally as is demonstrated by their high correlation
coefficients given in Table 4. In some elements theré is a suggestion;
. particularly within individual intrusions that values are highest in .
foyaites with a lower F.I. and that there is then a rapid decrease
with fractionation. Zircon and zirconium silicates are nqﬁ common
in the rocks, but recent data shows that Zr can enteg aegirine and
alkali amphibole to a large extent (e.g. Bowden, 1966: Ferguson, 1970).
Tt is therefore possible that the residual elements may enter late-

crystallising sodic clinopyroxene and/or alkai amphibole (c.f. high
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contents of these elements in amphiboles - Section 4c) and are thus
subsequently'reduced during the final stages of crystallisation.

The wide scatter may then be attributed to the irreqular development
of amphibole and/or biotite as late stage hydrous minerals. However,
Macdonald and Parker (1969) found that Zr concentrations in aegirine
and alkali amphibole are unable to account for whole rock content in
Tugtut@q alkaline dykes, and tentatively suggest the presence of
sub—ﬁi@?bgcébiéé:ég;ﬁich accessory minerals.

Lead, Thorium and Uranium:-

The heavy elemeﬁts appear from Fig. 5.4 to have a similar residual
behavi§% to the previous group, althougﬁ they do not show quite such
strong correlations (Table 4). Radioactive minerals are not detected
in the centre and (Th + U) never exceeds 60 ppm. In many samples they
are near or below the detection limits.

Copper, Nickle and Vanadium:-

Cu shows a steady decrease from the essexite through accumulativé
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 limits and are thus not included in Fig; 5.4.

The hydrothermal alteration of nepheline does not alter the trace
element content of the rocks appreciably, but recrystallised rocks near
to the Igdlerfigssalik Centre show a marked depletion of residual elements.
In such rocks amphibole is usually absent or considerably reduced and
biotite is the main hydrous mafic. Hence the depletién éould be due
to the inability of these elements to enter any other phase after the
disappearance of amphibole. However, it is also possible that they
were "sweated out" along with volatiles during reheating.

Microsyenite sheets and satellitic syenites generally conform to
the trends as in the major elements. However, the @stfjordsdal Syenite,

having a lower K2O content, is correspondingly depleted in Rb and



Fig. 5.6

Analyses from the main units of the South Qgroq Centre (excluding
hydrothermally altered rocks) plotted in the Q - Ne - Ks "Residua
System", Phase equilibria relationships at 1 Atm., 1kb PH 0? and

2

5%kb P T
H20

1 Atm. - after Schairer (1950)

1kb - " Hamilton and MacKenzie (1965)
5kb - "™ Morse (1969)
m = feldspar binary minimum at 1 kb
M = "nepheline syenite" ternary minimum at 1 kb
e = 5 kb eutectic

Unique fractionation paths at 1 and 5 kb are also shown.
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enriched in Ba and Sr relative to the other rocks.

In geﬁeral the accumulative rocks do not lie on the same trace
element trends as normal rocks, as they do in major element content.
They are usually displaced slightly upwards in the residual elements
and Rb and, as explained above, may reflect an earlier stage of
fractionation prior to alkali feldspar crystallisation.

Variations with height in 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
acquired during the late stages of crystallisation. However, some
elements have fairly constant values in the centres of intrusions,
but ehow increased scatter towards the margins. This is demonstrated
in Fig. 5.3 by the Zr content of SS2.

(5d) Normative Mineralogy and Comparisons with Experimental Systems

With the exceptien of accumulative rocks and two less fractionated
samples from SS4b, all the unaltered South QGqu Centre rocks have
normative (Ab + Or + Ne) greater than 80% and have been plotted in
"Petrogeny 's Residua System" (Q - Ne - Ks) (Bowen, 1937).  The
peralkalinity index is very close to 1.0 for most of the foyaites and
only the more fractionated rocks are peralkaline. Hence the analyses
lie close to the @ - Ne - Ks plane, and distortions due to the normative
allocation of the excess alkalis over aluminium are only significant
in the most fractionated samples (Bailey and Schairer, 1964; Thompson
and MacKenzie, 1967).

Rocks from the main intrusive units (with the exception of
hydrothermally altered rocks) are shown in Fig. 5.6 in relation to
phase'equiiibrium relationships in the Q - Ne - Ks system at 1 atmosphere

(Schairer, 1950); at 1kb PH o (Hamilton and MacKenzie, 1965); and at

2 :
5 kb Py (Morse, 1969). It has already been seen from Section 4g
2
that PH 0 was most likely between 1 and 3 kb during crystallisation of

2
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the South QSroq magmas; so the analyses will be related principally
tc the 1 kb phase equilibria. |

The rocks lie on a cﬁrving trend (concave towards the Ne - Q join)
from the least fractionated augite syenites of S554b near to the Or - Ab.
thermal divide, througﬁ SS4a and the foyaites, to a minimum iﬁ the
region .of tHe feldspar - nepheline phase boundary. Several analyses
fall just inside the nepheline field at 1 kb, but are well within the
feldspar field at 5 kb. If this trend represents a fractionation
curve then, by comparison with the experimentally derived curves of
liquid descent (Hamilton arnd MacKenzie, op cit.), the foyaites would
'appear to lie in the low temperatufe thermal trough, and.are derived
via the augite syenites from the sodic side of the trough. The shape
of the fractionation curve ;dnforms to that of experimental equivalents
and the foyaites lie along a line parallel to the unique fractionation
curve in the experimental thermal trough. However, there 1is a
considerable overall displacement towards Ks in the South Qeroq rocks
compared with both the experimental data and the density distribution
of natural rocks from Washington's tables (Hamilton and MacKenzie,
op. cite). It is not unusual for such a displacement to occur in
natural rock éeries, due to the presence of other phases not represented
in the "Residua System'", and the trend is similar to natural fractionation
curves derived by Nash.et al. (1969) for Mt. Suswa lavas. Peralkaline
rocks (with normative acmite) are particularly prone to displacement
and the apparent South ®roq minimum is considerably more K-rich than
the 1 kb nepheline syenite minimum ('M') since it is defined by the
more peralkaline rocks of the centre.

In Fig. 5.7, analyses from the various units of the centre are
plotted with tie lines to average feldspar and nepheline compositions
(where available) from individual samples. Phase equilibrium
relationships at 1 kb (Hamilton and MacKenzie, op cit.), and limits of

nepheline solid solution (Hamilton, 1961) are also shown. Regular



Fig. 5.7 (Two pages)

Analyses from individual units of the South Qgqu Centre
(excluding hydrothermally altered rocks) together with coexisting
‘average feldspar and nepheline analyses where available, plotted
in the "Residua System" Q - Ne - Ks. Phase relationships at

1 kb PH 0 after Hamilton and MacKenzie (1965). Limits of
2

nepheline solid solution after Hamilton (1961).
NeB. i) two analyses from rocks contaminated by country rock in
SS2 (circled).
ii) extreme potassium enrichment in the feldspar from a

recrystallised rock in $S4b (circled).
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Fig. 5.7a
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Fig. 5.7b
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relationships between whole rock analyses and the felsic phases suggest
that the whole rock compositions are little modified by accumulative
development of these phases and hence repreéent true bulk liquid
compositions,.

Fractionation of a relatively sodic alkali feldspar is seen in
SS4b, and feldspar compositions become more potassic as the liquid
moves towards the thermal trough. (SS4b feldspars project on the
K~rich side of the experimental feldspar minimum ('m') as a result of
their Ca content.) Straight tie lines in several analyses particularly
in SS4a and SS5 between nepheline, rock and feldspar compositions (i.e.
there is no three phase triangle) suggest that the particular liquids
ha\/;e reached the unique fractionation curve (Hamilton and MacKenzie,
op cit.). In SS2 and SS3 it can generally be seen that feldspér
compositions become more potassic and even cross over the projection
of the thermal trough on the Ab - Or join as liquids become more
fractionated. This reflects the trend towards K - enrichment and
crossing of the feldspar ternary cotectic, probably due to the
coprecipitation of nepheline, discussed in Section 4g. There is no
indication that feldspars become more sodic with fractionation in the
foyaites and in Fig. 5.1, normative Or is seen to increase constantly
with FeTe.

The departure of peralkaline liquids from the plane of the
Q - Ne - Ks "Residua System", and the enrichment of late fractionates
in other alkali silicates (noteably acmite), led Bailey and Schairer
(1966) to postulate a "Peralkaline Residua System" based on the system

Na,0 - Fe O, - A1 O, - 8102 at 1 Atm. and P, = air. The components

2 273 273 O2

of this system account for well over 90% of the South Qeroq Centre rocks,
with the exception of the accumulative rocks in which they account for

80 - 90%. It is thus pertinent and instructive to consider the centre

in relation to this system,
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Engell (in press; and personal communication, 1972) has projected
the phase relationships onto the plane Na20 - Fe203 - A1203, in which
he has plotted the Ilimaussaq rocks (Fig. 5.8). A large part of the
diagram is dominated by the acmite - iron oxide incongruent melting
relationships, but the most significant feature is the cotectic line
E - A, along which Ab, Ne, Ac and 1iquia coexist. (E = reaction point
where Ab, Ne, Ac, Heand liquid coexist; A = the Ab, Ne, Ac, Ds, liquid
eutectic). Assuming a closed system, liquids such as those of the
Ilimaussaq Intrusion, precipitating feldspar, nepheline and acmite
should follow this curve towards alkali enrichment and iron depletion.
The proposed trend of Ilimaussaq liquid compositions (Engell, in press),
although parallel to the cotectic, is considerably displaéed towards
the A120 corner, However, the intrusion probably fractionated at a

3

higher P, o (1 - 3 kb) and a lower P, (RQFM) than those under which
2 2

the phase equilibria were determined, so a direct comparison is not

relevant.

Using phase relationships in the system Ab - Ne - Ac (Nolan, 1966)
and the stability relations of acmite (Bailey, 1969), Engell calculates

to 1 and 2 kb and decreasing the P
HZO O2

below the NNO buffer. The former tends to increase the stability

the effect of increasing P

field of acmite relative to albite and nepheline, and the latter reduces
the acmite stability field, Hence the variance of these two factors
tend to have a cancelling effect. However, Nolan (op cit.) found

that the addition of even small amounts of diopside to the system
considerably increased the stability field of acmite. The Ilimaussaq
pyroxenes do have a diopside component in their early stage of
fractionation (L. Melchior - unpublished data), and Engell considers

that this is responsible for the apparent shift of the cotectic towards

A1203;



Fig. 5.8

South Q3r0q Centre and Ilimaussaq Intrusion analyses (excluding
hydrothermally altered rocks) plotted in the Na20 - Fe203 - A1203

plane of the '"Peralkaline Residua System" Na2O - Fe203 - A1203 - SiO2
(Bailey and Schairer, 1966). Phase relationships adapted from Bailey
and Schairer (1966) by Engeil {in press). Ilimaussaq plots also from

Engell (in press).

+ = South QGroq Centre essexite

A= " S$54b
o = " SSda
° = " foyaites SS2, SS3 and 885
@ GB = " accumulative rocks
i.1= field of Ilimaussaq kakeortokites and lujauvrites

K/x; Ilimaussaq proposed liquid trend
E = reaction point where Ab, Ne, Ac, He and liquid coexist.
A = eutectic point where Ab, Ne, Ac, Ds and liquid coexist.
* N.B. ZFe is expressed as Fe203

Na20 = Nazo + K20 as equivalent Na20.
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The South Qéroq analyses are plotted on Fig. 5.8 along with the
Iliﬁaussaq data. A trend, parallel to the Il{maussaq liquid trend,
occurs in the augite syenites and probably turns downwards in the
foyaites towards Ab and Ne on the Ac - Ab - Ne plane (see below). The
foyaites exhibit a spread parallel to the Ac - Ab - Ne plane, similar
to the Ilimaussaq lujafvrites and kakortokites, which Engell (in press) -
considers to be modified from original magma compositions by cumulus
effects and possible alkali loss.. Part of the spread in South QSroq
foyaites may be due to slight accumulation of mafic minerals (cef.
slight enrichment in Fe and Mn in foyaites - Fig. 5.1). The tﬁrning
down of the trend towards Ab + Né is to be expected, since these are
end products of solid solution series, and a liquid may only cross the
Ac - Ab - Ne plane by precipitating a peralkaline mineral such as
sodalite (Engell,personal communication, 1972). This occurs in the
Ilimaussaq sodalite foyaite and naujaite but not in the South QSroq
Centre, where sodalite only occurs as a late, interstitial mineral.

The South Q3roq Centre accumulative rocks lie on an earlier part
of the frend, which is approximately parallel to the A¢ - He cotectic
in the synthetic system. Thus they probably represent the early
fractionation path of the liquid, prior to the appearance of feldspar

and nepheline at the reaction point E. At the Po expected in the
2

magma, acmite would thus be precipitating with magnetite and/or
olivine (Po;$ FMQ - see Section 4d) rather than haematite (P02= air).
This is consistent with textural and mineralogical evidence p;esented
in earlier chapters. Since in general the South QBroq Centre
clinopyroxenes are more diopsidic than those from Ilimaussaq, it is
to be expectegii£e acmite stability field will be further enlarged
and the cotectic trend displaced even further towards A1203 as is in
fact observed in Fig. 5.8.

Thus comparison of the South QBroq Centre analyses with both the

"Peralkaline Residua System'" and the conventional "Residua System"
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enables a more complete interpretation to be made than with the

Q - Ne - Ks system alone, The evolution of the centre can be explained
in terms of fractional crystallisation in a closed system of clinopyroxene
and olivine/mégnetite in the early stages, followed by alkali
clinopyroxene, alkali feldspar and nepheline fracticnation in the

later stages.
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6 CONCLUSIONS

(6a) Intrusive Mechanisms

The major intrusive units comprising the South QGroq Centre are
concentric stocks and ring intrusions with steep, outward dipping
contacts and elliptical cross sections. The north-west - south-east
elongation conforms to the regiocnal stress pattern of maximum north-east -
south-west stress and minimum north-west - south-east stress deduced
from faulting and direction of dyke emplacement. The centre was
emplaced at a relatively high structural level, and cuts through the
Eriksfjord basalt/sandstone succession, which has a maximum known
thickness of 3 km. Contacts with country rock are usually sharp,
and the outer syenite SS2 frequently shows a marked chill. Angular
xenoliths are usually restricted to the immediate vicinity of the
contact and shearing is seen along the contact at one locality.
Metamorphism of country rock is not very widespread, although certain
areas are heavily metasomatised. In the area around Narssarssuagq,
the inward dip of the basalt succession is seen to increase towards
‘the intrusion which, together with the above evidence suggests a
permissive intrusion by ring fracture and block subsidence.

Three similar foyaitic magmas were emplaced in the order SS2, SS3,
SS5. Interﬁal contacts between these intrusions are usually diffuse
or gradational, marked only by zones of marginal pegmatites, suggesting
three pulses of magma from a common source in fairly rapid succession
(Harry and Richey,1963). It is likely that the magmas were below
their liquidus on emplacement and in the chill of SS52, small feldspér
phenocrysts are present, laminated parallel to the contact. In
Chapter 4, variation in several mineral groups has been interpreted
in terms of fractionation prior to emplacement. This is best demonstrated
by the clinopyroxenes which show different compositional ranges in

successive intrusions.
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Igneous lamination of platey feldspar is found in all the foyaites,
but is best developed in SS5 where slight accumulation of mafic minerals
is also occasionally seen in mafic banding. The syenite SS4 has in
general sharper contacts, often with associated minor crushing, and
field relationships suggest that it is younger than both $S3 and SS5.
The magma is an augite syenite, less differentiated than the foyaites:
and in places well developed mafic banding is observed. These features
sdggest that it is probably a later ring dyke. Internal contacts
within SS4 suggest that it consists of at least two pulses, SS4a and
SS4b. Thus the original order of intrusion, as deduced by Emeleus
and Harry (1970), has been modified to :-  $S2, 583, SS5, SS4a, SS4b.

The inclined microsyenite sheets which cut SS3 and dip inwards
towards SS4 have many mineralogical and geochemical features in common
with SS4a. They would thus seem to be associated with the period of
late ring dyke intrusion, as could the essexite giant dyke since basic
rocks elsewhere in the Igaliko Complex are mostly associated with
arcuate intrusions (Emeleus and Harry, 1970). Small, satellitic
intrusions around the periphery of S52 predate the main units and appear
to be relatéd bodies.

The centre was cut by the Mid-Gardar dyke swarm and was affected
by transcurrent faulting, some of which appears to have been contemporaneous
with dyke emplacement. Some of the transcurrent stress appears to have
been taken up in ‘the contemporaneous dykes by an apparent sinistral
rotation on the Narssarssuaq - Qfroq peninsula, producing an 'S' shaped
deflection of the dykes (Emeleus and Stephenson, 1970, see Section 2e).

(6b) Source and Primary Evolution of the South QSroq Centre Magmas

Field relationships show that the South QSroq Centre is made up of
a series of concentric, high level intrusions emplaced in fairly rapid
succession. The trend towards successively less fractionated magmas

with time can be seen from the petrography and geochemistry, but is
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particularly well demonstrated by the clinopyroxene trends.

Upton gt al. (1971) describe similar situations in the Gardar
silica-oversaturated syenite complexes of Kﬁngngt and Central Tugtutaq.
At KGngngt, later intrusions became successively less fractionated,
culminating in an alkali gabbro ring dyke. The two earlier intrusions
of quartz syenite crystallised under conditions of slow cooling to
give an accumulative sequence with considerable cryptic layering.

At Central Tugtut@q, which is a higher level intrusion, a succession

of magma batches already below their liquidus temperatures were intruded
in rapid succession. Cooling was faster than at Kﬁngnﬁt and in situ
fractionation was negligable, although deeper levels may have similar
accumulative sequences to those at Kﬁngngt. In both cases Upton et al.
(op cit.) consider that the complexes were derived from a deeper magma
chamber which had already differentiated giving trachytic compositions
overlying more basic magma at depth. It is suggested that the South
QSqu Centre is analggous to the Central Tugtut@q Complex and that
separate intrusions were derived from some form of differentiated
chamber at depth, from which progressively deeper fractions worked up
to the surface separated by short time intervals.

Partial Melting:-

In recent years several authors (Bailey, 1964; Bailey and Schairer,
19665 Wright, 1971) have presented convincing evidence for the derivation
of trachytic and phonolitic magmas by melting of mantle material in areas
of high geothermal gradients such as are found in rift environments.
Therefore, an alternative hypothesis is that the successive intrusions
in the South Qgroq Centre are produced by suécessive stages in partial
melting of crustal or upper mantle material. The early, lower temperature
melts would form first, followed by more basic members as higher
temperature melts formed. Since there is little material of more basic

composition than augite syenite, it may be that temperatures never rose
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above the augite syenite liquidus. This apparent lack of basic
material would tend to favour a partial melting hypothesis, but it
is highly likely that large volumes of basic material are present at
greater depths (see below).

The smooth, continuous major element trends from. augite syenite
to foyaite seen in Chapter 5, are suggestive of fractional crystallisation
of a common magma source. During partial melting, major and trace
elements of the early melting phases would form the first melts,
probably with some diffusion out of intergranular areas, and ultimately
the magma should have a composition equal to that of the parent.
However, immediate removal of earlier formed magma to higher crustal
levels could result in successive batches lying along similar variation
curves to those produced by fractional crystallisation.

The trace element distribution observed in the South Qeroq Centre
may be possible with the above mechanism, but the highly ordered
enrichment and depletion of elements is more consistent with fractional
crystallisation (Taylor, 1965; Taylor et al., 1968). Ba and Sr decrease
rapidly to low levels of concentration as is usually observed in the
late stages of evdolution of a basaltic magma in which feldspar fractionation
has played a major part. K enters preferentially over Rb into alkali
feldspar and hence in successive liquids the K/Rb ratio is progressively
reduced (Taylor, 1965). These features are well illustrated in the
centre, implying a considerable amount of feldspar fractionation.
Crystal fractionation would also lead to a build up in residual elements
(zr, Nb, Y, La, 2Zn, Pb, Th, U) in late liquids and this too is well seen.

Comparisons with the systems Q - Ne - Ks and Na20 - Fe203 - A1203 - SiO2
are consistent with feldspar fractionation, and data on individual mineral
phases clearly demonstrates continuous crystallisation trends. Although
it is recognised that comparative data is unavailable for magma series

with a proven origin by progressive partial melting, the evidence strongly




suggests evolution of the South Qaroq Centre by fractionation of a
commorn magma source.
Fractional Crystallisation:-

Bridgwater and‘Harry (1968) present convincing evidence for the
presence of layered gabbro - anorthosite bodies beneath much of the
Gardar Province. During the early stages of crystallisation in these
bodies, fractionation of plagioclase and mafic minerals occured. The
early plagioclase was less dense than the liquid at this stage and
tended to accumulate in suspension at high levels where it was
incorporated in rising batches of magma and hence can be seenin the
"Big Feldspar Dykes" (BFD's) of the province (see Section 2b). Mafic
minerals would sink to lower levels of the chamber and hence the
overall effect of removing these phases would be to deplete the liquid
in Ca, Al and Mg to produce an alkali-enriched residua. Bridgwater
and Harry (op cit.) calculate that when the liquid reached an SiO2
content of about 53% (about the content of an augite syenite), the
fractionating plagioclase would be more dense than the liquid and
hence would sinke. As a result of this, very few anorthosite xenoliths
are present in the more differentiated Gardar intrusions, although they
are found sporadically in certain units of the Igdlerfigssalik Centre
(Emeleus and Harry, 1970),in the nearby Klokken intrusion and in
several other complexes.

Continued feldspar fractionation and removaliof Ca + Al results
in a trend towards increasing peralkalinity of successive residua. In
the South QSroq Centre the feldspars are seen to range from a sodic
oligoclase, through Ca-bearing soda-sanidines in the augite syenites,
to K~-rich alkali feldspars in the foyaites. On reaching the feldspar/
nepheline phase boundary, nepheline began to coprecipitate with alkali
feldspar. Since Na is preferentially incorporated into nepheline,

marked changes in the chemical trends of the rocks are seen at this

149
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point, and feldspar compositions are '"forced" across the ternary cotectic
becoming enriched in potassium.

. In order that the fractionation processes should be effective, it

is necessary that some of the‘early formed feldspar crystals be removed
from the liquid by crystal settling. It is therefore possible that a
series of layered cumulates is present below the South QBroq Centre in

a situation analagous to the Kﬁhgnﬁt/Central Tugtu£3q relationship

(Upton et al., 1971). Cryptic layering is present in unit SI4 and
possibly other units of the Igdlerfigssalik Centre, but little is known
yvet of the other Igaliko intrusions (C. H. Emeleus, personal communication,
1972).

The South Qgroq element variation cannot be entirely explained by
feldspar fractionation and a considerable contribution has also been
made by fractionating mafic phases. Fayalitic olivine, iron-titanium
oxide, apatite and titanaugite are usually present as early phases,
particularly in the less differentiated augite syenites. The reductions
in Mg, Fé and P in the augite syenites and low concentrations in the
foyaites may be attributed to fractionation of these phases. Alkali
clinopyroxene, alkali amphiboig and biotite continue crystallising
throughout the series, further depleting the liquid in Fe and Ca. The
fractionation of certain of the mafic§in terms of phase equilibria is
well seen in the projection of the system Na20 - Fe203 - A1203 - SiO2
(Engell, in press).

The few available analyses from SS4b mafic bands lie on smooth
backward extensions of the major element trends in non-accumulative
rocks, and can also be related to the phase equilibria: in the
Na20 - Fe203 - Al203 system (see Chapter 5). This suggests that
they lie on or close tothe liquid line of descent and emphasises the

importance of fractionating mafic minerals, particularly in the earlier

evolution of the augite syenite magma. Stight deviations in the Fe



and Mn content of several foyaite samples suggest that mafic accumulation
probably also occurred in the foyaites, particularly in SS5 where definite
mafic bands are observed.

It has already been suggested that the South Qgroq magﬁas were below
their liquidif}on emplacement and hence were in a partially crystalline
state. Féldspar and nepheline were thé principal phases at the liquidus,
but it is also likely that small amounts of apatite, magnetite, olivine
and clinopyroxene had also started to nucleate. Clinopyroxene in
particular commonly occurs as phenocrysts in the Igaliko trachytic dykes.
Melting experiments on similar undersaturated rocks from the province by
Piotrowski and Edgar (1970) and Sood and Edgar (1970) have shown that

under most conditions of P and PO ’ clinopyroxehe is either the primary

2
liquidus phase (excluding high temperature phases such as apatite and

H20

magnetite) or appears within ZOOC of the liquidus after feldspar and/or
nepheline. Thus, in each of the South Q8roq intrusions, the starting
point of the respective pyroxene trend probably reflects the combosition
of the pyroxene on intrusion, and hence the depth of origin in the
underlying magma chamber.

The earliest syenite (SS2) has a trend which starts fairly.early

in the pyroxene series, probably due to intrusion before much differen-
tiation had taken place at depth. Pyroxenes from this syenite also
show considerable zoning which reflects the relatively rapid cooling
against country rock, preventing continuous reaction with liquid.
(This is also seen in several other minerals.) The next syenite (SS3)
contains the most fractionated pyroxenes, with a considerably advanced
starting point, indicating an origin near the top of the differentiated
chamber which had now formed. Successive intrusions (SS5, SS4a, SS4b)
then show a continuous regression of starting point due to tapping

from deeper levels (Fig. 4.1).
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The satellitic syenite stocks around the periphefy of SS2 would
in general appear to be derived from the same or a similar source to
the rest of the centre. They lie on the same major and trace element
trends with the exception of the ¢stfjordsda1 Syenite which is slightly
less potassic and is correspondingly depleted in Rb and enriched in Ba
and Sr relative to the other syenites. All the satellites were
emplaced earlier than the main centre and hence may represent small
batches of magma which separated at an early stage and subsequently
evolved along slightly different lines.

Liquid Fractionation:-

Objections may be raised to a model invoking tapping of a
differentiated magma chamber on the grounds that lower levels would be
largely crystalline long before they could be empla;ed. The syenites
were emplaced over a short time interval, and it could be significant
that there is very little material more basic than augite syenite in
all the Gardar major intrusions. Thus it is possible that the higher
levels of the magma chambers were tapped off, forming intrusions of
syenite, nepheline syenite and augite syenite, but that the lower, more
basic levels were too highly crystallised to rise to higher levels.
Alternatively a residual magma of augite syenite composition may have
become compositionally zoned through some form of liquid fractionation,
to act as a largely liquid parent body for the higher level intrusions.

Liquid fractionation involving a vertical column of magma, more
salic in composition in higher levels and more basic towards the base,
is 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 in each magma batch would reflect the composition of the liquid
at the depth of originf@ A similar mechanism is proposed by Lipman

et al. (1966) and Lipman(1967) for the source of compositionally zoned

15
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salic ash flow sheets in Southern Nevada and South-western Japan.
It is also implied by Gibson (1970) for similar welded ash flows
from Fantale volcano, Ethiopia.

Although this hypothesis is perhaps the simplest way of explaining
compositional differences in successive magma pulses, and particularly
such mineralogical variations as are seen in South Q3roq clinopyroxenes,
it is difficult to envisage a mechanism whereby such a column of liquid
may be generated, and perpetuated on such a large scale. Problems of
degree of solidification are avoided if the column remains largely liquid
pricr to emplacement. However, it is clear that many Gardar high level
intrusions were partly crystalline on emplacement, and at crustal levels
one would expect considerable crystallisation of at least the higher
temperature mineral phases such as olivine and plagioclase.

The most likely mechanism of liquid fractionation is an upward
diffusion of alkalis in the liquid, aided by volatile transfer (Kennédy,
1955). The South Qéroq magmas are seen to have had a reasonably high
volatile content, and volatile transfer under a thermal diffusion
gradient after emplacement has been demonstrated in Section 5b. The
presence of volatiles would tend to lower the liquidus temperature of
the magma which would preserve the liquid state for longer than in a
dry magma. However, it is unlikely that such a process is capable
of producing variation on such a large scale as is seen in the Gardar
major intrusions without some fractional crystallisation occuring.

Most of the variation in the South Q8rog Centre can be explained on a
crystal fractionation hypothesis, but it is likely that upward volatile
transfer could also have played a significant part, particularly in the
development of the residual liquids. However, it is difficult to

assess the relative influence of the two mechanisms.

(A
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Summary :-

The interpretations on the magmatic and structural evolution of
the South Qeroq Centre presented in this thesis, add considerable
support to the conclusions of many workers in the Gardar Province,
that the differentiated alkaline complexes can be derived from alkali
olivine basalt, largely by processes of  fractional crystallisation
(Upton, in press). Progressive partial melting and removal of early
melts to higher levels, although still feasable, seems to be an unlikely
mechanism, particularly in view of the trace element evidence. Large,
layered intrusions of gabbro - anorthosite postulated by Bridgwater
and Harry (1968) probably gave rise to residua éf augite syenite
composition by fractionétion and subsequent removal of plagioclase
feldspar and mafic phases. Further feldspar and mafic fractionation,
possibly in conjunction with a certain amount of liquid fractionation
through upward volatile transfer of alkalis, produced stratified magma
chambers with an upward increase in salic constituents. Tapping of
such a magma chamber from successively lower levels produced a series
of concentric, high level stocks of foyaite and a later ring dyke of
augite syenite to form the South Q8roq Centre.

The source of the primary alkali olivine basalt is beyond the
scope of this thesis, but it is probably closely related to a rift
valley environment, since many features of modern rift systems can be
identified in the Gardar Province (Gill, 1972; Upton, in press). In
such an environment, partial meiting of upper mantle material occurs
in areas of high geothermal gradient, producing large volumes of magma
of both tholeiitic and alkaline affinities, within and on the flanks
of the rifts. 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 Gill (1972). Recent isotopic work on the

A A A e e s 87 86 .
Kingnat and Tugtut8q rocks has shown that initial Sr~ /Sr ~ ratios

are consistent with a lower crustal or upper mantle origin (Van Breeman
and Upton, 1972).

(6c) Conditions of Crystallisation and Late-Stage Evolution of the

South Q8rog Magmas

Estimates of liquidus temperatures of natural magmas from experi-
mental phase equilibria are usually unreliable due to the presence of
additional componentsj inaccuracies in estimating PH 0 and PO in the

2 2

magma; and the inability to take into account variations of PH 0 and

2
P during crystallisation. However, in the South QSroq Centre data

%

is available on alkali feldspar and nepheline, both of which appeared
at or close to liquidus temperatures.

Nepheline provides the most reliable geothermometer (assuming
no sub-solidus adjustments) since compositions are almost independent
of other variables (Hamilton, 1961). Cores of zoned nepheline in
SS2 suggest that the phase commenced crystallisation between 900 and
8500C and most grains appear to have stabilised between 775 and 7OOOC.

Assuming a PH 0 of between 1 and 3 kb (see below), the alkali feldspars
2

probably commenced crystallisation around 8500C in the foyaites and
completed crystallisation within 2OOC. There is thus reasonable
agreement between the methods. Feldspar in the augite syenites
probably commenced crystallisation at temperatures slightly above
BSOOC, but nepheline appeared at similar temperatures irrespective
of magma composition.

Melting relationships determined by Sood and Edgar (1970) for
similar Gardar rocks at controlled PH 0 and P02 give liquidus

2
temperatures (excluding high temperature phases such as apatite and
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magnetite) in the same range. However, detailed comparisons of
temperature and order of crystallisation are not rélevant, since only
two samples were investigated under controlled PO , and the buffer
conditions used were higher than those expected ii the South Qaroq
Centre (see below).

From comparisons with calculations of oxygen fugacity in other
alkaline rock series' (see Section 4d), the early stages of crystallisation
in the South Qfroq magmas were controlled by the faya;ite - magnetite -
quartz (FMQ) buffer. However, in later stages, olivine became unstable
and hydrous alkali amphibole and biotite started tb precipitate,
suggesting either a new internal buffer above the FMQ (such as the
annite - magnetite - sanidine buffer), or an external buffer due to
the separation of a volatile phase. The nature of the clinopyroxene

fractionation trend (i.e. the state at which enrichment in NaFe3+ commences )

may be related to fO and differences in trends from oversaturated and
—2

undersaturated alkaline complexes could be due to different oxidation

conditionse.

From phase relationships in the Ab - Or system it is deduced that

PH o Was between 1 and 3 kb during the crystallisation of the foyaite
2
alkali feldspar. The normative rock compositions have been related to

the 1 kb phase equilibria in the Q - Ne - Ks system and considering the
possible thickness of basalt/sandstone cover, 1 kb seems to be a reasonable

estimate. However, may have been initially lower in the augite

P
H2O
syenites and probably built up in the later stages of foyaite crystallisation

to values above 1 kb. As a result of increased PH 0 (and the gradually
2

decreasing £ ) during the later stages, alkali amphibole became stable

0

—_2

in place of alkali clinopyroxene, and in many samples, biotite formed
as a second hydrous mafic phase. The hydrous phases are always

interstitial relative to the other phases, suggesting a separate stage




of crystallisation. It is possible that their precipitation is
controlled by a rapid decrease in load pressure as the magma was
emplaced to its present level, causing PHZO to exceed Ptétal’ but there
is insufficient evidence to determine the extent of this influence.
Other volatile fractions in the magma which became active during the
later stages are F which entered alkall amphibole and occasional
fluorite; Cl which resulted in the precipitation of interstitial
sodalite; and CO2 which entered secondary cancrinite and interstitial
calcite.

Since the South Qéroq Centre is composed of batches of magma which
were already below their liquidus temperatures and highly differentiated
on emplacement into a farily cool, high structural level, further
differentiation after emplacement has been minimal (c.f. Central
Tugtutéq, Upton et al., 1971). Occasionél mafic bands, concordent
with igneous lamination have produced local variations. However, the
main effect has been the volatile transfer of alkalis outwards under
a thermal diffusion gradient established during cooling. This is
seen in slight variations in element content across the intrusion,
with an increase in differentiation outwards. Marginal pegmatites,
suggesting local accumulation of trapped volatiles, are common and
there is often a zone of alkali metasomatism in the country rocks
around the centre. Pegmatite veins representing the final magmatic
fesidua, and composed essentially of the low temperature phases albite,
aegirine and carbonate, cut the outer syeﬁite SS2.

Sub-solidus exsolution, commencing in the temperature range 750 -
7OOOC, occurred to a greater or lesser extent in all alkali feldspars.
The exsolution was probably enhanced in rocks with a high Qolatile
content. Exsolution - oxidation ordering of the iron-titanium oxides
probably occurred at super-solvus temperatures.

Hydrothermal alteration of the rocks occurred in several areas,

but was particularly active in the vicinity of faults,in shear zones




and in marginal areas. The alteration principally involved hydration
of the nepheline to produce gieseckite pseudomorphs, thus increasing
HZO and decreasing Na20 in the affected rocks. |

(6d) Effects of Recrystallisation Around the Igdlerfigssalik Centre

It has been seen in Chapter 3 that marked textural and mineralogical
changes occur in the South Qfroq Centre rocks in a wide zone around the
latef Igdlerfigssalik Centre. The effect is most pronounced in the
area around Niaqornarssuk, where remobilisation has occurred in certain
rocks. In most recrystallised samples there is.no systematic change
in major element content, although the iron oxidation ratio Fe3+/(Fe3+ + Fe2+)
is increased in some samples (SS4b) and reduced in others (SS5).

Alkali metasomatism has not occurred and some samples even show a
slightly reduced alkali content. However, all the samples show a
marked depletion in residual trace elements.

Increased oxidation and high diffusion rates in recrystallised
rocks are suggested by the fact that, in ‘more extreme examples, ilmenite
and magnetite occur as discrete phases instead of in the normal exsolution

relationship. The pyroxene trends of such rocks suggest some form of

constant fo buffering, at least during part of their crystallisation.
—2

Fayalite is absent from the recrystallised zone, and the hydrous mafic
mineral tends to be biotite rather than amphibole. Both features

suggest that fO ‘had been raised above the FMQ buffer. (see Section 4d).
—2
The increase in fo caused more NaFe3+ to be taken into the pyroxenes,
—2

and in the SS4b sample investigated (58164) there is a corresponding
decrease in Na/K in the alkali feldspars. The alkali feldspars
themselves are very coarsely exsolved perthites, indicating a high
degree of sub-solidus ordering. Emeleus and Smith (1959) have shown
that this is favoured by a fairly high PHgd and slow cooling rates.

Nepheline temperatures do not indicate any significant rise in temperature

during recrystallisation, so it is suggested that the temperatures were

sustained for a longer period in recrystallised rocks, enabling increased



159

feldspar ordering. This was probably aided by an increase in PH 0
2

which probably also contributed to a general increase in fo .
—2
Although no large systematic changes occurred in the major elements,

it appears that residual elements were removed, possibly with the

aid of volatile solutions.
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APPENDIX I

ELECTRON MICROPROBE ANALYSIS(techniques and analytical conditions)

The sémples for analysis were prepared as polished thin 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, particularly if the samples are not stored in a dessicator.

" The instrument used in the University of Durham is a Cambridge
Instrument Company "Geoscan", and the general techniques employed are
those suggested by Sweatman and Long (1969). The standards used for
the analyses in this thesis are listed in Table I.1, together with the
analysing conditions. Most of the mineral groups were analysed with
an accelerating voltage of 15KV, except for nephelines, which were
analysed at 12KV in order to minimise volatalisation of alkali elements.
A lower voltage was found to be unnecessary for the feldspars, since
a defocussed beam was used in order to obtain bulk analyses of
microperthitic intergrowths.

The "Geoscan" has two spectrometers and four pre-set spectrometer
positions. In general, two elements were determined simultaneously
with pre-set peaks and backgrounds for each element. However, in
strongly zoned minerals such as the pyroxenes and amphiboles it is
desirable to ensure that the four most variable elements (in this
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 for the four peaks (backgrounds were determined
separately). For the remaining elements, a return to thg same spot
was facilitated by the use of sketches, agd the recognition of burn

marks on the carbon coating.



- Since many analyses were usually being performed in the pair of
slides loaded in the machine at any one time, analysis was usually
performed in 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 fof next 9 unknowns
Thus, for each run, nine unknans were each counted for 20 seconds and
each standard was counted for 60 seconds. The data was processed
(takiné into account drift and counter dead-time) using the computer
program "SORT", provided by F.B. Frost. The uncorrected analyses were
then corrected for mass—absorption, secondary fluorescence and atomic
number effect (stopping power and electron back-scatter) using thé
program "ABFAN" (Boyd et al., 1969).

Although the smallest possible diameter for the electron beam is
theoretically 1um, the excited area in the sample is somewhat greater
than this. Other factors such as dirt in the electron-optical system
also inhibit precise focussing of the beam, but in general the

resolution is considered to be between 2 and 5/4m. Detection limits

(calculated from the formula %- Rgé , where m = mean peak counts/sec/%,
b

Rb = mean background C.p.s., T, = counting time on background) for most

b
elements are in the order of .01%, but some are slightly higher, the
worst being Si at .04%. Overall accuracy, taking into account counting
precision and uncertainties in the correction procedure, is in the order
of ¥ 2% of the amount present for the major constituents. Elements

present in quantities below about 3 - 5% and certain volatile elements,

noteably F, Cl and S have a somewhat lower accuracy.

161
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APPENDIX IT

X-RAY FLUORESCENCE - WHOLE ROCK ANALYSIS

(ITa) Sample Preparation

Rock samples selected for analysis were split into fragments of less
than 6 cm. in size using a Cutrock Engineering hydraulic splitter. Where
possible up to 1 Kg. of coarse grained rock was used in order to gaih a
representative sample, but frequently the sample was smaller than the ideal.
At this stage care was taken to exclude weathered edges, veins, inclusions,
etc. and to remove all 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 4, 4 or # fractions were taken to reduce the sample

to a representative 100 - 200'gm. This fraction was then ground to a

fine powder using a Tema Laborétory Disc Mill, model T-100 with a tungsten-
carbide Widia grinding barrel.

Work by Fitton and Gill (1970) has shown that considerable atmospheric
oxidation of ferrous iron occurs in hydrous igneous rocks during continued
grinding in the disc mill. Thus a small sample of powder was withdrawn
from the mill after 30 seconds for the determination of Feb by the method
of Wilson (1955), and the remainder was ground for a further 3 - 4 minutes
until the powder was sufficiently fine.

In the Durham University Geology Department, the X-Ray Fluorescence
procedure is based on the use of rock-powder bricquettes, largely because
of the great saving in preparation time compared to fusion techniques.

The powders were pressed into bricquettes (with a few drops of Mowiol as
a biﬁding agent) using a hydraulic press operating at 5 - 6 tons/sqe.in,
(800 - 900 Kg/cmZ).

The analyses were then.carried out on a Philips PW1212 automatic
spectrometer equipped with a vacuum path. Most of the routine running
conditions used on this particular machine are given by Reeves (1971),

but details relevant to the present work will be given in the following

sections.
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(ITb) Major Element Analysis

The elements Si, Al, Fe (total), Mg, Ca, Na, K, Ti and P were
determined using a Cr target and an evacuated X—Ray‘path. Mn was
determined sepa?ately using a W target. In order to minimise systematic
and random érrors due to electronic instability etc. the method of "fixed
counts" was used, together with a monitor for all the major elements and
certain traces. In this method the time (T) taken to accumulate a
pre-determined 'N' counts oﬁ a monitor for a particular element is
automatically recorded. The next three samples are then counted over
the same time interval (T) for the same element, and hence an allowance
is made for irreqularities in 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 satisfactorily. Most of them were
Gardar samples provided by Dr. Be. G. J..Upton and the geochemical laboratory
of Grgnlands Geologiske Undersggelse (G.G.U.), but international standards
G-1, W-1, and S-1 were also used (Table II.1).

It is usual to correct the analytical data for mass absorption
differences between standards and unknowns as described by Holland and
Brindle (1966) and Reeves (1971). = However, this procedﬁre depends
considerably upon a normalisation of the analysis to a total of 100% in
order to produce realistic analyses, and hence is open to much criticism.
The reasons'fof the dependancy upon normalisation are not entirely under-
stood, and it is found that for compositions of standards and unknowns
which are very similar, there is considerable over-correction for certain
elements, which is very noticeable in un-normalised analyses. Gill (1972),
using the same set of standards as in the present work, has obserQed the
same effect and givés a full critical evaluation of the correction procedure

as applied to standards and unknowns of similar composition.



For syenites and nepheline syenites, the most realistic analyses are
obtained by direct comparison of the unknown with the uncorrected standard
calibration, except in the case of SiOZ’ where an empirical correction is
necessary if the total Fe (expressed as Fe203) exceeds 11%. This
correction is dependant entirely on the Fe content of the unknown, and
full details of its derivation and application are given by Gill (op cit.).
All analyses quoted in the present work are derived by this method.

The totals for those samples which have been analysed wet chemically

for Fe0, H.O and COZ’ although showing a greater variation than is normal

2

for complete wet chemical analyses, are mostly within the range 98.0 to

100.5%, which is considered satisfactory for the present work (see histogram -

Fige. II.1). Internal consistency, as with most X.R.F. analyses, is
extremely good, which makes the mefhod ideal for the present work, where
many analyses are required to establish quite subtle variations in
composition. Analyses which have been performed on different occasions
are shown in Table II.2 as an indication of precision.

(IT.c) Trace Element Analysis

The elements Ba, Nb, Zr, Y, Sr, Rb, Pb, Zn, Cu, Ni, lLa, Th, U and V
were determined using a W target and an evacuated X-Ray path. For most
of the sampleé the usual counting time was halved and the machine set to
recycle twice. The data was then processed using the program "COMPARE"
develdped by Gill (1972) which enables random errors due to stray counts
etce té be detected. The main calculation was then pérformed by the
program "TRATIO" (Gill, op cit.) using the count-rate function (peak
intensity/background intensity - 1).  This function enables scattered
backgrouna radiation to be used as an internal standard to compensate for
matrix and mass absbrption effects. The programme enables corrections

for blank/contamination and Kp interference (e.g. interference of Srﬁg

on ZrKy ) to be included. It also calculates the nominal detection limit




of each element from the formula 3(5%0, where B is the mean background-
under-peak in counts averaged over all the determinations processed.

Certain elements need special procedures:-

(i) La values are calculated from the count rate function (peak -
background) since this gives a more reliable standard calibration. It
is also necessary to use a monitor for the count rate (see II.Db).

(ii) Because of the serious interference of TiKA upon VKge it is
necessary to analyse Ti and V simultaneously during V determinations.
A special procedure and computer program has been developed by
Je Ge. Fitton for this purpose.

For most of the elements the standards used were synthetic, spiked
glasses prepared by the Pilkington Research Laboratory (Lathom, England)
for use in lunar investigations (Brown et al., 1970). These standards
are in two sets in order to avoid interelement interferences as much as
possible.. International sténdards G-1, G-2, W-1, S-1, GSP-1, and AGV-1
were also run for most elements,and in ceftain cases they were used
exclusively due either to interferences in the Pilkington 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 in the Pilkington standards. . This was interpreted.as
due to lack of mass absorption»and matrix effects for heavy metals in

the syﬁthetic glasses, compared with natural samples. Consequently,

only the natural international standards were used for low concentrations

of these elements.

As in the major elements, precision between runs is extremely good

and therefore the results are internally consistent (Table II.3). To

166

enable a better comparison to be made with analyses from other laboratories,

the analysed values for the common international standards are tabulated

in Table II.4 along with the accepted values.



15

14

16

10

0

<97 97 98 99

Fig. IT.1

101

102 >102

Histogram of totals for 82 South QSroq Centre Analyses including

FeO, H2O+ and CO2

167



168

(6961) °T® 3° SUTS

(6961) IBYSSTSTA

(96°d ‘961 ) uosnbasg

(8g*d f-=—=) —=-=
(8g°d f==—=) —=—-
(8g*d ‘-—==) ———-
(vs*d f=—mm) ———=
(g9+d ‘=-==) ———=
(29°d ‘====) -—=-
(8y°d ‘-—-=) —=—-
(8v°d f====) ———=
(0g°d ¢==—=) -——-
(9p°d fm=mm) -

(8%7°d “996T) 33eM

pausTIand sTsATeuy

*S°¥Y°VY*D

°sS*o*s*n

*sS*H°s°n

UmmmszwHH
bgimbng ‘1 3TUN
U@pzpmzﬁ ¢y Ap-buty

bgambny,
fUOTSNIZUT JTANIOSSY

FQMSpOSB
‘oaqgebous s psspAIy

boambny 934Ap jueTH
bgamybny ¢ 1eppTaH
boanibny ¢ TeppTAH

©I-TepoUUpID
eI~ TePIUUBID
e3[-TePSUUBID
MMWIHmvaCQMO

AytTeOOT

93 TUSAg
93 TA3T0d
23TURID
o3 Tel(neN
93 TUSASOIDTI

93 TUSAS zZ3Jend
93 TUSAs wuumso

oxqqen

oaqqes .

oxqqebous g
93 TusAs suTTauydanN

23 TUSDAS
autToydau DTIENW

931 TUSAs SuTTaudsN
o3 TuUDAs auTTaydsN

o3 TU9As suTTaydeN

ad Ay,

S3D0X 3I3USD bOICD UINOS JO SISATRUR pcwEUHw Jolew IO0F posnh SpaAepURLS

1-s
-M
=9
y008%
SPeE0S
TASTALS

91c0s

1SS0¥
Zsvov
¥890¢
1890¢

¢8lLce
69T LC
LETLC
660LC

pIepueis

T°IT =19®BL



169

Sp. No. 58281

Syenite SI4 - Igdlerfigssalik Centre
Feb/March, 1970. ‘ March 1971
s10,, , 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
AL,0, 19.40 19.23 19.46 19.15 19.42 19.32
Fe 0, (T) 5.64 5.62 5.61 5.60 5.56 5.56
MnO 0.17 0.16 0.16 0.17 0.17 0.16
MgO © 0,33 0.31 0. 30 0.31 0.22 0.23
cu0 1.66 1.63 1.63 1.64 1.64 1.67
Na 0 6.54 7.19 7.18 7425 5.87 7.28
K,0 5.80 5.76 5.80 5.81 5.73 5.73
P,0c 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

Table ITI.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 is high, but NaZO is prone to occasional low values and Mgo0

shows a marked difference between the two runs.



Ba -
Nb 20
Zr 186
Y 13
SR 264
Rb 233
Pb A,34
Zn’ 63
Cu 29
Ni 11
La 82
- Th 53
U 6
v 18

Table IT.3

21

186

10

260

231

32

60

24

10

84

62

Repeat trace

INTERNATIONAL STANDARD

20

197

11

238

233

35

| 21
10
83

64

G-1 (ppm)

21
198
12
237
233
30
71

21

84

70

20

195

10

238

235

73

22

81

21

84

element analyses of international standard G-1

by X.R.F. Vertical lines separate values obtained in different runs with

a different standard calibration curve.
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(ppm)
G-1 G=2 W=1 -1 GSP-1 AGV-1
Ba - - - - 1254 -
1200 1950 180 282 1360 1410
Nb 20 13 10 - 22 15
20 16 10 75 28 22
Zr 192 356 95 - 644 270
210 316 100 3030 544 227
Y 11 13 21 - 41 19
13 12 25 441 37 25
Sr 247 562 184 - 271 765
250 463 180 286 247 657
Rb 233 199 22 - 250 80
220 - 22 - - -
Pb 33 - 46 26 276 67 47
49 29 8 495 52 35
7n 72 96 96 246 111 91
45 75 82 219 143 112
Cu 23 12 116 24 32 60
13 11 110 25 35 64
Ni 9 10 76 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 > 1100+ 110 7
52 25 4 1100 110 7
U 4 3 0 2698* 0 6
4 <2 £2 2700 <2 : <2
v 18 33 246 73 45 100
10 37 240 89 52 121
Table II.4 Averages of X.R.F. determinations for trace elements in

International standards, compared with quoted values. Top line - X.R.F.
average. Bottom line - quoted average (less optical spectrometry results) -

Flanagan (1969), Fleischer (1969), Sine et al. (1969)

* Close comparison due to S-1 being the only available standard with high

concentrations in the calibration.
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APPENDIX IIT

ELECTRON-MICROPROBE MINERAL ANALYSES

Table III.1

The South Qaroq Centre mineral analyses arranged in the-order of
mineral groups as found in Chapter 4, i.e. pyroxene, amphibole, olivine,
magnetite, ilmenite, nepheline, feldspar. Within each mineral group the
analyses are arranged in the order:- $S2, SS3, ss4a, SS4b, SS3, pegmatites,
microsyenite sheet, essexite. The digits following each specimen number
refer to the index number of a particular grain or group of grains in the
section, and where' photographs of analysed grains occur, these numbers
are referred to in the caption. Analysed points are also marked 'x' on
some photographs.

Recalculations of complete analyseé to an appropriate number of oxygens
to make up the unit cell are given, togethér with.end-member compositions.
Details of end-member calculations and estimates of Fe203/FeO ratio (where
appropriate) are given in the relevant sections of Chapter 4.

The sample numbers used for each rock unit are as follows:-

SS2 - 58231 SS5 - 46243
127021 : 46244
127075 58230
recrystallised SS5 - 58154
SS3 - 46269
58229 peg. vein in SS2 - 127071
58236 " patch in $S3 - 59663
127015
127038 Microsyenite sheet - 127027
SS4a - 58150 Essexite - 58150
58228
Magnetite veins
SS4b - 58221 _ cutting Jhb. Gr. - 127001
59676 127003
127025 : '
Mafic band
in S8S4b - 59672
Recrystallised

SS4b - 58164

* 59676 has several mineralogical similarities to 5S4a and may be

associated with this syenite.
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APPENDIX IV

WHOLE ROCK ANALYSES AND C.I.P.W. NORMS

Table IV.1

List of G.G.U. sample numbers available for the South QBroq Centre
including dykes, country rocks etc. Also given are the name of the
collector ahd references to the appropriate G.G.U. field diaries.
N.B. Not all of the samples have been analysed, and in geheral only

analysed .samples of syenites are indicated on Plate 1A.

G.G.U. No's, Collected by:- Reference
46202 - 05
46286 - 88 C. H. Emeleus G.G.U, Field Diary 1961
46298 - 300
46237 - 84 We T. Harry G.G.U. Field Diary 1961
58118 - 22
'58130 - €9
58191 - 94 C.H. Emeleus G.G.U. Field Diary 1962
58200 - 77
58327 - 34
59640 - 90 . .
. T. G.G.U. Field D 196
59721 - 34 W. T. Harry ie iary 2
52201 - 07
52229 - 40 C. H. Emeleus G.G.U. Field Diary 1963
52254 - 300 '
58346 - 51
54113 - 21
59865 — 76 W. T. Harry G.G.U. Field Diary 1963
- 59883 - 89
63892 C. H. Emeleus G.G.U. Field Diary 1969
127001 - 100
. . G.G.U. Field Dia 1969
126801 — 15 D. Stephenson ie iary
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Table IV.2

Whole rock major and trace element analyses of the South Q8roq Centre
rockse. Within each rock unit the analyses are arranged in numerical
order in two groups. The first group are complete analyses including
FeO, Fe203, H20-, H20+ and C02. These are followed by further analyses
which are X.R;F. results only, in which total Fe is expressed as Fe203
(Fe203T). The quoted total is exclusive of HZO_'

The trace elements are ppm cation Wte%. Detection limits calculated

as given in Appendix II and upper limits of standard calibration are:-

Detection Limit Upper Limit of Standards

Ba 8 ppm 5000 ppm
Nb 3 " 573 "
Zr 3 " 5000 "
Y 3 500 "
Sr 3w ' 1100
Rb 3 n 1000 "
Pb 7 n | 266 "
Zn 2 " 1000 "
Cu 2 n 1000 "
Ni 2 " 1000 "
La 3 272 "
Th 7 v ' 1100 "
5 " 2700 "

\Y 5 : 998

Also quoted are the height above sea level of the sample in metres
(HT OD), and the distance in metres from the outer edge of the appropriate
intrusion (DIST). In the case of S54, distances for both SS4a.and SS4b
are quoted from the outer contact of SS4a.

Specimen localities are shown on Plate 1A.

C 1= Samples with heavily altered nepheline, loss of Na and high HZO#

(see Chapter 5).

O = Samples with Si contamination by country-rock quartzite

R & Samples with pronounced recrystallisation near to the Igdlerfigssalik

Centre
C = Samples with extensive development of cumulus mafic phases




257

0sT
1

S

L
el
68
9

L
€6
%1
1= 04
821
1%
(VI
¥11
%11

1e*n
g% 66
96 * i
083
LG
8 °9
68
62°1
61°0
13 ¥
91
96°*1
e *1¢
gZn
£1°6s

114L2t
JLINIAS AI4WVITICONNNL

19
Oy

Lel
L
ged
€Tl
e
67y
SL1
F11

€Z*]
16°66
(4
18°9)
A% Ris
g8Gg *9
catg
act1
LT3
VAT
M40 M%)
g86°1
18°22
YL
L8 °5S

G{¢28s

iSIC

go 1H

A

0

Hi

v

IN

no

NZ

dd

gy

us

A

uz

gN

vd
Wdd

-0¢H
IviolL
4
+0¢H
s0Zd
G
0OZVN
avo
09W
ONW
034
c0234
e0Zv
011
201S
iINIOd3d

JYINIT 00Y¥00 H1LINOS



258

Gn9 JIS% 0us 1 ud ue alc
09L cus QU9 S¢ Qe9 0%9
Y 9 € 9 S 4

4 a 9 € 4 U

61 ve vt 6 11 1574
8L 09 911 69 $9 €8

9 9 L X4 S S

S 9 6 8 9 S
91t U1l Lée 1el 741 I RA
123 T4 Ue c1 81 183
661 01te 081 6%1 BG<Z 181
968 1841 $61 n9e Z8% 96931
9% 43 8 6t 9¢ [
Yal T Jes e6L 16y ra ScL
881 181 U< 6%1 Let 12¢
£81c 1¢8 29¢ 196 Q9L 9LST

0L*86 66°L6 16°86 £e¥*86 e L6 06°L6

320 210 P AR Y 9¢°3J 710 81°J
€1*s Ns*g €6°¢ B8Z*®S 38°¢s €e*s
£Ee*8 91°*6 0s*L 63°8 c6°L Le*s
86°1 Ly°1 B6°1 ce*¢ 91°1 BL*1
ev*U 0 By ¢ Se*u KEARY! BE *%
L1°0 SsT1°0 %2°*9 $¢°0 8T1°3 L1*9
L8*Y €l Y 62°8 86°9 B#7 S 2y
6%°*61 SL*Ge g6l Le*81 1s°61 L9°Q¢
%90 Le*d 6Z°1 €90 CARRY Ly

Gv*LG 19°6s 6% %G 62°4S 1€ *9¢9 £1°9¢9

g6c¢s 882<ZS 18¢<2¢s 0Beccs 8L2¢2¢ 192¢s
FLINIAS WASGUOr41so

26
01s
..V

Y

9
s
€1
L
€8
01
$12
€82
12
28€
198
SEL

9Z°u
3101
§G
Ly
114
£Z*9
J6°6
11
64
Z1*¢
6L°1
68°1
8L*1¢
et
81°9¢

BGlcCS

1S1id

a0 tH
A
n
Hi
vi
IN
nd
NZ
dd
g94d
4s
A
<4
gN
vd
Wdd

-0¢ZH
1v1i0lL
A
+0¢ZH
sged
0cH
OZVN
ov)
O9W
ONKW
034
€0¢g3d
1e0234
et v
FASRY
¢01IS
IN3JY3d

JYINID 0O0Y¥0D HLNGS



259

{8t
0%
o1
[4
21
4"
9

X4
111
K4
60¢
KN4
e
989
S8l
GoLt

S0°66
614
L2t L
Wh ey
61
161
e1*0
STy
69°61
KA R
73°69

[ovees] [vozzs]

VS
0y
Y1
8
LZ
16
8

8
961
8¢
L1
12¢
€S
S 06
nee
vhel

21°86
Zetd
Ls*S
Z1°¢
h9°Z
le*e
24
29°9
£6°81
H8 4
€859

Q6¢
o4
L

Y
»Z
Tel
9

6
L8171
81
€L2
€L
v6
6661
9%t
YL1

£E%°86
gu*u
91°¢g
QLB
se* 1
112
€2
06°§
6L°61
6¢°G
2299

€922

FLINIAS DYNSSUVSSUVN

2t
18

6

1
1L
681
L

61
8%
9L
991
6ee
gel
Ny Qe
cEY
69401

8286
KA
cad°g
19°5
9% <
GZ*1
EATRAS.
Gy oL
Uug 91l
KARR!
06°Ls

[86294]

FYINID BOYOD HLINCS

1S1a
ao 1H
)
n
Hi
v
IN
nJ
NZ
gd
g9y
dS
A
-¥4
gN
ve

Wdd

wiolL
s0¢Zd
02
02N
ovo
COW
ONW
le0¢23d
e0Z v
2alL
¢0IS
1N3J¥3d



260

o~

NN D
~

IvL1
St
81¢
6%
140¢

€L°001
00°€
iv*e
60°g
¥9°L
SSE
€2 q
L9*21
22°91
20°€
€E8°9%
d 3
0E18S

1
£l

O M ON e O ot

eel
81
Sl1
989
88
LOL
661
W8y

£€6°66
g81*a
78°%%
61°¢
9% *L
AR
92D
£€9°¢
86°%¢
01°0
81°6%

sl
9

L
el
99
S

L
86
el
6ct
8L
84
7L
Q2
0LT

96°L6
60"
S6°9
82°8
L1°1
12°9
2170
26°€
9% 12
Ze"0
Z%°ss

[t18921] ocoszt

¥q
el
L
901
6
1s¢
8971
9¢
0LG
%91
321

9186
s2°¢
el
LL*L
Lol
Sc*ta
ST°U
Ley
Te*1e
Se*d
39°G6¢

1.
J8L
S

L
11
2L
S
£l
66
%1
gce
161
6¢
5Gq
g6l
0el

W6°L6
Qr°3
La*L
26°9
sl
81 °q
L1*Q
aL*y
el1°¢¢
Lc*g
10°ag

1
Lel
€

8
el
8L
L

L
el
L
el 1
hee
Qs
999
161
6%8

LZ*8B6
Zen
gs°*g
GL*6
98°1
VAT
61Ty
19 S+t
s *°9¢
19°49
Y098

6cdL21 Tmahma_ L20421
3LIX3SS3 ANV SLE3I3IHS IJLIN3ASOYIIW

% *86
Gia® 3
6L°S
LZ*9
29°*1
8T°*)
cctl
g9
€s " 1e
8Z*0
29°9¢

[v5284)
JYINID

1S1I0
ao 1H
A
n
Hi
v
IN
N
NZ
dd
2R
s
A
dZ
8N
vd

Wdd

1vi01
50¢Zd
g
0ZVN
ovo
O9NW
ONKW
1e0234
ed2Z1v
fASR SN
¢0IS

IN3J¥3d

0CY00 HLNOS



261

AT
S
£
%01
14
611
L88
a4
AN
J11
0% 06

Le*n
18°66
Oy
28°9
SLt s
B6*Y
8y
KA
£s*°l
81°0
L1*g
621
28" L1
s6°1
LLE®SS

66¢2¢2%

RYAR!
061
€

6

21
88

S

01
Ln1
¢33

[ R4
it
L9
626
%1c
888

L2*d
Se*201
g0
€S
S1*9
Q9°9
%€ °*9
6L°1
9e * i
LT3
Shte
a7 °*1
s0°*61
78 °8
1e°66

66229

1SS 3JLINIAS

\Jmm
LS
9

9
184
cl
‘¢

6
el
43
L%
eel
Sy
8vL
LL1
99

aveq
£ *86
ce i)
R Iy
el y
NZ*9
948
g1
LE* G
81 g
€8¢
291
VAT A
Le*ts)
8Q°9¢

7G22s

1S1d
ao 1iH
A

n

Hi
v
1IN
no
NZ
dd
a9y
ysS

A

=¥
9N
vd

Wdd

-0¢H
aviol
<02
+0ZH
s0¢dd
0
OZVN
ovd
O9W
ONW
034
£0Z234
coZav
c0Il1
OIS
INIJ¥3d

JYINIT 0BY00O H1INGS



262

a9
Q69

€1

ve
681

182
€S
9¢
8L
o1t
08S1
r4s 1%
8%

92°*0
18°86
68°7
61
200
€6y
9L*6
69°1
g1*n
B8Z*0
99°1
Le*y
6L*61
1 AR
Ls*es

S$%eZ8s

0001
€99
<

9
el
L6
T
¢t
181
€
geed
8¢l
0s
%66
8¢
161

Qe 0
2e*09o1
g9°0
98° 0
Y10
68°¢s
61°8
69°1
Ge°*0
82°0
v9°¢
£0°¢c
gc*e61
1s*0
78*6q

1e¢8s

39
ae
9

L

€
ge
9
o1
26
L
£cd
a8
0tc
v4°F4
€6
€6

8e*{
82°001
0%°9
19°4G
I1°G
L%*9
6o °8
€11
€e1°0
81°Q
Lty*e
L1°¢
612
€Ev*0
6Q°9¢

11286

ase
1

S

9
T¢
€S
L

8
821
14
8eé
L9
6S
ees
gel
it

31°0
06 *86
S
6% 0
600
1¢*9
le*8
et
12°0
12*0
€6°¢
9g*¢
G2°Ge
20
£9°49

24286

LT
099
4
el
01
L8
L
%1
681
42
0ge
QL
1A
168
gec
681

1e€°0
6L°001
ZE*OD
Te*e
?1°0G
90°9
Ly
38°¢t
0v*G
Ge*0
6L°¢
et
LG°61
6%*0
6%°5¢

[66225]

a9
nsL

2st
LT
Zye
L9
BE
YL
%02
99

sZ*d
€6°86
GgZ*d
6%y
019
G2°*9
26°8
Iv°1
82°0
LA
€l ¢
D92
9T Q2
ge°*n
€0°ss

96¢¢2s

N9
AL X4

NN O N O

o1t

612
441
81

Yge
L2t
Y02

2e¢*o
1066
0%°0
ee* o
Ly*Y
LG9
81°6
0 B §
6¢°0
Z1°0
6n°¢g
Ls*1
g8e°1¢
6e*Q
6L°GS

9L2%Y

a4
09¢
g

L

4
LYy
9
21
691
L
6%
96
1<
88%
6el
9¢el

€ev*0
B8O°66
L¥*9
%4
11°9
[
i%°8
A
62°0
L1°G
20t
| 44
9y 0
%t 3
EA ]

I W RAA

32¢
82s
Y
el
8
08
L
Ol
sst
6
092
801
KAd
LSl
¥62
HS 1

96 °0
Z8 %66
91°*9
299
Y13
€6°S
21°8
19°1
tz*n
IR
lg*¢g
16°*2
sc°02
A A1
v

WAL

¢SS JLINIAS

4]
N4
11
el
91
Ly
18
184
866
161
BE

€E1°0
92°86
AN
930
P e
69°9
€7 *8
7*1
09
220
seETe
Lite
9 *0c
a7t d
8{°9%

2629%
F4INID

1SIa
a0 IH
A

n

H1
v
IN
no
NZ
g9d
g
¥s

A

d7
gN
vd

Wdd

-0¢ZH
Tvi0l
200
+0¢ZH
c02d
0
GZVN
avo
09w
ONW
034
0234
c0Zv
cOIlL
¢0Is

IN334¥3d

00¥00 HLINOS



263

0c St Z 1 1 0sv1 a1 ool 32e1 et iS1d
1 09s 996 Q9s 09s ahs 0.9 799 %9 248 ao 1IH
€ ] S L 9 L 9 S L 8 A
0 € L 4 l 6 L 91 Gt L N
12 1t S € Y [A el 81 Sl 21 Hi
[4 8¢ (42 s Le 201 Ove QLe gle 89 v
Y 0 9 L L s g S S g IN
9 L 1T 6 9 8 12§ 1 ¢ 8 8 nJ
écl 601 821 I8 L6 Z81 SL1 931 L8T €62 NZ
9 1¢ el S 8 VA i 82 1€ ge 8d
| $514 842 9¢t s Q2 12¢ 012 e L%Z 1e¢ €8¢ g4
L2s1 621 el 28 €Sl as1l Sel ¢l 211 366 ys
31 31 L1 L1 61 S8 YL s9 8¢ 1% A
0% 9ic 98¢ Qse 88¢ Zcl 6691 9¢e6 9T11 26l uz
9ttt setl 2ot 901 86 €ce LGE 592 G1¢e 8%2 8N
68% 88 L8e L Letl 91 LI 26 - 061 sHe vd
Wdd
e rA R %$°0 Qe °Q L%*5 D 6c°a Z¢e¢*ti RE*D rAAAY -0¢H
68°86 92°001 26°66 1°101 8%°10T 1L°86 % °66 L9°86 €I°001T +8°66 w10t
0L°) ce*0 12°0 BE*D 8G 0 KA Le*0 8Z°C 98*2 S56°* 202
ra s 88°0 $8°1 . €5°¢ KARE4 €6°J 9L°1 290 66°0 ge*?d +0¢ZH
119 T1°0 I1°0 80°0 11°0 €19 T1°0 el*y €12 a1t s0¢dd
L1°9 6e°*9 6L°9 Ly*9 €29 86°¢ sZ*9 LO°%9 Y6°g z¢t9 gz
e *s 9¢°8 &Y 18°8 GGy 8L°L £6°G 61°8 91°8 1 ] 0ZVN
oL"1 L1 €9°1 el AR 69°1 93°*1 ° 1Is°1 LL 1 11 ovo
Te*9 S1°*0 KAt c1°¢ S1°0 62°0 12°*0 €l*p 70 19°0 09w
610 61°0 ¢ty Y10 el*n €20 20 €¢*Q LZ*9 62°49 ONW
69°¢c Ev*e 2s°¢ | ¥4 2Le1 sete 6% ¢ 81°¢c Z8*g Gc*e 034
06°1 0c*¢ I%°e Ls°*1 Ov*¢ <L €N’ 6L 8L 9% "¢ 0234
Le*Qc 69°*1¢ L6°*1¢ v1°e¢ g88°1¢ 6661 62*0¢ 6661 tc*o1 SYARITS eG2v
A 9e*0 L¥*g I%°0 6e*d 9¢°0 QLD €ev%*0 86°9 9#*D c0I1
Ly *ss ¥1°9¢ 98 *6S 25 °9¢ 9¢€ 99 et*G6s Q% *qg ?{°46 61°8¢ Te*ss ¢01sS

, IN3DY3d
[Lo0221]  siz86 [vr286¢) €128 [12286] 6928 [s9285] 19zes  99zss [ss284]
. 2SS 3JLIN3AS 3WINID O0U00 HLINOS



264

S
Js¢e
8

1
8¢
291
S
21
es1
8%
SoT
£%6
Ll
8%9
2Lt
Q2

Ye*D
70°96
ve*G
L6t
Q1°0
8%°*¢
Z%°g
ss6°1
1e*Q
S1°Q
Qg2
96°1
BE*LT
82°*0
09°8¢g
O
218921

n

OOV MM O

2¢€°90
58°86
16
201
60°0
29°9
€v*S
e9°1
EXAdY
1¢°9
¢l*e
11°¢
se*l1e
g8e 0
Te°9s

15
L
L1
LAl
89
6L
el
3
6€8
O%e
162

LZ°0
26°86
et o
8t 1
L1°G
86°¢
91°L
281
8%°* g
62°9
ql°g
9°¢
T1°61
€9°0
694G

[Le0s21] 960rz1

004
1

Y

8

€1
611
S

9
ECT?
Ye
Sv2
Y11
09
808
Clsr4
991

ce* 0
£EE*SH
L5*9
£33
LE*G
€£9°*¢g
i¥°8
$9°1
0e°*Q
120
cate
6L°1
98 °81
LE®D
£€9°tg

SLGLZT

neet
029
S
&1
L1
2st1
12
L
1Lt
4
6¢ed
L11
L9
006
sLé
€Ll

9e°*9)
30°86
730
291
Y1*9
90°9
Z6tL
6s°1
Le* D
€20
e
£8°¢
8T1°61
ev*0
09°%g

2eniet

Q0eT
369
4

6
21
L6
A3
el
381
%4
Qec
%21
3
7Ll
ave
oLt

92°0
ee 0Nt
29
L1
91 *D
€1°9
23°L
L1
8¢ * 4
LZ2°0
L6%E
69°¢
€961
Lv*d
L "ss

1zaLet

IHel
099
S

6
&4
201
9
A
881
12
She
vl
15
098
Oy 2
ILT

e *J
%66
Ltv*9
82 °1
ST°a
09
gd*L
BL*1
et
%2°0
01
LG®E
78 °61
G%*Q
£ °5g

TIHT
nLS
9

Y

6
78
Y
[
281
62
94e
qES
7
LeB
9¢ce
192

et
62°101
81°%1]
92
1°*a
L9°s
61°¢g
s6°¢
£€e
922
give
KA LA
89°61
6e 9
L3°s5¢

fcaLel —O~ONN~_

.¢SS 3J1IN3AS

1S1Q

a0 1IH

A

n

Hl

v

IN

no

NZ

dd

8y

s

A

)2

gN

vd
Wdd

~0¢ZH
aviol
[N
+02ZH
s0¢d
02
OZVN
gvo
09K
ONNW
a34
0233
€e02v
¢0I1
¢01S
IN3J3¥3d

JYINID 00¥00 H1iNOS



265

03z 20¢ use Pl 0z 064 e 6L 1514
1 ne 1 1 9% S Q09 094 n9g do iH
S 9 S L L L L 9 A
8 4 € € 9 8 8 6 n
1¢ ge 9 g2 0g 62 92 12 HL
1€T 89 LYy 811 821 211 2¢e1 %6 v
Z S 9 9 6 S Z Y IN
8 1 € S €2 11 8 8 no
11¢ 2y 1 91T €1 6¢e2 2H2 942 812 NZ
Ly 99 € 14 2¢ 62 e 6 gd
%22 2ve 842 0% 82T 0ee L2z Lz 9y
L6 601 H2€ 821 8+8 %g 0 ¥ ysS
€L LY 419 99 %9 29 L 1L A
0221 L18 0Ly SINT €221 1011 €€l £88 ¥z
€8¢ 812 SH1 LLz 29¢ ReE Gg2¢ JL2 anN
181 G61 2L 801 %92 001 19 av2 ve
Wdd
86 *86 91°L6 Ly °66 0L*L6 Y6°L6 06°86 L6 2¥*86 IVLIOL
‘919 94G°0 T1°0 21°4 22y I1°6G Nt LT*U s0Zd
GL*S €2°9 Yg8°9 21°9 9G6*g Ta°9 88°G 8L°G o
€L "8 28°8 Lg8°*s 26°L Ge*S L6*L 6€°8 62°8 U2ZVN
VR R 66°0 2€E*T ~ 9g6°1 L1°%2 26°1 961 181 ovo
g9e*g Q10 ET*G 12°2 18°0 380 ST*9 1€*) 09w
1€°G S1°0 gz*¢ G2°Q 2€°D 22°*% 92°*2 DE*I ONW
L1°L L1*% 91°¢ e 9 Iv°*6 9g*L (i8 *9 L9 1€0234
€061 uscue 0c*2e L6°61 oLl bE*sl €z2°61 G3°61 €0Zv
Qe g 9z LE® T 9H* 9L*G 266 Yy 8G °u 2014
2atsg 88°¢¢g L2°%LS S1°GS Ne*9g 66 %S €5 * 4G GH g ¢O0Is
O IN3DY3d

ZeL6s  9eLes  [8zies] 9zLes  efzes Lezzs S22 e22S
: 2SS 3LIN3AS 3¥IN3D 00¥OD HINOS



266

st 00% 9991 498 DJdel 03¢ 081 Iy 81 081 1s1a
0¢9 019 568 0%8 OLL 099 aso1 g%e 08¢ nee Q0 1LH
S S g 9 S V4 Y 9 Y 9 A
91 Tt 9 8 9 6 6 6 K4 6 n
174 91 sl 8 9 L1 Sl 01 €l 61 Hi
191 vl »8 €9 a9 16 LL LL 16 %9 v
S S S S Y S S 15 S 9 IN
6 S 11 rA 8 21 el 11 01 8 nJ
8% 16t 12 Zh1 Y11 £e91 el 261 €evt 8e1 NZ
€S €l L 9¢ Ll LE 8¢ R4 o1 1 gd
80¢ QL2 0ce €8¢ 433 »Ze 6L¢ 6%¢c 6L¢ ged SR
ehe Q01 93¢ 08¢ sed s8¢ led BG1 edd Y0z us
%8 LY SE 8¢ Le &% LE i+ LZ Z8 A
L691 LS6 SLl TtL SLy £G6d L1621 sgL ely 8%% ¥4
96¢ »9¢ %92 0el (AN ced €Yy 61¢ 011 6L1 8N
s9 A L6t hah QLe 8cy Sel hed 891 SLE vd
Wdd
8% 0 s2*0 Le*9) Te*Q BTG 9¢°Y 629 61°0 60°N %20 -0¢ZH
85°86 0L°66 18°86 Le*86 0066 ¥5°g6 G8°86 9€°86 12°86 8¢°L6 Iviod
S%*0 1e*0 s9°0 Zy*0 L8°0 1e*0 Zv*0 91°0 19 8L rASM
€6 ¢ [AAd | 81°1 %6 °0 Iv*e 698°90 %6 °*2 L7°*3 G20 P4t Bl & +0¢H
L9°9 LO*0 sQ*g 60°Q LQ*Q £E1°0 Al S s1°*3 €ET*0 KA Bl s0¢Zd
60°9 2e*t9 L2°*9 649 €e "8 el*9 33°9 LB8°S 1L°g €8 °q 0Zx
8% °g £e*8 ed*L el 2d°%¢ LO°*8 68°9 A lLe*6 £n°8 OZVN
el el et ov°1 02°1 sY*1 . 6Ll 96°1 071 el ov2
12°¢ 82 *0 SE*O 82*0 890 6t 9 8% °0 820 2¢ta LE® D 09w
oe° 0 s2°0 G2 12°0 B1°0 Z¢*d €e*0 629 ge*d 61°0 ONW
ég e é9 ¢ 20°¢ Le*e 6e ¢ h8*<Z S8y 88°¢ IR A 96t 034
ey 6t °E 20°¢ 1 4 AT £E6°¢ 16°¢ Ll 16°1 991 t0Z3d
KA 14 ¢G*ace 9L°61 Y1*02 cLee 0102 ¢6°L1 ?8°61 ge*ic s *61 eCZv
YA ot 0 E7*0 Se*0 62O 6y i 96°*3Q 19°% 16°0 9s°* ) <011
ATl 4 S€ *6S 86°6S 2E*4S 8*es el*¥g c°ss a¢°ss Iy *es 6246 cOIsS
IN3J983d

[otorz1] stozer  1szes  gezss [vezes] ooczs  Lezzs 1129w orzow 69294
€SS 3LINIAS  3J¥LNID 00¥OO HLINOS



267

0cel
A8 1T

ve
6cl

s

geal
66¢
€l
sc1
8a
89L

25°66

€1°0
599
es*L
LA !
0c*g
el1*0

S6°¢c
L1002
S9°0
L9°89

82EBS

u6c
9
88
£e61e
49
cL

¢2*s6

G0
1 A
04n°*v1
8e*(
cd*n
80°G

s8¢
%92
I1°0
16°9%

%9965

L7l
6¢

9%
142
2%

clL8
942
21t

£8°L6

TT°u
86°¢
L8°8
el
61°9
1¢°0

31°S
Yyone
KA
61°65

6696¢S

v e
Ne9
s

6
€c
s6
9
it
€61
9¢
€6¢
121
%S
001
0ce
<ol

et
%96
99°Q
88°*0
LG*Q
L8°S
£€1°8
I¥°1
6t1°Q
g1°¢Q
66°¢
Z1°¢

36°81
6€°0
Q0%

9011
JES
S

4

8
€S
Q

9
Del
81
96¢
4412
8¢
0s9
14¢
9cY

6e°*d
¢1°66
ce*d
el
800
9% 9
€69
41
L2*)
02°¢
8g8°2
81°¢

LL*ge

9€°0

12 S 2]

1
Ug9
S
L1
ve
6s¢
S
at
61%
L8
€6¢
%99
aLl
A XA
6Ll
tel

6e°Q
68 *86
o%*a
Ly 2
707
Sy °*G
LG *S
9zZ°¢
8eg*3
A A4
98¢
0s°*9

18 *91
0% * 9
£e*hg

Iv
089
9
81
b6t
812
S

V4
8¢¢
6%
8l¢e
oL
Lel
L6661
LLS
£5

2y %)
GE *86
Je* ]
g1
AR
Z*9
EL*L
6%°*1
ST
LA
H8*1
9L*¢

2661
(AR
€d*es

seorzt [ecoszt] [stare] rteret
€SS ILINIAS

JdiN3D

1S1a
a0 iH
A

n

Hi
v
IN
nJ
NZ
dd
a3
s

A

=) 4
8N
vy

Wdd

-02ZH
IviolL
202
+02ZH
s0dZd
8¢ci
0ZVN
avo
O9W
ONW
034
0234
le0Z34
€02V
Zgli1
¢OIS

INIJ¥3d

00Y¥O0 HLINAS



268

a1
a8 1

81
2L

1
el
09¢
BeE
VA
66
6¢
118

82071

9T*4a
81°¢L
95,
GG °*1
620
c1*Q

EAAE2
LO*12
9¢*Q
L5°%8¢

LZigegs

66°86

9€° 1
8% °¢
10°L
2
L9°0
L1°0

62°s
£6°81
6D
OL* LS

9L969

9

O N F 0O N e

1T
S%1
v1
60¢
ce2e
43
Qes
621
89¢

g9%°0
12°66
9%°0
<L*0
1AM
¥ *g
6% L
g8°1
1% °0
2¢*o
99 °¢
sH*Z
BL*LY
g¢°*0
10° %S

e6lL2T

09
0s1
L

b

0
1¢c
L
11
Ly
€l
611
c89
el
181
04
8161

LZ*0
$S %66
19°8
08°0
01 °g
61°¢9
el
gy*e
€S *0
210
A A
€01

0g 02
620
¥L°86
o
98GLZT

0cc
028
€

+

L
Ss
9

6
S8
974
161
L1%
r42
INA
021
%611

L2°0
91°66
82*Q
£ES*0
ve*Q
SL°*°S
06°L
28°1
66 °0
S1°0
A S
6G°1
6102
89 *0
6°9¢

§24QL21

Q91
06l
£

€

S
14’
0
LZ
6cl
6
vH1
LSE
[43
S9%
%21
1911

6t °0
80°86
69°0
69°*¢
0c¢*9
I%°*s
6G°9
1e°l
€0°1
€2*q
gy
191

£elL°61
69 ¢
66 *%Hs

X4
098
S

6
Ot
A
]

8
w81
1)
981
92¢
€l
6%21
8e¢
€665

SE*0
sZ*86
e @
Y9 4
el*9
KA AS*
1e*6
eL°1
13 T4
%29
I%°¢
9¢e 2

6%°61
94 0
8E*HG

[vzos21] wsszss

ne
098
K4
ol
Z
6S
L

6
111
L1
9Ll
66t
42
60%
€21l
896

62°0
LT°901
22°9
19°0
61°9
11°9
0c*L
9L°*1
6e°0
81°0
1¢°¢
alL*T
90°0¢
969
16°L¢

VB G égs

s
08L
€

L

8
Ss
9

6

S 0T
61
L1
sle
cE
1A
CEA
LLb

0e°o
€L°66
20
59°9
61°Q
16°¢
€s*L
IL°1
0% 0
L1°a
s0°¢
£€9°1
1e*de
66° 4
SE°ls

82286

C61
04
&

S

1
£y
9

6
98
71
061
682
€l
L6¢
%6
£l8

1 XA
§9°66
1e*9
B¥*D
1¢°3
9% °9
6%°L
6¢°1
1% °6
S1°0
80°¢
#1°1
e1°0e
29°*4
BG LS

06189

VH#SS JL1IN3AS

J61
%
b

12

L
26
L

G
091
81
St
6%2
Lt
2521
9%
€6l

0e* o
G266
[AEH
€c*¢
1R
SC*9
%69
16*9
21°%9
gccte
gehre
Ly*e

6%°*¢¢
2e* g
%6 %S

[6v185)
3YINID

1S1da
g0 1H
A

n

H1
v
IN
nJ
NZ
8d
a3y
us

A

-4
gN
vd

Wdd

-0ZH
Ivigo1L
2092
+0¢ZH
s0dld
Oex
OZVN
ovo
O9W
ONKW
034
£0234d
1e0234
€02V
c0IlL
¢0IsS

IN3J43d

00400 HINOS




269

Ove
568

Z9

11
LO1
8¢
061
9l
St
994
el
8% Q¢

e 0
81 °66
€e*d
6% Q
KA Y]
hh g
8T °L
8v*¢
$9°0
614
%%y
€8 °0
96t
L6y
2s 95

66¢8S

0%¢
06L
Q

L
el
19
1
It
0e1
91
2si
Q9L
0%
€8 Y
991
9461

9e°d
€EL°001
€S*(
0c°1
heE*D
a%°s
BL°9
€ev*e
89y
610
L6t
vl
Ls*61
860
e LS

12¢28¢

o%6 ULy LYy G612 0%¢c OLe
098 O%1 U1 1 0% 0t
) € o N4 G 0
4 4 4 4 8 1
4 X4 %1 8 9 11
6% 8¢t 66 - g8 99 és8
9 S b 9 N4 Ly
11 6 <1 € a1 Y1
06 1s [AA %21 96 €01
1¢ 6 61 99 ¢ 123
29 2L sel 81 el 921
8691 6%¢ LG8 81t Siyl 1621
9c 81 9s €y 1412 Ly
66¢ 68 99¢ 12 21 0Q¢c 90L
1L e STl 951 28 g6l
0Ly 669 6LLT 098 . 1eeH hele
219 FARN Y 82°Q Y10 82°0 T
T€°0DT TL°66 866 09°*66 6L°86 Z1°66
96°Q LS*G 621 AT 81°0 e
8Z°1 29°0 28°0 8L°0 ¥1°0 19°0
L0 gg o Le*y 22°*0 9L*D L%
Y1y LS 6E*S 26°S 19°*% 6L Y
16°¢ ¢s*8 08 °9 vZ°*8 89°gs €6 °S
36°¢ aLci 11°¢c v8°1 A 9¢°*¢
Y21 %90 96°D 8% 0 9e°1 801
810 310 S2°*0 02*0 61°0Q TAARY
9e*s LL*2 11*¢ 16°¢ 61°¢ SH*H
rA At 961 68°1 90°¢ L6°0 91
6E°61 s°1¢ 89°L1 Iv°*61 9981 %6°81
061 6L*H 60°1 66 °Q L1 g9¢e°1
€Q°9¢ @om¢m D1°LS 6% °9¢ 2E®SS S%°9¢
d

0¢85 59189 Y9186 8% 189 Ly18¢ 39 18¢
8%SS 3L1IN3AS

08 €
¢t
1
6
L1
LO1
S
€1
632
L1
651
81¢
09
zus
yez
LLE

8€°0
00°L6
SL*D
2y 0
€€°0
0E*S
8L
€8°2
6% °1
26y
6%°S
26°2
oL*L1
£1°1
%G °gg
)
[+ 18

1S10
a0 1H
A

n

H1
v
IN
nJ
NZ
8d
gy
q4s

A

dz
8N
vd

Wdd

=0¢ZH
10k
203
+0¢H
sQgcd
geH
OZVN
ovo
O9W
ONW
034
€034
02V
c0lL
¢O01S
iN3J4¥3d

JYiN3D O00¥00 H1NO0S



270

986
J64

Sy

01
66
va!
66
6L
Je
v8<
16
206c?

66°66
EA AR
78°¢g
€EH°*9
sl*¢
68°40
1°*a
6e°q
8981
Ie*1
Be*8S

EEEBS

LUt
B8ZL
8¢
2l
911
1L2¢

cL*66
VAR
AR
1¢°9
16°*¢
56°9
610
$6°5
£E8°81
21
98°Ls

61969

a8¢e
T

T

1

11
€9

9

L1
stli
e
111
R A
St
1ce
4
B¥LtE

88 °86
LeTi
vty
€¢°¢s
1¢*4
6L°T
€20
Ls°*8
09°L1
L1°2
69°¢€s
0]
£1966

11
88
S
12
€el
98
8.
98¢1
8%
L%Y
921
99 dle

96 °66
€71
6
eds
e s
56°¢
Gc*
SOt Il
gz°91
BY *¢
1L°¢s
J
¢L96S

8%SS 31LIN3AS

I8¢
1

J

4
11
96
S
9¢c
621
82
68
%98
29
Zee
L3t
86L¢

6°66
Ee ¢
J9 ¢
6h°¢
Z*9
9S8ty
Te*u
Q641
9L°11
s ¢
29°sYy
J
1L9669
Jd1IN3D

1S1d
ao 1LH
A

N

H1
v
IN
nJ
NZ
8d
a3y
us

A

¥4
gN
v

Wdd

IvioL
sg¢dd
OeH
0ZVN
avo
O9W
ONW
1e0234
€02V
2011
¢01IS

IN3343d

00Yab HLINOS



271

e
[oo]

r-mgrs.-am.-qc»

vl
A
os¢é
19¢
ic
26
19
1Q¢

12°2
5% °86
%6°12
L9°*D
693
£€9°9
o1 °8
LZ2°1
KA
ST*8
88°¢
6t °0
€602
%9
Se°*SS
d
€6 186

£a8
gs

11
el
LGl

11
Z81
120 4
21¢
cgl

60L
sQ<c
Y4e1

92°Q
19°86
s 0
LZ*0
Y1°0
I%*9
81°9
go*e
Te*G
ce*e
letg
g9 °*¢
s8°Le
L9°0
L1°6s

[ev 18]

nett
a9
9

9
11
g9
9

6
slit
14
1%
cée
8¢
629
%1
1+%2

61°9
Ev 56
€50
B1°0
14
19°9
91°8
SL°1
6%°0
12*C
QL*e
£E6*1
sZ°61
0%°0
L9°%esq

1218%

J0el
1

S

L
L1
88
9
11
2ct
61
S1c¢
L3¢
%
62L
16
SLT

re*e
SL*L6
621
08°0
310
I8°*g
68
61
19°0
£2*n
ge*e
R4
6E°61
$e*o
I#¥*¢q

SH29%

gse
sl

21
Q01

%1
621
9t
08¢
e
iy
81s
661
1L¢e

21%0
7L °66
1R ¢
€lL*0
Q23
ga°*g
66°L
cg8°1l
92°0
61°Q
L€
80°¢C
£6°61
R ARY
SL*sS

SHZ9Y

0% ¢
O%
€

1

S
9
9

L
€9
g
[4: 24
891
21
Lel
18
661

LO*9
8L°96
kLA
Ly *d
60°0
829
18°8
00°*1
91°0C
8O0
ge*1l
Loce
eG*1¢
2% "0
SL*HS

HHh29y

hed

19¢
e11
e

62°0
68°66
ce*Q
YH 0
#1*0
e 9
Z26°L
96°1
Ze*Q
1¢*a
1 S
LL°T
»8*ac
g8v*0
c%°9¢g

EYZIYy

262 002
001 oL

g L

S 1

gt z

68 1s

L L

01 11
%21 €ETT
22 €1
842 182
192 Yoh 1
ve rx4
665 1€5
911 6€ T
%G1 2L
€2°0 620
19°66  85°00T
€6°0 9€° g
99°0 90°2
€1°0 80°0
L6°G SL*9
52°6 $G°S
1L°1 16°1
61°0 81°0
61°0 91°0
6% °2 €42
sz*e sz°2
Ly*Ge  lz°22
17°0 6€°0
96°%5  65°96
zvzoy  [1vz9v

6SS 3LIN3IAS

5091
s8
l

€
11
28
S

S
q9Ge
81
gL
»9¢
8¢
561
91¢
Yol

31°9

£9°cg1

8L°0
Z6°1
S48
€6 "9
$8°9
gg*{
2a°*9
el*¢
61
I A

68°ed

és i

%8 *9¢

[sez9v)
I¥INID O0¥OO HINOS

1S1a
g0 1iH
A
n
HL
v
IN
nd
NZ
dd
g8y
ds
A
U2
gN
vd

Wdd

-0¢ZH
viol
203,
+02ZH
s0¢d
0ex
0Z2VN
ovd
09W
ONW
034
€234
€02V
¢0IL
Z01IsS

IN3ID¥3d



92792

G4
9

9
%6
LO1
#¢d
60¢
8¢
6%¢
%1
L9y

72°0
00°*s6
R IR
L3°Q
643
L*g
s8°8
%01
L1°0
2190
6e*¢
9c°1
82°0¢
82°*0
LB8°€g

Zé6aLet

0ae
1

9

K4
%1
0s
S
21
(XA
G
Ll
Ol¢c
€
099
1WA
6Ly

€70
el*66
60
3c°1
69°0
1e*9
Syl
6e°1
62°0
0c*0
03¢
I%°¢
89 °0¢
Leco
64°6S

tegrzt [ozorer]

001
gL8
9

8
£l
8¢S
L

8
76
L
2s¢
et
ey
8LY
TT1
YOy

9% °0
62°66
18°0
kel
800
L1*L
£eg*s
ce°l
LS* 0
14
2L 1
Le°1
LS*61
[RA ¢
68°LS

N8 1
01t
13

L
%1
S6
L
o1
8% 1
St
SHhe
11¢€
6%
Sy
0s1
09¢

Te*Q
96°C0O1
21
18°0Q
%10
YL*9
06°L
1e°1
f6°0
%20
Ly *c
8L*¢
6% °61
€Y °*0
T1°9¢

8YEBS

GL1
08l
0

8
11
€S
S
o1
18
01
6Lc
862
%4
8l¢t
s8
L9t

Ye*O
8L70GT
Zv 0
£€9°Q
01°0
8e*9
e*6
€1
81°qQ
91°0
Le*¢
26°1
€s*1c
Qe *Q
Ze*9s

0céss

Gos
0os
G
1T
2
68
S

6
061
Le
Ote
201
99
21t
€8¢
6L1

Ye*0
¥4 *66
0% °0
[A A !
2090
11°9
8G "L
L9°1
Ly*0
0e*a
S0y
11°¢c
£Ed°61
16°0
LL %S

¢2e8s

6SS JLIN3IAS

Ges
1

4

L
o1
LYy
9

6
16
8
0cd
LGl
0<c
161
96
Lee

cctd
2566
GL*D
L g
€20
L1°9
%3°8
8G°1
KA RS
91°4
L't
a9°1
¥6°0¢c
$8°0
GL°ES
d
%9186
JYLIN3D

1sId
ac iH
A
n
HL
v
IN
nd
NZ
dd
gy
s
A
=¥
anN
vd

Wdd

-0¢ZH
Iviot
200
+0¢H
a0Zd
627
0¢ZVN
0va
OO
ONKW
033
0234
€02V
(493 81
¢0IS

iN3J43d

00Y00 HLINOS



273

3068
oY

1
sel
¢t

g61
8¢

0cc
SvYy
96

LBt
et
€6l

SL*LE

Q .mt..“

s%*9
1¢°8
gace
7G40
sc*0
sE°g
1861
163
9 hg

15€89

so1

L11
21

09¢
SOT
08

9%g
691
601

L9°L6
229
1288 R/
6L
¥8°¢
bH 0
$2*0
8¢°9
19°61
L9
A AR 3

¢mmmm

1ee
sQe
62

gcs
Zst
Oy

L% =86
6t*¢
61°9
8¢°%6
8T°1
814
10
92ty
%12
TR
L¥*G5

814966

Uneé

L1
86

Y41
St
71¢e
%81
s9
91t
L6
2és

gz°9e6
91°*3
16°L
G8°L
96 °1
6e°9
919
€8y
s8°81
294
LL*%S

69965

041
21

#ece
2L
4

16y
LL1
929

88°L6
<TI0
6€°9
uv*8
82°1
ee Y
sl
6t°g
71°0<Z
GH
£y tag

L996%

Jut
1

L

9
61
19
9

V4
991
el
6ecc
Lée
A
668
261
S6%

59°*86
601*9
Z1*9
g 6
721
[ Y
713
gZ*y
LI1¢2
Ie*u
244g+9¢

56966

avL
SI

L1
el

S1
€81
L1
261
I8t
29
%LS
QLY
LY

2286
A At
98°*¢S
7L*9
38 °2
001
1e*Q
66°8
06°91
96°0
BG*Hs

156966

el
%
S

€
€1
89
9

9
601
oY
9¢d
1671
B¢
8¢y
B8T
hay

99 L6
81°4d
81°*9
83°8
0yl
G2y
614
g8G°g
60°C2
%4
61°6s6

6%96¢

uv2I
1

<

(4]
%1
g8
Yy

L
8
61
12¢
91¢
6%
#{9
081
99¢

L6 *56
12°3
28 °g
6€°8
ei®e
6% *D
ve*Jd
9¢°s
98 °61
KA
€d s

2429565

§SS JLIN3IAS

Nt
1

g

6

1
9L

Y

9
vl
ay
112
661
£y
99L
615
8¢

€EN*L6
'R ]
JU*t9
Li* L
o1°e
| 8]
82
62°9
BE 61
16°*2
214G

7965

1S1Id

G0 1H

A

n

Hi

v

IN

nJ

NZ

dd

gy

s

A

dZ

gN

vd
Wdd

IvioL
q0dld
g
0ZVN
gvo
O9W
ONW
le0234
€02y
¢OIlL
Z01S
IN3J4¥3d

JYLIN3D DOY0D HLINGS



274

Table IV.3

CeI.P.W. norms and other petrochemical functions for the analyses
listed in Table IV.Z2. The table is arranged in the same order as the
previous table with norms of complete aﬁalyses followed by norms based on
an X.R.F. analysis only. In the latter, a common Fe203/FeO ratio is
read in for all the analyses in each unit, equal 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 which an Fé203/Fe 0 ratio has been read in
are identified by "EMPIRICAL FE RATIO" being included in the title.

The norms were calculated using the program  "NORMCAL" developed
by R. C. O. Gill. The norm and Differentiation Index (the latter being
the sum of all components in the system SiO2 - NaAlSiO4 - KAlSiO4,
Thornton and Tuttle, 1960) are given in Wt.%; the othgr functions are

calculated from cation Mol.%.

Symbols as for Table IV.2
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- Plate 1

Geological map of the Igaliko Nepheline Syenite Complex.
Scale 1:50,000. Taken from Emeleus and Harry (1970) with modifications
based upon the present worke
N.B. The newly defined area of SS5 west of QSroq Fjord; the
épproximate SS4a/SS4b boundary; the distinct south-eastern

-area of SS2; and the limit of recrystallisation around the

Igdlerfigssalik Centre.

Plate 1A

Specimen locality map for the South Qeroq Centre. Scale 1:50,000.

Specimen numbers are all in the Grgnlands Geologiske Undersggelse series.
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