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ABSTRACT

At 1299417 Ma (Blaxland et al., 1978), the Gronnedal-Tka is the oldest of the Gardar
centres, situated in the extreme north-west of the province. Rare-earth element (REE) trends
suggest that the nepheline-syenites which make up the bulk of the complex were derived from a
parental magma formed by a few percent of partial melting of a garnet-lherzolite mantle source

during an episode of rifting in the Early Gardar.

In contrast to other undersaturated Gardar centres, the syenites of Gronnedal-fka show
some striking mineralogical differences. The scarcity of amphibole and lack of olivine indicate a
magma with a relatively high oxygen fugacity. Opaque oxide compositions and pyroxene trends
provide further support for this idea. Additionally, the occurrence of zircon in all units of the

complex is unusual, and is probably related to post-magmatic alteration processes.

Fractionation of apatite and zircon appears to have been responsible for the observed vari-
ations in REE content, although later alteration and variations in the composition of the inter-
cumulus liquid have given rise to a considerable scatter in major and trace element abundances.
Normative compositions show the evidence for the development of a ‘sandwich’ horizon in both

the Lower and Upper Series.

At a later stage, a plug of xegolithic syenite was intruded, which was followed by a the em-
placement of a body of lxenolithic'carbonatiﬁe, containing fragments of the earlier syenites. This
unit is predominantly sgvitic, but with increasing fractionation, more iron-rich (ferrcarbonatite)
compositions were developed. Compared to many carbonatites, the rock at Grennedal is rather
poor in ‘exotic’ minerals. Trace element abundances, however, show extreme enrichment in Sr,
Th, REE’s, and Y, and depletion in Zr, Ti, and K compared to the syenites. These variations
are comparable to the observed concentrations in the Igaliko carbonatite dykes (Pearce, 1988).
Hf, Ta, and REE distributions between the carbonatite and syenitic rocks suggest that the car-
bonatite was derived by liquid immiscibility from a COz-saturated phonolitic magma, with the

conjugate silicate phase possibly intruded as the Xenolithic Porphyritc Syenite.

Patchy metasomatic alteration has affected all units, and has given rise to the Coarse-
Grained Brown Syenite, which occurs in both the Lower and Upper Series. More intense alter-
ation has affected the syenites, giving carbonate-rich ‘carbosyenites’, and xenoliths of country
rock within the syenites and carbonatite; the surrounding country-rock is not as severely af-
fected as might have been expected. The presence of zircon, alkali mafics, sodalite veins, and
recrystallisation of feldspar in the altered rocks is attributed to the effects of peralkaline, Cl-
and COg-rich late-stage fluids derived from both the syenites and carbonatite.
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CHAPTER 1: INTRODUCTION

1.1: Geographical setting and terrain

Lying in the north-west of the province (fig. 1.1.1), Grgnnedal-ka is one of
the smaller Gardar complexes, its present elongate outline measuring 8km NNW-
SSE, and 3km NE-SW. In contrast with the majority of Gardar centres, it forms
relatively gentle topography, the syenites and carbonatites weathering easily to
form rounded, scree covered hills rising to a maximum height of 585m. An impor-
tant effect of this is that while the exposure is not as good as in other complexes,

what is present is usually accessible.

A glacially carved ‘bowl’ forms the central area, floored by thick, well-
vegetated moraines, giving rise to the ‘Green-Valley’ (Grgnne Dal) from which
the complex takes part of its name. Exposure here is minimal, but improves dra-
matically on the surrounding higher, rockier ground, especially in the NW of the
complex. Lakes to the east and south of the Grgnne Dal drain into Arsiik fjord by
rivers and streams which carve deep ravines in the moraine, down to the bedrock,
and offer some of the most continuous exposures in the complex. In the south-
east, the steep—sided SW-NE trending Ika fjord cuts across the extreme south-east

corner of the complex, giving rise to the least accessible part of the area.

There are no Inuit villages present, the only settlement being the Danish
Naval base of Grgnnedal where the Bryggerens Elv, draining the Grgnne Dal,
enters Arsiik fjord, from which a rough track runs in an easterly direction to a

hut, Jernhat, at 400m altitude in the centre of the carbonatite area.

Grgnnedal experiences the usual vagaries of Greenland weather, though its
exposed location relatively near to the open sea results in the area being especially
prone to poor weather, and particularly sea-fog or low cloud, often resulting in a

late start to the days work.
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Stable scree areas are generally well-vegetated with mosses, arctic flowers, and
dwarf birch, areas of the latter proving particularly difficult to cross. Arctic foxes
were common around the camps and near to the base, scavenging in the refuse
tips, while several muskox were observed on the day that they were introduced into
the ‘commune’ (bounded by Arsiik fjord, Qérnoq, and the ice-cap) as a scientific
experiment, though nothing more was seen of them after this. The reader is
referred to other workers for descriptions of the ubiquitous mosquitoes, which
give way to black-flies at the beginning of August in this, one of the worst affected

areas in the whole of south-west Greenland (Emeleus et al., pers. comm.).

1.2: General geology and relationships to Gardar igneous activity

A brief outline of the basic geology of the complex will be given here, and
an attempt to relate this to events occurring in the Gardar on a larger scale. A
summary of Gardar geology is given by Emeleus and Upton (1976) and an up to
date synthesis by Upton and Emeleus (1987).

Lying in the border zone between the Ketilidian mobile belt to the south and
the Archaean block to the north (fig. 1.1.1), the country-rocks around the complex
consist of banded quartzo-feldspathic gneisses with occasional amphibolites. The
latter were intruded during the Ketilidian and Archaean, while the gneisses are

regarded as reworked Archaean rocks (Henriksen 1969).

Intra-plate alkaline magmatism in south-west Greenland between 1320 and
1120 Ma (the Gardar) can be related to repetitive rifting within the Proterozoic su-
percontinent which was composed of present-day North America, Greenland, and
Europe (Piper 1982). Three main cycles of igneous activity have been proposed
(Early, Mid, and Late-Gardar), each commencing with uprising of olivine-basalt
or hawaiite magmas during crustal extension, and terminating with emplacement
of the central complexes towards the end of the extensional phase. Exceptions

to this, however, include the South Qo6roq and Igdlerfigssalik centres, which were



emplaced at the start of the Late-Gardar cycle. Lying to the north of the province
and consisting mainly of just-peralkaline to subalkaline nepheline-normative syen-
ites (foyaites), Grgnnedal-Ika is consistent with the observation that oversaturated
centres predominate in the south while undersaturated centres tend to occur in

the north.

The Grgnnedal-fka complex has been dated at 1299+17Ma (Blaxland et al.
1978), making it the oldest of the central complexes, emplaced at the end of the
Early-Gardar cycle. In the well-exposed north-west region of the complex, two
syenite units were distinguished by Emeleus (1964), who used these to show that
movement along a major EW-trending pre-Ketilidian line, the Laksenzs fault
(Henriksen 1960) continued into the Gardar. The Lower Series syenites (‘syenite’
used here when ‘nepheline-syenite’ is implied, unless otherwise stated), form a
crescentic outcrop in the north-west of the area, separated from the Upper Series
syenites forming the bulk of the complex, by a gneiss ‘raft’. Both series are
well laminated, as defined by tabular orthoclase crystals, the lamination dipping
towards the centre of the complex. A marginal suite of syenites is developed in
_ the north-west, concentric to the Lower Series, and possibly cogenetic with them,
while a pyroxene-rich facies of the Upper Series contains possible mafic layering.
Microsyenite dykes and sheets cut these syenites, possibly representing quench

facies of these rocks.

Forceful emplacement of a magma rich in phenocrysts (?xenocrysts) and xeno-
liths of the earlier crystallised syenites then took place, forming a central stock-like
intrusion several hundred metres across. This was followed in turn by a carbon-
atitic magma, similarly rich in xenoliths and cutting earlier units to form a central
plug, and completes the plutonic igneous activity of the area. This occurrence of
carbonatite is the most significant in the Gardar, and is apparently unrelated to
any ultramafic lamprophyres, as has been proposed for some of the minor occur-

rences elsewhere in the Gardar (eg. Qagssiarssuk, Stewart 1980), but which do



not outcrop at Grgnnedal. However, Pearce (1988), working on dykes from the
Igaliko complex, has suggested that COq-saturated phonolitic magma may have

been a source for the carbonatite dykes there.

Following emplacement of the Early-Gardar complexes, basic dykes of Mid-
Gardar age were intruded across the whole region, the latest of which were doleritic
in composition (so-called ‘brown dykes’). Three generations of these (BDO0,1,2)
cut across the syenites at Grgnnedal, while a fourth (BD3) is recognised else-
where. Observed displacements along these dykes has enabled the post-intrusive
offset along the faults to be determined, movement along which throughout the
Ga.rdaﬁ:ﬁis led to considerable distortion of the outline of the complex (Emeleus
1964). Finally, a sub-parallel swarm of alkaline dykes of phonolitic, trachytic,
and lamprophyric compositions (distinct from the microsyenite dykes and sheets
which are related to the formation of the complex), trending roughly ENE-WSW,
represents a resurgence of alkaline activity in the area, possibly of Late-Gardar

age. These do not form part of the work in this thesis, but have been extensively

studied by Gill (1972a,b).
1.3: Previous research

Although the earliest record of nepheline-syenite in the area was made by
Taylor in 1855, it was not until the early 20th century that the first attempt at
systematic mapping was undertaken by N.V. Ussing and O.B. Bgggild. Other
early observations of significance were made by Holst (1886), with the discov-
ery of ‘limestone’ with iron-ore near Ika, and by Callisen (1943), who made the
first petrographic distinctions between the syenites and investigated their igneous

relationships.

The first detailed mapping of the area was carried out by Emeleus over three
field seasons between 1956 and 1960. He distinguished the Lower and Upper

Series syenites, separated by a gneiss ‘raft’, the late-stage forceful emplacement



of xenolithic syenite and carbonate plugs, and a marginal suite of rocks in the
north-west of the complex. The recognition of the extent of the faulting in the
area was also of significant importance, allowing a restoration of the complex to

be made, and the unfaulted margins and contact relationships to be postulated.

The first detailed geochemical study of the complex was made by Gill (1972a)
who explained the chemical variations across the units described by Emeleus in
terms of the nature and proportion of the phases fractionating. He also examined
the chemical relationships between the units, and distinguished three primary
magma types, as well as investigating in detail the later alkaline dykes in the

area.

Most recently, a survey of the economic potential of Grgnnedal-fka in terms
of niobium and phosphorous was made by Morteani et al. (1986), and compared
with that of the Motzfeldt centre, Igaliko. This investigation, which included a
few microprobe and bulk-rock analyses, concluded that no workable quantities of
niobium were present, though some units, particularly the carbonatite, contained

significant amounts of phosphorous.
1.4: Aims

This work follows a similar pattern to that of Stephenson (1973), Chambers
(1976), and Jones (1980) on the South and North Qoéroq, and Motzfeldt centres
respectively. It supplements the bulk-rock geochemical work of Gill (1972a) on
Grgnnedal-Tka, who ignored the carbonatites and concentrated instead on the
syenites and alkaline dykes. The latter are not considered, while the carbonatites

and syenites are the subject of this thesis.

Detailed and systematic microprobe investigations of the mineralogy of all of
the rock units was made to observe the evolution of the physical and chemical

characteristics of the Grgnnedal-fka magma types, and to make comparisons with



other Gardar central complexes. Unusual compositions have been investigated, to-
gether with the rare-earth element (REE) abundancies of certain phases (apatite,

zircon), to amplify the work of Morteani et al. (op. cit.).

Bulk-rock major and trace-element geochemistry was undertaken for compar-
ison with Gill’s work and to investigate genetic relationships between the syenites.
Using this and REE data from neutron-activation analysis, the aim was to derive
a petrogenetic model for the complex, and to constrain the nature of the source

Oor sources.

The carbonatites are examined in some detail, and compared with the Igaliko
carbonatite dykes (Pearce 1988). Using REE data, any relationships to other
units exposed in the complex are investigated in an attempt to determine their

origin and subsequent evolution.

Finally, the metasomatic alteration of the country-rock and of the syenites
themselves is investigated to determine the nature of the metasomatising fluids,
whether from the syenites, the carbonatites, or from both. This will be compared
with similar alteration in the North Qdroq centre which has lead to the growth
of late-stage alkali feldspars (Rae and Chambers 1988), and with other parts of
the world where metasomatic alteration associated with alkaline complexes has

occurred.
1.5: Fieldwork and sampling

Fieldwork and sampling were carried out over six weeks in July and August
1987 from two camps within the complex. Most of the time was spent in the
Grgnne Dal, 1.5km up the road from the base to the hut, from where the central
and southern part of the complex was studied. A second camp was set up at the
outlet of the Kontaktelv for one week in order to examine and sample the well

exposed rocks in the north-west of the area. The small size of the complex and



the relatively straightforward terrain meant that moving and setting-up camps

could be done easily, with help from the base.

Using the geological map of Emeleus (map 1, back of thesis), observations
were made of the contacts between units and the margins of the complex, together
with a comparison of the various lithologies. It was intended to supplement the
samples collected by Emeleus in the 1950’s and by Gill and Stephenson in 1973,
by making systematic transects across the units with a view to collecting for
XRF and microprobe analysis. Samples of 1.5 to 2kg were taken due to the
generally coarse grain-size of the rock, and located using aerial photographs or
the geological map, whichever was thought to be the most accurate. However,
the generally poor exposure meant that good coverage was not easy to obtain,
as part of the transect would inevitably cross poorly-exposed or badly-weathered
ground. Good, continuous, though not always accessible exposure could be found
in the ravines which cut through the moraine in the central part of the area
(eg. Bryggerens Elv, Radioelv), while in the well-exposed north-west part of the
complex, several detailed transects were obtained through the marginal syenites,

and into the Lower Series.

It is likely that by more concentrated sampling in one region of the complex
(such as in the well-exposed north-west), and by collecting fresh samples as far as
possible, a bias may be introduced. Despite the difficulties, though, much care and
effort was taken in an attempt to build up a representative collection of samples

from each of the units over as large an area as possible.
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CHAPTER 2: FIELD RELATIONSHIPS

2.1: Introduction

As field and petrographic descriptions are given by Emeleus (1964), this chap-
ter introduces new field observations made during the 1987 field season. On fresh,
unweathered surfaces, the different units are usually easy to distinguish using
Emeleus’ descriptions, though variations in the modal proportions of nepheline,
feldspar, biotite and pyroxene (the principle phases) and grain size, sometimes
cause confusion. This is particularly the case in ‘disturbed’ areas, such as adja-
cent to the gneiss raft in the Bryggerens Elv, and in the Radioelv between the
Upper and Lower Series, where intermingling of magma-types appears to have

occurred in a zone ¢.300m wide (cf. section 2.4).

As described in chapter 1, exposure is not always good, and even where
present, the rock is often so badly weathered that it is impossible to obtain a
fresh surface for examination. A certain type of alteration has also resulted in the
weathering-out and staining of the material between the feldspars, giving a false
impression of the proportion of mafic minerals present, as on the north-west shore

of the Langesg, in the Upper Series.

Bearing these problems in mind, there was found to be little disagreement
between the observations made in 1987 and the geological map of Emeleus (map 1),
though some areas of discrepancy were found. The eastern boundary of the gneiss
outcrop in the Kontaktelv was observed to be further to the west than indicated
by the map, so that syenite of the Lower Series was found where tributary joins
from the south-east. In addition, to the north-west of the Langesg, the pyroxene-
rich syenites did not appear to outcrop on the lake shore, but were found higher
up the hillside. Finally, the exposures in the tributaries of the Bryggerens Elv
have been recorded as belonging to the Upper Series Syenite as opposed to the

Coarse-Grained Syenite, due to a greater resemblance of the rock to the former



than the latter. These alterations are shown on map 3, the sample locality map

for the 1987 field-season.
2.2: The country-rock

The syenites were emplaced in well-foliated quartz+feldspartbiotite gneisses,
which are occasionally altered and recrystallised, especially where they occur as
xenoliths within the syenites (chapter 7). In the north-west, an arcuate outcrop of
quartzo—feldspa.thic gneiss ¢.500 x 1500m in size separates the Upper and Lower
Series Syenite, possibly having spalled-off the roof of the intrusion (Emeleus 1964),
while near the north-west margin, gneiss occurs interleaved with sheets of granular
syenite. As mentioned in section 2.12, these syenites have a rather gneissose

appearance themselves, making this a confusing area to examine and sample.

Foliated augen gneiss occurs adjacent to the syenite on the south-east side
of Tka (samples G113 and G114, map 3), while on the shores of the fjord, highly
contorted schistose rocks were found (G105 and G106). These V;ery strongly meta-
somatised rocks have distinct blue tinge due to impregnation by sodic amphibole
(chapter 7, plate 7.3), and may correlate with the Sermilik Group of metasedi-
ments on Arsuk @, 12km to the WSW (Wegmann 1938).

2.3: Lower Series Syenite

This is the best exposed of the syenite units, and forms a crescent-shaped
outcrop in the north-west of the complex, while to the west it outcrops on the

north-east flanks of Rypefjeld and in the Radioelv gorge.

The rock is generally coarse-grained with variable amounts of alkali feldspar
(c.10mm X 7mm x 1-2mm), nepheline, alkali pyroxene, and biotite (all generally
equant, 2-4mm in diameter; plate 2.1), the tabular feldspars defining a distinct
lamination which dips towards the centre of the intrusion and steepens towards the

margins. On a large scale, this lamination manifests itself as a series of terraces,



the dip-slopes of which are directed towards the centre of the intrusion, parallel
to the orientation of the feldspars. These features were also observed on aerial
photographs of the area, where they appear as a series.of distinct pale-coloured

ridges parallel to the trend of the Lower Series outcrop.

Two distinct facies of this unit were identified in the field, with a gradation
of rock-types between the two end-members. The first of these, forming the bulk
of the Lower Series, is grey in colour, and appeared to be relatively unaltered,
though often crumbling to a gravel with only very light hammering. The second
facies occurs as rusty-weathering outcrops and appears to be the same rock-type
as mapped by Emeleus as Coarse-Grained Brown Syenite and is thus described in

section 2.7.

The proportion of mafic and felsic minerals varies considerably, in extreme
cases resulting in a rock composed almost entirely of alkali-feldspar (pulaskite),
equivalent to the type IV syenite distinguished by Gill on a geochemical basis
(1972a). This pulaskitic facies is variably developed, though with a slight tendency

to be more extensive towards the top of the unit.

Other features observed in 1987 were rare xenoliths of a biotite-rich Lower
Series-type syenite, and fine grained, mafic-looking clots a few centimetres in size,
around which the feldspars are flow-banded, occurring on the north-west side of

the Cirkus.
2.4: Upper Series Syenite

This unit is the most extensive in the complex, forming an elliptical outcrop
measuring 3.3km x 4.8 km on the reconstructed map (map 2). It is generally dis-
tinguished from the Lower Series Syenites by the coarser grain-size of the feldspars
(17mm x 12mm X 3mm), though the distinction is sometimes unclear. For ex-
ample, in the Radioelv at the junction of the Upper and Lower Series Syenite,

W
variations in the degree of lamination and proportions of mafics results;\a banded,
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almost gneissose appearance over a zone several hundred metres across. A large
body of gneiss was observed in the lower parts of the stream and 500m to the
north-east in the Bryggerens Elv, and it is possible that the disruption has re-
sulted from fragments of country-rock which have sunk through the magma. As
mentioned in the introduction, this unit also outcrops in the central part of the
complex, in the Bryggerens Elv gorge, and is clearly different from the much
coarser ‘Coarse-Grained Syenite’ described in section 2.8. The syenites are lam-
inated, though not quite as finely as in the Lower Series, probably due to the
coarser grain-size of the feldspars. Poorly laminated areas a.reAquite common, es-
pecially on the shores of Nedre Radiosg, and on the peninsula on the north-west
shore of the Langesg, possibly caused by a reduction in the strength of magmatic

convection currents which might otherwise tend to orientate the feldspars.

The mineralogy is broadly similar to that of the Lower Series, though there is
a greater tendency for large variations in modal mineralogy in the Upper Series.
A facies very rich in nepheline (up to ¢.70%) was observed, which is not simply
an artefact due to alteration rendering the nephelines more clearly visible. This
facies occurs as dykes and veins which penetrate blocks of gneiss within the Upper
Series in the Bryggerens Elv (sample G238), and on the north-west flanks of the
410m peak to the west of Jernhat (sample G72). Accumulations of mafic minerals
also occur quite commonly, in the form of smeared-out patches and streaks on a
scale of millimetres to tens of centimetres. These ‘schlieren’ occur throughout the
Upper Series, but are particularly well-exposed on the south-east shore of Ika fjord,
where the feldspar lamination appears to wrap around the edge of the schlieren
(plate 2.2). Stephenson (1973) suggests that such mafic accumulations may be
the result of slumping of crystal-rich ‘slurry’ in the South Qodroq centre, although
it cannot be ruled-out that they may have formed as a result of concentrations
of expelled interstitial liquids as a result of compaction, and distorted during

continued compaction.
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2.5: Mafic Upper Series Syenite

This unit, up to ¢.400m in width, forms an intermittent horizon within the
Upper Series Syenite, which is rather indistinct near the Radio lakes in the south,

but more continuous in thé north and north-west.

Mineralogically and texturally, the rock is similar to the Upper Series Syenite,
but with a greater proportion of pyroxene at the expense of alkali feldspar and
nepheline, so that in places it approaches the composition of malignite (50% py-
roxene, 25% alkali feldspar, 25% nepheline). The proportion of pyroxene is very
variable, though, so that this unit grades into Upper Series Syenite above and

below. Nepheline is sometimes very scarce or even absent.

Layering has been described from a locality within this unit, 200m south-east
of Toffelsp (Emeleus 1964, and plate 2.3, this volume), where centimetre-thick
layers of pyroxene are developed parallel to the lamination, continuous for several
metres, and grading laterally into more diffuse areas of mafic schlieren. This
was the only example of mafic layering seen in either the mafic or non-mafic
Upper Series Syenite, where the pyroxene-rich layers are parallel to the feldspar

lamination, though irregular areas of schlieren are very common.

2.6: Granular Syenites

These rocks form a distinctive marginal facies, occurring as a series of narrow
(<100m wide), steeply dipping, cross-cutting, sheet-like bodies concentric to the
outer margins of the Lower Series Syenite and Coarse-Grained Brown Syenite in
the north-west of the complex. Two types of Granular Syenite were distinguished,

and designated ‘GS-A’ and ‘GS-B’.
2.6.1 GS-A

This unit, equivalent to Gill's ‘GS-2’ (Gill 1972a), is a fine to medium grained

rock, characterised by an abundance of sharp, prismatic pyroxenes, sub-millimetre
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to a few millimetres in size, and randomly orientated tabular feldspars up to 10mm
X Tmm x 2mm. It appears to form a ring-dyke, cutting across the country rock
gneisses and GS-B on the north-west side of the complex, and is seen in steeply
outward-dipping contact with the latter at one locality (plate 2.4). The contact is
quite sharp, the change from GS-A to GS-B taking place over a few millimetres,
with the ring-dyke chilled to a sub-millimetre grain-size over a distance of several

centimetres.

2.6.2 GS-B

More abundant than GS-A, this unit occurs as sheets cutting country-rock
gneiss, the Coarse-Grained Brown Syenite, and the lowest parts of the Lower Series
Syenite. It is equivalent to Gill’s GS-1 syenite, and Emeleus’ biotite-rich syenite.
As this name would imply, it contains plates of biotite up to 12mm in size, with
equant as opposed to tabular feldspars, which are only weakly flow-orientated.
The rock has a medium grain-size, with most crystals a few millimetres in diame-
ter, while modz-il proportions of the mafic minerals are somewhat variable, leading
to a heterogeneity on a centimetre to metre scale. Small-scale mafic layering was
even observed at one locality, with a sharp, crenulate-based mafic layer grading

upwards into less-mafic syenite over several millimetres (plate 2.5).

Slight grain-size reduction towards the country-rock occurs, indicative of chill-
ing adjacent to the margins, but as with all other units of this complex, sharp

contacts were not observed (cf. section 2.12).

2.7: Coarse-Grained Brown Syenite

This is marked on the geological map (map 1) as a fairly continuous unit lying
on the north-west (outside) of the Lower Series Syenite, and is thought to be a
continuation of this unit (Emeleus, pers. comm.). In the field, however, though
very common in this area, it passes repeatedly into Lower Series Syenite both

across and parallel to the strike of the lamination over a few tens of metres (plate
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2.6). Additionally, it is patchily developed in the Upper Series Syenite, and is
thus regarded as an alteration facies of the laminated syenites which is far more

widespread than map 1 would suggest.

Texturally, it is distinct from the Lower or Upper Series Syenites in being
both coarser (tabular feldspars often exceeding 20mm across), and very poorly
laminated. The feldspars are characteristically bleached on weathered surfaces,
while the rock as a whole is rust-brown in colour, possibly due to leaching of iron
from the feldspars, and redeposition on the surface as oxides. A green, interstitial
micaceous mineral is common, probably from alteration of original mafics, and
resinous-brown octahedra of zircon, which were found up to 10mm across from a
pegmatitic patch in the Coarse-Grained Brown Syenite, ¢.1.5km due north of the
Base (sample G258).

2.8: Coarse-Grained Syenite

This distinctive, minor syenite body outcrops at the head of Urdal where it
"is disrupted by shearing and faulting (section 2.13). As the name suggests, it is
extremely coarse grained, with euhedral nephelines up to 20mm across, tabular
alkali feldpars up to 50mm in diameter, and altered interstitial mafics (plate 2.7).
The rock is very poorly laminated, and appears to grade into the Upper Series
with decreasing grain-size. These exposures bear little resemblance to the rocks
in Bryggerens Elv, identified as Coarse-Grained Syenite by Emeleus, which are
correlated with the Upper Series Syenite on the basis of field evidence in this

work.

2.9: Xenolithic Porphyritic Syenite

This, the youngest of the intrusive syenites at Gr¢nneda.l-ika, forms an ex-
tensive outcrop to the west of the Langesg around the 530m peak, together with

minor outcrops some tens to hundreds of metres across to the south and west. It
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forms characteristic angular weathering outcrops, with the rock itself breaking to

give very sharp fragments.

The xenoliths, which range from millimetre-sized groups of crystals to metre
sized blocks, are sharply-bounded and very angular, as if formed by explosive frac-
turing of the country-rock. The distribution of compositions present as xenoliths
appears to reflect the local rock-types which occur around each outcrop, eg. Up-
per Seﬁes Syenite is abundant in the main outcrop, and Coarse-Grained Syenite
in the minor intrusions at the head of Urdal. Occasional fragments of gneiss and a
fine-grained basic material (?basement amphibolite) occur, though the common-
est rock of all is a fairly coarse granular syenite, which does not resemble any of

the rocks exposed, but is presumably present at depth.

The host-rock itself consists of fine-grained (millimetre to sub-millimetre) py-
roxene, nepheline, and alkali feldspar, with phenocrysts (?xenocrysts) of these
phases, a few millimetres in size. The feldspars are often flow-orientated around
the xenoliths, and become increasingly abundant towards the top of the unit
(sample G134), possibly grading into Upper Series Syenite which is present on the
summit of the 530m peak (sample G135).

The distribution of both phenocrysts and xenoliths is rather uneven, with
areas very poor in both occurring in the north-west part of the outcrop, which
is here very feldspathic. Contacts with the country-rock (usually Upper Series
Syenite) are very difficult to trace even in very well-exposed areas, due to the
strongly brecciated, highl'y irregular nature of the margins. It is seen chilled

against Upper Series Syenite just south of the 530m peak.
Carbonated Xenolithic Porphyritic Syenite

To the east of the Cirkus, between the 510m and 530m peaks, a dyke-like body
of highly xenolithic, porphyritic, amygdaloidal rock occurs. Well-rounded xeno-

liths of Xenolithic Porphyritic Syenite, amphibolite, and syenite, a few centimetres
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to tens of centimetres in size occur in a dark microcrystalline, carbonate-rich ma-
trix, with phenocrysts of nepheline and alkali feldspar, a few millimetres in size.
Two samples of this peculiar, carbonated variety of xenolithic and porphyritic
syenite were collected (G58, G136).

2.10: Porphyritic Microsyenites

This section describes those fine-grained syenites with varying proportions of
tabular feldspar and occasionally nepheline phenocrysts, which occur as dykes
and possibly sheets cutting across earlier units of the complex. They are evenly
distributed throughout the Upper and Lower Series Syenite, and are far more
numerous than Emeleus’ 1964 geological map (map 1) suggests. The group does
not include the later alkaline dykes, which represent a (?Late Gardar) resurgence
of alkaline activity in the area (Gill 1972b) and are aphyric, nor the marginal
microsyenites, which are described in section 2.12. In general, the Porphyritic
Microsyenites are less susceptible to weathering than the laminated syenites (plate
2.8), possibly due to tighter packing of the grains than the more open framework

of the coarser units.

Set in a sub millimetre-sized groundmass, the tabular feldspar phenocrysts are
frequently flow orientated. Where the rock occurs as dykes (tens of centimetres
to 1m across), it tends to be poorer in phenocrysts, but where present, these are
are aligned parallel to the trend of the dyke, the alignment increasing towards the
margins due to greater liquid shear stress. Dyke margins tend to be knife-sharp,
and pick-out indentations around feldspars in the Upper Series Syenite, which has
split in a direction roughly perpendicular to the lamination in the rock (plate 2.9).
Dyke orientations are very variable, and no consistent pattern emerges, though
they are straight-sided and occasionally anastamosing, as in the Upper Series

Syenite to the north-east of the Base.

Cutting the Upper and Lower Series Syenites and the gneiss raft in the north-

west of the area are a series of microsyenites which tend to be richer in phenocrysts
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(mainly feldspar) than the dykes, forming up to 70% of the rock. Flow orientation
is common, but the margins to these exposures are rarely seen, so it is difficult to

determine the form of the intrusions, whether dykes or sills.
2.11: Pegmatites

These occur either as patches within the syenites, or as veins and dykes which
cross-cut earlier textures and structures. The former are present as irregular
patches of a coarser grained facies of the surrounding rock, some tens of cen-
timetres to 1m across. Sometimes diffuse, though usually sharply bounded, they
may be the result of local concentrations of volatiles, and are particularly com-
mon in the Granular Syenites around the north-west margin of the complex (plate
2.10). Pegmatites also occur as dykes up to 1m across within the syenites, though
also within the country-rock to the north of the complex. These consist mainly
of nepheline, feldspar, and pale-green, coarse acicular pyroxenes, up to several

centimetres in length (sample G183).
2.12: Marginal syenites and contacts with the country-rock

Though the actual contact of the syenites with the country-rock is very rarely
exposed, it can usually be located to within a few metres, and is sometimes in-
dicated by a change in slope, as on the northern side of the Kontaktelv: where
the more resistant gneiss forms crags, while the more easily eroded syenite has
weathered to form a more gentle slope below. Chilled marginal rocks are like-
wise rare, possibly due to intrusion into relatively hot country-rock, which could
result in a very narrow zone of chilled rock which may be only rarely exposed.
At one locality in the north-west of the area, Lower Series Syenite remains coarse
right up to an area of gneiss in the Kontaktelv (plate 2.11). The orientation of the
feldspar tablets suggests flow of magma adjacent to the gneiss, strong liquid shear-
ing resulting in the alignment of crystals parallel to the margin, with no apparent
chilling. Complex relationships exist between the GS-B variety of the Granular
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Syenite and the country-rock in the north-west of the area. Here the syenite is
streaky and rather gneissose itself, and though actual contacts are observed, chill-
ing is again absent. . However, in the Upper Series Syenite in the north of
the area, chilling adjacent to the contact is observed at one locality (samples G37
and G38, map 3). Sample G37, 15cm from the contact itself, is a fine-grained
(sub-millimetre), pale-coloured granular rock, with biotite plates around 1-2mm
across. Sample G38, 50cm from the contact, is coarser, with millimetre-sized
tabular feldspars defining a lamination which dips steeply northwards at around
80°, roughly parallel to the outward-dipping margin. Here, therefore, the ‘chilled
margin’ is less than a metre in width, but in the south-west of the complex, 500m
north-west of Nedre Radiosg, an area of very fine-grained microsyenite is seen a
few metres from the country-rock gneiss (sample G64). Though the contact itself
is not observed, the lateral extent and proximity to the country-rock of this unit

suggests that this microsyenite represents part of a chilled margin.

The final type of marginal facies rock occurs sporadically, and is restricted to
within a few metres of the margins of the intrusion, eg. just south of Tolvsger
(sample G44), further to the south in the screes above fkasletten, and in the
Radioelv. It is characterised by dark, equant amphibole crystals, 5-10mm across,
giving the rock a spotted appearance. Generally very fresh, it occurs as patches
and dykes some tens of centimetres in width, with the amphibole concentrated

towards the margins (plate 2.12).

2.13: Faulting

Partly as a result of its location at the intersection of two major strike-slip
faults, and partly because of its age (the oldest Gardar intrusion; section 1.2), the
Grgnnedal-fka complex has suffered a considerable amount of deformation and
faulting. Stephenson (1976b) has described how the elliptical shape of the complex
and the faulting are the result of ductile deformation within a sinistral shear

zone, which changed to brittle deformation (faulting) as the rocks cooled following
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emplacement. The combination of this shearing, giving rise to the original NW-
SE-trending elliptical outline, followed by later faulting, are the main factors

responsible for the present outline of the complex.

On a small scale, well-defined shear-zones a few centimetres thick, and less
well-defined zones several metres thick result in deformation of the constituent
minerals in the Coarse-Grained Syenite at the head of Urdal. These outcrops
occur near the intersection of the main north-south and ESE-WNW-trending
faults, and may be the result of minor conjugate shears, giving rise to a sub-

- mylonitic fabric in the rock.

The two main WNW-ESE (sinistral) and N-S (dextral) faults weather-out as
small valleys or even ravines (eg. the Urdal gorge, plate 2.13). They give rise to
a zone of intense crushing and brecciation several metres to tens of metres across,
associated with much carbonation and carbonate veining of the rock, possibly as
a result of remobilisation of the carbonatite. In the upper part of the Bryggerens
Elv, thickening of the outcrop of a large dolerite dyke occurs due to multiple
faulting, and has also resulted in much alteration and brecciation, making the
rocks difficult to distinguish in this region. Wedges of gneiss, dolerite, Xenolithic
Porphyritic Syenite, Upper Series Syenite, and carbonatite, each some tens of
metres across, all occur in this complex area. Horizontal slickensiding in the
Hyttelv, on surfaces mineralised with blue amphibole and green pyroxene, shows

that the last phase of movement, here at least, was a strike-slip motion.

19



CHAPTER 3: PETROGRAPHY OF THE SYENITES
3.1: General

This chapter describes the petrography of the syenite units, whose field ap-
pearance and relationships to each other were described in the previous chapter.
As already mentioned (section 2.1), the metasomatised rocks and carbonatites

form distinctive groups, and are described in separate chapters.

Some generalisations can be made concerning the textures and mineral-
ogy of the rocks, which are characteristic of an alkaline, undersaturated bulk-
rock chemistry, and in order of decreasing abundance usually consist of al-
kali feldspar+nephelinetaegirine-augitetbiotitetapatitetopaques. All of these
phases are usually present, though sometimes either biotite or aegirine-augite are
absent, and very occasionally, both of these are missing. The alkali feldspar is
almost always perthitic, often quite coarsely exsolved, with microcline sometimes
acting as the host instead of orthoclase, and the nepheline is invariably partly or

completely altered to the fine-grained micaceous mineral, gieseckite (plate 3.1).

As in the field, the degree of alteration seen in thin-section varies considerably,
giving rise to a distinctive facies, the Coarse-Grained Brown Syenite (section 2.7)
or in extreme cases, metasomatic alteration (chapter 7). Cancrinite is a common
poikilitic mineral, usually associated with nepheline. It occurs as a low-relief,
colourless mineral in plane-polarised light, but is prominent in crossed polars,
with up to 2nd-order interference colours, and forms large (up to 2cm) poikilitic
crystals partially or entirely enclosing the nephelines (plate 3.3). It results from
late-crystallisation of COjg-rich fluids, and increases in abundance with overall

degree of alteration of the rock.
3.2: Lower Series Syenite

The dominant mineral is alkali feldspar, which occurs as simple-twinned, thin,
tabular, euhedral to subhedral crystals, and forms up to ¢.60% of the rock by
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volume, the more feldspathic samples tending to occur at the top of the unit.
The feldspars almost always show perthitic exsolution, which takes at least two
different forms (plate 3.2). The commonest of these shows a pattern of braided
lamellae, each one up to ¢.100um across, and symmetrical .- about the twin-
plane (cf. ‘braid-perthite’, Parsons 1978; plate 3.2a). Much coarser exsolution
has resulted in patches of microcline and exsolved material (usually plagioclase)
up to 0.5mm across (‘patch perthite’, plate 3.2b), though a gradation between the
two textures seems to occur, and the precise orientation of the feldspar crystal
probably affects the appearance of the perthite as seen in thin-section. Occasional

crystals of antiperthite and individual grains of microcline also occur.

Nepheline is always present, although frequently altered to gieseckite, which
pseudomorphs the original outline of the crystal. The euhedral shape of the
nephelines, with a square or rectangular cross-section, is suggestive of a cumulus
origin. Optically continuous overgrowth is occasionally indicated by an internal
rim of inclusions, marking the earlier euhedral crystal outline, and forming a more
subhedral shape to the crystal. The nephelines occasionally shows signs of recrys-
tallisation (sample G176; plate 3.11), in which the millimetre-sized grains have
a granoblastic texture in places. The same sample shows evidence of feldspar
recrystallisation along discrete zones 1-2mm across, with polygonal grains 50-
100pm in size, some of which show plagioclase twinning. These may be the result
of relatively late-stage ductile fracturing of the rock, followed by fluid-enhanced

recrystallisation localised along these fractures.

Aegirine-augite is the commonest mafic phase in the Lower Series Syenite, oc-
curring as subhedral or poikilitic/interstitial grains up to 5Smm across. It shows the
typical pleochroism of alkali-pyroxenes (a emerald-green; 3 pale-green; 7 yellow-
brown), and is frequently zoned froﬁl paler green cores to darker rims. The lowest
rocks of the unit show the most euhedral pyroxenes, which become more intersti-

tial at higher levels in the series, and are generally absent from the highest parts of
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the Lower Series Syenite. These highly feldspathic samples show the most strongly
developed lamination of any part of the complex (eg. samples G222, 27136). The
other common mafic phase is biotite, occurring as poikilitic or interstitial grains
up to several millimetres across. It is intensely pleochroic (a pale-brown, rusty-
brown/orange, green-brown; 3,7 very dark blue-green), and occasionally zoned
from paler rims to slightly deeper coloured cores. The cleavages and edges of
the biotites are very often highlighted by minute opaque grains, which sometimes
occur so densely that the whole grain appears opaque. Larger (up to 0.5mm)
discrete opaque grains occur scattered throughout most samples of the Lower Se-
ries Syenite. The remaining primary mineral phase is apatite, which is extremely
common as fine, elongated prismatic crystals with a hexagonal cross-section, 100-
200um across, and up to c.3mm in length, forming up to around 5% of the area

viewed in thin-section.

The remaining phases are generally regarded as being of secondary origin, ie.
they did not form part of the original mineral assemblage, but may have been
introduced from outside the system, or formed by low-temperature reaction of
late-stage fluids with primary phases. Sodalite is sometimes present, especially
in the more altered parts of the Lower Series Syenite, where it occurs as irregu-
lar isotropic grains associated with cancrinite (plate 3.3), whose association with
nepheline has already been mentioned. Zircon is surprisingly common as small,
brown, high-relief, high birefringence grains up to ¢.0.5mm in size, increasing in

abundance with increasing degree of alteration (eg. samples G13, G193).

Carbonate, usually occurring as interstitial grains in the more altered rocks,
also occurs in relatively fresh samples (eg. G156), apparently crystallising as a
late-stage phase. The presence of carbonate in the Lower Series Syenite and many
of the other syenite units, has interesting implications for the petrogenesis of the

carbonatite plug at Grgnnedal-fka (chapter 6, and plate 3.4).
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3.3: Upper Series Syenite

Generally, the only appreciable difference between this unit and the Lower
Series Syenite is one of texture, the Upper Series being coarser and less well-
laminated. The mineralogy is almost identical, even down to the presence of
zircon in the more altered samples (eg. sample G17), the presence of interstitial
carbonate, and the absence of aegirine-augite in some (eg. sample G16). Adcu-
mulus growth is apparent in the nepheline in G135, an internal rim of pyroxene
grains marking the original grain-boundary of the nepheline, overgrown with more

material in optical continuity (plate 3.5).

The nepheline-rich facies (sample G24) described in section 2.4 shows much
interstitial carbonate in thin-section, together with biotite, aegirine-augite, zir-
con, sodalite, and cancrinite, while the nepheline is entirely altered to a white

micaceous mineral.

Sample G118, from the border-zone between the Upper and Lower Series
Syenite exposed in the Radioelv, consists mainly of altered, ragged looking alkali
feldspar, and resorbed-looking pyroxene apparently in a state of disequilibrium,

with a small amount of cancrinite and micaceous alteration.

3.4: Mafic Upper Series Syenite

Texturally, these rocks are similar to the Upper Series Syenites, but are richer
in aegirine-augite (up to ¢.50%) with optically continuous, euhedral to subhedral
pyroxenes up to 4mm X 2.5mm. The smaller grains tend to be better formed, while
the larger ones develop a poikilitic texture (plate 3.6). Many are continuously
zoned from paler cores to darker rims, while some show a sharper colour-change,
more indicative of a discrete phase of crystal growth (eg. sample G187). Apatite
is particularly common in the Mafic Upper Series Syenite, occurring as individual
hexagonal prisms up to 0.5mm across, or clustered together in bundles (G187).

Somewhat unusually, in view of its general absence in other units, amphibole
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occurs in one section of sample 27193. It occurs as strongly pleochroic (a grey-
green; (3 very dark-green; v olive-brown), poikilitic crystals, several millimetres

across, apparently partly replacing the pyroxene that it encloses.

Nepheline and alkali feldspar are present in lesser amounts than in the Up-
per Series Syenite, their place taken by the additional pyroxene. Biotite is also
common, strongly coloured, and often very rich in opaque inclusions, while the
relative lack of cancrinite may reflect the smaller amount of nepheline. Zircon and

interstitial carbonate are once again present in minor amounts.
3.5: Granular Syenite

3.5.1 GS-A

In thin-section, this unit is characterised by an abundance of very fresh, sharp,
clean-looking prisms and radiating sprays of alkali-pyroxene, typically 2mm X
0.5mm in size. They are intensely zoned, usually from a pale grass-green core
through a darker emerald-green, and back to a much paler green colour at the
crystal margin; some show a discrete rim of darker-green pyroxene on a paler-
coloured, often euhedral core (plate 3.7). Pleochroism is strong (o blue or emerald-

green; (3 pale-green; v pale yellow-brown).

Alkali-feldspars occur as untwinned, euhedral laths up to 3mm X lmm, with
perthitic exsolution occurring as fine lamellae parallel to the length of the crystal.
The feldspars are unlaminated, and often occur as stellate or fan-shaped sprays.
Nepheline is commonly altered to gieseckite, and in contrast to the other syenite
units is rarely euhedral, occurring as an interstitial phase to the alkali feldspar,
poikilitically enclosing the pyroxene instead. Interstitial biotites up to c¢.lmm
across are common, strongly zoned from orange-brown cores to deeper red-brown
rims, and intensely pleochroic to very dark brown. Occasionally, rather altered-
looking amphiboles occur, (a blue-green; 73 green-brown; ?v very dark-brown).

Apatite was not observed in any of the samples.
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Late-stage alteration of the nepheline has already been mentioned, but in

addition, areas of fine-grained cancrinite occur, as well as occasional sodalite.
3.5.2 GS-B

This unit is characterised in thin-section by the presence of unlaminated,
granular (as oppposed to tabular) alkali feldspar, and poikilitic biotites up to
13mm x 8mm. The feldspars are coarsely exsolved, forming braid- and patch-
perthites, with microcline occasionally acting as the host phase. Nepheline occurs
as millimetre-sized, equant, euhedral crystals, often enclosed by biotite, and fre-
quently with an internal rim of pyroxene grains, marking the edge of the crystal
between phases of growth. The pyroxenes are subhedral to euhedral aegirine-
augites, up to 3mm X 2mm in size, with no noticeable zonation apparent in thin-
section, and partly or wholly enclose smaller grains of nepheline and apatite (a
very common phase in this unit, contrasting with its absence in GS-A). Opaques
are common, especially along the cleavage planes of biotite, and include a Cu-Fe

sulphide in sample G168.

The presence of large, poikilitic amphiboles up to ¢.10mm across (a green-
blue; 78 very dark-green; 7 pale-brown) in samples G84 and G246 is of particular
interest. It encloses small grains of pyroxene and nepheline in G84, partly replac-
ing the pyroxene, and as described in section 3.1, does not occur in syenites form-
ing the bulk of the complex, in contrast to the majority of undersaturated Gardar
complexes. Poikilitic cancrinite and sodalite comprise the late-stage/alteration

products in this unit.
3.6: Coarse-Grained Brown Syenite

This unit typically has very coarse alkali feldspar laths (up to 3mm X 13mm)
which are generally poorly or moderately well-laminated. In thin-section, the rock
is characteristically altered, the nepheline always pseudomorphed by gieseckite

and usually associated with some cancrinite, while the pyroxenes are altered to
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a pale-green chloritic material. A colourless mica with moderate birefringence
(mid 2nd-order) sometimes replaces the nepheline, forming radiating, fan-shaped
sprays. The alkali feldspars, however, are generally unaltered, and coarse poikilitic
biotites up to 12mm across, plechroic from green to yellow-brown, are frequently
present. Small opaque or very deep-red grains occur in areas of chloritic alteration,

presumably oxides of iron as a by-product of pyroxene breakdown.

Two minerals which are characteristic of the altered rocks at Grgnnedal-Tka
in general are zircon and carbonate. In the Coarse-Grained Brown Syenite, both
are common and form subhedral grains or interstitial areas up to 2mm across.
Finally, as in the majority of the syenites, interstitial sodalite and fine prismatic

crystals of apatite occur.
3.7: Coarse-Grained Syenite

Most samples of this unit are strongly altered, with pyroxenes replaced by
pale-green chloritic material, nepheline altered to gieseckite, and interstitial zir-
con and carbonate, as in the Coarse-Grained Brown Syenite. Sample G275 is
somewhat fresher, though, and shows very coarse, twinned, elongated perthitic
alkali-feldspar some 2-3cm long, and millimetre- to centimetre-sized nephelines,
rimmed by cancrinite. The unaffected pyroxenes are comparable in size to those in
the other syenite units (¢.2-3mm across). They are subhedral, slightly zoned from
pale cores to darker rims, and show some adcumulus growth. Poikilitic biotite

and prismatic apatite are also present.

3.8: Xenolithic Porphyritic Syenite

This late-stage syenite plug generally shows a bimodal distribution of grain-
sizes, with centimetre-sized, ragged-rimmed phenocrysts of alkali feldspar, and
somewhat smaller phenocrysts of aegirine-augite, nepheline, and biotite, in a ma-

trix of the same minerals with grains less than ¢.0.5mm across.

26



Alkali-feldspar, the most abundant phenocryst phase, occurs as tabular,
perthitic crystals up to 15mm long, and often zoned (sample G145) or internally
rimmed with very fine pyroxene grains (sample G41). The tabular crystals usually
show little preferred orientation, though G145 shows a fairly well-developed lami-
nation. There is also a suggestion of strain in the feldspars, many of them showing
shadowy extinction, possibly as a result of emplacement of the magma as a partly
consolidated ‘mush’, as this feature does not appear to bear any relationship to
the faulting which cuts this unit. Aegirine-augite is abundant both in the matrix
of the rock and as phenocrysts. The latter are frequently zoned from pale cores to
darker rims, but a characteristic of the pyroxenes from this unit is an overgrowth
of green aegirine-augite a few tens to several hundreds of microns thick, on a core
of pink-purple augite. These overgrown pyroxenes, up to Imm X 1.5mm in size,
are generally euhedral, and the change from core to rim is very distinct. Pyrox-
enes in the groundmass are usually granular, euhedral prisms less than 0.5mm
in length. Nepheline is not as common as in the laminated syenites, but when
present, occurs as euhedral grains up to 4mm across, usually entirely altered to
gieseckite. Biotite is occasionally present as poikilitic areas several millimetres
across, or as small flakes in the groundmass, pleochroic from pale-brown to very
dark-green, often intergrown with pyroxene, and with opaques along the cleavage
planes. Apatite is a particularly abundant groundmass phase in the Xenolithic
Porphyritic Syenite, occurring as bunches and bundles, with quite coarse individ-
ual crystals, up to ¢.0.7mm across (eg. sample G78). The ubiquitous zircon is
also present as small, sub millimetre-sized grains, along with interstitial carbonate

and poikilitic cancrinite, again in the more altered samples (plate 3.8).

The xenoliths in this unit consist mainly of a severely altered rock rich
in coarse, perthitic alkali feldspar, with occasional gieseckite-pseudomorphed
nepheline, and less abundant chloritic material, presumably after pyroxene. They
are not sharply bounded when viewed in thin-section, the fine groundmass of the

Xenolithic Porphyritic Syenite penetrating and separating the individual crystals
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of the xenolith. By this process of disaggregation, the components of the xenolith
could be entirely separated from each other, and it is thus quite likely that many
of the alkali feldspar and nepheline ‘phenocrysts’ present in the host rock are in

fact xenocrysts.
Carbonated Xenolithic Porphyritic Syenite

This very peculiar, highly altered rock, of which two samples were collected
(G58 and G136), consists of a fine-grained carbonate-rich matrix with biotite,
altered prismatic pyroxenes, and a dusting of opaques, within which relict phe-
nocrysts of euhedral nepheline, alkali feldspar, and biotite occur. Coarse sparry

calcite and sodalite fill vuggy areas in the rock, 0.5mm to lmm across.
3.9: Porphyritic Microsyenites

This unit consists of varying quantities of alkali feldspar, aegirine-augite,
nepheline, biotite, and opaques, occurring as phenocrysts set in a fine groundmass
of the same minerals. One sample (G178) shows evidence of slight recrystallisa-
tion, with some of the groundmass feldspars having a polygonal outline, each
grain 100pm to 200um across. The proportion of phenocrysts making up the rock
varies from about 70% (eg. G40, G184) down to samples with occasional coarser
grains, forming around 20% of the rock. Cancrinite and gieseckite are absent from

samples with few phenocrysts, but occur where these are more abundant.

More than one phase of nepheline crystallisation is apparent, as indicated by
an internal rim of small pyroxene grains, and multiple phases show up as alternat-
ing inclusion-rich and inclusion-poor zones (plate 3.9a). Using the highest power
objective available (x100), these inclusions are seen to be acicular or prismatic
euhedral grains up to 20pum x 4um in size, with a very pale-green colour, probably

pyroxene (plate 3.9b). The more elongated grains appear to be aligned parallel
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to the nepheline cleavage. Episodic growth is not confined to nepheline, also oc-
curring in the alkali feldspars, which often show a discrete phase of overgrowth as

well as more gradual zonation.

Pyroxenes are again the commonest of the mafic phases, frequently showing
gradational, or even multiple zoning (sample G224), and sometimes occurring as
glomerocrysts with biotite. Amphibole is present in G186 and G224 as small
grains c.lmm across (« pale-brown; § green-brown; v dark blue-green), poikiliti-
cally enclosing pyroxene grains. Opaque oxides are occasionally present as small
phenocrysts, often rimmed by, or associated with biotite, presumably as a result

of reactions with late-stage, potassic, hydrothermal fluids.

Flow-banding is a common feature of the Porphyritic Microsyenites, and is
most strongly developed in samples with fewer phenocrysts. They typically show
strong alignment of elongate alkali feldspar, pyroxene, and biotite grains, wrap-
ping around euhedral phenocrysts of nepheline, feldspar, and pyroxene, which are

usually flow-orientated themselves.
3.10: Pegmatites

What were described as pegmatites in the field, due to the presence of large
pyroxenes and the vein-like occurrence of the rock, consist of a groundmass of
randomly orientated laths of alkali feldspar, ¢.100-200pm in length, and ragged-
looking, partially resorbed aegirine-augites which are slightly pleochroic from pale-
green to very pale-green -~ .. . = sometimes with darker green cores (eg.
sample G183). Large sprays of cancrinite occur over areas of several millimetres,
suggesting that the fluid from which this rock crystallised was rich in COjy, though

no interstitial carbonate was seen in the samples examined.
3.11: Marginal Microsyenites

Many of the textures and mineralogies observed in these rocks are similar

to those of the Porphyritic Microsyenites, ie. phenocrysts of alkali feldspar,
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nepheline, aegirine-augite, and biotite, with a fine-grained, felted groundmass of
the same minerals. Apatite is present in the marginal rocks, however, which does
not occur in the Porphyritic Microsyenites. Sample G37, 15cm from the contact,
shows prominent opaque grains with reaction rims of orange-brown to dark-brown
pleochroic biotite, but few other phenocrysts. The groundmass is quite rich in
felsic grains, with alkali feldspar and ?nepheline ¢.100um in size, while the dis-
tribution of pyroxene grains is uneven, being concentrated into millimetre-sized

‘schlieren’.

At 50cm from the contact (sample G38), the proportion of phenocrysts is an
order of magnitude greater (¢.80% of the rock by volume), consisting mainly of
alkali feldspar and nepheline, with some biotite. Interstitial cancrinite is present

here, as well as apatite, although pyroxene is not abundant as a phenocryst.

The occurrence of amphibole in one of the marginal syenites has already been
mentioned (section 2.12). In thin-section, this rock (sample G44) shows strongly
pleochroic, coarse poikilitic amphiboles up to lcm across (a deep blue-green; 74
very dark-green; 7y pale-brown) enclosing beautifully flow-orientated, elongate
alkali feldspar, generally around 0.5mm long. These wrap around the nepheline
grains (¢.0.5mm across), while being enclosed by the amphibole, which there-
fore appears to be a late-stage mineral which grew after the flow-orientation was

established (plate 3.10).

A highly unusual assemblage occurs in 27131, a marginal syenite from the
southern tributary of the Radioelv, which contains quartz, riebeckitic amphibole,
and possible aenigmatite. The quartz occurs as interstitial areas between slightly
recrystallised plagioclase and alkali feldspars, while the riebeckite occurs as ragged,
flaky grains, and the ?aenigmatite as deep-red, rather blocky crystals 100-500xm
in size. Nepheline is not surprisingly absent, possibly as a result of wall-rock

interaction and contamination resulting in a higher silica/alkali ratio, and may
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also have given rise to a sufficient increase in water content for the amphibole to

be stabilised.
3.12: Conclusions from petrography

A detailed discussion of the complex, incorporating all mineralogical and geo-
chemical data will be left until chapter 8, although some general comments and

conclusions from the petrographic observations will be made here.

3.12.1 Magma chemistry and crystallisation

The syenites are undersaturated, with nepheline (invariably), alkali feldspar
(usually), and aegirine-augite (occasionally) forming subhedral to euhedral crys-
tals, and suggestive of a cumulus origin. Nepheline in particular is almost always
euhedral (plate 3.1) and often enclosed by later crystallising alkali feldspar in
the lower parts of the laminated syenites, while towards the tops of these units,
nepheline is often absent and alkali feldspar forms the dominant cumulus phase.
The pyroxenes are frequently subhedral to euhedral at the base of the laminated
syenites, becoming more interstitial with increasing height, and entirely absent

from the tops of these units.

3.12.2 Presence of volatiles

The late-stage build-up of volatiles is indicated by the presence of certain
phases. Perthitic exsolution in alkali feldspar is thought to be facilitated by the
action of fluids (Parsons 1978, plate 3.2), while interstitial sodalite in some samples
indicates the presence of chlorine. Poikilitic cancrinite, generally in association
with nepheline, shows a build-up of COj in the magma, possibly resulting in the

¢
interstiLal carbonate in a few samples.

3.12.83 Alteration
Late-stage alteration has affected all of the syenites to varying degrees, from
the partial replacement of nepheline by gieseckite to complete alteration and chlo-

ritisation of pyroxene grains in the Coarse-Grained Brown Syenite. Accompanying
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these changes are feldspar textures which are reminiscent of those seen in fenitised
rocks (Le Bas, pers. comm.), and also in the altered syenites and gneisses of this
complex (chapter 7) where the most extreme effects of metasomatism are seen.
These textures are also present in the GS-A Granular Syenites, and these rocks,
as well as the Coarse-Grained Brown Syenites, have undoubtedly suffered at least

some late metasomatic alteration.

3.12.4 Absence of certain phases

The syenites at Grgnnedal-fka are notable for the lack of certain phases which
are common or even abundant in many other Gardar central complexes. The
scarcity of amphibole in the great majority of syenites suggests a low water activity
(ag,0) in all but some samples from the marginal dykes (sample G44) and sheets
(G80, G246). The complete absence of olivine is also interesting, and probably
relates to the oxygen fugacity (fp,) of the magma (cf. section 4.11). Finally,
the absence of phases such as aenigmatite (apart from a possible occurrence in
sample 27131, a Marginal Syenite), eudialyte, rinkite, etc., which frequently occur
in generally small amounts in other Gardar complexes again probably relates to

the physical conditions of the magma, particularly the fg,.

3.12.5 Zircon

This mineral, which is common at Grgnnedal-ka, occurs only rarely as a
groundmass phase elsewhere in the Gardar (eg. Stephenson 1973, Powell 1976,
Chambers 1976), though Jones (1980) found it occurring in unit SM3 of the
Motzfeldt centre, north of the Flink’s Dal fault, and Emeleus (pers. comm.)
reports its presence in other parts of the Igaliko Complex. Chambers (1976) does
not mention it in connection with the alteration of the North Q6roq centre, though
it increases in abundance with increasing alteration of the syenites at Grgnnedal,
and is a common groundmass phase in the Coarse-Grained Brown Syenite (cf.

chapter 7).
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3.12.6 Recrystallisation

A few samples show the partial development of granoblastic texture (plate
3.11), although recrystallisation does not appear to be a general feature of the
complex. Poikilitic textures have been taken to indicate recrystallisation by Cham-
bers (1976), though the presence of such grains (such as the amphiboles in G44,
G80, and G246) does not appear to coincide with the extensive development of a

granoblastic groundmass.

Given the sporadic occurrence of recrystallisation throughout the area, it may
have been caused by the later doleritic and alkaline dykes which post-date all units

of the complex.

3.12.7 Interstitial carbonate

The presence of areas of poikilitic carbonate in most altered syenites may be
due to a late build-up of CO3 in the magma (cf. section 3.12.2). However, one
sample of Lower Series Syenite which shows interstitial carbonate is remarkably
fresh (G156, plate 3.4), and this may be important in helping to determine the

origin of the carbonatite (chapter 6).
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CHAPTER 4: MINERALOGY
4.1: Introduction

This chapter describes and discusses electron microprobe analyses of the min-
eral phases from the eleven units which comprise the syenitic component of the
complex. The mineralogy of the carbonatites and metasomatised rocks will be

considered in chapters six and seven respectively.

The analysed samples were selected to give a wide geographical coverage and
chemical variation (based on petrographic observations) within each unit. The
results are displayed using different symbols for the different units, with the orig-
inal classification of Emeleus (1964), which was confirmed both in the field and

from thin-section evidence, being used throughout.

Analyses were carried out using energy-dispersive microprobes at the Univer-
sities of Durham and Manchester, and the wavelength dispersive microprobe at
Edinburgh University. Full operating conditions and mineral analyses are pre-

sented in Appendix II.

4.2: Pyroxenes

4.2.1 General

Pyroxene is the commonest mafic mineral in the Grgnnedal-fka syenites, oc-
curring in all of the units distinguished in the field, and absent from only a few
very felsic samples. They are all monoclinic (clinopyroxenes), and invariably show
the pleochroic scheme typical of aegirine-augite (o bright green, 3 yellow-green, «
yellow-brown). Zoning is a common feature, with paler cores grading continuously
into darker rims, though discontinuously zoned pyroxenes occur in some samples
of the Xenolithic Porphyritic Syenite (section 4.2.5). Both cores and rims of three
or four pyroxene grains per section were analysed, resulting in six to eight analyses
per sample, though in some cases of extreme zonation (such as in GS-A, section

4.2.5), more analyses were required to cover the range of compositions.
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Fig. 4.2.1A. Classification of alkali pyroxenes after Deer et al. (19%2) and
Jones (1980) in terms of variations of end-member proportions in the system

Diopside-Hedenbergite-Acmite.

Fig. 4.2.1B. Pyroxenes from Gr¢nnedal-ika syenites in the systém Mg-
(Fe?*+Mn)-Na. A trend away from Mg resulting from the substitution CaMg
= Ca(Fe?t+Mn) and increasing Na as a result of Ca(Fe?t+Mn,Mg) = NaFe3*
can be seen. This diagram is not strictly the same as fig. 4.2.1A as it does not
allow for Na-rich end-members other than acmite, but enables direct comparisons

with results of other workers to be made, and is used throughout this section.
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Because of their abundance and the large amount of relevant literature avail-

able, the pyroxenes received the most detailed examination of any . mineral

group.
4.2.2 Recalculation, projection, and nomenclature

Microprobe analyses are given with all iron reported as Fe?*. The amount of
Fe3* is not simply equal to (Na+K), as alkaline end-members other than acmite
(NaFe3+8i30g) will almost certainly be present (eg. jadeite, NaAlSi;Og). In this
study, Fe’*t is determined by assuming stoichiometry of the pyroxene, and recal-
culating the analysis by assuming the deficiency in oxygen atoms is due solely to
Fe3+. This method assumes four cations to six oxygens, and that other multi-
valent cations (such as Ti%*, Ti3*, Mn%*) and unanalysed elements are present
in insignificant quantities. Pyroxene formulae were recalculated by this method

using the program IRON3.STOIC written by Dr. N.J.G. Pearce (Pearce 1988).

Alkali pyroxenes may be illustrated in the projection diopside-hedenbergite-
acmite (fig. 4.2.1A), commonly evolving towards more Na-rich compositions by
the substitution Ca(Fe?*,Mg)=NaFe3* (fig. 4.2.3). This diagram also shows the
classification according to Deer et al. (1982) and Jones (1980). It is tempting
to make direct comparisons with fig. 4.2.1B, which shows all syenitic pyroxenes
plotted as Mg—(Fe?*+Mn)-Na, the projection most commonly used for alkali
pyroxenes (eg. Stephenson 1973, Chambers 1976, Larsen 1976, Jones 1980, Pearce
1988). However, the presence of Na in end members other than acmite (such as
jadeite) means that the two diagrams are not strictly interchangeable. Calculation
of pyroxene end-member proportions referred to in later parts of this section have
been carried out using the program PYROXENE.F4B written by Dr. A. Peckett of
Durham University (Appendix II, and Jones and Peckett 1980).
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4.2.3 Site Occupancy

A review of site occupancy in monoclinic pyroxenes is given by Deer et al.
(1982), but a summary will be given here as it is relevant to later discussions.
The general formula for pyroxenes is X (wi-viii)y(v) 7 (i), 06 with X,Y,and Z

representing different cation sites as follows:

Z (T site): The tetrahedral site, occupied by Si and Al, and under certain con-
ditions by Fe3* in the ferri-Tschermak’s component CaFel*Fe*SiOg

(Huckenholz et al., 1969).

Y (M1 site): The octahedral site, essentially occupied by Mg, Fe?*, and Fe3t
in the alkali pyroxenes, but also by Al, Ti, and Zr.

Z (M2 site): A disordered six to eight-fold co-ordinated site, occupied by Ca
and Na in alkali pyroxenes, together with Mn, Fe?*, and small amounts
of K. The latter reaches a maximum of 0.492 wt.% K20 in the marginal

microsyenite G38.
4.2.4 Pyroxene variations in different rock-units

Fig. 4.2.2 shows the range of pyroxene compositions within each unit described
in chapter 3, plotted in terms of Mg-Fe?t4+Mn~Na, with units showing similar
trends discussed together below. It should be borne in mind that the wide range of
compositions in some units partly results from strong zonation within individual
pyroxenes (eg. GS-A), and the trends thus represent a composite of the pyroxene

analyses (cf. fig. 4.2.4).

Lower and Upper Series Syenite, Marginal Microsyenite
These three groups have a fairly restricted range from Mg;2(Fe?t,Mn)goNagg to
Mgs(Fe?t ,Mn)3oNags, indicating that the dominant substitution taking place

is Caz(Fe?t,Mn), w——‘NazFeg’L. Two analyses from the Lower Series Syenite
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Fig. 4.2.2(two pages). Variations in the system Mg-(Fe?* +Mn)-Na for each
syenite unit described in chapter 3. Symbols are the same as those used in fig.

42.1B.
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(138055.15 and 138055.17) have compositions up to Nagg, the high alkali con-
tent resulting from late-stage crystallisation from residual intercrystalline liquid
(section 4.2.5). The marginal microsyenite pyroxenes show considerable compo-
sitional overlap with those from both the Lower and Upper Series Syenite, and
have a similar compositional range. This is consistent with the field evidence
which suggests that these microsyenites represent a chilled marginal of the Lower
and Upper Series, and would also imply that little in situ fractionation of the
pyroxenes took place, the compositional range having been established prior to
emplacement. Late-stage pyroxenes with a wide variety of compositions do, how-
ever, appear to have crystallised from pockets of trapped residual liquids (cf.
section 4.2.5, sample 138044).

Mafic Upper Series Syenite

This pyroxene-rich unit within the Upper Series shows a slightly wider range of
compositions than the group just described, and is also generally less strongly
fractionated, being poorer in Na and richer in Mg, ranging down to Mgss

(Fe?* Mn)s3Nays.

GS-A

Pyroxenes from this unit show the widest range of compositions found at
Grgnnedal-fka, from the least fractionated (Mg>Fe?t+Mn) to the most fraction-
ated (up to Nags), becoming strongly depleted in Mg with increasing Na substitu-
tion. The wide variation and large number of analyses is due to the examination

of two very strongly zoned pyroxenes in G169 (section 4.2.5).

GS-B

This unit occurs as sheets within the country-rock and other marginal syenites
around the north-west margin of the complex, and is possibly coeval with the
emplacement of the Lower and Upper Series Syenites. Pyroxene compositions
have a fairly restricted range, as in the Lower and Upper Series, though are slightly

more magnesian than the latter group.
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Coarse-grained and Coarse-Grained Brown Syenite

Only three pyroxene analyses were possible from the Coarse-Grained Brown Syen-
ite due to the strong alteration of this unit. They are fairly evolved, and form a
close group approximating to Mg15(Fe2+,Mn)3oNa.55. Similarly, few analyses were
possible for the Coarse-Grained Syenite due to alteration. All six were recorded

from G275, and indicate fairly primitive compositions.

Xenolithic Porphyritic Syenite

Pyroxenes from this unit show a wide variety of compositions and relatively early
enrichment of Na. Phenocryst and groundmass compositions are shown separately,
the former showing a distinct bimodal distribution, with cores representing the
least evolved, and rims the most evolved compositions (cf. section 4.2.5). Ground-
mass pyroxenes show a range of compositions, but tend to be strongly enriched

in Na, as would occur if they crystallised from a more evolved magma than the

phenocrysts.

Porphyritic Microsyenite

The Porphyritic Microsyenites have the most primitive pyroxene composition de-
termined (Mggs(Fe?tMn)26Nag), but otherwise show many similarities to the
trend from the Xenolithic Porphyritic Syenite, and for this reason, the two groups
are shown together in fig. 4.2.3A. Again, phenocryst and groundmass compo-
sitions are illustrated separately, though unlike the the Xenolithic Porphyritic
Syenite, the groundmass pyroxenes show less evolved compositions than the phe-
nocrysts. Stephenson (1976) has suggested that alkali feldspar compositions lying
on the K-rich side of the 5kb eutectic in the Ab — Or — An system is a result of
early crystallisation of Na-rich phases, such as nepheline, which tend to deplete
the magma in Na. This may also account for the later groundmass pyroxenes
being relatively depleted in Na, nepheline occurring as large phenocrysts in these

rocks.
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Pegmatites
All compositions in this unit were recorded from two samples (G183, 138055), and
show a limited range of compositions, with low Mg and extreme enrichment in Na

(up to Nagg in G183.01).

Trends for pyroxenes from these different groups are shown in fig. 4.2.3A, and
other alkali-pyroxene trends in fig. 4.2.3B for comparison. A common feature is
the initial trend away from Mg towards (Fe?*+Mn) at low, relatively constant
values of Na, as a result of the substitution CaMg=Ca(Fe?*+Mn). With increas-
ing fractionation, the substitution Ca(Mg,Fe?*+Mn)=NaFe3* takes over, and
the trends turn towards the Na apex of the triangle, beginning at different stages

of pyroxene evolution in different suites.

Many workers have appealed to the fp, as the controlling factor in the tim-
ing of acmite enrichment (eg. Aoki 1964, Yagi 1966, Larsen 1976, Jones 1980,
Stephenson and Upton 1982). They suggest that the point at which the fp, rises
above the quartz-fayalite-magnetite (QFM) buffer determines when enrichment
in NaFe3t becomes dominant, and that this will commence earlier in magmas
with a higher fo,. However, Mitchell and Platt (1978) point out that fp, will
fall with decreasing temperature, and Nash and Wilkinson (1970) suggest that Na
enrichment in pyroxenes from the Shonkin Sag laccolith occurs because the fo,
and temperature of the magma fall at a rate less than that required to maintain a
constant Fe3t / Fe?t ratio, so that a re3+ and therefore a;cmite increase. Work by
Carmichael and Nicholls (1967) shows that ap,3+ is also controlled by the alkali
content of the magma, Fe3* /Fe?t4+Fe3t increasing with increasing alkalis (the
‘alkali-ferric iron effect’). Another suggestion, by Brouce and Rangon (1984), is
that liquid structure is also important, as it controls the partitioning of elements

between the magma and crystallising phases.

Many factors may obviously be involved in controlling the evolution of the

alkali-pyroxenes, though it is possible that the fp, controls the timing of acmite
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Fig. 4.2.3A. Summary of trends illustrated in fig. 4.2.2, showing grouping

of units with similar trends as described in section 4.2.4.

PEG = Pegmatite

LUMS = Lower and Upper Series Syenite, marginal microsyenite

MUS = Mafic Upper Series Syenite

GS-A = Granular Syenite GS-A

GS-B = Granular Syenite GS-B

CGS = Coarse-Grained Syenite

XPS+PMS = Xenolithic Porphyritic Syenite and Porphyritic Microsyenite

Analyses from the Coarse-Grained Brown Syenite have been omitted as only

three results were obtained.

Fig. 4.2.3B. Alkali pyroxene tends from various other rock-suites in the
system Mg-(Fe?*+Mn)-Na for comparison.

Auvergne, France (Varet 1969)
Itapirapua, Brazil (Gomes et al. 1970)
Uganda (Tyler and King 1967)

South Qéroq (Stephenson 1972)
Motzfeldt (Jones 1980)

Igdlerfigssalik (Powell 1976)

N oo W o

llimaussaq (Larsen 1976)
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enrichment, while the peralkalinity determines how far towards Na this proceeds.
The strong compositional zoning of many grains suggests that the final liquids
from which the outer parts of the crystal grew were significantly different from

the magma from which these pyroxenes originally crystallised.
4.2.5 Zonation and textural controls on composition

Continuous pyroxene zonation is a common feature of most samples observed.
Compositional variations between core and rim confirm that the slightly darker

rims are richer in Na than the rather paler cores.

The most spectacular continuous zonation occurs in GS-A (cf. section 3.5.1,
plates 3.7, 4.1, and 4.2), the compositional variations across which are shown in
fig. 4.2.4A. Fig. 4.2.4B shows the variation of Zr across each pyroxene, expressed
in terms of atoms per six oxygens. This element shows a sympathetic variation
with Na enrichment, with a sharp increase towards the rim, reaching some of
the highest Zr contents analysed (2.35% ZrOg, equivalent to 0.044 atoms per six
oxygens), though still well below the 6.96% reported by Jones (1980) in one sample
from unit SM3 of the Motzfeldt centre.

Fig. 4.2.5A shows the variation in three continuously zoned pyroxenes from
the Xenolithic Porphyritic Syenite, while fig. 4.2.5B shows the compositional dif-
ferences between cores and rims of discontinuously zoned (ie. rimmed) pyroxenes
from several samples. Plate 3.8 shows the optical appearance of such a grain:
pink-grey cores overgrown by emerald-green rims, which petrographic observation
alone would suggest were more sodic. This is confirmed by microprobe analysis,
and a strong bimodal distribution is evident. The pink-grey colour of the cores
in plane-polarised light is reminiscent of titanian augites (Deer et al., 1982), but
they are not unusually rich in Ti, and none of the other elements analysed would

seem to be responsible for the colour.
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Fig. 4.2.4. Compositional variations across two zoned pyroxenes from sample
G169 from the Granular Syenite GS-A. The numbers refer to analysis points as
presented in appendix I and illustrated in plates 4.1 and 4.2, which show the

position of the analyses.

Extreme enrichment in Na towards the rims is evident from fig. 4.2.4A, while

a sympathetic trend in Zr is shown in fig. 4.2.4B.

Fig. 4.2.5. Variations across zoned pyroxenes from the Xenolithic Por-

phyritic Syenite

Fig. 4.2.5A shows variations across three continuously zoned grains, while
fig.4.2.5B shows the strong bimodal distribution of core and rim compositions\

across discontinuously zoned (ie. rimmed) pyroxenes.

Fig 4.2.6. Variations of pyroxene composition with height in the Lower Series
Syenite in the north-western part of the complex. The map (fig 4.2.6A) shows the
location of the three samples from the Lower Series (s’tippled), while fig. 4.2.6B
shows the differences in composition and range of compositions of pyroxenes from

different levels in the series.
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Fig. 4.2.6 shows the variation of pyroxene compositions in samples collected
from different levels in the Lower Series Syenite. Not only is there an increase
in Na-enrichment (ie. fractionation) with increasing height, but the range of
compositions is greatest for pyroxenes from the highest levels in the series (sample
138044). This sample contains the most interstitial-looking pyroxenes (plate 4.3)
compared to 138048 from the base of the Lower Series Syenite (plate 4.4), where
they are distinctly euhedral, with relatively little overgrowth.

Thus not only does pyroxene fractionation increase with structural level within
the Lower Series Syenite, but those from near the top of the unit have crystallised
from interstitial liquids which have evolved independently to produce a wide range

of chemical compositions, despite being only a few millimetres apart.
4.2.7 Major element variation

Variations in major and minor elements are illustrated in fig. 4.2.7, which
shows the number of cations per six oxygens plotted against fractionation index
(FI). The FI, equivalent to the number of Na atoms minus the number of Mg
atoms per six oxygens, enables the entire range of pyroxene compositions to be
shown (Stephenson 1973). Elements considered in this section are Si, Fe®*, Fe?*,
Mg, Ca, and Na. End member proportions quoted in this and the following section
have been calculated using PYROXENE.F4B. See fig. 4.2.7 for a discussion of major

element trends.
4.2.8 Minor element variation

The sympathetic trend of Ti and Al has been noted by many workers (eg.
Larsen 1976), and occurs at Grgnnedal-Tka, where relatively high values at a low
FI(0.28 Al and 0.055 Ti atoms per six oxygens) decrease further to a minimum at
FI=0.2, before gradually increasing again to around 0.3 Al and 0.07 Ti atoms 6(0O).
Al occurs as Ca-Ts (CaAl;SiOg) in less evolved pyroxenes, but more jadeite (Jd)

is present with increasing FI. The presence of Na-rich end-members other than
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Fig 4.2.7 (three pages). Major and minor element variation with fractiona-
tion index (FI=Na-Mg, after Stephenson 1973). Trends for South Qéroq (Stephen-
son 1973), Ilimaussaq (Larsen 1976), and Motzfeldt (Jones 1980) are shown where

relevant.

Si shows a considerable range of values, but generally increase with FI, from
c.1.8 to 2.06 (both samples from the Xenolithic Porphyritic Syenite), though is
generally between 1.96 and 1.98, the deficiency in the Z-site made up by AL

Fe3* and Na show a sympathetic increase from around 0.1 to just over 1.0
for Na. Ca and Mg, on the other hand, show a decrease with FI, while Fe?* and
Mn increase to a maximum at FI=0 before decreasing again. All of these features
can be explained in terms of the substitution Ca(Mg,Fe2++Mn) = NaFe3t, the
inflection in the trend of Ca representing the point at which this exchange begins
to occur (the point at which the trends in fig. 4.2.3B turn towards Na). In the
case of Gr¢nnedal—fka, there is no sharp inflection compared to, say, Ilimaussaq,

as evident from the tightness of the respective curves.
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acmite is indicated by compositions lying to the right of the line representing
Na=Fe3* in fig. 4.2.7 The pyroxenes from the pegmatites show the greatest
enrichment of Al with fractionation, with up to 29.6% Jd in 138055.02. Ti occurs
with Al in end-members such as NaAlTiSiOg (NATAL) at high values of FI (up to
5.48% in the pegmatites) and NaTig 5(Fe?+,Mg)5Si206 (NAT). The latter occurs
in the marginal syenite GS-A (up to 8.89%) which also contain the highest levels

of Ti, but low Al contents.

Mn behaves in a similar manner to Fe?t | reaching a maximum at F1=0.2,
after which it decreases again. It occurs principally as CaMnSi;Og (johansennite),
and like Fe?* its behaviour results in increasing fractionation towards (Fe?*+Mn)

in fig. 4.2.3 before increasing acmite substitution takes over.

Zr contents generally increase with increasing FI, reaching a maximum of
2.58% (0.048 atoms per six oxygens) in G169.06 and G169.07. However, fig.
4.2.7 gives a misleading impression, as many of the highest levels of Zr were
recorded from only two pyroxemes in G169 (section 4.2.5). Zr is reported in
pyroxenes from other Gardar centres (eg. Ilimaussaq, Larsen 1976; Motzfeldt,
Jones 1980), and present in end-members such as NaZrAlSiOs (NAZAL) and
Na(Fe?t,Mg)o.5Zr.5Si206 (FM-NAZ) as proposed by Jones and Peckett (1980).
Examination of Al and Zr trends in fig. 4.2.7 shows that the highest levels of Zr
(in GS-A) are not accompanied by high Al values in the same rock-type, and one
would predict that FM-NAZ would be the more abundant of the two mentioned.
This is confirmed by the use of PYROXENE.F4B, which shows that up to 9.62%
FM-NAZ is present in G169.01 (GS-A) and 6.21% in pegmatitic pyroxenes, with
no NAZAL being recorded in either of these highly fractionated rocks.

The very high contents of Zr (nearly 7% ZrO2) recorded by Pearce (1988)
and Jones (1980) do not occur in the Grgnnedal pyroxenes, and apart from the
examples mentioned, do not generally exceed about 1% ZrO;. This is despite

similar bulk-rock Zr concentrations, and can be explained by the presence of zircon
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in a large number of samples examined, which would act as a sink for Zr. The
high values recorded from GS-A are from strongly zoned grains whose textures

suggest crystallisation from trapped interstitial liquids.

Experimental work by Watson (1979) showed that the solubility of Zr in fel-
sic melts is largely dependant on the peralkalinity, becoming increasingly soluble
in more peralkaline liquids. Jones (1980) found that the Zr-rich pyroxenes tend
to have high Fe?t/Fe3t ratios, clearly the opposite of the case at Grpnnedal
where the Fe3t-rich, acmitic pyroxenes are the most zirconian. Though the bulk-
rock peralkalinity of the Grgnnedal-fka syenites rarely exceeds about 1.1 (section
5.2), trapped residual liquids could become strongly peralkaline through contin-
ued crystallisation of aluminous phases such as alkali feldspar. Thus in GS-A,
residual liquids could become strongly enriched in Zr through increasing peralka-
linity, which as suggested by Carmichael and Nicholls (1967) would also increase
the Fe3*/Fe?t+Fe3* ratio (‘alkali-ferric iron effect’), resulting in the eventual
crystallisation of acmitic pyroxenes with high Zr contents. The textural and com-
positional relationships illustrated in plates 4.1 and 4.2, and fig. 4.2.4 would

appear to confirm these ideas.
4.3: Amphiboles

4.3.1 General

As has been emphasised on several previous occasions, amphiboles are a very
scarce phase in the syenites of Grgnnedal-fka. This is in marked contrast to other
Gardar centres where this mineral is very abundant, and indeed “probably the
most abundant mafic mineral in the Motzfeldt centre” (Jones 1980). In contrast,
amphiboles are a major constituent of the metasomatised rocks, which are dis-

cussed in chapter 7.

Amphiboles from four units were analysed (GS-A, GS-B, the Porphyritic Mi-

crosyenites, and the marginal microsyenite) from a total of six samples, and it
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is perhaps significant that these are either marginal or a late-stage, cross cutting
facies. Ernst (1962) suggests that alkali amphiboles are unstable at high values of
fo,, though the late-stage/marginal nature of these units suggests that it was only
in these rocks that the volatile pressures were high enough to enable amphibole
crystallisation to take place. It is also notable that unlike the amphiboles of many
other Gardar centres, those at Grgnnedal do not appear to be rimming pyroxenes,
but seem to have crystallised independently (eg. the poikilitic amphiboles in the
marginal syenite G44, plate 3.10).

4.3.2 Recalculation and classification

The amphiboles are a highly complex group of minerals, due to the wide va-
riety of cation sites available. Like the pyroxenes, Fe from microprobe analysis
is expressed as FeO, but unlike the pyroxenes, they contain a variable number of
cations (between 15 and 16 per 23 oxygens) and stoichiometry cannot be assumed
for recalculation purposes. One method, suggested by Leake (1978) and used
by Pearce (1988) recalculates to 23(O) and adjusts the number of tetrahedral (8
cations) and octahedral (5 cations) sites to 5+8=13 by varying the Fe?* /Fe®* ra-
tio. This method has been carried out here using the program IRON3. AMP (Pearce
1988).

The amphiboles are classified according to Leake (1978), based on the general
amphibole formula A¢_;B2C5Ts033(OH,F,Cl)2 in which cations are assigned to

sites in the following order:

T (tetrahedral site): Si, Al, Fe3*, Ti to total 8.00.

C (octahedral site): Excess Al, Fe3*, Ti, then Zr, Mg, Fe?*, Mn to total 5.00.
B (6 to 8-fold site): Excess Mg, Fe?t, Mn, then Ca, Ba, Na to total 2.00.

A (8 to 10-fold site): Excess Na, then K. Should total between 0.00 and 1.00.

The Leake method is preferred to the Phillips (1966) classification scheme, as

it uses a larger number of parameters and thus gives a more precise classification.
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For example, Phillips’ scheme takes no account of Fe3*, and thus arfvedsonite, an
important alkali end-member amphibole, is represented by eckermannite in this

classification.

Having assigned the cations, the amphiboles can then be classified using the
Leake (1978) method, which divides them into four groups based on the B-site

occupancy:
(Ca+Na)p <1.34. Iron-magnesium amphiboles.
(Ca+Na)p >1.34 and Nap <0.67. Calcic amphiboles.
(Ca+Na)p >1.34 and 0.67<Nap <1.34. Sodic-calcic amphiboles.
Nap >1.34. Alkali amphiboles.

These groups are then subdivided on the basis of Mg/Mg+Fe?* plotted
against Si or Fe3+/Fe?++Alc. Site assignments and classifications have been

carried out using the program AMPH.CLAS (Pearce 1988).

Using this scheme, the majority (90%) of amphiboles are katophorites or with
increasing alkalis, arfvedsonites (o blue-green, 3 green-brown, « very dark brown).
The latter are restricted to GS-A, while the katophorites are present as poikilitic
crystals in the marginal syenite G44 and the Porphyritic Microsyenite dyke G186
(a deep blue-green, B pale brown, v very dark-green). The remainder are calcic
amphiboles with a variety of compositions (fig. 4.3.1), though all have a partially
filled A-site, with (Na+K)4 >0.5 and low Ti (less than 0.5 atoms per 23(0)).
Subcalcic ferro-edenitic and hastingsitic hornblendes (low Mg/Mg+Fe?*) occur in
GS-B (a green-blue, S8 pale brown, 7 very dark-green), while a ferroan pargasite
and magnesian hastingsites (a pale yellow, 8 red-brown, 7 green-brown) occur in a

Porphyritic Microsyenite dyke cutting the GS-B in the north-west of the complex.
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Fig. 4.3.1. Classification of the Grgnnedal-fka amphiboles according to
Leake (1978), showing only the nomenclature relevant to those amphiboles which
were present. There are no members of the iron-magnesium group, the majority

being alkali or sodic-calcic amphiboles. The full classification scheme is shown in

Leake (1978).

Fig. 4.3.2A. Alp and Na vs. Capg.
Alr increases while Na decreases with increasing Cap, suggesting the substitution

which occurs in amjxphiboles from other Gardar centres, ie.
Capg + Alr = Napg + Sir
is occurring at Grgnnedal.
SQ=comparitive trend from South Q6roq (Stephenson 1973).
Fig 4.3.2B. Variation of Aly with total Al follows a gradient of nearly 1,

‘though slightly greater at higher values of Al (less fractionated samples), suggest-

ing the presence of some Al¢.
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4.3.3 Chemical variation

The dominant substitution affecting Gardar amphiboles is:
Napg+Sir =Capg+Alr

(cf. Chambers 1976, Larsen 1976, Jones 1980, Pearce 1988), and results in a
trend from hastingsite through katophorite to arfvedsonite with increasing alkalis.
Though it is difficult to draw too many conclusions from analyses from such a
narrow range of samples, and there is a natural tendency for compositions from
the same sample to cluster together, a similar substitution seems to be affecting
the amphiboles from Grgnnedal-Tka (fig. 4.3.2). This diagram also shows that
most of the Al is present in the T-site, with Aly &Al;p,; for most compositions,
the greatest amount of Alg occurring in the Porphyritic Microsyenite (sample

G253), reaching a maximum of 0.225 atoms in G253.07.

Fig. 4.3.3. shows two triangular plots, Mg—(Fe?* +Fe3*+Mn)-(Na+K) and
Mg-Ca-Na, both of which have been used by various workers to compare amphi-
bole and pyroxene trends. Fig. 4.3.3A shows increasing Na enrichment at nearly
constant Mg/Ca, while fig. 4.3.3B compares amphibole trends from both under-
saturated (S.Q6roq and Ilimaussaq) and oversaturated complexes (Nunarssuit).
Not surprisingly, the Grgnnedal-Tka amphiboles follow the undersaturated trend
towards increasing alkalis following the initial depletion in Mg and enrichment in
(Fe+Mn). As with the pyroxenes, the most evolved compositions (arfvedsonites)

occur in GS-A.

The variation of major and minor elements with fractionation is shown in fig.
4.3.4, where the fractionation index (FI) is represented by Nap-Alr (Chambers

1976), enabling the entire range of compositions to be shown.

Si, which only ever occupies the T-site, never falls below 6.0 and shows a
gradual increase to just under 8.0 with increasing FI. The deficit in the T-site is

made up mainly by Al, and the remainder by a small amount of Fe3*, there being
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Fig. 4.3.3A. Variation of amphiboles in terms of Mg-Ca-Na. A continuous

trend at almost constant Mg/Ca towards alkali enrichment occurs.

Fig. 4.3.3B. Variation in terms of Mg-(XFe+Mn)-Xalkalis. Compositions
follow the ‘undersaturated’ trend, intermediate between those of South Qéroq

and Ilimaussaq.
SQ=South Qéroq (Stephenson 1973)
IL=Ilimaussaq (Larsen 1976)

NU=Nunarssuit (Anderson 1974)

Fig. 4.3.4 (two pages). Chemical variation in amphiboles as a function of

Nap-Alr (Chambers 1976) as the fractionation index (FI).

Some elements show a wide scatter of variation, with apparently little depen-

dance on the FI. However, a few trends can be made out.

Si and Ca show a sympathetic variation as a result of the substitution

Cap+Alyr = Sipr+Napg.

Fe?t maintains a fairly constant value of 3.0-3.5 atoms per 23(0) throughout

the range of fractionation.

Nag4+K~1.0, despite minor fluctuations with FI, though some anomalously

Na-rich compositions occur in GS-A, with Nas+K up to ¢.1.5.

Zr shows a slight decrease with FI, in contrast to the trends from the Igaliko
dykes (Pearce 1989). Three samples show anomalously high values, though there

is insufficient data to draw too many conclusions.
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no tetrahedral Ti in the Grgnnedal-fka amphiboles. Ca, which always occupies
the B-site, shows an antithetic relationship with Si, conforming to the exchange

Nap+Sir =Capg+Alr.

Ti always occupies the C-site in the Grgnnedal amphiboles and never exceeds
0.35 atoms per 23(O), comparable to amounts reported from Ilimaussaq (Larsen
1976) and Motzfeldt (Jones 1980), but much less than the one atom per formula
unit which occurs in amphiboles from the lamprophyres of the Igaliko dyke swarm
(Pearce 1988). In these examples, Ti shows a decrease with FI, which Helz (1973)
suggests is due to falling temperature of crystallisation, though no obvious trend

is apparent in the Grgnnedal-Tka amphiboles.

Mn and Mg show a wide scatter of values, though Fe?*, which shows a sympa-
thetic trend with Mn in the pyroxenes, is fairly constant at around 2.5-3.5 atoms
per 23(0), and occupies the C-site alone. Fe** also shows a wide range of values,
even in the same sample. This may be attributed to the alkali-ferric iron effect
(Carmichael and Nicholls 1967), described in section 4.2.4, in which the ratio
Fe3t /Fe?t +Fe3*, and hence ap,s+, is controlled by the amount of alkalis. Textu-
ral evidence suggsts that the amphiboles crystallised late in the cooling history of
the host-rock, from isolated pockets of intercrystalline liquid, which could evolve
to produce a wide range of alkalinities and a variety of ap.34 values. Fe3t occurs
mainly in the C-site, but the katophorites from G186 (the Porphyritic Microsyen-
ites) contain between 0.135 and 0.246 atoms per 23(O) in the tetrahedral site. No
deficiency in Alr is apparent in these samples (fig. 4.3.1, the calcic amphiboles),
while Sir is slightly depleted, so that the presence of Fe%j” relates to a deficit of
Si in the tetrahedral site.

Nay4 and K maintain fairly constant values at around 0.65 and 0.35 atoms per
23 oxygens respectively, and completely fill the A-site. However, four analyses
from GS-A (sample 138007) show rather anomalously high Nay values up to 1.15,

with only a slight decrease in the amount of K.

47



Fig. 4.3.5. Variation of Zr with Capg, Nag, and Aly. These are the only site
occupancies to show any sort of correlation with Zr, and suggest that this element

is controlled by more complex exchanges than:
Zrir + AL = Felr4Sidt or
Fe"g"-i-Si}"' = Zr‘é.++Fe§~+

as proposed by Pearce (1989).
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Unlike at Motzfeldt (Jones 