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ABSTRACT

 The Motzfeldt Centré is the second of four centres
of alkaline igneous activity whicn form the Igaliko Complex.
A vertical expoeure of 1700m shows several oﬁerlapping
intrusive units of syenite and nepheline eyenite (units SHM1
to SM5), which bear mantle Sr isotope ratios and were
emplaced by a combination of 5-10km radius ring fractures
end block subsidence. The larvikitic parent to SM5 and
the presence of a late alkali gabbro dyke, must attest to
the availability of more basic magma at depth. o

Xenoliths from an earlier supracrustal sequence

:‘demlnated by 1avas, form.rafts up to ZOO-BOOm thick and.

-‘-several square kilometres in area. Marginal pnonolltes

~ of the nephellne eyenltes (SME 3 and 4 in partlouTar),

"which are thought to' represent 1iguid compoésitions, bear

g strong resemblance to phonolites from these lavas and .
they are qulte possibly genetically relatea. A late sill-
‘like body of lujavrite (eudialyte-nepheline microsyenite =
SM6) rich in volatiles and "incompatible" elements, formed
‘Beneath some of these rafts. ‘
_ In general, phonolitic magmas were emplaced at

temperatures of approximately'1000° C . to form the larger
‘units and were substantially solidified_?rbbably within
0.1=0.2 Ma. The considerable variation in recck types found
in each major intrusion, is thought to be attributable to
varying degrees of crystal fractionation in-situ and
;differential accumulation (by a.variety of mechanisms)
from an initialiy'homogeneous nagma. Of the extensive
- mineralogical variations which necessarily occurred,
crystallisation of zircenium-rieh-aegirine depended on
low oxygen fugacity, high peralkalinity and the absence
of eudialyte. Flectron probe microanalysis has shown that
REE-bearing minerals are common acces sorles and may or
may not have a negative Eu-anomaly; these may be LREE- or
HRFL—enrlched ‘

» Both fractionation of phonolite magma and recycling
of stoped nepheline syenites by partizl re-melting coulid
give rise to magma of lujavritic composition,
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CHAPTER ONE
INTRODUCTION

T1e1e Setting

Situated in the south of Greenland at approximately
61 N 45°w the Igaliko Complex is comprised of four
centres of alkaline igneous activity. Of these, the
Motzfeldt Centre of nepheline syenites was the second
to be emplaced and represents one of the earliest
magmatic events in the evolution of the Gardar igneous
province. The centre derives its name from the inland
lake "Motzfeldt Sg" around which it is located, and
has been dated by Blaxland et al (1978) at 1310 ¥ 31 Ma.

Three principal episodes of faulting and associated
alkaline magmatism are recognised in the evolution of
the Gardar proVince (Emeleus and Upton 1976). Rb/Sr age
dating by Blaxland et al (1978) has shown that there is
no consistent relationship between emplacement age,
geographical location and degree of silica saturation of
the intrusive centres. Thus, for example, the major
nepheline syenite intrusive complexes of Grgnnedal-Ika
(Emeleus 1964) and the two oldest centres of the Igaliko
Complex (Eméleus and Harry 1970) were both emplaced
during the Early Gardar, yet are situated 150 km apart
vét‘opposite ends of the province., Furthermore, cross-
cutting centres within the Igaliko Complex are petro-
logically very similar, but span the entire duration of
the Gardar province.

In brief, the Gardar provincefyields evidence for
the following episodes; (1) Early aécumulations of
terrestial sediments:and lavas in fault bounded troughs
at about 1300 Ma, were accompanied by the emplacement of
large undersaturated volcanic centres; (2) A period of
rifting at about 1250 Ma associated with the intrusion of
alkaline basic dykes and late injections of silica over-
saturated complexes; (5) The’widespread intrusion of ENE
and the late stage e?nLacemént ‘of . a number of alkaline
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complexes. This Late Gardar event also involved the
rejuvenation of old transcurrent faults and entailed a
% km extension across a 70 km wide ENE trending rift
zone, the central part of which is associated with a
gravity 'high' (Upton and Blundell 1978).

The repeated faulting and intrusion of varied
alkaline magmas constitute evidence for magmatism
associated with Proterozoic continental rifting. It is
probably no coincidence that the magmatic association
of alkali basalts, phonolites and trachytes, with
sporadic carbonatitic and ultrabasic activity is broadly
similar to the comparatively recently developed rift
systems in East Africa.

1.2.A, Gardar Setting

Metamorphic basement extending from the Ivigtut
area to the south of the Gardar province, consists of
metasediments and metavolcanics belonging to .the Ketilidian
Era, Southwards from Ivigtut towards the Ketilidian mobile
belt, these rocks show progressive deformation and
plutonism, such that the centre of the belt consists of
orogenic granitic and sometimes dioritic rocks, known
collectively as "Julianeh8b Granite". For a review of
the basement geology, the reader is referred to Allart:
(1964). The Gardar province developed over approximately
150 million yéars,ffom about 1300 Ma to 1160 Ma (Blaxland
‘et -al 1978) with three major periods of activity, the
Early, Middle and Late Gardar, corrgsponding to the 1300 Ma,
the 1250 Ma and the 1170 Ma events of Upton and Blundell
(1978). For a general account of the Gardar geology see.
Emeleus and Upton (1976).

The province has been unaffected by any younger
orogenic activity, such that the intrusive and associated
rocks of Gardar ages are preserved without regional

deformation.

1.2.B. Gardar igneous activity; The Igaliko Complex

Situated approximately 15 km east and southeast



of Narssarssuaq airport, the Igaliko Complex of nepheline
syenites occupies at least 500 km2 of ground between |
Tunugdliarfik and Igaliko fjords and the inland ice.

‘The Igaliko Complex (for general description see
Emeleus and Harry 1970) consists of four centres of
alkaline igneous activity, with several satellitic
intrusions, whose relative ages have been ascertained by
a combination of field relations and age dating (Blaxland
et al 1978). These four centres are now known to have
been‘emplaced'in the order North QSrdq, Motzfeldt, South
Qoroq, Igdlerfigssalik. The order of emplacement of the
two early centres was originally reversed by Emeleus and
Harry (1970) as it was not until the summer of 1977 that
further field evidence came to light. Rb/Sr ages for
the centres obtained by Blaxland et al (1978), are
1295 ¥ 61, 1310 ¥ 31, 1185 ¥ 8 and 1167 + 15, in the
order of emplacement, revealing a significant delay
prior to the intrusion of the South Q0roq and Igdlerfigssalik
centres. ‘

" Continental sediments and lavas of the Eriksfjord
Formation (Poulsen 1964; Stewart 1964, 1970; Larsen 1973,
1977) are both cut by, and preserved as xenoliths within,
the Motzfeldt Centre. It is likely'that the lavas were
erupted shortly before the emplacement of the North Qbroq
and Motzfeldt centres and that the petrogene51s of the
lavas and intrusions is closely related (Upton and Blundell
1978).

Each centre is comprised of multiple intrusions of
undersaturated, nepheline bearing rocks, except perhaps
where contamination with siliceous country rocks has
occurred. The commonest rock type is foyaitic nepheline
syenite, with lesser amounts of more basic augite syenites,
which may resemble the larvikites from the Oslo region. -
Their mode of emplacement was evidently passive and mainly
accomplished by a combination of ring fracture and block
‘stoping (Emeleus and Harry 1970). Concentric inward
dipping structures, defined by igneous layering and
mineral lamination are quite common within certain units.
The steep dip of the feldspar laminations may represent



original angles of rest, or perhaps some form of over-
steepening in'response to further igneous deformation,

In general, the Motzfeldt Centre shows a tendency
for successive intrusions to becoms more basic with time
and for each intrusion to display mineralogical and
geochemical trends towards peralkaline undersaturated
residua. Similarly, units of the South 00rog Centre
become increasingly basic with time (Stephenson 1973,
1976), placing certain constraints. . on any petrogenetic
model invoked for explanation of these two centres.
That crystal fractionation has occurred after emplacement,
is suggested by accumulations of minerals in the form of
layering and cumulus textures, visible in each centre,
Igneous layering is best developed in the South Qdroq and
Igdlerflgssallk centres, and its modes -of origin are
considered in Cbabter O

The North Q0roq and Motzfeldt centres display the

. most felsic and fractionated rocks, with the appearance
of lujavrites in the Motzfeldt Centre.-

1.%. History of previous research

A more extensive summary of previous investigations
in the Igaliko area, can be found in Emeleus and Harry
(1970 pp 14-16).

~ The Igaliko area was first visited by Giesecke in
the early part of the nineteenth century, who recorded
a "granite" at Q0roq (Giesecke 1910 pp 36-37, 216-218).
Subsequent geological and mineralogical investigations (Steenstrup
8Kornerup 18813 Flink 1898) revealed the presence of a
large area of nepheline syenite, and this was followed
by work around the South Q8roq Centre by Ussing and
Bfggild (Ussing 1884, 1912). Ussing visited Flink's Dal,
to examine a part of the South Q8rog Centre very close
to Motzfeldt. However, despite further visits to the
area by Wegmann (1938) and @dum (1927), the lotzfeldt
Centre in particular, .appears to have escaped attention,
possibly due to its more difficult access and somewhat
daunting topography. Eventually, in 1970, a detailed map
of the whole of the Igaliko Complex, with a general



description of the petrography and field relations was
given by Emeleus and Harry. The mapping had been conducted
jointly for the Greenland Geological Survey (GGU) in

1961, 1962, and 1963, with additional visits by C.H.Emeleus
in 1966 and 1969 following the death of W.T.Harry in 1964.
Their original field diaries have been available for
consultation throughout the present work and their
original map remains substantially unchanged. The majoriy
of the liotzfeldt Centre was mapped and sampled by C.H,
Emeleus, although certain areas in the southeastern part
of Central Motzfeldt and the area southeast of Motzfeldt
S¢ were mapped by W.T.Harry.

Since 1970, the individual centres of the Igaliko
Complex have been studied in great detail by postgraduate
research workers, primarily at the University of Durham,
but also at the University of Leeds. Initially the South
Q0roq Centre was studied by D.Stephenson (1973) to be
followed by the stﬁdy of A.D.Chambers on the North Q8roq
Centre (1976) cnd later by the work of M.Powell on the
Igdlerfigssalik Centre (1976). Thisﬁinvestigation”of the
Motzfeldt Centre thus completes the initial study of the
Igaliko Compléx as four separate centres. of igneous
activity. The abundant contributions of the earlier
workers cannot, in all fairmness, be summarised, although
for the sake of completeness an attempt will be made.

The first study was made by D.Stephenson (1972, 1973

1976) who pioneered the way for future work by completing

a classical investigation of the South Qdrog Centre,
indicating the mineralogical trends likely to be found in
these alkaline centres. In the more evolved North Q8rog
Centre, the petrogenétic story of fractionation from

basic magmas, appeared to be broadly similar although

. . complicated by the effects of late stage fluids,
which provided more work and more results for a comprehensive
account by A,D.Chambers (1976). With the petrogenesis now
somewhat understood, M.Powel%w&j976, 1978) assessed her
mineralogical data interms szequilibria and demonstrated
just how inter-—element dispersion continued throughout a
long cooling history of the - weltr’" - layered Igdlerfigssalik
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Centre.
Each successive author has praised the efforts of

his or her predecessor, and in this respect the current
author soundly complies. The overall results have quite
obviously been continually accumulative and scientifically

complementary.

1.4, Geography

The Motzfeldt Centre is deeply dissected by glaciers
and glaciated valleys and is in part concealed by the
inlend lake of Motzfeldt S¢ (170 m a.s.l.) and Qdroq
- fjord (s.l.). The topography is in places severe, due
to its relatively recent emergence from beneath the inland
ice, rising from sea level (s.l.) to over 1700 m, with
| several permanent snow fields and retreating glaciers in
the higher areas. Vast curtains of scree form the lower
slopes to many of the crags, and may account for up to
one half of the 1500 m cliffs around Motzfeldt S#.

The Motzfeldt Centre is naturally divided into four
major geographical areas, which may be abbreviated in the
thesis as follows; The large northward pointing triangle
of ground separating Q8roq fjord from Motzfeldt S¢ will
be referred to as Central lMotzfeldt; two portions lying
to the west of Q8roq fjord will be knowvm as West Motzfeldt;
two segments of ground to the northeast and southeast of
Motzfeldt Sg, separated by a westward flowing glacier,
will be known as Northeast (NE) Motzfeldt and Southeast
(SE) Motzfeldt respectively. These areas, and further
locations referred to are shown in flgure T1ele

1.5. Fieldwork and sampling

Samples in addition to those already available from
the collecting of C.H.Emeleus and W.T.Harry were obtalned
by the author, with the assistance of A.D.Chambers, in the
summer of 1977. During this time, certain parts of the
centre were mapped in greater detail, using 1:20,000
aerial photographs. Motzfeldt syenites were found to
truncate units of the North 08roq Centre, thus meking



the North {0roq Centre the oldest in the Igaliko Complex,
Much of the interpretation of the interaction between
xenolithic lavas and the nepheline syenites, has greatly
benefitted from the examination of similar relationships
in the Oslo province, carried out in the summer of 1978.
During the summer of 1979, the Motzfeldt Centre was
revisited for the specific purpose of remapping the
lujavrites of the newly erected SM6. Mapping was conducted
at a scale of about 1:5,000 by the author and N.Baldwin.
Certain complex areas were mapped at four times this

scale.

Excluding much of the xenollthlc material, the
exposure on the Motzfeldt Centre is excellent, and the
samples collected are generally very fresh. As a result
of all the collecting carried out in the centre, samples
are now available from all representative areas, except
for the steep crags and high ground immediately to the
west of HMotzfeldt Sg and also from the fjord slopes
- along the eastern side of Q8roq.

In general, the sample size was estimated according
to the grain size of the rock. The samples collected in
1977 and 1979 by the author, have the prefix "AM", The
GGU. samples are listed as sequences of 5 digit numbers
in Appendix I, together with their respective collector,

allowing correlation with the GGU field diaries (C.H.
Fmeleus and Y.T.Harry).

Two maps are provided in a flap at the rear of this
volume, entitled Map 1 and Map 2.

Map 1 is of the entire Motzfeldt Centre and is based
on the field mapping of C.H.Emeleus, W.T.Harry and the
éuthor. The information, originally in the form of aerial
photographs at 1:20,000 , was transcribed onto a new base
map at a scale of 1:50,000, This base topographic map was
"a direct enlargement of the relatively new 1:100,000
topographic map of southwest Greenland. The map should
ideally be compared to the original map of Emeleus and
Harry (1970), from which the major differences are outlined
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in an inset on the lower left hand side of the Map 1.
Map 2 is a copy of the map produced by the author
as a result of further fieldwork in the Flink's Dal
area in 1979 and is at a scale of approximately 1:10,000 .
Scale bars of 1000m length along the grid lines indicate
the approximate distortions inherited from the aerial
photographs, from which it was compiled. Many of the
field notes are illegible, but the main units can be
distinguished with the aid of the key provided on the Map 2.
A summary sketch map of the geology is given in figure

1e1 o



CHAPTER VIO i

FIELD DESCRIPTION AND PETROGRAPHY

2.1+ Introduction

This chapter describes the basis for classification
of the discrete mappable units which are found in the
Motzfeldt Centre. A summarised field description of each
unit is provided with petrographic and pertinent mineral-
ogical information for direct comparison,

The major intrusive units of the liotzfeldt Centre
are given the prefix SM and numbered from 1 to 5 inclusive
in order of intrusion, as originally set out in Emeleus
and Harry (1970). Unit SM6 is a newly defined unit and does
not appear in their original work. The satellitic syenites
to the east and northeast of lMotzfeldt Sg are given the
prefixes EM‘and NM respectively. Further modifications have
been made as additional evidence required. These are
principally due to several local variations occurring in
the large unit SM4 south of the Flink's Dal fault and to
areas of heterogenous syenite, designated as "unit" HY,
in the southern part of Central Motzfeldt. The geologlcal
structure of individual units can be found in‘ .
chapter (3).

In the petrographic descriptions, hyphens which
separate different colours indicate pleochroism. Details
of the mineralogy should be sought in Chapter 4,

2e2s Unit SM1.,

Ce2eAe General

SM1 is typiecally a coarse-grained syenite composed
predoninantly of randomly orienta@lpink or brown alkali
feldspars, 5-10mm in length and 4-5mm broad. Mafic areas
are restricted to anhedral and interstitial areas. Nepheline,
usually recognised by its white weathering and negative
relief, is notably absent from much;of SM1 in northeast
and west Motzfeldt although red pseﬁdomorphs after nepheline
are reasonbly common in samples taken from close to the
“northeast shore of Motzfeldt Sg. One locality in Central
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Motzfeldt shows mafic banding developed on a 5cm scale

and extending for a few tens of metres laterally. These
structures are associated with parallel coarser-grained
bands dipping at moderate angles to. the south,

2e2+.Be Marginal facies

SM1 may become heterogenaus with streaky banding
developed roughly parallel to the strike of its external
contacts. This occurs just west of the glacier feeding
Qoroq fjord, where fine and coarse-grained syenites of
similar composition are closely associated. Frequently,
the outer parts of SH1 are entirely nepheline free and
leucocratic. This is probably due to assimilation of silica
saturated material derived either from sedimentary quartzites
of the Eriksfjord Formation or from the Julianeh8b Granite
and is discussed further in Chapter 5.

2e2+Ce Petrogravhy

80-90 ¢ of the mode consists of coarsely perthitic
alkali feldspar, often with Carlsbad twinning and usually
with albitic rims. Hafic minerals are characteristically
pale olive-deep bhrovm amphibole with variable amounts of
green pleochroic aegirine. In several samples, pale grey
clinopyroxene cores (salite) sometimes containing apatite
needles, are rapidly zoned to dense green rims (aegirine-
augite) enclosing small rounded ‘euhedra of exsolved Fe-Ti
oxides. A second generation of aegirine may occur both
as rims to the amphiboles and as separate small euhedra
in interstitial positions, often associated with analcite.
Where nepheline is comparatively common ( >5 % mode) Fe-Ti
oxides tend not to be overgrown by the usual plates of
red-~-brown biotite, but are instead rimmed directly by
blue-green amphibole or red-brown aenigmatite (eg: sample
Al4), Where nepheline is prominent ( >10-15 % mode), pale
red-brown amphibole directly rims green clinopyroxene
(now ferrosalite-hedenbergite}. Tiny microlites of
aegirine are quite common within the nephelines of these

more evolved samples.
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. Samples of Sii1 from the marginal facies lacking

in nepheline, commmonly display very coarsely exsolved
perthites, Here, the mafic minerals becone aggregates of
arfvedsonitic/riebeckitic amphibole (x=grey y=blue z=lilac)
intergrbwn or rimmed by pale brown-orange biotite, or less
frequently by golden yellow astrophyllite.

2 %, Unit Sii2

2.5.As Genersl

SM2 forms an arcuate outcrop in the steep cliffs
which margin either side of the southern half of Motzfeldt
Sg. Usually a rather massive dark grey rock, with tabular
feldspars and interstitial mafic minerals, it coarsens
from a porphyritic phonolite in the east to a medium-
grained‘nepheline syenite in the west, the latter being
still somewhat‘porphyritic in parts. It is truncated in
the west by SH4 and in the east by the ring dyke (1ncomp1ete)
SM5. Xenoliths of SM1 occur in SH2 in east Motzfeldt and
veins of B3 cutting S2 show no. feldspar deformation or

significant recrystallisation of 3M2.

2e3%.B. Petrography

(a) Porphyritic phonolite

The easterly margin of SMZ2 is a phonolite, bearing
phenocrysts of feldspar, nepheline, clinopyroxene (with
amphibole rims) and a fine-grained phonolitic groundmass
which includes poikilitic mafic minerals.

Most of the tabular feldspar phenocrysts (c. 5-10mm
in length) are apparently unexsolved and yield quite low
2V's of around 40°. tlany of the feldspars show a slight
optical zonation, recognised by variation in the extinction
angle to Carslbad twinning where present, or to the long
edge of the crystal, which is often developed rather
abruptly over the outer 5-10 % of the crystal. Analysis
has shown this to corresponduith increasing K/Na towards
the rim. This zonation from relatively Na-rich cores to
sanidine-rich margins is similar to that observed in
phonolites from the Kenya Rift (Lippard 197%) and is
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known quite frequently from trachytic-phonolitic lavas
(eg: Nash et al 1969). There appears to be a direct over-
growth of feldspar into the groundmass, usually enclosing
many of the tiny crystals. One or two of the feldspars
appear to be partly exsolved, with the development of
lenticular prisms of albitic feldspar which may be
superimposed on (?)earlier exsolution lamellae (see Plate 1.).
Thé nepheline phenocrysts (1-2mm) may also display slight
optical zonation and are usually separated from a rim of
additional nepheline by a zone of fine-grained mafic
inclusions, thought to mark the initial outline of the
crystals, in a manner reminiscent of adcumulus gfowth.
Occasionally, aggregates of up to about 12 crystals can
be seen, These are individually unzoned, but grow into the
groundmass at their extremities. The same phenomenon has
been observed by Lippard in phonolite lavas from Kenyé,
where aggregates of up to 40 nepheline crystals amass to
approximately the same size as the average feldspar phenocryst
from the same lava (pers.comm, 1980).

fafic minerals fall into two categories; early formed
relics of zoned clinopyroxene (ferrosalite-hedenbergite)
and less common olivines (Fa69Tp6.4),both of which are
overgrown by later amphibole; poikilitic to interstitial
crystals of green~brown amphibole and red-brovn aenigmatite,
both enclosing tiny euhedra of groundmass nepheline and
feldspar. Fe-Ti oxides sometimes occur as rounded euhedra
within early formed mafic minerals, or as anhedral cores
to the larger grains of aenigmatité. Late stage aegirine
occurs interstitially and contains up to 4.2 wtH ZrO2
(54142) being the only major zirconium-bearing phase in

this particular roclk.

(b) Nepheline syenite (porphyritic)

With increasing distance from the outer contact,
SM2 becomes coarser-grained, although two generations of
feldspar and nepheline can be discerned in some of the
samples. The feldspars become more perthitic, yet may
still retain a slight zonation of increasing K/Na from
core to rim. In the viecinity of SiH4 in southern Central
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Motzfeldt and furthest from the contact of Si2 with SNM3,

unit SM2 varies between a porphyritic microsyenite and a
slightly porohyritic syenite, always rich in nepheline

(c. 20 % mode). For the first time, Fe-Ti oxides become

the stable phase, with a complete loss of the aenigmatite
found elsewhere in the unit. The poikilitic mafic minerals
now include some biotite and interstitial sodalite is not
uncommon. .A few substantial crystals of pale grey clino-
pyroxene (g. S5mn,salite) are zoned through green clinopyroxene
(aegrine-augite) and blue-grey arfvedsonitic amphibole

to a bluish-green-brown amphibole (also arfvedsonitic) and
orange biotite. In these coarser-grained rocks, the zirconium
bearing phase becomes eudialyte, 18venite or zircon. Rinkite

is locally common,.

2e4, Unit SM3

2.4 ,A. General

This zirconium-rich syenite outcrops in a curve
"which spans the eastern half of the Motzfeldt Centre. To
the north of the Flink's Dal fault it is at its widest
and is mediunm~-grained with little nepheline.iTo the south
it is much narrower in outcrop, finer-grained and contains
abundant nepheline, often of two generations. Here it is
correctly termed a porphyritic nepheline microsyenite and
is very similar to the porphyritic phonolite of SM2. It
includes xenoliths of 31 and sends veins into SM3, situated
as it is between the latter two units for its southern half.
The alignment of abundant tabular feldspars may impart a
lamination to the rock. This lamination is usually steeply
inclined towards the focus of the arcuate outcrops, although
it can be swirled and distorted. Fine-grained syenites with
structures simulating gravity stratification occur near to
the alkali gabbro dyke in northeast Motzfeldt. Here, mafic
bands rich in amphibole and opaques with concordent feldspar
lamination show cross cutting relationships on a 10cm scale.
The numerous sheets of microsyenite found in the
cliffs of 8M1 bordering the northeastern shore of Motzfeldt
S¢ are possibly related to SM3. These are peralkaline with
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bluish amphibole, aligned feldspar laths and plentiful
aenigmatite, but show no sign of nepheline. A 50m wide
sheet of eudialyte-microsyenite cutting SM3 southeast of
Motzfeldt Sg (54157) is somewhat porphyritic and almost
certainly related to SM? itself,

2.4eBes Petrography

(a) South of the Flink's Dal fault

(i) Porphyritic nepheline microsyenite

Composed predominantly of tabular alkali feldspars
(ce 10 x 3 x 2mm) and euhedral nephelines (c. 0.5=7.0mm)
with interstitial to anhedral mafic minerals, the rock
is sometimes dark coloured due to the presence of fine-
srained material. The most common mafic mineral is pink
brown-greenish brown amphibole (ferro-edenitic) rimmed by
blue-green amphibole (magnesio-arfvedsonite), usually as
irregular area; but also present in hand specimen as
occasional rhombic euhedra to 20mm in length. The alkali
feldspars are perthitic and the nephelines may form bands
several crystals long in between the feldspars. Aegirine
(x=green y=yellow green z=greenish yellow) is a common
“interstitial phase (g. 5 % mode), often forming semi-
radiating clusters of prismatic crystals. These aegirines
contain up to 6.96 wt¥% Zr0, (54138) where no other Zr-
bearing phase is present. Fe-Ti oxides and olivine are
apparently absent, whilst aenigmatite is present in access-
ory proportions. '

Cm-scale "mafic" banding in which mafic minerals
and dark fine-grained material enhance the white weathering
nepheline euhedra (c. 1mm) may be discordant by 10-15° to
the feldspar lamination.(54138), as shown in the sketch
below: -

§4/38
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(ii) Late sheet, (eudialyte)-nepheline microsyenite

This imicrosyenite sheet (54157) is aphyric at its
margihs, but elsewhere contains perhaps 10-15 % phenocrysts
(Fsp,Ne,Cpx). The tabular alkali feldspars (to c. 5Smm long)
show the same blebby exsolution and slight optical zonation
so typical of SM2. Smaller feldspars in the groundmass are
normally perthitic. Nepheline is present both as optically
zonéd euhedral phenocrysts and in the groundmass. Mafic
minerals are euhedral and consist of many pale green clino-
pyroxene crystals (hedenbergitic) zoned to dark green rims
(aegirine—augite), and similar quantities of blue-greenish
grey amphibole (arfvedsonitic). Interstitial sodalite (c.10 %
mode) and cancrinite (c. 5 % mode) are notably common.
Moderate relief colourless eudialyte, with typical anomalous
birefringence, occurs as occasional net-like poikilitic
crystals to 2cm across ahd less commmonly as rather distorted
evhedra (3-5mm). L8venite may occur as an accessory phase,

(b) North of the Flink's Dal fault

Thin sections examined from this area of SK3 are
highly fqbspathic medium to fine-grained syenites, all
apparently devoid of nepheline. Typically, euhedral alkali
feldspars 5-10mm in length are microperthitic, sometimes
with Manebach twins preserved as "herring bones", and
Carlsbad twins. Samples from the south of this outcrop may
preserve high temperature anorthoclase (2V c. 450) in its
optically unexsolved state, as cores to microperthites
(58400). Mafic minerals consist of olive green-greenish
brown anhedral amphibole, enclosing smaller tablets of
alkali feldspar (co 0.5mm) and relic cores of apple green
clinopyroxene (ferrosalite-hedenbergite). Pale green clino-
pyroxene may also occur as discrete euhedra (c. 0.5mm ferro-
salite) within the larger perthitic feldspars. Apatite
needles (to O.4mm long) and Fe-Ti oxides are common
accessories. Zircon is common, either as early formed
euhedra or as anhedral areas (0.3-10mm maximum dimension)
sometimes overgrown on smaller euhedra, and can constitute

up to about 3-5 % of the mode.
The mafic bands developed within this unit, near to
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(ce 0.5 km) the alkali gabbro dyke, typically consist of,

in order of decreasing modal proportions (63721C), amphibole,
alkali feldspar, Fe-Ti oxides, apatite, and zircon. In
addition there is a second generation of the green-brown
amphibole (ferro-edenite) and zircon may also be overgrown
on early formed euvhedra. Green clinopyroxene (hedenbergitic)
may form quite frequent relic cores to the amphiboles
(63721B) and pale yellowish brown euhedra (c. O.3mm) of
melanite garnet are locally common (63717).

2.5, Unit SM4

2eHels General

This unit occupies most of Central Motzfeldt and
also occurs west of Q8roq fjord, where it cuts across units
of the North O6roq Centre. On the latter evidence, the
Motzfeldt Centre postdates that of Worth Qdroq, contrary
to the earlier beliefs of Emeleus and Harry (1970) though
still in agreement with Rb/Sr age dates obtained for these
two centres by Blaxland et al (1978). This part of SM4
éorresponds - unit ?SM% in the work of Chambers (1976) on
the North #46roq Centre, and substantiates his original
suggestion that 7EN3 did in fact emanate from the younger
lMotzfeldt Centre. .

Within SM4 there are several distinct facies, possibly
represenfing'separate intrusive or cooling events, although
this has not always been demonstrable in the field, owing
partly to their complexity and partly to ambiguous field
relations. However, detailed mapping in Flink's Dal has
shown there to be three distinct mappable members of
syenite, collectively known as SM4, prior to the emplacement
of the lujavrites (SM6). SM4 contains large amounts of
xenolithic material derived from the supracrustal rocks of
the Eriksfjord Formation. These are preserved in all sizes
from 5em diameter inclusions to huge rafts measuring up to
5 kilometres in length. The large rafts, composed mostly of
lavas, may have promoted complexity in sus,

2.5.B. Ilink's Dal area

In general, the syenites are variable in character,
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possibly due to their proximity to the original roof
region of the centre. Large xenolithic rafts appear to
have acted as barriers to uniform fractionation within
unit SM4, having a profound effect upon the syenites
beneath and appearing to act as temporary floors to the
syenites crystallising above. .One raft in particular,
appears to have sunk into the syenite as a massive slab,
1-200 m thick, which has broken up at its edges, where
smaller blocks have been spalled off. Syenites beneath-
the slabs are usually less well laminated and often
depleted in mafic minerals, with euhedral nepheline
COnstituting'up to 50 % of the mode. Immediately above
the rafts, the syenite may be well banded for about 10-20m
(see Chapter 3, fig. 3,2). Here, the feldspar has a
platey habit and is laminated parallel to the mafic bands.
The latter become less mafic and thinner upwards, often
commencing with a basal layer practically devoid of nepheline.

Foyaite _
~ Distinctive because of its platey alkali feldspar,
this syenite freguently shows a lamination dipping at
moderate to ‘high angles to the NE and presumably towards
the original focus of SHM4. Immediately above the rafts of
supracrustal rock, the lamination is often at low angles,
apparently reflecting the topography of the raft. Rare
mafic'bands<beneath the rafts are frequently distorted
and discontinuous, suggesting deformation caused by.the
sinking raft upon a crystalline mush.

Heterogeneous Syenite

Fine to medium-grained syenites and microsyenites,
these are normally well laminated and often banded. The
alignment of small ubiquitous feldspar phenocrysts may
be semi-parallel to the rafts, or distorted with steep
and variable angles of lamination.

Xenoliths of Foyaite within the Heterogemwus Syenite
and xenoliths of Heterogenwus Syenite within the lujavrites,
indicates that the Heterogeneus Syenite postdates the
Fovaite and predates SMG6, the lujavrites. The Heteroreneus
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Syenite found in Flink's Dal is rather discontinuous,
although based on field evidence and petrography alone,

it appears to be very similar to unit HY, which lies
2-3km to the east of Flink's Dal., Thus, it is likely that
these heterogenous syenites have a similar mode of origin,
as & natural consequence of nmultiple intrusion.

Brown Syenite _
A coarse-grained syenite with distiedtiwvely randomly

oriented brown alkali feldspar and small amounts (5-10 %

mode) of orange nepheline, forms a narrow outer zone to

the southwest part of the Motzfeldt Centre in Flink's

Dal. This syenite appears to cut earlier members of unit

SM4 as outlined above.

Sti4: Summary for the Flink's Dal area

The variability of the syenites in this area
can probably be attributed to the proximity of the original
- roof of the centre. The rafts of supracrustal'rock, which
have clearly sunk into the syenites and were presumably
derived from the roof region, have acted as physical
barriers, preventing uniform cooling and solidification
of the syenites into which they sank., In detail, the
syenites can be very complex. Thus, given the large overall
area of. outere of unit SM4 (c. 170 km°), it is convenient to
- view these members described above as variants of SM4, at

least for the time being.

2;5.0. Unit SM4-: Petrography

Foyaite

Foyaitic syenite occurs within SM4 mostly in the
west and south of Central Motzfeldt and it is this variety
which occurs to the west of Q8roq fjord. Consisting of
‘tabular to elongate perthitic alkali feldspar (c. 20 x 5
X 10mm), euhedral nepheline (c. 2-3mm) and interstitial
bright green clinopyroxene (hedenbergite-aegirine), it is
usually just peralkaline, although (Na+K)/Al is a little
less than one for mafic varieties. The feldspar lamination
can be extremely well developg? (eg: 63754), with rather
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small nephelines (c. 1mm) tending to occur as layers in
between the feldspars. Nepheline constitutes about 20-30 %
of the mode with clinopyroxene and minor Fe-Ti oxides
generally accounting for about 10 %. The role of sphéne
appears to have been taken over by rinkite-type minerals
(Na,Ca,Ti,Ce silicates) several different phases contain
varying amounts of zirconium (eg; 18venite,'eudialyte).
Small amounts of apatite and red-brown biotite may also

be present.

Within the more mafic foyaites (eg:54241), pale
green clinopyroxene (hedenbergite) zoned towards dark green
marszing (increasing Na) is poorly rimmed byAstrongly
coloured ampnibole (x=olive green y=green z=brown). Together
with Fe~Ti oxides and apatite, these mafic minerals comprise
up to about 40 % of the mode. Here, nepheline may occur
both-as euhedra and as optically continuous blebs in the
feldépars, the latter being finely perthitic and irregular

in outline. Interstitial pale brown sphene may occur as

an accessorye.

Cumulus horizons

Limited amounts of mafic banding occur in SM4,
as for example just to the east of the larvikite ring
dyke (SM5*), where individual 5em scale mafic bands can
be traced through crumbly medium—grained palé syenites
for 10 or 20m and much less precisely for perhaps 300m
along strike. In thin section, cumulus textures are
common. These usually involve tabular microperthitic
feldspars and smallish nepheline euhedra, set in large
continuous areas of dark amphibole, zoned only slightly
at its edges. Inclusions of relic clinopyroxene (salite-
ferrosalite) and apatite (O.5-1.0mm) are also common
within this amphibole and a second generation of green
aegirine-rich clinopyroxene occurs as an interstitial
phase. The texture would suggest that at least some of
the emphibole (x=green y=pale brown z=dark brown) has
undergone édcumulus growth. . S

The mafic minerals in the layered rocks above
 the xenolithic rafts in Flink's Dal (near to SM6) have
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been (?) altered to felted masses of pale green clino-
pyroxene (aegirine-augite). The microperthitic alkali
feldspars are little altered and the original outlines

of the clinopyroxenes and apatites are still clear. Small
amounts of interstitial nepheline have been altered to
gieseckite, cancrinite orf sometimes to sodalite.

Porphyritic microsyenite and porphyritic phonolite

Porphyritic microsyenite forms part of the marginal
facies of 3M4 near to its contact with the older SM1 in
northern Central liotzfeldt, whilst porphyritic nhonolite
may be found to the north and east of the xenolithic rafts
around Ivnari.

(1) Porphyritic microsyenite (eg: AM7)

Phenocrysts of aligned perthitic alkali feldspar,
well zoned nepheline euhedra and several pale brown-red
brown amphiboles (edenitic) account for about 80 % of the
rock (see rlate %)e The remaindér consists of further
felsic minerals with interstitial green clinopyroxene
(aegirine), arfvedsonitic amphibole and aenigmatite.
Relics of pale grey clinopyroxene (salite-ferrosalite)
and iron-rich olivine (fayalite) are sometimes found
within the amphiboles. In addition, Fe-Ti oxides may be
preserved as corroded cores to aenigmatite and rinkite
may occur as a few relatively large, twinned (lamellar)
crystals (c. Tmm).

(ii) porphyritic phonolite (eg: ANM9)

This phonolitic rock is similar to those described
from units Sil2 and 8% and is illustrated in Plate 4.
#pparentty Little~altered anorthoclase may be preserved
as phenocrysts (g. 5mn), although there has often been
a limited amount of blebby exsolution. Both fayalitic
olivine and pale green clinopyroxene (ferrosalite) are
present as discrete crystals (c. 0.5-1.0mm) generally
having a thin rim of dense green amphibole. Nepheline is
-less common than in either SM2 or SHM3, amounting to about
5=10 % of the phenocrysts. Reddish brown-olive green
amphihole and lesser amounts of dark red-brown aenigmatite
are poikilitic in the medium-grained groundmasé. The
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phenocrysts amount to about 40 % of the rock and are mostly

feldspars.

2e5eDe Recrvstallised SHL

Where SM4 has been recrystallised by S5 and St6,
Na~-metasomatism can be seen in thin section, where original
mafic minerals have been replaced by aggregates of rather
pale green aegiriné-rich clinopyroxene, orange-brown
biotite and small Fe-Ti oxide?:swith or without greenish
blue arfvedsonitic amphibole. Albitic rims to the feldspars
are often enhanced and interstitial albite may be present.

Near to and directly above the larvikite ring
dyke (S8M5*), Sii4 becomes hardened and the feldspars have
often begun to lose their identity. In thin section, the
original mafic minerals have often been replaced by optic-
ally continuous anhedral areas of pale green clinopyroxene
(hedenbergite—aegirine) and nepheline has frequently been
extensively altered to natrolite, lending the rock a
characteristic reddish colour. Occasionally, magnetite
appears to have segregated and forms lenses up to 2m in
length. The mognetils have perfect crystal outlines in
reflected light (¢. 1mm) with triple junctions and are
similar to normal low temperdture deposits of magnetite.

2.0e Unit HY: Heterogenous svenites

2ebel. General

Situated south of upper Flink's Dal and forming a
nortaward facing spur, this area consists of mafic and
leucocratic fine-grained syenites, porphyritic syenites
and microsyenites. Some of the porphyritic microsyenites
are similar to the Heterogenous Syenite in Flink's Dal,
although the two are not necessarily related. These hybrid.
(=HY) syenites are not strictly speaking an intrusive unit
so much as a mappable member. They appear to be gradational
to the surrounding SM4 and within themselves. They are
cut by SM4 in the east and by a dyke-like body of SM4 in
the west, where they are exposed on glaciated slabs at the
toe of a retreating glacier. Within this "dyke" of GSMi4,
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the different varieties of HY can be recognised as:angular
to rounded blocks (up to about 0.5m) apparently undergoing
various stages of assimilation with their host. A sheet
of xenolithic microsyenite similar to HY cuts SM1 in
southeast Motzfeldt (54135) and also forms a ’I-SOOm2 area
in the north of Central Motzfeldt. An area of porphyritic
microsyenite in SM5 in upper Flink's Dal, is possibly a
sunken relic of HY. .

HY usually develops a streaky banding, usually in
a sub~horizontal attitude and often with quite sharp though
- discontinuous boundaries, which can be traced for several
tens of metres in units from 10cm to S5m wide. Petrographic
examination of HY and the adjacent SM4 reveals that much .
of HY consists of microsyenite mixed in varying proportions
Wig&ﬁg}der medium~-grained syenite. Xenocrysts and aggregates
of \nepheline syenite appear to be 'tumbled' in a matrix of
nepheline microsyenite, which itself shows very well developed
flow structures. Sodalite and cghcrinite are locally very
- commmon., From the recrystallised nature of the relic syenite
and the total and intimate variation in proportions of
xenolithic syenite and microsyenite, it is thought that
much of the microsyenite has been derived in-situ, by
remobilisation of the old syenite. It is also apparent that
SM4 has become patchily contaminated within a zone up to
0.5km distant from HY. In these syenites, amphibole may be
unusually dominant over sodic pyroxene. The overall
 impression is of an area of nepheline syenite which has
been reheated and remobilised, apparéntly in response to
the intrusion of SM4. This is elaborated further in chapters

% and 5.

2e6eBe Petrography

(i) Porphyritic microsyenite . .

‘ Varying between a fine-grainéd.syenite and micro-
syenite, this is the most characteristic variant of HY.
Xenocrysts and aggregates of several crystals of nepheline
- gyenite vary in modal amount from about 15 to 50 %. Typically,
large slightly zoned nepheline euhedra (c. 1-2mm) and
oblong perthitic alkali feldspars (c. S5mm) deflect the
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groundmass minerals (the microsyenite). Both pale green
clinopyroxene (hedenbergite) and amphibole (x=greenish

brown y=pale brown z=brown) exist as xenocrysts, still
atteched to their original syenite matrix. The xenocrysts

of clinopyroxene may show continuous green sodic rims
developed irrespective of their original optical orientation
or fragmentary nature. The microsyenite consists mostly of
elongate K-rich feldspar, abundant nepheline euhedra (c. O.2mm)
which are characteristically zoned and anhedral mafic ‘
minerals (¢. O.%mm). The latter consist of dark coloured
amphibole (dark green-brown) and dark green clinopyroxene
(hedenbergité); Dark orange ' brown biotite is notably

common (c. 1 % mode) and tihy apatite needles are locally

abundant.

(ii) Nepheline syenite .

_ ' Quite frequently the alkali feldspars may show
Manebach twins, preserved as "herring bones" within the
perthites. The colouration of the feldspars is distinctly
patchy, with clear areas coinciding with crenulate crystal
boundaries. Very occasionally, one or two feldspars show
deformation in that they are bent. Nepheline constitutes
about 20-30 % of the rock and may be partly replaced by
cancrinite, natrolite or sodalite. Almost all of the
nephelines are zoned, yet are effectively of constant
composition (see Chapter 4). A varticularly dark amphibole
(x=dark green y=~z=dark brown) is the dominant mafic phase,
whose ragged outlines often give the rock a spotted appear-
ance in hand specimen. Throughout a typical thin section,
there is a notable amount of small blebs of felsic minerals.
The latter (le,Ab,K~-fsp and cancrinite) have a vague
preferential alignment running across an otherwise equi-
granular medium-grained nepheline syenite (eg: AlM119).

(iii) Supplementary

The xenocrysts and aggregates of nepheline syenite
within their microsyenite host show recrystallisation, in
‘the form of small crystals (lie,Fsp,Amph) developed in the
relic crystals. The alkali feldépars often show a considerable
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range in exsolution types, cryptoperthite, perthite,
braid perthité and even apparently homogenous feldspar
(2V « 50°) being present. This presumably attests, at
least in part, to their xenocrystic origin., In some of
the feldspar it appears that the sodium-rich portions
have "annealed] by linking of perthitic blebs into semi=~
" continuous canals. With remard to the patchy pink colour
and ‘'dusting' of the feldspar in the "old" syenite, it
is interesting that pink alkali feldspars from the Shap
Granite, Cumbria, may turn white upon heating (G.M.Brown
pérs.comm. 1979). This bleaching is seen again in SM5
remobilised by the alkali gabbro dyke (see following
section 2.7.E.)e Rinkite is a common accessory phase
throughout HY.

2.6.C. Additional

Unit HY has an unusually variable peralkalinity
ratio ((Na+K)/Al=0.9-1.1) and Na/(Na+K) ratio, more so
in fact than any other single unit from the Motzfeldt
Centre, although units from North Q8roq are similarly
variable (Chambers 1976, Vol.2). Sodalite, cancrinite
and hydrated minerals are all rather common, suggesting
relatively high concentrations of volatiles (01,002,H20).

2.7. Unit SM5

2.7+As General

SM5 is the last major intrusive unit north of
the Flink's Dal fault, except for the alkali gabbro dyke.
It consists for the most part, of coarse-grained, pale
weathering syenite which is often rich in euhedral
nepheline., However,.along its west and northwest margins
it becomes a darker, more basic syenite, which is in
fact very reminiscent of the lardalites from southern
Norway. A partial ring dyke of larvikite, outcropping as
the northwest quadrant of a circle in western Central
Motzfeldt appears to be an eérly, yet more basic intrusion
just predating SM5 and is referred to as SH5*.

The ring dyke SM5* was :originally’ . termed a syeno-
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-gabbro by Zmeleus and Harry (1970) yet, in view of its
strong similarities to material from the Permian graben
of Oslo in Seliorway, it is the preference of this author
to call 8M5* a larvikite. 5imilarly, the more nepheline-
rich relative of 315 is called a lardalite (strictly
speaking, an olivine lardelite). There is a complete
pradation from the most basic members of SK5* through
the lardalites to hesic syenite, also found near the
nargin of 2i5. This is accompanied by a textural variation,
with a progressive change in nepheline habit (see below)
and a continual mineralogical and geochemical variation.
Si15 typically coatains large rectangular alkali
Tfeldspars (3-5cm). prominent white weathering nepheline
euhedre (1-3cm) and anhedral areas of mafic minerals.
Where the syenite becomes finer-grained towards its western
margin, poikilitic coppery coloured biotite becomes a
prominent constituent. In this region, three varieties of
¥enolith may be encountered; (i) Large areas (c 1-5OOm2)
of trachytic and microsyenitic material, often with complex
edge effects towards 565, manifested by streaky and
rapidly varying syenites, over ‘In or so. These are prcbably
derived from the supracrustal rafts, and may be reworked
from rafts in SM4; (ii) Subangular to rounded xenoliths of
pale foyaite (c. 0.5m), although not common, these are
presunebly derived from the adjacent 34, clearly indicating
the younger nature of 3l5; (iii) Areas of fine-grained
basic syenite, whiech appears to be.the chill of SH5 itself
(autoliths), found adjacent to a large raft.
The boundary of 3M5 in the eastern end of upper
Flink's Dal is somewhat more complicated. Here, close
inspection reveals a slizght decrease in grain size of
5t5 towards SM4., In thin section, SM4 often shows .signs of
recrystallisation. Some samples of SM5 are amain of
lardalitic typne. It appears that althougn SM5 is younger
then Si4, the original boundary has been effected by later
faulting and the »resent day contact is, at least in part,

tectonic.
lHafic banding can be seen at a few localities
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within SM5, notably at about 1250m 2-3km east of Ivnfrf,
- where mafic bands about 2-%cm thick occur over a 30m
width and along strike for about 70m, with a lamination
of elongated feldspars running parallel to the bands.
Textural evidence suggests that accumulation of early
formed and dense phases was guite an active‘'process in

S5 e

2e7eB. SH5*: Larvikite

Weathering to a dark brown colour along the dyke,
this rock is a dark variety of larvikite, with olivines
and poorly schillerised feldspars visible in hand specimen,
Alkali feldspar forms the bulk of the mode (c. 40-60 %)
and is cryptoperthitic, sometimes (580%7) enclosing rare
xenocrystic cores of plagioclase (g. An280r5) which showvs
subdued lamellar twinning, In the most mafic representative
(58062), the typical lilac clinooyroxene (salite) forms
20-25 % of the mode as large subhedral crystals (c. 3-5mm),
with smaller pale yellow olivine euhedra (Fa57-64Tp2.5-2.6;
where Tp=tephroite=ﬁn28104)ualso being quite common
(c. 5-10 % mode). Irregular areas of strongly pleochroic
amphibole (Jork brown-pale brown-reddish browvn) are often
optically continuous and very similar in colour to the
 red-brovn biotite vlates., Somewhat darker biotite is also
very common as enveloping sheaves to rounded and exsolved
Fe-T1i oxides and olivines. Elongated apatite needles are
abundant throughout.the larvikite. lNepheline, quite
commonly pseudomorphed by pale brown clay-like minerals
(cf. gileseckite) is present (3-5 %) in the most basic
members as optically continuous blebs within the feldspar.
In more evolved samples (olivines Fa?O—SETp5.2-5.7 as in
A\M55) nepheline is also present as an interstitial phase
and can form perhaps 10 % of the mode in more leucocratic

varieties.,

(i) Lardalite _
In this olivine lardalite, cryptoperthitic alkali
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feldspar is a little more common (50-65 % mode) but the
most notable change from the larvikite, is the increase

in nepheline, This now exists, not only as blebs in
feldspar and as interstitial 'stringers', but also as
discrete anhedral areas, totalling up to about 15=-20 %

of the mode. Colourless to pale green olivine (Fa 63-85
ij 8-7. 2) forms common euhedra (c. 10 % mode), once more
rimmed by biotite. Subhedral clinopyroxene (g. DlBOHb55Ac5)
is now slighktly zoned to pale green clinopyroxene at its
edges. Nepheline may be intimately associated with the
clinopyroxene, and may be interg grown on a ’l/’lOOth

scale (Plate 2), where it is also associated with very
fine apatité needles. Nepheline would thus appear to be a
high temperature phase, whose nucleation has been more -

or less simultaneous with clinopyroxene in this instance.

(ii) Mafic nevheline syenite

A rpafic syenite may be found at the extrene
northwest contact of SHS with earlier Si4, and is
unusual for the amount of nepheline which it contains
in excess of feldspar. Perthitic alkali feldspar, often
exhibiting Carlsbad twinning, is apparently entirely
‘restricted to interstitiél positions and comprises 15-
20 % of the mode. The dominant minerals are euhedral
nepheline (c. 50 % mode) and slightly zoned subhedral to
euhedral amphibole (x=red y z=dark brown) with interstitial
amphibole of the same composition. Iiilac clinopyroxene
and olivine‘(Fa74_80Tp4.8_5.7) is much less common, whilst
apatite and Fe-Ti oxides are more common than in the

lardalites,

2.7.Ds lMepheline syenite

Typically, felsic minerals compose 80-85 % of the
syenite, of which 20-30 % is nepheline. Subhedral to
euhedral perthiticialkali feldspar forms large crystals
(c. 10 x 5 x 5mm to 20 x 10 x 10mm) with nepheline occurring
as euhedra (¢c. 5-to 10mm ) and as blebs within feldspar.
llafic minerals are distinctly localised anhedral areas in
hand specimen and consist of early formed pale lilac
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coloured clinopyroxene (salite) zoned to greenish
margins (increasing la) and surrounded for the most part
by large anhedral areas of distinctively coloured (x=orangey
brown y=pale brown z=bluish green) amphibole (ferro-edenitic).
This amphibole nay show anomalous extinction across its
breadth and especially towards its darker coloured rims
(arfvedsonitic). Occasionally, the amphibole may be
interzrown with bright green clinopyroxene (cf. AM82, aegirine-
ausite) but is quite often intergrovn with small amounts
of orange-browvn biotite. Blebby Fe-Ti oxides, apatite and
sphene are usually present as accessories. Towards the
interstitial positions (senerally one or two per slide).
the mafic minerzls show slight Na-enrichment, blood red-
black aenizmatite overgrows Fe-Ti oxides and small crystals
of nepheline, alkali Teldsnar and sodalite may be present.
Very occasionally, euhedra of red eudialyte (c. 2-5

mn) are found (eg: AiB2), sometimes partly pseudomorphed
by'pale micaceous-type minerals and cétapleite. In these
samples, nepheline appears to be randomly replaced by
sodalite and natrolite, or less commonly, by cancrinite.
Pinkish to purple coloured fluorite is often present in
accessory nroportions.

' Semples which display cumulus textures (sensu
stricto Wager and Brovm 1968) often have (eg: AMN43)
euhedral nepheline (2-%mm) and alkali feldspar (c. 5mm)
emphasised by large anhedral areasof optically continuous
amphibole (pale orange-dark brown) which may comprise
30 % of the mode and include smaller euhedra of felsic
minerals, Larly formed lilac or pale green clinopyroxene
(salite) is sometimes sevarated from this amphibole by a
feathery reaction rim, up to O.5mm wide, in which are found

43 2 aegirine (A095), lig-arfvedsonite and calcite.
Orange coloured biotite is a minor phase, whilst late
stage interstitial green aegirine, red aenigmatite, blue
creen arfvedsonite and twinned albite are common accessories.

2e.'7eL+s Rheomorphisn

Within about 1-%m of its contact with the younger
alkali gaboro dvke, 3SM5 has undergone rheomorphism and

J
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has back-veined the dyke. Samples collected at 3m, 1m
and O.5m from this contact (AM109, 108 and 107 respect-
ively) show increasing degrees of melting of the original
coarse-¢grained nevheline syenite., The salient points will
be outlined in the following petrographic descriptions,
given in the order of increasing melting. Naturally, no
glass is preserved, because the melt still cooled at
depth and thus relatively slowly, although the syenite
vhich has been re-melted is distinctly finer-grained.

(a) AI109; Sm from contact

1. Consisting of coarse-grained nepheline syenite
for the most vpart, thin sections are characterised by
perfectly rounded to oval areas of completely bleached
féldspar, in contrast to its normal pale pink/brovn
colour. |

2. Recrystallisation has occurred along the
grain boundaries, with fine grained intergrowths of
rather granular crystals (it,Ne,Fsp,Bi). These are
almost exclusively concentrated in the bleached areas
and occur prominently at multi-phase boundaries. The
latter is in agreement with theoretical predictions of
partial melting, which indicate that melting is favoured
in proportion to the number of components available at
any particular site (S.Maalde pers.comm. 1980).

(b) AMI08; 1m from contact

1. Subordinate areas of coarse-grained nepheline
syenite are still recognisable in a fine-grained syenitic
matrix. ' ‘

2o The matrix is chara¢terised by fine-grained
crystals of nepheline euvhedra or blebs, rounded'grains of
Fe-T1 oxides, elongate laths of biotite in random orient-
ation and feldspar grains and laths,

3. The elongated crystals of biotite may be
bent or curved perhaps indicative of rapid growth. The
relic feldsnars are also frequently bent and distorted.

Ly Patches of abundant granular opagues and small
vbiotite crystals show the vague outlines of original mafic
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minerals, such as amphibole from the original syenite
SM5.

(e¢) AM107; 0.5m from contact

1. The rock is of a variable grain size, with no
large crystals remaining. The felsic minerals now have
angular or crenulate boundaries and are generally anhedral,

2. lieedles and elongated crystals of biotite are
prominent, and fine needles of apatite are locally prolific.

3. The small feldsvars show a variation in their
exsolution from cryptoperthites to regularly exsolved
little microperthites and perthites. '

4, Some of the feldspars show a patchy colouration
(very pale »nink) or "dusting" of fine-grained particles,
slightly enhancing their relief, ‘

56 Thefe is e suggestion that mafic phases, excluding
the larger biotite crystals, are localised in relatively

few areas across the slide.

2.80-[\5-0 General

The Motzfeldt lujavrites consist for the most part
of similar portions of dark lujavrite and white lujavrite,
with very subordinate or rare amounts of green lujavrite.
They are'approximately of microsyenite grain size (g. 1mm) ,
with a coarée—grained lujavrite equivalent to about a
medium-grainéd syenite (c. 4#=5mm).

‘ Representing the last visible intrusive phase south
of the Flink's Dal fault (except perhaps for the alkali
sabbro dyke), the lujavrites show excellent flow bandiné
between mafic and leucocratic layers on a 1cm to 10cm
-scale (Plate 5) which can be seen to swerve around incorporated
xenoliths (Plate 6). Large scale banding, on the scale of
several metres. or several tens of metres can be seen in
the vicinity of a large corrie situated at the northern
‘end of (6rqup qdoai (see Chapter 3, fig. 5,1). On the basis
of this layéring and the presence of flat-lying fold
structures coupled with the rapid fluctuations in composition,
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these lujavrites were originally regarded by Emeleus and
Harry (1970) as raft-like inclusions of gneiss that had
been thoroughly soaked by and recrystallised in the

syenite SM4. Further detailed mapping in the Flink's Dal
area has shown this not to be so. The lujavrites behave

as a large sill-like intrusion situated beneath large

rafts of xenolithic lavas, and are irregular in detail.
Their disposition is shown diagramatically in figure 2,1.
Plate 7 illustrates a major raft (also the centre foreground
of figure 2,1) which directly overlies the westward part of
the lujavrites. ‘ )

The lujavrites display excellent cross-cutting
relationships to both the Foyaite and the Heterogenous
Syenite of 3M4 in the Flink's Dal area (see Plate 8).

They become finer-grained towards contacts, although
coarser and finer bands almost immediately away from

their margins means that any "chilled" zone is necessarily
very thin, The nepheline euhedra, so characteristic of
the dark lujavrites in particular, are remarkably constant
in size within any given band, yet can vary greatly between
adjacent bands (ie: ¢c. 1 to 10mm). Small folds are common
within the banding and become more complex (Plate 9) near
to xenoliths and contacts, where fine and coarse-grained
lujavrite or even pegmatitic lujavrite have been formed
simultaneously. At one contact, a mafic band of lujavrite
is seen to tear off individual feldspars from the older
foyaite (Plate 8). This shows the direction of flow to

be consistent with the mapped direction of thinning
tovards the west, and away from the thickest part in the
easte. |

rudialyte appears to be very sparse in some of the
lujavrites, although this is probably a field recognition
problem, since eudialyte from Motzfeldt can be cream
coloured (eg: 46261, Ali159) as well as the more usual
pink colour, both of which can be euhedral and possibly
mistaken for nepheline.

Division of the lujavrites into three types,
using colour and grain size, with further characteristics
as outlined below, has been done in the field. Vhere two
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or more types of lujavrite occur together, the dark
segregations seem to be the last to have solidified, yet
there is fagguent evidence for both mafic and leucocratic
varients to)been emplaced simultaneously (eg: Plate 9).

I3

2.8.8+. Dark Lujavrite

Typically, this is a dark rock with prominent
negative-wveathering nepheline euhedra which act as "eyes"
to a flow aligned matrix of dense black aegirine needles
and interstitial white feldspar (eg: AM164). Coarser
varieties may be rich in the yellow mineral manganoan
pectolite, and in yellowish eudialyte or its alteration
products. The eudialyte is usually well formed and can be
identified as rosevpink, cream or brown euhedra, although
is more difficult to distinguish in the coarser-grained
samples.

In thin section (4i1164), a dramatic flow structure
is portrayed by elongated greenfellow-green aegirine laths
(3=5mm long), and sevarate albite and microcline laths.
This flow structure is deflected and turned by numerous
nepheline (2-3mm) and eudialyte (1-3mm) euhedra. The
eudialytes are often fractured and show low or anomalous
birefringence, sometimes with nicely developed concentric
zonation., One tumbled phenocryst of eudialyte, directly
abutts a nepheline crystal, the two behaving as a single
entity, suggesting that the two crystals had similar
temperatures of formation. The eudialyte is frequently
altered to a stronger pink coloured material along its
cleavage cracks., further stages of alteration, seen in
a few euhedra, indicate eventual complete replacenent by
colourless intergrowths of catapleite and a brownish
" mineral similar to pectolite. In the coarser varieties;
the eudialyte may appear to have been a little crushed
(eg: AMI6G5).

There are two separate feldspars, alblte (Ab970r~)
and microcline (Or96Ab ), both of which are present as
~Albite twinned laths (c. 1-2mm), The albite has higher

birefringence, reaching 15% order whites and yellows,

&
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whereas the microcline has subdued grey birefringence

and less brightly defined Albite twins. Distinction
between the two feldspars is a simple task in the somewhat
thicker probe sections.

Isotropic sodalite and lesser amounts of faintly
cross-hatch twinned analcite are often present in varying
amounts, sometimes after nepheline. Occasionally, the
lujavrites contain excellent evidence of autobrecciation.
In one sample (Al155a), angular and abruptly terminated
fragments of dark lujavrite act as physical obstacles to
flow of the host, which is also dark lujavrite.

2.8.C. White Lujavrite

Essentially richer in felsic minerals, this variety
bears now prominent mafic needles and prisms of densely
coloured aegirine. Nepheline euhedra with aegirine micro-
lites and tiny twinned albite laths may be seen in hand
specimen with the aid of a hand lens. Fudialyte is usually
recognisable by its rose-pink colour and is now interstitial
or poikilitic (Plate 10).

In thin section the dominance of feldspars and
euhedral nephelines is instantly apparent. The feldspars,
although now composed of near end-member compositions;
appear to have crystallised as one feldspar in many of
the samples of -white lujavrite, and are now very coarse
patch perthites (as used by Parsons 1978) which may indicate
feldspar-fluid interactions at temperatures below 100°¢.
The areas of microcline are more common towards the centres
of these crystals, and separate microcline and albite can
both be found in the same slide. Pefhaps more striking is
the subtle change in habit of the aegirines, particularly
in samples from the west of 3SM6. The pyroxenes are now
sub-ophitic to the feldspars and have grown relatively
1éte, such that the flow structure delineated by the
feldspars (c. 1 x 3 x O.lmm) warping around nepheline
euvhedra (2-%mm) is entirely uninterrupted and was clearly
present to a large extent, before growth of many of the
pyroxenes. Aegirine is also present as prismatic microlites
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scattered throughout the felsic minerals. Eudialyte,
whether cream or pink coloured, may form perhaps 5 % of
the rock (eg: AM157) and is sometimes altered to dar%aw”w&dh%
coloured minerals along its cleavage (eg: ?zir? e51té3
Amphiboie is locally common (x=pale green y=greenish blue
z=greyish blue) though nowhere forms more than about 5 &

of the mode. This amphibole is arfvedsonitic yet may

contain wup to "7 wti HgO.

2e3esDe Green Lujavrite

Thais variety of lujavrite is severely limited in
outcrop to seﬁregat¢ons and veins up to about 1 metre or
so wide and is altogether uncommon. Nevertheless, it is
a distinétive fissile green rock extremely reminiscent of
green lujavrite from the Ilimaussaq Intrusion (Ferguson
1964, 1970), It is composed almost entirely of green
aegirine needles, with locally common pinkish nepheline
euhedra and red eudialyte.

‘ In thin section, the aegirine needles (c. 0.7 X
?-Bmm) are pleochroic in greens and yellowish greens and
are very strongly aligned. The nepheline euhedra (c. mm)
are often extensively replaced by reddish natrolite, and
may be locally common, with elongated stringers of a
dozen. or so crystals. Microcline feldspar is present in
small interstitial areas along with small amounts of

- albite. Eudialyte does not appear to be present, but
appears to have been totally replaced by reddish brown
rather amorphous-looking material and micaceous aggregates
(AM152).

ZeBele General

Representative analyses of the lﬁjavrites are
tabulated in Chapter 5 (Table (5) 1). In addition to the
. major phases mentioned (Aeg,Alb,Mic,Ne,Eud) the lujavrites
- contain several less common minerals, of which perhaps the
most frequently encountered are pectolite, manganoan-
pectolite; pyrochlore and a whole host of alteration
products after eudialyte; such as catapleite. Many of .
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these are dealt with in Chapter 4 (Minerélogy).
Geochemically, the lujavrites are unusually
enriched in "residual" elements, and in particular,
-Zr, Nb, Ce, Rb, La, ¥ and Th., In this, they are very
similar to lujavrites described from other . .
agpaitic alkaline centres (see Table (5) 1). However,
one striking difference between the lujavrites at
Motzfeldt and their counterparts at Ilimaussag, is
- the paucity of amphibole at lMotzfeldt, whose role
instead seems to have been adopted by aegirine.

Ce 9. lkall Gabbro Dyke

2e 9 A, General

A large vertical dyke of alkali gabbro (gc. 200m
wide) trending ENE cuts S5 north of the Flink's Dal fault
and units SI% and HY to the south, placing sinistral
novement on this fault at a little under 4km. The dyke
is headed in the south, where it appears to narrow upwards.
A continuation of the same dyke cuts units SM1 and SM%
in northeast Motzfeldt, where it may again be headed.

The dyke is at its widest in Central lMotzfeldt, where it
weathers symmetrically about a 15m core of possibly
unrelated ohonolitic trachyte.

Some facies of the alkali gabbro are porphyritic,
with phenocrysts and blocks of plagioclase to 10 or even
25cm in length., These are most abundant towards the
south wall of the dyke. Each euhedral to rounded block
of plagioclase is often encrusted with small granular
opaques .and olivines. In thin section, quenched elongate
olivines (Fo65) and small dendritic clinopyroxenes (salite)
are found within cracks in some of the blocks (eg: AM113).
South of the Tlink's Dal fault, small pale blocks xenolithic
nepheline syenite (c. 5-1Ccm scale) become quite common
in the upper part of the dyke and are petrographically
Very similar to the surrounding host syenite,

2.9.B.  Petrography

The alkali gabbro is a dark weathering rock. In
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hand specimen, brownish green or white plagioclase
feldspars appear to form the bulk of the mode with

small granular olivines and sometimes notable copper
coloured biotite. In thin section, the plagioclase crystals
are strongly zoned from cores of labradorite to rims

of oligoclase, which are themselves often mantled by
rather interstitial alkali feldspar. Pale green olivine
euhedra and often well formed Fe-Ti oxides are both:
plentiful and freqﬁently rimmed by dark red-pale brown
biotite. Fairly large areas of sub-ophitic lilac coloured
clinopyroxene (salite) are common throughout. Apatite is
common both as stubby vrisms (2-5mm) and as smaller
needle-like crystals (to 10mm). Interstitial nepheline

is present in rather small amounts ( <1 % mode).

The chilled marginal rocks are doleritic and
sometimes quite fine-grained. Where SIi5 has suffercd
rheomorphisn, it 1s perhaps to be expected that the
cabbro does not become very fine-grained. The clinopyroxene
in these rocks tends to be elongated ( // to the c-axis),
and red biotite i1s always present, as is alkali feldspar,
in varying amounts. Occasionally, the doleritic facies
contain blocky plagioclase (c. 5mm) which seems to be
xenocrystic in origin. The latter are overgrown by
further plagioclase, which often terminates the well
defined lamellar twinning of the original crystal (eg:
58017). Occasionally, there is an almost abrupt zonation
to alkali feldspar which may be intergrown on a fine
scale with nepheline (58017).

2.10, 3atellitic syenites

Two separate areas of syenite predating the major
‘units of the Motzfeldt Centre are found to the east and
northeast of lotzfeldt Sg. These are called the East
Motzfeldt and North Motzfeldt Centres and have prefixes
EM and NM respectively (Emeleus and Harry 1970). Both
EM and NM contain recognisable xenolithé of breccias,
lavas and porphyritic lavas which have presumably been .
derived from the supracrustal Eriksfjord Formation.
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2e10.Ae Unit EM: East lMotzfeldt Syenite

(a) Syenite

- Covering about 10 kmg, this intrusion has neither
been examined nor sampled in great detail. The typical
syenite consists of rectangular perthitic alkali feldspar
(c. 10 x 3 x Smm) with interstitial albite and alkali
amphibole., The amphibole is pleochroic in shades of brown
and often poikilitic, enclosing small plates of albite
(c. 0.1mm) and less common original K-rich feldspar (c. O.1mm).
Nephelilne appéars to be totally absent, although several
irregular areas of apatite may bear a close resemblance at
first sight. Where the amphibole becomes pleochroic in
shades of blue, quartz appears in the norms at about 3-5 e
Occasionally, the original mafic minerals (?7amphibole) may
be replaced by a mosaic of aegirine, red biotite and blebby

Fe-T1i oxides.

(b) Poikilitic microsyenite

Forming a sill-like bhody, this syenite occupies
about 1—2km2 in the west of LM, Geochemically, this rock
is peralkaline. A fine-grained groundmass of alkali feldspar
is characterised by irregular or semi-regular areas (g. 3=5
mm) of poikilitic amphibole (pleochroic from brownish green
to blue green) and roughly equal provortions of similarly
disposed reddish brown-dense brown aenigmatite. These mafic
minerals comprise about 20-35 % of the mode. One or two
phenocrysts of poorly exsolved alkali feldspar (g. 0.5=1.5
mm) are almost always present and have resorbed or recrystal-
lised margins. No quartz or nepheline has been observed

by the author.

2.10.B. Units NM: North lotzfeldt Syenites

- 3ituated near the northeast margin of the Motzfeldt
Centre, an early outer unit, NH1, is more or less cored out
Ly '‘a younger and more nepheline-rich unit NM2. Both of '
the syenites are fairly rich in clinopyroxene and are rather
basic in appearance. lapping shows that NM2 must be truncated
by unit SH1 of the Motzfeldt Centre.
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(a) Unit NH1. (augite syenite)

This rather equigranular syenite bears blocky
perthites and small amounts of interstitial nepheline
(<5 % mode) which is often altered. Frequent pale apple
green clinopyroxene (ferrosalite) is rimmed by olive green-
chestnut brown amphibole, which is subhedral and zoned to
bluish green rims. Fe-Ti oxides and apatite are common in
the somewhat localised mafic areas. Interstitial albite
is quite common and also occurs along feldspar grain

boundaries.

(b) Unit 2. (nepheline syenite)

In the field, this unit is notable for its
variation in grain size, often bearing patches of coarse-
gréined material in a finer grained matrix of the same
composition (Fmeleus and Harry 1970). Feldspars up to Scm
in length may be developed in the coarser-grained areas.
A.prominent nill of dark brown weathering rocks occurs
near to the centre of these pale grey syenites. These dark
rocks are xenoliths derived from the Eriksfjord Formation
- and include breccias, porphyries and lavas.

- In thin section, green clinopyroxéne is more
prominent than in NM1 though is rimmed by a similarly
coloured amphibole. Nepheline occurs in the interstices
and as discrete anhedral areas, forming about 10 % of the
mode. Rather dark green pleochroic clinopyroxene (aegirine-
augite) is a common interstitial phase, along with analcite
and some natrolite. Needle-like apatites are locally common.

2e’11. Gardar supracrustal rocks: Eriksfjord rormation

2el1l. A, General

Terrestial sediments and volcanic rocks directly
overlying the granitic Ketilidian basemént, are found at
several localities around the Igaliko Complex in general,
and around the Motzfeldt Centre in particular. In addition,
large masses are preserved as rafts within the Motzfeldt
svenites. These rocks form the eastward extension of the
Eriksfjord Formation, a known'sequence of about %500m of



Figure.2,2. Summary of supracrustal rocks at localities*
adjacent to the Motzfeldt Centre (data from
Emeleus and Harry 1970).

Thickness (m) Rock type Notes.
A* 1510m above Qorgqup qgagai. Dip 5ON

10 Basaltic sheets Thin. Vesicles & brecciated
tops and bases.
Volcanic breccia Layered. Angular quartzite

& rounded basic fragments
(5—5cm max.)o _
30 Agglomerate - Coarse, fines upwards with
_ quartzite & basic fragments
to 30cm then “cm.
15 Quartzite

4  Basalt Thin ledge.
80 Quartzite (basal) Pink & grey, bedded.
140m , ,
BY 1530m near Iviangequtit tasiat. Dip 15 SW
80 -. Basalt, agglommerates Thin quartzites, coarse
and quartzites. agglomerates (to 20cm A's).
100 Quartzite Grey & pink with two 5m
basalt sheets (mid & top)
10 Mudstone Ripple marks, sun cracks.
5=10 Basal quartzite Grey
200m |
C* 1600m NE of Motzfeldt Sg. Dip 15° W
20 Basalt flows Aphyric, green/grey.
60 Agglomerate Coarse, fragments of basalt
' . & quartzite to 20cm.
125 Tuffs - Flinty, grey, bedded (1-2cm)
400 Quartzite Pale grey, ripple marks
& false bedding.
20  Basal quartzite Massive red/grey, grades

into the above.

605m

*localities A, B and C are located on key map (fig. 1,2:
. see page 7).
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Proterozoic supracrustal rocks which occupy much of‘the
ground between Tunugdliarfik and Sermilik fjords (Poulsen
1964; J.Larsen 1974, 1977). They probably accumulated
shortly before 1310 ms, over a short period of time, since

no major unconformities exist which wouid indicate substantial
erosion of the sequence or a change in tectonic regime.

The lower 2300m of the formation is composed largely of
uniform continental sandstones, a few conglomerates,

alkaline ultramafic and carbonatitic volcanics, basalt

lavas and sills (Poulsen 1964; Stewart 1964,1970). The

upper 750-1300m of the formation, the Ilimaussaq Volcanic
Member (Larsen 1974,1977), is almost entirely composed of
lavas. These lavas comprise a series of basalts, hawaiites,
trachybasalts and trachyandesites, with subordinate trachytes
and phonolites..

The location of three main successions around the
Motzfeldt Centre is given in figure 1,2 and these are
‘summarised ("A", "B" and "C") in figure 2,2. Despite their
variability, it is Jjust about possible to characterise
these sequences in the following manner; (i) A basal
sequ:ence of sediments, often with quartzites and a few
thin basalt flows; (ii) Tuffs and agglomerates. In addition,
lava flows tend to become more numerous upwards. A thin
succession from about 1500m near Qdrqup qaqai (A in figure
2,2) shows horizontally bedded sediments, volcaniclastics
and thin basalt flows, directly overlying the Julianeh8b
Granite., These are truncated a few hundred metres to the
north by unit SM4 of the lMotzfeldt Centre. Within the
syenites, large masses of vesicular basalt show flow structures
which dip steeply to the north. Tracing these lavas further
into the syenites, it becomes apparent that huge masses
have subsided and broken up in the syenites. This can be
seen rather nicely in cliffs about 2km to the north of the
original succession and is illustrated in figure 2,1.

Thus, large areas of xenolithic supracrustal material
exist as raft-like bodies both north and south of the Flink's
Dal fault in Central Motzfeldt and in units SM2, SM5, EM
and Kli2., In detail, the edges of the rafts are often less
precise than the map might suggest (Map 1), with the
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proportions of included material to host syenite diminishing
to a negligible amount often over several tens of metres.
Field mapping of internal variations within these rafts
proved to be impossible, espvecially in the time available,
Their characteristic preservation is in a frost shattered
state, where they have weathered largely in-situ. The
collection of freshmaterial was limited to relatively few
sites and for this reason, the various types described
below, do not necessarily refer to mappable units but
serve as an indication to the variety and predominantﬁfzf
xenolithic material present.

2.11.B, Acplomerates

Small emounts of recognisable coarse agglomerate
occur near to the base of the major raft nortn of the
Mlink's Dal fault in Central HMotzfeldt. About 1km north-
west of the'ring dvke (S:#5*) this consists of angular to
rounded fragments on a 10cm scale, closely packed into a
- fine-grained chloritised and carbonated matrix. Another
exposure, in a streem at the eastward limit of SM5*, is
 of toughened agglomerate. In thin section (AiM62) this is
composed of angular fragments of altered basalt, trachyte
and ‘medium-gzrained feldspathic rock (syenitic) bearing
pseudomorphs after nepheline, The heavily altered and
often strealky matrix, contains a little fresh nepheliné
and small perthitic alkali feldspars in otherwise rather
amorphous masses of pale green chlorite, brownish calcite
and granular opacues.

2.11.C. (?) Sediments

Based on their high Al-contents, mafic, fine-
grained and bedded nature, these rocks give the impression
of an originally sedimentary origin., In thin section, the
rock is roughly equigranular, with about 30 % of dull brown-
green biotite and.smail granular or poorly formed alkali |
feldspar which is colourless and untwinned. A few large
relic feldspars may be totally recrystallised into
aggregates of smaller crystals, whose original ghostly
outlines can still be discerned. Very dark varieties in the
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west, near Akuliaruseq, occasionally contain (eg: AMN21)
small garnets (A1m72Spesq7Pyr9Grosz) in a fine-grained
rock composed of similar biotite and alkali feldspar
with a few altered stubby apatite crystals. The latter
outcrops are distinctly bedded and were initially thought
by the author to be lavas, but their precise origin remains
in doubt. Further work on the origin of the garnets could
prove useful in this respect. Occasionally, otherwise
similar samples contain vague relic fragments of basaltic
rocks (eg: AM57) which might suggest a volcaniclastic

origin.

2.11sDe Aphvric lavas

(a). Basalts and basic lavas

. Quite fresh basalts of possible alkali affinities
are found at about 1500m just to the southwest of, and
abutting the Motzfeldt Centre. These are aphyric and
composed of basaltic plagioclase with sub-ophitic lilac
’clinopyroxeneA(?salite) a5 the mafic nineral. S5light
alteration has taken the form of a little pale green
amphibole around some of the pyroxenes, and some sericit-
isation of the vlagioclase. Opaques and apatite are quite
common but no olivine is present. Geochemically, these
- conform in almost every detail to the lowest part of the
lava sequence examined by Larsen (1977), the Ilimaussag
Volcanic Member (see Chapter 5).

Within unit SM4, the most recognisable basaltic
rocks come from the agglomerates, where the plagioclase
texture is still evident. Cne or two small rafts from
the Flink's Dal area are of dense, fine-grained hornfelses
with abundant green clinopyroxene,'small dark green
amphibole, alkali feldspar and a few apatites. Occasionally,
the outlines of original mafic minerals are replaced by
concentrically zoned clusters of mafic and opaque minerals.
The original composition of these rather small (c. 100m
long) rafts, must have been very basic.

Altered rocks of definite basaltic parentage are
‘rare inside the Motzfeldt Centre. Several areas which were
thought in the field to be basaltic, on the basis of their
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colour index, density and grain size, were apparently
much more differentiated in composition, since they may
contain relic alkali feldspar phenocrysts and pseudomorphs

after nepheline phenocrysts.

(b) Trachyte and trachyphonolite .

Generally a dark weathering rock with a rather
flinty fracture, these lavas may contain one or tuo
small phenocrysts, but are for the most part aphyric.
‘The types described here, come from the lower parts
of the large raft referred to previously, in the western
part of Centrel Motzfeldt, near to SM5*., In thin section,
fine-grained lath-like alkali feldspar shows two preferred
' orientations at right angles to each other. With higher
magnification it is possible to identify many tiny granular
crystals of green amphibole, green clinopyroxene and opaque
minerals, "floating" in a sea of colourless felsic minerals.
A few small clusters of granular opaques may represent the
original positions of microphenocrysts of mafic minerals

(2. Oc 2-00 Brm) [

2e11.E. Porphyritic lavas

Porphyritic lavas are almost certainly the most
commonly encountered type of xenolith, both within the
larger rafts and the smaller scale inclusions in the
syenites. Many of the feldspar phenocrysts are relics,
quite often recrystallised and altered, but in some of
the inclusions, the feldspars appear quite fresh and may
- have grown after their incorporation into the syenites.

(a) Traéhyandesite

Typically a rather mafic rock composed mainly of
alkali feldspar and mafic minerals such as biotite or
amphibole, there are usually several larger feldspar
phenocrysts in various states of preservation. The latter
are often rather spikey or even rhombic in outline and
can be up to about 3cm in length. In thin section, they
are often vefy clouded and sometimes largeiy recrystallised,
being replaced by aggrepates of small felsic minerals |
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and having rather poorly defined margins. Occasionally,
relic plagioclase twinning can be seen in one or two of
the phenocrysts (eg: Ai18). Where this variety of lava

is found near Akuliaruseq, groundmass feldspar is clearly
flow aligned around the felsic phenocrysts, which do not
include nevheline. Denser clots of amphibole, biotite,
chlorite and opaque minerals are presumably after the
original mafic minerals of the lava (eg: AM21). Small
amounts of calcite are also quite common in these mafic
patches. The proportion of feldspar phenocrysts to groundmass
is-usually about 10-15 % and the rhombic outline to some
of the feldspars, coupled with the more mafic nature of
the rock, bear certain similarities to trachyandesite
lavas descrived by Larsen (1977) from the Narssaq peninsula.
4‘ In terms of bulk chemical composition, many of
the small rounded inclusion, so typical of unit SM4 in
Central liotzfeldt, north of the Flink's Dal fault, fall
into this category, although their original nature is
difficult to ascertain. For example, in some of the small
inclusions, elongate and perfectly fresh alkali feldspar
.(Or7s+) may'well have grovn metasomatically.

(b) Phonolite:

This appears to be a common category of lavas
in fhe Hotzfeldt Centre, existing both north and south
of the Flink's Dal fault. It differs from the above
| category of lavas in that nepheline phenocrysts are
necessarily present. The rock is usually dark weathering
and flne to medium-grained. '

In thin section, the alkali feldspar phenocrysus
are often totally clouded and altered (eg: AM24) and are
sometimes perthitic, with Carlsbad twins (AM37b). Less
commonly, relic anorthoclase with a relatively low 2V,
can be found in partly recrystallised and'patchily
exsolved phenocrysts (eg: AM70a). Nepheline may still
exists as a few euhedra (typically c. 1mm) but is more
usually pseudcmorphed by pale brownish coloured clay-like
minerals. Smaller euhedra of grey clinopyroxene (?salite)
may be preserved within green amphibole rims (AM70) but
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are more freaquently totally replaced by concentric
aggregates of green-~yellow biotites, green amphiboles
and opague minerals, The groundmass typically consists

of alkali feldspar, biotite, amphibole and somewhat
altered apatite. The norms suggest that further nepheline
is present in the groundmass, since there may be
insufficient nevheline in the form of phenocrysts to
satisfy the amounts predicted.(c. 3-10 %). The olivine
predicted in the norms has not been observed.

2.,12. Volcanic (Ultrabasic/Carbonated) Breccia

2.12.A. General

An ochre weathering plug of volcanic breccia cuts
-S4 just north of the lujavrites in Central HMotzfeldt.

This measures about 100m by 40m and causes hardening and

- recrystallisation of the syenites for about 10m away from
this more or less vertical body. Angular to rounded fragments
from a 1mm scale to around 25cm stand proud of a dark grey
fine-grained matrix., The matrix contains several clots

of botryoidal iron oxides (c. 5-10mm) and occasional rounded
books of dark nica, and is rich in carbonate since it
"fizzes" with acid. A slight streaming of the smaller
fragments, steeply up to the west, is in agreement with

the oval plan of the outcrop, although some of this is
obScured by scree and moraine deposits. The readily
identifiable fragments include: medium-grained foyaite,
mafic foyaite, fine-grained syenité with prominently bent
feldspar, microsyenite, medium~grained gneiss and various
dark fine-grained trachytic rocks.,

The plug appears to have been emplaced with
coﬁsiderable force and at a rather high temperature,
bearing in mind the plastic deformation shown by some of
the fragments and the extent of the recrystallised zone
in the surrounding syenite. Fragments incorporated early
in the upﬁard passage of the plug material are generally
mafic, rounded and plastically deformed, whereas those |,
nmore locally derived are angulaf with signs of brittle
failure, The incorporation of much trachytic material
nmight at first suggest emplacement postdating the regional
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1id Gardar dyke swarm. However, the trachytic material

could have been derived from xenolithic supracrustal'lavas.
Intersection of the vertical vlane of the plug with sub-
horizontal trachyte lavas would favour the varied abundance,
precisely as observed. The absenceof any lujavrite fragments,
despite their proximity (the plug is topographically about
one or two hundfed metres below the lujavrites) would tend
to support a high level of formation of the lujavrites,

2.12+.B. Petrogranhy

The plug has suffered extensive carbonate metasom-
atism and for this reason, most of the phenocrysts are
identifiable as pseudomorvhs only. Similarly carbonated
and indeed very similar rock types have been described
by Stewart (1S64) from the Qagssiarssuk area, sSome 25km
to the west of the ltiotzfeldt Centre. Additional carbonate-~
rich plugs cut rocks in northeast Hotzfeldt (Emeleus and
Harry 1970), where they are associated with basic material,
and 2 carbonatitic plug also cuts the North 8rog Centre
(Chambers 1976).

The included fragments of rounded, resorbved,
shattered and angular fragments, occur on all scales
and fall into the following categories as a result of a
fairly rapid examination of just three thin sections.

(a) Fine-grained feldspathic Basalt, showing areas
of distinct recrystallisation. Only the texture is properly
preserved, with original mafic minerals totally absent,
but possibly partly renresented by aggregates of carbonate,

opaques and some cnlorite.
(v) Medium~-grained dolerite. Some of the sub-hedral

opagues may be relics from the original rock. Occasionally
preserved twinning in the relic plagioclase suggests a
-composition close to oligoclase.

(¢) Several small aggregates of alkali feldspar,
individually often rounded and crushed or fractured. Any
orizinal mafic minerals seem to have been swamned by the
abundant carbonates of the host matrix.

(d) One or two Carlsbad twinned rounded xenocrysts
of alkali feldspar are still discernible, with a thin
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mantle of granﬁlar opaques.

(e) A multitude of crystalline outlines in the
fine-grained matrix are of imprecisely Xnown ofigin. Many
appear to be feldspathic, with basaltic-looking textures,
and many are composed of abundant small lath-like (?)alkali
feldspar, presumably of more trachytic origin. It is not
clear whether or not any of this fine-grained crystalline
material is from the original matrix of the plug.

(f) Tiny elongate laths of colourless minerals,
now replaced by carbonates, are often well developed as
abundant tangentially aligned sheaves surrounding the
-botryoidal opaques. These are very similar to relic
melilite described by Stewart (1964), and to this mineral,
they are tentatively ascribed.

(z) Pale orange-dark orange mica is locally
common as small platelets and their sometimes rounded
outline may suggest a xenolithic origin.

 (h) Several areas of chlorite/calcite/opaque
aggregates have almost euhedral outlines and are thus after
mafic minerals (to about Smm) of uncertain parentage.
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CHAPTER Ti{RED

STRUCTURE

%e1e Introduction

This chapter describes the geological structure
of the liotzfeldt Centre and is devoted primarily to the
igneous events which occurred at and around 1310 ma. This
will hopefully act as a backzground for the following
chapters and sections by clarifying the disposition of the
various units and rock types.

Firstly, the igneous structure of the centre and
its Darly Gardar setting are described in some detail. In
later sections, likely origins and modes of formation of
these igneous structures are considered in the light of
quantitative and semi-cuelitative mathematical treatment..
Lastly, seological structures postdating the formation of
the Motzfeldt Centre and constituting events in the IMid
and Late Gardar periods are considered.

%e2e The relative age of the Motzfeldt Centre

The striixe of several semi-circular units in the
Horth Qdroq Centre are truncated by syenite now thought
to belong to unit Sl of the Motzfeldt Centre,. This syvenite
was mapped by Chambers as 78113 (1976) who recognised its
‘similarities to syenites from the Motzfeldt Centre. As a
result of further work, its similarity to almost identical
nepheline syenite of GSM4,. some 2km to the east on the
opposite side of Q6roq fjord, has been substantiated.
Thus, the North Q8roq Centre predates formation of the
Motzfeldt Centre. This revision of the order of emplacement
from that proposed by Emeleus and Harry (1970) is in
agreement with the ranzge of uncertainty associated with
~ the Rb/Sr ames obtained by Blaxland et al (1973: H.(6rog
= 1265+61 ma, Motzfeldt = 1310+31 ma).

5e%e. (eneral Comments

The Hotzfeldt Centre is in many ways similar to
otiier lgneous centres, both in the Igaliko Complex and
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elsewhere in the Gardar province. liowever, perhaps the

two most obvious features which set Hotzfeldt apart from
almost all other centres are, firstly, the incorporation

of large quantities of lavas as raft-like xenoliths and
secondly, the presence of a late stage body of lujavrites.
Incorporation of country rock xenoliths is not particularly
uncommon. Rafts of gneiss are, for example, found in the
Klingnat Centre (Upton 1960) where they are exposed in the
Roverborg cliff face. However, perhaps nowhere else in the
Gardar province is there such a clear suggestion of a
menetic link between intrusion of an igneous centre, and
the semi-conbtemporaneous extrusion of surface lavas (see
Chapter 5). ‘

Lujavrites are also found in the Ilimaussaq
Intrusion,-situéted about 40km to the southwest of Igaliko
and have receilved considerable attention (Ussihg 1912;
Sgrenson 1962,1966; Sgrenson et al 1969; Ferguson 1964,
1970;.Engell 197%: and many others). The relatively high
level disposition of the lujavrites beneath large masses
of lavas, both at Motzfeldt and at their only other known
occurrence in the Gardar, at Ilimaussaq, may be for

similar reasons.

© 3Bel4e Supracrustal xenoliths

A zone of dark weathering.xenoliths occurs in an
arcuate belt nearly 5im long in Central HMotzfeldt, to the
north of the Flink's Dal fault and as several kilometre
scale rafts to the south. The derivation of numerous
smaller xenoliths, which are often rounded in outline and
feldspar-porphyritic, is almost certainly from the break
~up of similar lavas to those presérved as rafts.

Above the slopes of Udrqup ghgai, near to a 1410m
peak, several raft-like inclusions, just within the '
Motzfeldt Centre, can be traced from comparable bedded
lavas in the supracrustal succession at its margin (Emeleus
and Harry 1970). These supracrustal rocks form part of the
Eriksfjord Tormation, and their unconformable base upon
the Julianendh Granite, is at about'1451500m in the south
of Central lotzfeldt., Further sequences of sediments and
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lavas are found around the eastern parts of the centre,

_ although the various sequences have not been correlated.
They appear at varying ceograpnical levels and are often
inclined at low to moderate angles of dip (usually 150)
in towards the centre. Comparable lavas and sediments of
the Eriksfjord Formation are seen to downwarp éonsiderably
near to the southwest marzin of the Igdlerfigssalik
Centre (Emeleus and Harry 1970).

3.5, Structures in Central ilotzfeldt south of the Flink's
Dal fault

. Steen cliff sides (c. 1000m) at the northern end

of Flink's Dal, afford a fine three dimensional view of
a number of large xenolithic rafts, and reveal their
influence on the surronding syenites. A general illugtration
has been given in chapfer 2 (fig. 2,1). Examination of the
isneous stratigraphy in this particular area reveals several
processes which must have occurred within the lotzfeldt
nagma chamoers at around 1310 ma,
‘ Figure 3,7 shows the disposition of the supracrustal
rocks around Flink's Dal. In several places the geology has
been complicated by the late arrival of the lujavrites,
which have cut back through the earlier syenites and
xenoliths. liowever, the salient points are still quite
clear. A large raft of lavas, at least 100m thick, can be
traced around the hillside (near B in fig. %,1) for almost
2km and is illustrated in Plate 7. This raft dips radially
to the west and northwest from B (fig. 3,1) at between 15
and 25° and is completely engulfed in nepheline syenite.
The raft has broken up into smaller blocks, shown rather
diagramatically in figure 3,1 , which rest at unpredictable
angles. An enlargement of the. gulley (A-B in fig. 3,1)
shows (fig. 3,2) the typically disrupted nature of these
smaller ihcluded blocks. The upper surface to a black
weathering raft of lavas, dips at a shallow angle (g.,15°
NW) into the hillside, in contrast to the very steep
attitude (c. 80°) of 1-10m flows within the block. The
~ syenite immediately above the raft contains platey feldspar

in a series of mafic bands, which reflect the underlying
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topography of the raft. In contrast to these layered
syenites, and as described previously (section 2.5.B.)

the svenite beneath the rafts is often very leucocratic

and rich in nepheline, with euvhedral crystals of the latter
forming up to 50 & of the rock. Occasionally, thin mafic
bands and feldspar lamination may be distorted beneath

-the rafts, as if compressed in response to its sinking
upon a crystalline mush. ‘

A coarse-grained brown syenite forms the marginal
part of the lotzfeldt Centre in this area, and dips
outwards at sbout 50-60°. This is fairly representative
of the syenite contacts with country rock of the Motzfeldt
Centre in general.

On the eastern slopes of Paornat nllat, in small
cliffs which formsthe western edpe of the lower Flink's
Dal valley, a "blister" of syenite emerges over some
Z2-L00m distance and some 50-70m height. Here (location
3 in figure %,1), the "chilled" variant is a mafic micro-
syenite with phenocrysts (c. 15-20 %) of tabular feldspar.
‘The contact with the country rock gneiss is easily
accessible at the top of loose scree and is vefy well
preserved, Fairly thin mafic bands within the syenite,
steepen and fade over the last 10m or so, where they pass
into a 10cm wide zone of pegmatitic syenite. This in turn
passes into between 1cm and 1m of leucocratic gneiss
sheared parallel to the contact (c. SOOS), and then through
1-2m of recryvstallised gneiss giving way to normal
Julianeh8b Granite within about 3m of the contact. The
svenite exposed in the cliff face is strongly layered,
with genuine mafic bands, graded variations of mafic
ninerals (including zircon) and rapid alternations of
grain size., Pegmatites, more or less parallel to the other
banding, form fairly continuous layers parallel to the roof.
Pendants of gneiss, 20-30m long 'tongue' down into the
syenite, but were not examined in detail, There anpears
to be no outward expression of the blister above the cliffs..
This syenite hears many similarities to marginal variants
of SHMi4 seen in one or two places elsewhere in the lotzfeldt

‘Centre. Thus, it is thougnht to belong to the tlotzfeldt
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rather than to the South :;6rog Centre.

3.6. Structures in Central lotzfeldt north of the Flink's
Dal fault

%.6.A., Xenoliths

4 dark, often reddened and splintery weathering
belt of inclusions occurs in a 4-5km long arc from
Akuliaruseq in the west to Ivn&ri in the east (see fig.
5,5)e This large, almost continuousarea is composed mostly
of lavas, with subordinate volcaniclastics, derived from
the supracrustal Eriksfjord Formation (see section 2.11.).
The overall attitude of the raft is sub-horizontal and it
has been surroundedé and invaded by syenite to varying
dégrees. in area of agglomerate occurs near the base of
the raft in the west and again near to the eastward
extent of the ring dyke 5i5*%. The majority of the raft
is composed of porphyritic phonolites, porphyritic trachy-
andesites and sparsely phyric trachytic lavas. In the
extreme southwest of this raft, the underlying'syenite
(314) shows increasing amounts of xenolithic material
upwords, with a mixture of associated coarse and fine-
grained syenites and microsyenites. In detail, the raft
is not a single entity, nor is it uniformly inclined,
especially at its margins.

In certain areas, flinty weathering trachytic
lavas form a sharp boundary with the underlying syenites.
At locality 2 in figure 3,% , the transition oceurs over
1=-2m, with syenite veins penetrating the trachyte and
‘splitting off angular blocks on a 0.5m scale. Here, as
at all syenite/xenolith contacts, the syenite becomes
patchily pesgmatitic, often visibly coinciding with three
dimensional pockets and irresularities in the raft. These
are again developed at locality % in figure 3,3 , where
pink syenite (SM4) abuts an area of grey weathering
xenoliths.

Many smaller rafts and inclusions on all scales
occur within SkM4, and less frequently within the north-
western part of £i5,., The 1atte¥?%ay have been reworked

~
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from within SM4.

240.B. Unit SM5*: Larvikite ring dyke

' . Forming the northwest quadrant of an arc focussed
on SM5, both inner and outer contacts of this partial '
ring dyke appear to be very steep. The dyke causes some
recrysfallisation of the surrounding syenites forlup to
about 100m, and disappears beneath syenites and inclusions
in the northeast. Here, a zone of rather intense recrystal-
lisation probably marks its near-surface outcrop for a
further O.5km or so. Thus, since there is no reason to
doubt that unit SM5 should have normally outward sloping
margins, this ring dyke SM5* must intersect SM5 at depth,
from which it is thought to emanate. '

It is uncertain whether or not several N/S shear
zones in the syenites immediately adjacent to the west
of the dyke are directly associated with its emplacenent.
The contrast in weathering of syenites east and west of
the dyke is striking, and a variation in rock types may
suggest that some differential (vertical) movement has
taken place. To the west of the dyke, SM4 is a laminated
foyaite, whereas to the east it is coarser-grained and
displays mafic banding, with a total lack of xenoliths.
This could also be a result of the different levels of
expoéure, such that the low topography to the east of the
dyke would be below the level of the xenoliths and expose
deeper level syenites. Any vertical movement along the
ring dyke would have to be hinged around Ivnéré, since
the major raft of supracrustal rocks crosses the projected
path of the ring dyke with no measurable disturbance.

~ 3.6.C. Alkali gabbro dyke

Striking between ENE and NE, a large vertical dyke
of alkali gabbro cuts both SM5 and SM4 north of a lake at
700m in upper Flink's Dal. This dyke isvabéut 200m wide,
with coarse and fine-grained facies symmetrically disposed
about a core of (?)later phonolitic trachyte. South of the
Flink's Dal fault the dyke is narrower (c. 100m) and is
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visibly roofed in a syenite cliff, In this portion, small
syenite bloclks of similar appearance to the surrounding
syenite are locally very common. The upper termination of
the dyke seems to be wedge-~shaped and the syenite immediately
‘above the dyke appears to have been verticélly sheared
or faulted, although this was not examined at first hand.
The roofing of this dyke seems to behave exactly as predicted
by Anderson (1942). In advance of the upper vedge-shape
at the time of intrusion, imust have been an area of tensile
stress (Anderson 1942) which may be manifested by the small
faults directly above the dyke. This can be modelled using
mathematical approximations based on the Griffiths Crack
Theory, wherein the advancing crack approximates to a
parabola (extensively developed in Lawn and ¥ilshaw 1975).
Any vertical variation in thickness of the dyke could be
sinply explained in terms of dyke emplacement into a
tensional fault, vhose undulose surfaces have undergone
vertical disvlacement. The same dyle is found in northeast
otzfeldt, where it is again thinner and cuts units 31
and 8M3. It may be nheaded there also, since it was not
found above the c¢liff in which it is exposed (Emeleus and
flarry 1970),

Rheomorphisn of coarse-grained nepheline syenite
SM5, in the form of back-veining, can be seen on the north
edge'of the dvite about 0.5zm west of the lalke at 700m in
upper Flink's Dal. Lobate marsins of syenite and gabbro
interfinger, with occasional large (c. 10cm) plagioclase
xenocrysts, clearly derived {rom the gabbro, now surrounded
by the remobilised syenite host. Samples of syenite collected
at spaced intervals away from the gabbro, show progressively
decreasing amounts of partial melting'and recrystallisation

(see sectibn 2e7eEe)e

‘3.7« Further structures of the syenite units

In reneral, each unit of syenite has steeply outward
sloping contacts, whether sgainst earlier syenite or country
rock and there is little if any sign of violent emplacement.
Permatites and veins of syenite are frequently developed at
contacts and nmay be associated with either the older or the
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younger ﬁhit, or both.

- Unit S5 is a partial ring dyke which has steep
contacts. It 18 notably narrow in southeast ilotzfeldt and
consistently broader in northeast liotzfeldt, north of the
Tlink's Dal fault. The corresponding variations in
lithologies are given in chapter 2 (section 2.%4.).

The form of the lujavrites, SMo, is quite different.

These oceur as & sub;horizontal shelf-like mass and are
probably a sort of sandwici horizon. They are a hign level
- 8ill=like body within the tiotzfeldt Centre and are at their
thickest 'in a corrie illustrated in chapter 2 (fig. 2,1).
Small scale structures in their flow banding suggest that
they flowed awey from this thick (c. 4-500m) region and
cut baék throuzh the earlier syenites and xenoliths in the
Flinkfé Dal area. In detail, they are quite irregular and
mayiférm smallér peripheral sheets or sill-like bodies.
The)iﬁjavrites occur beneath large rafts of lavas, which
mgy well“HaVe been more extensive at the time of their
fbfmétion, The different varieties of lujavrite are largely
: the reéUlﬁ'of varying proportions and habits of the five

fméjof”yﬁdses and support an initial temperature of around
Aﬁ;BSOf%QOQC with a long cooling interval (see sections 4.5.,
4.6, 6.1.B.).

'Sdﬁhégy of igneous structures

iﬁé}uGeneral'

- (i) The indivicdual syenite units have outward sloping
.‘external contacts which may be steep, except for SM6 and

SM5, the latter of which may be partly roofed by SM4.

(ii) Ixternal contacts of the syenites are invariably
passive.

(iii) The lujavriteés of SM6 are a high level feature,
of sub~horizontal nature, formed relatively late in the
history of the Fotzfeldt Centre.

(iv) The partial ring dykes SM3 and SM5* have very
steep contacts, probably near-vertical.

(v) Contacts of syenite/syenite, syenite/xenolith
and syenite/country rock almost always display pegmatites
and are frequently associated with both coarse and fine-
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-grained syenites.

(b) Structures associated with the xenoliths

(i) The rafts may be large, measuring up to about
2 x 2 x 0.2 km south of Flink's Dal and perhaps 4-5 x 2
X Ot km in the north of Central Motzfeldt

(ii) The large rafts are sub-horizontal, becoming
randomly oriented with decreasing size.

(1iii) The xenoliths have sunk at least 1000m (1km)
in Flink's Dal to reach their present position, and possibly
much more than this in total.

~ (iv) Some of the rafts have acted as temporary
floors above which layeéred syenite has accumulated.

(v) Several rafts appear to have acted as roof-
zones to underlying nepheline-rich syenite.

| (vi) In one or two instances, the rafts appear to
have caused plastic deformation to the underlying syenite.

(vii) Syenites of variable grain size and esﬁecially
pegmatites, are practically ubiquitous at every contact of
syenite with a large xenolith. The obvious explanation here
would be "sweating out" of volatiles (HPO) from relatively
“wet xenoliths into the surrounding syenite magmas.

3,8, Qualitative interpretation

Z2.3.A. Mechanisms of intrusion

The most common shape of each syenite unit is
based on a circular plan, with a kilometre scale radius
and moderate to steeply outward sloping margins. Less
common, although equally important, are the semi-circular
near vertical ring dykes. It is clear from the large rafts
of supracrustal rocks that large quantities of material
once overlying the Motzfeldt Centre have been stoped and
subsided into the underlying syenites. In this way, the
creation of space for each successive intrusion probably
occurred by a combination of ring fracture and block
subsidence (Emeleus and iarry 1970). The amount of syenite
or other rock displaced in this way is indeed voluminous,
as can be seen from the overlap of each unit (see fig. 3,5).
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Furthermore, this process must have been cumulative, with
for example, SM1 of some 10km radius being stoped by at
least three subsequent intrusions of syenite. Assuming
that the minimum vertical displacément associated with
each intrusion is %km, then at léaét a part of SM1 must
have been displaced to Skm (= B;g 3km) beneath its current
exposure level, ‘ . f
Several mechanisms of,inﬁrusion of magma via ring
dyke and ring intrusion have beéﬁ:investigated theoretically
by Roberts (1970). liaking the reasonable assumption that
the intruded rocks behave initially as elastic solids which
underso brittle failure, he.hqsnshown that shear failures
developed at the surface of,a;hagma chamber can be predicted
for several chamber types. QﬁsAfundamental implication he
derives from this, is that the form and distribution of
¢ilational intrusions, justfsuch as ring intrusions and
certain ring dykes, may bé’é'direct result of the generation
of magma in the upper mantle. He also demonstrates that
for ring dykes. and ring intrusions which are .."dilational
intrusions occupying shear fractures formed under conditions
of reduced magma'pressure.ﬂ, such as volume contraction
upon crystalliéation then (i) if such fractures reach the
surface, caldera formation might occur in association with
the eruption of lava (not ignimbrite) and (ii) if such
fractures intérsectieach other below the surface, the
characteristic form of a bell jar intrusion will result.
Taken ohélstage deeper, Roberts has shown (1970)
that the internal pressure within regions of partial melting
and within discrete magma chambers, is controlled by the
maximum and minimum pressures which such cavities can
sustain without'failure under specified boundary conditions.
To a large.measure, such pressures are controlled by the
shape of the cavity. Important here, is that very small
“amounts of partial melting (ey: as little as 1 %) are
reguired to éause tensile failure, by creating excess
pressure in response to the volume expansion on melting,
of even the most stable shape, that of a sphere. It could
well be volume expansion on melting, for example, which
is the primary mechanism whereby intrusions in the crust
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are fed from a magma source in the mantle. The effect of
this mechanism is further enhanced since the excess
pressure required to initiate the tensile failure, is
greater than that required for their continued propogation.
The resulting difference in density between magma and the
upper nantle would develop a positive head of hydrostatic
pressure above the magma source, favouring its upward

intrusion.

Pe8eBe ExDOSUre level

The Motzfeldt Centre is emplaced into basement gneiss,
the Julianeh&b Granite, and forms a steep topography which
rises from sea level to over 1700m. In general, the
supracrustael rocks of the Eriksfjord Formation are preserved
unconformably upon-the gneiss in the higher ground around
the centre. Thus, sub-<horizontal quartzites and lavas
directly overlie Julianeh8b Granite at around 1500m near
the southwest of the centre (sequence A in fig., 2,2). Two
fresh basalt flows from the base of the succession correlate
very well with the base of the Ilimaussaq Volcanic Member
(IVi) as analysed by Larsen (1977) from the Narssag peninsula
some 40km to the southwest (see section 5.8.A.). At first
sight this might suggest that much of the predominantly
sedimentary units of the Eriksfjord Formation, so prominent
in the Igeliko area and on the ilarssaq peninsula, is missing
from the Motzfeldt district. At most, about 500m of quartzite
and sediments are preserved around the iiotzfeldt Centre,
mostly on the south facing slopes of northeast lotzfeldt.
However, since much of the Eriksfjord Formation has
accumulated in fault-bounded troughs (ez: Berthelsen and
Noe-Nygaard 1965), with some of the lavas having different
sources, lateral variation is to be expected. Lateral
variation occurs within the IVi along just a few kilo-
metres of the Narssaq peninsula (Larsen 1977) and certainly
there are considerable variations within the successions
local to Motzfeldt. That the supracrustal rocks are preserved
at all, is almost certainly due to down-faulting, possibly
from superposition of the later ENE-USH rift upon an earlier
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E-W tensional regime. A general downward movement of
country rock at the very edge of the Hotzfeldt Centre,
may also have helped to preserve the supracrustal rocks.
This has been described for members of the Zriksrfjord
Formation adjacent to SI4 of the Igdlerfigssaiik Centre,
to the north and northwest of Igaliko village (Emeleus
and Harry 1970).

It is almost certain that the 3500m of the
Eriksfiord Formation was once considerably thicker. Since
dykes of the 1Mid Gardar swarm are equally numerous at
different topographic (=stratigraphic) heights throughout
the supracrustal pile on the Narssaq peninsula, B.G.J.Upton
believes it to have been initially several kilometres
thicker (pers.comm. 1930). It is thus possible that the
fractionated lavas preserved within the lMotzfeldt Centre
represent part of a hypothetical unit forming an upward
.extension to the currenly known Eriksfjord Formation, and
whose base nmay be difectly comparable to the base of the
IVM. Within & vertical 1000m of syenite in the Flink's Dal
area, the rafts total about 3-400m. When unexposed rafts
and perhaps higher level though now eroded rafts, are taken
into consideration, it is easy to accept an original
succession of supracrustal rocks several kilometres thick.
On the evidence of the currently exposed rafts, these
consist mostly of lavas, and it is interesting that the
IVM reported by Larsen (1977) consists mostly of lavas
(co 95 %). .
From the occurrence of prehnite (pr) with pumpellyite
(pu) on the Ilimaussac (Narssaq) peninsula, Larsen deduces
a clear indication of "low pressure" metamorphism (1977).
However, the occurrence of pr+pu can be most constructive
in support and constraint of a relatively thick lava pile.
Ixtensive work in the zeolite, lawsonite and the lower
part of the greenschist facies of metamorphism has been
perfbrmed by Liou (1971), Thompson (1971) and Surdam (1973)
and has been comprehensively summarised by Mueller and
Saxena (1977). A diagram of the stability limits for pr
and pu (fig. %,4) compiled from Mueller and Saxena (1977,
pp. 183,229) shows three possible geothermal sradients
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superimposed from the work of Mercier and Carter (1975).
Assuming that the geothermal cradient for an active rift
system would lie somewhere betiween the High and Low Oceanic
curves, then this would suggest metamorphism of the lavas
in the range 2-% kbar, corresponding to a pile of supra-
crustals at least 6 and possibly 9 kilometres thick. Thus,
given the correct assemblage and bearing in nind that pr
.end pu are sensitive to a fluid phase, the coexistence of
pr+pu could actuvally be predicted as the product of low
grade burial metamorphism. Larsen maintains that contact
metamorpiism with some hydrothermal activity has been the
dominant process which led to alteration of the supracrusitals

(1977) .

2e8eCe Flink's Dal fault: effects on exposure

Lateral movement along this near £/W fault is about
4km, -as shown both by the displacemnt of the alkali gabbro
dyke and the outer margins to the centre. From the outcrop
of SM5 and the wide nature of the alkali gabbro north of
‘the fault in Central Hotzfeldt, vertical movement appears
to have downthrown material to the south. Trying to bracket
this vertical movement is difficult. Rafts exposed at
similar levels are quite different across the fault, although
were there any correlation it would at best be very tentative.
Unit SM4 occurs both to the south and the north of the fault,
making the vertical extent of this unit 1700m plus an amount
equivalent to the movement on the fault. To the east of
Motzfeldts 54, unit SM3 is wide to the north of the fault
and narrow to the south, This would agree with a downthrow
"to the south if GM3 narrows upwards. Also in northeast
lMotzfeldt, the alkali gabbro dyke has not been mapped above
. th; cliff in which it occurs. This could be due to lack of
exposure, since there is quite a lot of scree, or alternatively
that the dyke is headed.

Returning to Central Motzfeldt, a relatively small
dovnthrow to the south could'eXplain the absénce of SHS
south of the fault. It would appear that SM5 is partly
roofed by SM4 and supracrustal material, resulting in a
flat-topped and steep sided "bell jar" type of chamber.
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In this way, completion of the semi-circular plan of SM5
may occur at comparatively shallow depths south of the
fault (see sketch below).

Flink’'s Dal
N fault S

V
1, 500m

3.8.D. Overlap of intrusions

By considering the overall form of each intrusive
unit in the Motzfeldt Centre, it is possible to see that
substantial overlap has repeatedly océurred. In this way,
large amounts of progressively older syenite could have
been stoped to ever deeper levels as a result of multiple
intrusion. Thus, for example, SM1 may have reached depths
of 15km or more bélow the Early Gardar landsurface prior
to the intrusion of SM5. Interpolation between the High'énd
Low Temperature Oceanic geothermal gradients derived by
Mercier and Carter (1975) suggests that any material stoped
to a depth of 18km and pressures of approximately ©6kbar,
would encounter temperatures of between 470 and 650°C (see
fig. 3,4). Under these conditions, one would expect some
degree of partial melting, and since nepheline syenite is
a low temperature composition, this would be an ideal
candidate for considerable melting.

The overlap of the successive intrusions is shown
in figure 3,6 and the areas of the units, with their overlap
are listed in Table (3) 1. '
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Figure 3,6 : Reconstruction ¢. 1310 ma.

The reconstruction summarises a number of the major
features which contributed to the formation of the Motzfeldt
Centre, although it is not drawn accurately to seale.

(1) The present day topography is indicated by a thin
continuous line relative to sea level (S.L.).

(2) The presence of a thick lava pile, with fictional
topography, can be compared with the minimum known*succession
of supracrustal rocks (the Eriksfjord Formation) thought to
correlate below the Motzfeldt succession. These*are shown by
horizontal rows of dots.

(3) Early units of ne-syenite (eg: SM1) were presumably
stoped to considerable depths by virtue of the successive
intrusion of overlapping units. Partial melting is sometimes
apparent at the current exposure level and may have more
readily occurred at greater depths, alibwing possible re-
working of syenitic material (eg: section 3.8.D.).

(4) Xenoliths of lavas were actively stoped into the syenites
and may themselves have been genetically related to the
ne-syenites (section 5.8.).

(5) A possible general subsidence of the centre may have lead
to the downwarping of supracrustal rocks around its periph-
ery, which although not well developed at Motzfeldt, is
convincingly displayed around the Igdlerfigssalik Centre
(Emeleus and Harry 1970).

(6) The late stage mobile sandwich horizon of lujavrites (L)
are indicated at their high level in the centre, beneath
xenolithic lavas.

Additional minor intrusives which postdate the centre
have not been indicated.

%
If the base of the Motzfeldt succession correlates with
the base of the Ilimaussaq Volcanic Member (Larsen 1977),

(sections 3.8.B. & 5.8.), these amount to around 2.5km .
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TABLE (3) 1. Extent and overlap of units

Unit Area Area Este. Initial Overlap Volume
' exposed initial height volume (area%) ‘missing’
m?)  (@®)  (m) (@) ()
. SM1 40 180 3.0 540 78 420
SM2 . 15 . 780 2.0 240 80 190
SM5 & - g8 3.0 24 0 0
SM4 105 150 3.0 450 50 155
SMS 55 55 1.5 83 0 0
SHM6 5 70 0.5 3 0 0

%2.8.E. Reconstruction

A reconstruction shown in figure 3%,6 illustrates

many of the points covered to date. This is not intended
to be an accurate scale draving, but does répresent
diagramatically the processes and conditions which prevailed
during the formation of the Motzfeldt Centre. . : =

' The main features are, stoping of earlier units
to considerable depth (SM1 for example) and, a much thicker
supracrustal succession than the 3500m preserved at the
present day. The topography of the_Early Gardar landsurface
is entirely fictional, but may not be unreasonable in the
light of the topography associated with, for example, the
east African rift in Kenya. In the latter, Fount Kilimenjaro
(5200m) rises abruptly from the surrounding countryside,
above which it towers an additional four kilometres. The
"positions of rafts stoped from the roof of chamber SH4
have been projected onto the line of section and an arbitrary
vertical movement on the Flink's Dal fault has been set at
1km for this purpose (downthrown to the south).

2.8.Fs Phonolite magma

In view of the similarity in composition between
the intrusive phonolites of SHM2, SM3 and the phonolite lavas -
(see section 5.8.), it is not inconceivable that magma
associated with the ring fracture of SM2/3 might have reached



16
- tne surface to sllow eruption of gimilar phonolitic lava,
HSince the narental magsmas to much of the lotzfeldt Centre
(SM2, % and 4) were phonolitic, a fresh sample of the
phonolite margin from SM2 (54139) has been used for
consideration of physical properties in the following
sections. The analysis, given below, does not differ
remarkably from much of the nepheline syenite from the
lMotzfeldt Centre, and is thus all the more instructive,
The major element analysis of 54139 is as follows:-
541329, Porph.Phonolite,
85102 - 56,27

Ti02 0.49
Al1203 20,60
FeO* 5.15
MnO 0.21
MgO O 44
Cal 1.21
Na20 - 8.84
K20 591

Total 99,12

The intrusive phonolites contain upwards of about
'20 % phenocrysts (mostly Fsp,Ne) whereas the porphyritic
lavas contain perhaps 10-15 % of similar phenocrysts. The
presence of phenocrysts in a magma would serve to increase
its viscosit&.

2.8.G. Density and Viscosity

Following the method of Bottinga and Weill (1970),
the density of a magma can be fairly quickly ascertained
to within about 1% relative error. Here, partial molar
volumes of the major oxides have been calculated from
published measurements in binary and ternary silicate melts.
Since these partial molar volumes display little compositional
dépendence in liquids ranging from 40 to 80 mole® silica,
it is possible to calculate the density of most magmatic
liquids, whether anhydrous or water bearing, for any given
témpérature. Because of a small lack of data, it is necessary
to estimate the partial molar volume of titanium (VTi02)
and to estimate that of water (VH20). ‘

Thus, given the partial molar volumes = Vi, gram
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formula weight = M. and the mole fractions calculated from

1.
the analysis = X,, %he density (p) can be calculated from

D = fiXiMi/Xi\—/i
To compare tlie effects of water on the magma density (p),
phonolite 54139 dry at a temperature of 1250°C yields a
density of 2.55 (gm/cmB) compared with the density of
2.47 for the same magma and conditions with the addition
of 2,0 wt$ H20 (at a pressure of 2 kbars). The increase
of ‘density caused by decreasing temperature is less important
than the decrease caused by water. Thus for dry phonolite
54139 at 1000°C, p = 2.58

Viscosity

Using Shaw's refinement (1972) of an empirical
method develoned by Bottinga and Weill (1972) it is possible
to calculate the viscosity of any anhydrous or water-~bearing
magmatic silicate liquid. The method relies upon empirical
values for partial molar coefficients, which require the
molecular proportions of a given composition expressed as
four equivalent metal oxide-silicate pairs (or five including
water). These are then multiplied by empirical values and
‘summed to provide a precise slope (S) for use in the system

1InN = 8 (10%/1) = ¢ c

ts * oy

which is a plot of 1n viscosity (=N) versus 1/T, where

T = temperature and Cp, and Cy are axis intercepts. The
resulting straight lines predict the change of viscosity
of a silicate liquid with varying temperature and compare
favourably with measured viscosity data from a variety of
sources. Ideally, additional data specifically in the
phonolite spectrum would allow the empirical values to be
further refined. The minimum viscosity values obtained
are tabulated below and display a strong dependence onh
the amount of water present (as wt% H20). Values of the
viscosity at a temperature of 1000°C have been underlined



78

since this is probably a fair estimate of typical liquidus
temperatures upon intrusion. The presence of phenocrysts,
as mentioned earlier, would serve to increase the viscosity
of the bulk magma,.

The viscosities in poise obtained for each of
the following amounts of water present in phonolite 54139 ;
(&) 54139 Dry
(B) 54139 with 1 wt% H20

(C) 54139 with 3 wt% H20 are as follows:=-
Temp,/°C (4)_ (B) ()
1250 5.0 x 100 1.2 x 107 2.2 x 10°
1000 1.3 % 107 3.6 x 107 4.l x 107
750 2.7 x 107 6.0 x 10° 3.6 x 10°

(viscosities in poise).

3,9, Cooling veriod

3.9.As First approximation

®ollowing the mathematical treatment of Jaeger (1968)
for basaltic liquids, it is possible to calculate temperatures
in cooling bodies of igneous rock., It is assumed in this
model that the magma was emplaced instantaneously into
country rock having the same thermal properties as the
magma. Further assumptions and possible refinements are
clarified later.

By selecting a spherical body of syenite (phonolite
magma) at depth, which allows no radiative heat loss at the
surface, the temperature T at any location within the
intrusion at time t affer intrusion (to) can be expressed
aS'T/TO, where'To is the initial temperature. This is best
modelled for a dimensionless factor r, where r = kt/i. In
this instance, k = thermal diffusivity, t = time in seconds
and a = the dimension of the hody. In this model, k is
takeg at 0.01 cmgsec-q, an average suggested by Jaeger (1968)
and.g is the radius of the sphere.

In general, four magnitudes of r are important. For
r <0.01 cooling is superficial only; for r = 0.1, cooling
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will have permeated to the centre of the intrusion; for

r = 1.0 there is substantial cooling; for r > 10.0 cooling

is practically complete. Thus, by taking 1000 °C as the
1iquidus tempverature and ignoring any superheat, T is gelected
to. represent both the degree of cooling and the proportion

of the intrusion which has cooled, This has been carried

out for two different intrusions; (a) a sphere of radius
2 km and (b) a sphere of radius 5 km. The results are
tabulated below.

Cooline periods:-

AT MY R Y
.

Proportion  Temp/°C (r) Time (yrs) Time (yrs)
Ko A feezu()t'mrmh/a a) (b)
. 5% 900  0.01 1270 7940
30% 750 0.10 12700 - 79400
. 60% 500  0.20 25400 158700
e 95% 200  1.00 127000 791:000

The results fall into the four categories 1 to 4 which can
be referred to as ; 1. Superficial cooling; 2. Substantial
cooling; %. Effectively solid; 4. Solid and cold.

Fortunately for the usep, the rather complex
equations necessary to solve the eguations ‘l‘/’I‘O and
T = kt/g , have been solved graphically (Jaeger 1968) to
which intrusions of any size can be applied. Given that
the -solidus for such a phonolite magma is likely to be
around /50 oC, Bince essentially subsolidus reactions occur
in the feldspars below this temperature, and certainly below
500 OC, then categories 2 and % from the above table are
the most important. Thus, perhaps 30% of a sphere with 2km
radius will have solidified after about 10,000 years. In
the same length of time, an intrusion of radius S5km will
only be 7-8% solidified.

2.9.,B. Ambient temperature

One of the more important potential deviations from
the simple nodel above, is in the assumption that the country
rock is cold at to. Using the geothermal gradients of Mercier
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and Carter (1975) and taking their High and Low Oceanic
gradients as limits for an active rift region, then the
temperature predicted for a depth of 9km would be 200 to
400 °C (see fig. 3,4). This would place the country rock
within the stable limits of chlorite and perhaps into the
lower stebility fields of certain amphiboles, which would
seem to agree quite well with features seen in the
Eriksfjord Formation. Any ambient tenperature would serve

to extend the cooling interval.

%.9.Ce Temperature variations

Superheat

In the simplest case, magma above its melting point
nay be considered to possess superheat. Hess (1960) speaks
strongly for this condition being the norm upon intrusion
of mbst basaltic magmas. In most cases, latent heat will
be liberated at a fixed temperature equivalent to the melting
point (Tq) for the magma. lodification to the simple cooling
model could be made such that suverheat (ie: T1 = To) is
accounted for. The presence of early crystallising phenocrysts
in the intrusive phonolite 54139, and in all cases of
phonolitic margins to the syenites in Motzfeldt, suggests
that the magma was near to the onset of crystallisation
upon intrusion.

Temperature irregularities
Irrégular temperature distribution may be caused
in the magma chamnber for a number of reasons. Convection
in the simple sense of hot fluid being less dense than
cold, is almost certain to occur and is suggested by
cross cutting mafic banding in SH3, SM4 and SM5. This
nay be further complicated by restricted convection cells
in the raft-bearing unit Shik.
Where in-situ fractionation occurs, there must be
a removal of early-formed crystals, which would in them-
selves redistribute heat., Since most heat is lost from
the top and sides of a magme chamber, and if these
crystals accunulated at the floor of a 2km radius chamber,
~then a pile of cunmulates equivalent to 30% by volume might
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form within about 10,000 vears. Further modifications to
the temperature distribution would be necessitated by
the vagaries of volatiles.

In view of the uncertainties associated with
these modifications, it was considered prudent to leave
this model as a first approximation, for which purpose
it is probably as mood as any.

5410, Settling

Objects settling in liquids where the Reynolds
number is less than 0.05 are found to have settling
velocities which can be predicted according to the Stokes
Theorem such that

settling velocity = 2/9 x dp/¥ x gr2 (ms-q)
where dp = density contrast, N = viscosity, g = 9.8 ms-g.
Big or heavy particles settle sufficiently fast that the
drag force departs from Stokes Theorem, although this
typically only effects the settling velocities by a. few %.
These refinements and eouations. for use with settling
particles other than spheres, can be found in Lerman (1978).

Given the density contrast (dp = dphonolite" dotar)
between phonolite magma and early-formed mafic minerals
such as olivine (dp=1.5), vyroxene (dp=1.0) and magnetite
(dp=2.5), it would appear that settling of such crystals
might readily occur. Where the predic%ed settling velocities
are very smell, either due to very small dp or small size
of the particle concerned, then the velocities associated
with convection of the magma might become more important.
The settling of thexenolithic blocks of all sizes in
excess of about 10cm should, in theory'at least, be very
rapid in comparison to other processes, even if they are
considered as oblate spheroids or flattened discs settling
at right angles to their maximum cross sectional area
(formulae in Lerman 1978), due to their comparatively
huge size. Indeed, the problem here is not to accept their
sinking, but rather to understand why they have not dis-
appeared altogether. At this stage, alternative explanations

L

are that either the observed blocks were spalled off very
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late in the cooling histor; of Sif4 and were arrested at
“high levels by cooler magma of nigh viscosify, or that
convection currents were upwelling at similar rates to

the settling velocities of the rafts. Taking the latter
alternative, for example, and using phonolite magma at the
low temperature of 750 °C then the resultant viscosity

of 6 x 406 poise would require @ convection velocity of
the order of 200-300 metres per day to arrest a raft

of 200m x 200m x 20m.

' The rather complicated treatment of the data
necessary to meintain rafts of varving sizes at their
present level, by changing the viscosity of the magma with
lowering temperature, leads one to seek a different and
simpler solution. There is no real field evidence to
suggest that any of the rafts fell into syenites of

different temperatures.

Porosity and effective density

A far more plausible reason for the bouyancy
displayed by the rafts, and in particular the very large
kilometre-scale rafts, arises from the realisation that
any density contrast (dp) is o Mapr;'factor#which permits
or precludes settling. Furthermore, it is clear that dp
is critically devendent upon the porosity and thus the
water content of any raft at the time of its incorporation
into the magma. Assuming that gneiss has a low porosity,
as indeed it might, then taking its expected density of
2.66-2.87 (granite-diorite) and phonolite at 2.60, this
should sink quite rapidly, dependent on the size of the
blocks. In contrast, the addition of just 2.0 wt% H20 to
an andesitic lava (p = 2.65) would reduce its effective
density to 2.60, a crucial adjustment! Naturally, sediments
and bedded lavas, together with the more stratiform and
pbrous nature of the supracrustal strata in general, would
lend these rocks to a relatively high water content. In
this way, a sequence of basalts with fractures and other
micro-irregularities may retain a porosity of up to 5 or
even 10% at depths of 5-6 kilometres (R.Westerman pers.
comn. 1980). If this were true, then the addition of 10%

* but see ﬂc&rm_:,l.Nojq_sJ 1979 .
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H20 to even the most basic rock likely to be encountered

in the supracrustal lavas, would reduce the density of
basaltfrom 2.87 to 2.58 . In this way, it becomes clear
that the water content possessed by the rafts, would be
crucial in determining their behaviour. The porosity would
be less at depth, increasing with height and decreasing
pressure of overburden wupward through the supracrustal
pile. Thus, rafts obtained from progressively higher up

in the sequence could be npotentially ever greater providers
of water.

.A This feature may also help to explain the field
observation that smaller blocks, once parted from their
"parental" raff, subside ever more readily into the
engulfing syenite. That water was being transferred from
the rafts to the syenites is supported by the almost
ubiquitous presence of pesmatites and syenites of mixed
grain sizes at syenite/xenolith contacts. With decreasing
block size, the "drying" effect should become ever more
efficient, with the net result that the blocks increase
in density. In practice, this whole prdcess would be rather
complex, and susceptible to both physical and chemical
processes, but the underlying principle is thought to be
sound. Mineral reactions involving the fixation of water,
such as the formation of biotite and amphibole, so
characteristic of the xenolithic rafts, would not hinder
this process, since pbiotite = 2.7~3.% and pamphibole= 5e0=-
3.5, both of which may be a little less than the mafic
minerals from which they formed (ppyroxene = 3,2=%.6), but
both being greater than the density (p) of nhonolite magma.

et NS R 0}

5.11. Water

%2.1.A. Water and a silicate melt

From the simple considerations of density and
viscosity, it is clear that the addition of as little as
1 wt% H20 to a relatively anhydrous melt, lowers both of
these physical properties sipgnificantly. At this point iﬁ
is worthwhile considering the processes by which water can
be accomodated in a silicate melt.
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The following summary of silicate melts has been
derived largely from the worik of Saxena and Mueller (1977).
There is much evidence that silicate melts have as their
fundamental units the Sioﬁ_ tetrahedral group and the

2+ and Na®. Also, as

associated larger cations such as Ca
in the crystalline solids, the SiOi_ groups will be linked
or polymerised to varying degrees into chains, rings,

sheets and three dimensional frameworks dependent upon
composition and physical environment. Thus, silicate melts
are effectively highly disordered versions of the crystalline
solids. In the first approximation, an orthosilicate or
olivine melt might consist of the units Mg2+, rect
Sioﬁ—, a metasilicate or pyroxene-like melt of Mg2+, Fe

and
2+

and SinOBn chains or rings, whilst feldspar melts might
B . . 2
consigt of Ca~"
‘but disordered .(Si,Al)O2 frameviork. In practice, this is

far too simple and dissociation would require, for example,

o+ o+ . : :
, Ha' and X 1lons in a fairly continuous

that silica and alumina be distributed among a variety of
groups, with simpler units being favoured at higher
temperatures. In spite of this relative chaos, considerable
order might be‘maintained, with the familiar associations
and linkages being subported for short distances.

~ The distribution of silicate species in the melt
is a function of temperature and 5i0, content (Hess 1971),
and the number of 3104 monomers at a given temperature
decreases with increasing Siog. Upon the introduction of
volatiles, the structure of the melt is often radically
altered. In particular, water might be expected to react
enercetically both with larger cations and with the SiO
and Al-0 chains and frameworks present. Of these, the
latter is particularly immortant since it leads to the
rupture of brideing oxymen bonds., In a statistical treat-
ment of water solubility in feldspar melts, Wasserburg
(1957) defined the following occurrences of water (as
interpretted by lueller and Saxena 1977); (i)"HEO as
molecules secregated in holes or as water of -hydration of
the large cations; (ii) Of revlacement of the bridging

oxysen atoms; (iii) OH replacement of nonbridging or
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unshared oxygen or as OE in combination with the larger
cations. ‘

For simple systems such as the binary H2O-Albite,
the addition of water to melt can be predicted mathematically
(Wasserbure 1957). This has been extended to include
solubility of water in complex silicate melts (which are
still relatively simple) as discussed by Shaw (1964), who
tackled the systen CaA%§i508—KAlSi308-NaAlsi508-Si02-H2O.
In the join SiOg—Hao he found that a negative heat of
solution was needed to fit the data. This is important
since it would indicate that certain felsic melts, which
are at least in the right magma spectrum for phonolite/

svenite, have an affinity for water.

%.11.B., Water, phase relations and crystallisation

Although the phase relations will be returned to

in later chapters (Chapter 5 in particular), it is as well
to outline the salient points here., The addition of water
to a feldsper melt or feldspar dominated melt has a well
documented effect of lowering the liquidus temperature,
whilst having little effect upon the solvus.z (Yoder.et al
1957; Bowen and Tuttle 1950). Thus, the depression of the
liquidus temperature is proportional to PHzo'in the alkali
feldspar system Ab-Or—HgO. This has lead to the popular
view that loss of volatiles from such a system as granite,
will rapidly raise the liquidus temperature-and thereby
crystallise the magma. Naturally for a hydrous syenite, the
same process might apply although it is worthwhile
-considering the converse situation.

| Typical modal analyses of Hotzfeldt syenite suggest
-that they were not especially hydrous, probably containing
less than 1.0 wt% H,0 (eg: 60% Fsp @ 0.25%H20 = 0.15, 20%
lle @ 0.7-0.9%H20 = 0.20, 10% Amph @ 2.,0%H20 = 0.20, 0=-2%
Bi @ 4%H20 = 0.10, ol,px, etc anhydrous; total = 0.7 wt%H20).
The upward paséage of the llotzfeldt phonolites was through
crystalline gneiss, which 1s thought to have a low porosity.

@

The syenites are éxposed at around the level of the base
of the supracrustal rocks. The latter are potentially
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porous compared with the gneiss and are thought to have
been water-vearing. 1t is conceivable that water was
added to the phonolite magmas, both directly from the
adjacent Eriksfjord rormation and from the included rafts
stoped from the roof region. The abundant evidence of
pegmatites associated with the rafts and at contacts within
the syenites might support this, as might the abundance
of biotite and other hydrous nhases in the xenoliths. The
relationships of negmatites near syenite/syenite contacts
re often more ambiguous, vut in many instances these may
also squest that. the older syenite was water-bearing
upon intrusion of the younger syenite (view supported by
A.D. Cnamoers pers.comm. 1977).
1nce tne water is encountered at depth (PH20_2—5
kbar) anq since it is believed that water might be favour-
ably incorporated into a felsic magna (see Water 1 above)
one might eﬁ?ect a rather rapid reduction of both density
and viscosity of the magma. This would appear to be an
eminently reasonable way of accelerating the upward passage
of the affectéd magna, with perhaps increasingly vigorous
fracLure Driqvauion. lfovever, once such magma has erupted
at thc oumace, the system would then logically be susceptible
t0<de¢a swnﬁ of nmerhaps much of the remazining volatile
content of ‘the marma. This lowering of PWQO would .
e Paise ~ the liquidus temperature, followed perhans
by relatlvely rapid crystallisation of the remalnwnr magma
and l;tple additional upward movement.

In detail, one can envisage numerous variables to
complicate the process, such as success of mixing, convection,
fracﬁﬁrihg and so on, but the general concept appears to
fihdféupport from the similar exposure levels encountered
inﬁdther of the Igaliko centres and also perhaps throughout
the Gardar province.

5124 structures Dostdating the Motzfeldt Centre

23.12.A. Gardar dykes

As recorded by Emeleus and Harry (1970), the number
of dykes intruding country around Igaliko and Tunugdliarfik
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fjords, is indeed strikinz. The dykes constitute part of
a swarm which occupies a broad zone from Tugtutdq in the
west to the country north and west of the Igaliko Complex,
a distance of over 100km.

Several genefations of dykes are present in the
Igaliko Cdmplex and neighbouring rocks, although their
close adherence to a narallel ENE strike often makes it
difficult to determine their ages. To the northwest of
the Motzfeldt Centre, distinct generations of dolerite,
‘Big Feldspar dykes and alkali trachytes have been recognised
by Walton (1965) and appear to correlate with similar dykes
within the Isaliko Complex (iZmeleus and Harry 1970).

It is likely, though as yet unproved, that the
nmajority of dykes cutting the Motzfeldt Centre belong to
the Mid Gardar swarm, as defined by those dykes which
nostdate the early centres and which are in turn cut by
the youngest members of the Igdlerfigssalilt Centre. An
account of the major types is given in Imeleus and Harry
(1970) to which the reader is referred. The recognition‘
of petrographic types is, for the present, one of the
simpler ways of grouping the dykes and yields a variety
‘of essentially alkali-trachytic rocks. Of these, perhaps
the most numerous dykes cutting the Motzfeldt Centre are
undersaturated nepheline-bearing phonolites. Some of the
spectacular quench textures observed during a rather
cursory examination of these dykes, may prove fruitful
areas for future experimental work., At least one dyke in
Motzfeldt is composed of basic spheres in a "thumbprint"
matrix of quenched crystals, which reminded this author
of immiscible relationships seen on the Isle of Arran.

3,12.B. Faulting

T™wo groups of faults effect the Igaliko syenites,
a N/3 to N&/SW set and a more important E/W set. Of these,
the first group is not responsible for major movements,
in contrast to the E/W set which is represented by relatively
few dykes often with larpge transcurrent displacements. The
lines of many of the faults are marked by a zone of reddened
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and sheared rock, which may stand out quite nicely in the

otherwise pale weathering syenites.

Flink's Dal fault _

This sinistral fault is the northernmost of two
najor E/ faults which affect the Igaliko Complex. It
extends from a steep glacier filled valley east of lMotzfeldt
34 westwards across Central Hotzfeldt, acrbss Qworoq fjord
and then across the peninsula separating Q8rog from
Tuaugdliarfik fjords. Correlations further to the west as
far as Sermilik fjord, have been proposed by Emeleus and
" Stephenson (1970). Sinistral movement on the fault is
placed at about 4km by the displacement of the alkali
gabbro dyke in.- Central lotzfeldt and is consistent with
the east and west margins of the Hotzfeldt Centre. This
movement 1s greater by a factor of two than that originally
proposed by Emeleus and Harry (1970) and may complicate
the later work of Stephnenson on ductile deformation of
the South 4droag Centre (1376b)

Within Central ilotzfeldt, the fault forms the broad
valley of upper Flink's Dal and is marked for most of its
length by a distinctive zone of reddened and crushed syenite
typically 1-200m wide. The vertical movement across this
fault has been considered in a previous section (3.8.C.)
and suggests a downthrow to the south in the east of the
centre of maybe 1km and a downthrow also to the south in
Central lMotzfeldt of perhaps 500m, although neither amounts
are accurately known. Vertical movement in the opposite
sense is suggested by internal boundaries in the North
Q8roq Centre (Emeleus and Harry 1970). The combined vertical
movement could be explained by some form of "hinge" operating
around Q8rog fjord, or by separate and additional fault
movements occuring along Q6roa fjords and veneath Motzfeldt
3¢, neither of which have been substantiated.

3,12.,C. Ellipticity

A number of the major ring intrusions in the Gardar
province, including major representatives of the Igaliko

+

!
1
oo
|
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Complei, are frequently elliptical in plan and located

at the intersections of regional dyke swarms with sinistral
wrench fault systems. This is considered by 3tephenson
(1976b) tobe due to fault movement nearly contemporaneous
with igneous formation of the centres. In the South Qdroq
Centre, he explains the ellipticity by ductile deformation
of hot igneous intrusions which have undergone large scale
simple-shear, Although possibly applicable to the South
Qoroq and perhaps the Igdlerfigssalik Centre, this does

not necessarily hold for the somewhat elliptical outline.
Rather, the outline of the lotzfeldt Centre is a direct
result of the complex overlap of intrusions, which may in
themselves have been controlled initially by some fracture.
Later brittle fracture has then effected the centre along -
the Flink's Dal fault, with no large scale rotation of dykes
as 1s seen in the South (6rog Centre.
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CHAPTER FOUR

MINERALOGY

Introduction

This chapter describes and reports analyses of the
mineral phases from the different intrusive units SM1 to
SM6. The phases are dealt with in no specific order, other
than the major mafic phases are considered first and the
less abundant phases are reported towards the rear of the
chapter. Of the major phases, pyroxene receives the most
extensive treatment and the importance of zirconium
substitution in particular, is examined and resolved by
~the institution of a new end-member. Several of the minor
phases'contain significant quantities of REE elements, and
a number of these have been analysed. Full details of the
anelytical procedures employed with the electron mibroprobe
together with the analytical results and classification
systems can be found in Appendix IT .

4,1, Pyroxenes
- 4.,1,A, General

All of the pyroxenes are monoclinic and lamellar
structures have not been observed. Fine scale schiller
inclusions are common in the most magnesién pyroxenes,
which are characteristically pink-lilac pleochroic salites
found in the alkali gabbro dyke and the basic members of
unit SM5. One or two pyroxenes from the alkali gabbro
are included since they display rather gcod sector zoning
~and occasional quench textures, which may be important in
' understanding some 6f the minor element variation. Slightly
less magnesian and paler coloured pyroxenes are found as
somewhat zoned euhedra in the phonolite chills., In general,
sector zoning is not apparent, but outward zonation from .
magnesian and Ca-rich cores to Fe and Na enriched margins
is quite usual. In most units, the mafic minerals may be
concentrically zoned, with pyroxene often mantled by
amphibole and quite commonly by a second generation of



Figure 4,1. Pyroxene trends compared.

(M) Motzfeldt Centre, general trend (this work)
(M4) Motzfeldt Centre, unit SM4 (this work)
(M5) Motzfeldt Centre, unit SM5 (this work)
(2) Uganda nephelinites (Tyler and King, 1967)
(3) Shonkin Sag Laccolith main trend (Nash and Wilkinson
1970)

(4) Tugtutdq giant dykes (Upton, 1964)
(5) Ilimaussaq Intrusion (Larsen 1976)

" (6) Shiant Isle Sill (Gibb, 1973)
(7) Nandewar volcano (Abott, 1969)
(8) Kiingnét Intrusion (Upton, 1960) ,
(9) Pantellerites (Nicholls and Carmichael, 1969)
(10) Skaergaard Intrusion (Brown and Vincent, 1963)
(11) Itipirapu8, Brazil (Gomes et al, 1970)
(12) South Qdroq Centre (Stephenson, 1972)

(a) Note modification to iron~rich corner. Restricted to
analyses with Ac <15

(b) Trend (3) for Shonkin Sag is very 81m11ar to that of
South Qdéroq (12). See also figure 4,4 .
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Mg : \Fe2*, Mn

Pyroxene trends compared

(a) Different Ca levels for different associations, after
Larsen (1976) whence F*=FeZ*+Mn+ Fe3*-Na

(b) Alkali pyroxene plot,(+Skaergaard (10) for comparison)
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Na—rlch pyroxene.

The Motzfeldt pyroxenes form a trend from salite
towards hedenbergite and then towards segirine and are
compared with pyroxene trends from other alkali associations
and the‘Skaergaard Intrusion in figure 4,1 . Pyroxenes
from Motzfeldt with intermediate Ac_(Fe3= 0.2=0.5) do not
show quite such extreme Mg-depletion as do otherwise
comparable pyroxenes from the Ilimaussaq Intrusion. As will
be elaborated below, the display of pyroxene data on the
traditional Ac~Di-Hed diagram, where Ac=Na=Fe3, assumes
that all of the Na is present as acmite, and is certainly .
incorrect for the earlier Na-poor and relatively Mg-rich
‘pyroxenes from Motzfeldt. In general, this means that all
of the sub-horizontal parts to the trends are displaced
incorrectly towards the Ac position and in all probability
lie closer to the Di-Hed join. |

4,1.B. Recalculation. and nomenclature

Appréximately 115 point analyses of pyroxenes have
been made by electron microprobe, whlch returns all iron
contents as Fe2. Estimation of the Fe /Fe ratio is very
important and is not merely dependent upon Fe3=Na. Fe3
has been calculated independently by assuming stoichiometry
of the pyroxenes, such that 4 cations and 6 oxygens are
equlvalent to one formula unit. In order that this should
.not rely entirely upon the completeness of the analysis,
small deviations in silica (which constitutes about 50% of
a typical pyroxene) have been considered in the computer
~ programme PXPROGS, writtenby A.Peckett (see Appendix 11) which
" was used as an additional aid in pyroxene classification.
This programme was designed specifically to accomodate the
newly postulated zirconian end-members (Jones and Peckett
in press ). The method of calculation is, in outline;-

1. Divide each analysis weight percent element by its -
"atomic weight to give the cation proportions.

2. Assign cations to the end-member sto cchiometric
. pyroxenes in the order analogous to the CIPW Norm procedure.
3, Group ferric and ferrous iron from the appropriate
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pyroxenes.
4, Recast the analysis to conventional oxide form and
unit formula to the conventional six oxygens form.
5. Retotal the molecular proportions of the end-member
pyroxenes to 100,

An iterative procedure is used if necessary, to
preserve the ferrous iron/magnesium ratio in all ferro-
magnesian pyroxene enu-members., It has been noticed that
where zirconium is prominent, some silicon (g. 1%) may be
left over after assigning as much as is needed for the
various pyroxene end-members (after step 2.). This feature
is not in general true of the analyses of pyroxenes of all
types listed in Deer et al (1978) recalculated with this
same procedure. |

Nomenclature

Alkali pyroxenes involving NaFe3+ = Ca(Fe2+ ,Mg2+)

and CaFe2+ = CaMg2+ substitutions are best described with
reference to the system Acmite (Ac)-Diopside (Di)-Hedenbergite
(Hed). Follow1ng the suggestions of Deer et al (197B), the
term aegirine has been reserved for pyroxenes where Fe3 >0.8 .
All of the early-formed pyroxenes are too calecic to be

called augites and are more correctly termed salites and
ferrosalites as part of the djiopside-hedenbergite series
(after Poldervaart and Hess, 1951). It is proposed that

_the members dlopside-salite-ferrosalite are given an upper
limit of Fe2' = 0.1, with diopside further resticted to

Mg >0.8 .?ﬁgdenberglte has an odd polygonal shape, and is
defined by the conditions Fe2>'0 8 where Fe5< 0.1, and
Fe2>-0.9 where O.1«<Fea< 0.2 « The remainder of pyroxenes
whose compositions are such that Fe3< 0.8 and Mg >0.1 are
aegirine augites, whilst pyroxenes with 0.2'<Fe3+<=0.8

and Mg < 0.1 are termed gegirine-hedenbergite. Figure 4,2
illustrates the classification used for the Motzfeldt -
pyroxenes and is partly related to the original classification
of Poldervaart and Hess (1951) for the system Wo~En~Fs

(Fige. 4,2 (b)). Modification to the latter system such that
the iron~-rich corner is plotted as F33+F62+Mn-Na, and all

of the analyses have Ac <15, a method employed by Larsen
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Aegirine

Aegirine-
(a) Hedenbergite
Aegirine-
augite

Hedenbergite

yr e

Diopsnde Sallfe Ferrosulnfe

NS

JAWARE BERNEA\

Fs

(@) Pyroxene nomenclature as used

(b) Part of nomenclature after. Poldervaart & Hess (1951)

Fig. 4, 2




Di Hed Di

(a) Pyroxene end-members according to PXPROGS
(b) Standard plot, where Ac=Na, Di=Mg, Hed=Fe2*+Mn

"Hed

Fig.4,3
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Ac=Na

Hed

Di Hed

(@) Pyroxene trends for units SM1 & SM2 with SM3.

a= range from phonolite margin; b= range from layered
rocks N of the Flinks Dal fauit,

(b) Zonation from core to rim of pyroxenes from'

unit HY | , Flglo,lt .
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(1976), allows comparisons to be made with other alkali

associations (Fig. 4,1).

Inspection of the trends shown in figures 4,4 and
4,6 with the Fe® variation in figure 4,5 and the classification
outlined in figure 4,2 indicates that the Motzfeldt pyroxenes
are mainly restricted to the fields of salite-ferrosalite-
hedenbergite~aegirine~hedenbergite and gegirine.

End-member variation

Previous workers in alkali pyroxenes have usually
referred to the diagram Ac-Di-Hed based on Ac=Na=Fe3, Hed=
Fe2+Mn and Di=Mg. In practice, this procedure must be
incorrect, since it does not allow for other Na-rich end-
members which may be present, such as, for example, jadeite
in the early pyroxenes from Motzfeldt. By recasting the
analyses to their correct end-members using PXPROGS as
outlined above, it is possible to see the effects of the
approximation Na:Fe5=Ac by taking unit SM5 as representative
of the likely range of pyroxenes and comparing the two
methods, side by side (fig. #,3). Clearly,. for Na-rich
pyroxenes which are Mg-poor, the approximation Ac=Na=Fe5
holds well. However, bearing this in mind, and the
inevitable inaccuracies which must result, the pyroxene
trends have been presented in the customary way, for
comparative purposes. The trends do not convey any sense
of volumetric sbundance, though it would be true to say
that the more basic pyroxenes were.preferentially sought
in the probe sections, with the result that aegirine is
far more abundant in the Motzfeldt Centre than the variation
diagrams might suggest.

4,1.C. Pyroxene éubstitutions_

The general pyroxene formula XViiiYViZévO6 is

referred to in the following parts of this section.

Z=-position

Esséntially occupied by Si and Al, the ratio
Si/(Si+Al) increases steadily with increasing Na=Mg of the
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pyroxene. 1t has been found that the microprobe deter-
minations of silica may be susceptible to an error of
about 2% relative, although this can be allowed fér, and
estimated by PXPROGS. '

X-position

The major elements involved here are Ca and Na.
In the salites (Ca+Na) may be as low as 0.90 though is
usually around 0.92 to 0.96 and rises through the ferrosalites
to around 0.98, This is thought to be a direct result of
small amounts of calcium=-poor pyroxene in solid solution in
the early pyroxenes. Thus up to 10% "opx" exists in salites
from the alkali gabbro and up to 8% "opx" in salites from
the larvikites of SM5*. With increasing Na, (Ca+Na) closely
approximates to 1.0, as is normal for alkali pyroxenes.
In the more sodic pyroxénes, K is present in small amounts
(typically 0.01=0.05 wt®% K20) and is thought to reflect
minor K-acmite substitution. :

Y-Position

This position may involve substitution of many
different elements. Initially, Mg, Fe2 and Mn are present
as diopside and hedenbergite and related components. The
position of hedenbergite is . at °~ Na=Mg = O in the variation
diagrams (fig. 4,5), as indicated by the maximum position of
&%,Feafdénd is closely echoed by Mn, both of which features
are similarly developed in pyroxenes from Ilimaussaq (Larsen
1976). These divalent ions are progressively replaced by
trivalent ferric iron in balance to increasing Na in X,
constituting substitution of the acmite molecule (NaFeBSiQOG).
Further elements to occupy this site are the higher valence
Al, Ti and Zr. Occasionally the aegirines contain significan?t
Al, with up to 11 mol% jadeite in aegirine from SMS5.

S 4,1.De Al and Ti and sector zoning

TiO2 is apparently present as NaTiSiAlO6 in the
early pyroxenes and thus behaves similarly to A1203. Both
'A1205 and TiO, decrease with increasing Na-Mg, with the
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irregﬁlar resumption of higher levels in the aegirine-
hedenbergités and the aegirines. Insufficient sodium in
the salites to accomodate all of the A1203, indicates
that the excess A1205 is probably present as the calcium
Tschermak's molecule (CATs), CaAl,S8i0O;. Pyroxenes from
the early part of SM5 and SM5* contain about 2.0 wt¥ Al203
and 2 mol% CATs, whilst salites from the alkali gabbro
contain about 3.0 wt® Al,0; and up to 4.5 mol% CATs (see
below). |

Samples of elongated needle-like pyroxenes found
in a vein of alkali gabbro which has penetrated a plagioclase
xenocryst, is intergrowvn with needles of apatite and appears
to be a quench texture. A few larger salites are sector
zoned, optically in shades of lilac and compositionally
in content of TiO2 and A1205. In two zones (sector "A")
Aléo5 = 3,10 and Ti0, = 1.75, whilst in a third zone (sector
"B") A1205 = 1.77 and TiO, = 1.10 . The elongate pyroxenes
are almost identical in composition to sector "A" and have
A1205 = 3,10 and TiO2 = 1.65 (all in wt% oxides). This
is the converse of the more commonly observed situation
(Deer et al 1978) where rapidly grown pyroxene elongated
parallel to the z-axis, is depleted in Al and Ti., Augites
from Mt.Etna in Italy, were shown by Downes (1974) to have
higher Al and Ti in (100) and (010) sectors, which he related
to slow growth compared to the Al- and Ti-poor (711) sector.
In a study of diopsides and salites from the Narce area
in Italy, Hollister and Gancartz (1971) outlined the
following four conditions which might influence the variation
of Al and Ti between ‘different sectors; (i) The size and
composition of the ionic complexes added during crystal
growth; (ii) The rate at which material is added; (iii) The
rate of re-equilibration with the matrix at surface dis-
location steps; (iv) The rate of re-equilibration of surface
layers with the matrix by ion exchange at 90° to the crystal
faces.

It is notable that the two different sectors
analysed from the salite described above, encompass the
entire spread of Al and Ti data for the Motzfeldt pyroxenes
(see Fige 4,5). |
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4,1.E. Zirconium substitution

Zirconium is an important constituent of the more
sodic and iron-rich pyroxenes from the Motzfeldt Centre,
frequently reaching 1 or 2 wt% ZrO2 and attaining as much
as 6.96 wt% ZrO,, with HfO, measured up to 1.5 wt%. The
Zr:Hf ratio (mass/mass) is fairly constant at 35 over the
.analysed range of zirconium contents. In general, the
zirconium content of the pyroxenes, hereafter referred to
as zr/px, increases with fractionation (Na-Mg index). A °
conventional plot of the compositions of pyroxenes from
units SM4 and SM5 is shown in figure 4,6 (a,c and d).
Representative trends from the South Qdroq Centre (Stephenson
1972) and the Ilimaussaq Intrusion (Larsen 1976) have been
inserted for comparison (Fig. 4,6.(a)). The overall trends
are similar, but only in the Motzfeldt pyroxenes is there
high zirconium in the more acmitic pyroxenes. This can be
seen in figure 4,6 (b), where curves represent the
approximate limits of zirconium in pyroxenes both from
Moztfeldt and from Ilimaussaq (data from Larsen 1976).

It is apparent that zr/px does not increase smoothly
with fractionation, especially in unit SM5. The rate of
increase in zr/px is higher in SM5 than SM4, Unit SM4
contains no major zirconium phase and ZrO2 increases with
fractionation to 1.5 wt%. Sporadic crystals of eudialyte .
((Na,Ca)SZrSi6016(O,OH,Cl)2) are found in the most evolved
samples of SM5 and coincide with relatively low zr/px. It
has been found that where a second Zr-bearing phase, such
as eudialyte, occurs, the pyroxene in the same thin section
contains relatively little zirconium, Thus, typical aegirine
from the lujavrites (SM6) contains 0.39 wt% Zr0, and eudialyte
is common. Point "B" in figure 4,6 (d) coincides with
crystallisation of coexisting eudialyte and resumed low
levels of zr/pxX in SM5. Similarly, point "A" (Fig. 4,6 (d))
and minor irregularities in zr/px with fractionation in
SM4 (Fige 4,6 (c))~might coincide with crystallisation of
lesser amounts of zr-rich phases.

Variation in zr/px within one particular sample

Sample GGU 54138 is a fine-grained nepheline syenite



Fig 4,6 Pyrcxene End-Member Variation Diagrams. zr/px in SM4 and SM5; compared.

Ac=Acmite, Di=Diopside,Hed=Hedenbergite, NAZ*=FM-NAZ-+NAZAL+minor (NAT*NATAL) FM~-NAZ=

NaFMy 52T 551,05, NAZAL=NaZrsSiAlOg (see text).

(a) Géeneralised trends from the Gardar Province, SOULH Greenland. 1 = S.Q8roqg (Stephenson 1a72),
2 ‘SM5 Motzfeldt, 3 = unit SM4 Motzfeldt, 4 = Illmausaaq (Larsen 1976) ,

(b) Curves represent approximate limits to NAZ substitution in 2,3 and 4. Note the prominent
inflexion in curve 2 which may correspond with onset of crystallisation of eud1a1vte. Open
circles represent zirconian pyroxenes from sample GGU 54138. :

(¢) Filled circles represent pyroxene analyses whose Zr/px values are quoted as wt% 2r0y . Thus
SM4 (=3) shows gradual increase of Zr/px with fractlonatlon .

(d) Notation as (c¢) for unit SM5 (=2). Here Zr/px build up is more rap1d with resumed low levels

at "A" and "B". Thus "“B" and perhaps "A' correspond with onset of crystallisation of eudialyte

which preferent1a1ly removes Zr from the liquid, and so denies significant entry of 2Zr into
pyroxene (see text). Superscript "c" denotes pyroxene coex1st1ng with eudialyte.
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from the topmost part of the ring dyke SM3 and is composed
of perthitic alkali feldspars (c. 1.0 x 0.6 x O.4cm; bulk
compsn Ab62) and smaller euhedral nephelines about 1mm
across, The mafic minerals are restricted almost entirely
to interstitial areas, although a few large euhedral
amphiboles (up to 2cm long) are visible in hand- specimen.
In thin section, the feldspar forms the bulk of the mode
(57%) with subordinate népheline (30%). Mafic minerals
consist of pink-brown ferro-edenite (5%) with narrow blue
magnesio-arfvedsonite rims and green pleochroic interstitial
pyroxene (6%). Optically equivalent to aegirine, these
pyroxenes contain from 1.5 to almost 7.0 wt% Zr02. The zr/px
contents are rather uniform across each individual grain
yet may vary considerably from one cluster to another. Thus
a range of zr/px values exists within one thin section,
with higher values being progressively less frequent. The
radiating texture and variable Zr02 contents could be due
to rapid crystallisation under highly non-equilibrium
conditions, but the perthitic exsolution of alkali feldspar
argues against this. The pyroxene has thus, presumably,
crystallised from small pockets of residual liquid late

in the cooling history of SM? and is the only Zr-bearing
phase present. It would appear that different values of
zr/px reflect different concentrations of Zr in the melt,
implying that diffusion was severely restricted, even on

a mm-scale.

End-member proportions

For aegirines from Motzfeldt with zZr0, in excess
of about 2.0 wt%, there is insufficient aluminium to
account for coupled substitution into the octahedral and
tetrahedral sites. Thus, most of the Zr is present in the
pyroxene as a result of the coupled substitution in the
octahedral sites alone of

2+ 4y 3+
FM + ZrVI = 2FeVI

where FM denotes divalent ferromagnesian cations, including
Mn. This substitution requires the end-member

NaFMy, 5270, 551206
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(Jones and Peckett, in press) and has been given the
acronym FM-NAZ,

Physico=chemical conditions

Recent experimental work concerning the solubility
and saturation of ziﬁbnium in felsic melts (Watson 1979)
has shown that, at least over the temperature range 700-

800 °C and for PH2O = 2 kbar, the solubility of zirconium

in felsic melts is critically dependent upon the peralkalinity
index (moles (K20+Na20)/A1203). The solubility of zirconium
appears to be insensitive to temperature, activiwvity of
silica, total zirconium or the ration Na20/K20. Furthermore,
Watson showed that the solubility of zirconium was reduced

by the additions of minor quantities (¢. 1.0 wt%) of lime

and ferric oxide. .

The peralkalinity index is high for most of the
Motzfeldt syenites, frequently exceeding unity. Assuming
that the interstitial phases in 54138 represent locally
the last liquids in the solidifying syenite SM3, then these
were strongly peralkaline since, excluding minor analcite
and sodalite, all of the interstitial phases are rich in
alkalies and extremely deficient in both lime and alumina.

The notably higher FeE/FeB-ratio present in the
Zr-rich aegirines, compared with Zr-poor aegirines, suggests
a fairly low oxygen fugacity. The absence of Fe-Ti oxides
and the presence of aenigmatite from samples with high
zr/px (in particular 54138) probably relates to an oxygen
fugacity below the FMQ buffer (see Larsen 1977 for discussion).
Since the high zr/px reqﬁires a Feg/Fe3 charge balance
reaction, the precise conditions under which Zr-rich aegirine
forms may be very different from those under which Zr-poor
aegirine forms. |

High peralkalinity, low lime and low oxygen fugacity
will cause high solubility of zirconium in the melt, with
the last phase to crystallise from the melt being rich in
zirconium. In practice, it appears that zirconium is incor-
porated into the clinopyroxene structure, as FM-NAZ or
NAZAL (NaZrAlSiOg, see Larsen 1976), only when no other
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zirconium~bearing phase such as eudialyte is formed. Thus,
zr/px may be directly and antithetically related to the
different stability relations of eudialyte, the most
frequent mineral in Motzfeldt (apart from pyroxene) whose
' partition coefficient (Zrmin/zrmelt) is greater than one.
In this way, it is likely that the serious depletion in
zr/px and consequently Zr of the late melt in SM5, is
related to the arrival of eudialyte on the liquidus. A -
similar argument has been presented for the presence or
absence of eudialyte from the liquidi of different units
in the Ilimaussaq "Intrusion" by Larsen (1976).

The antithetic relationship between high zr/px
and other coexisting zirconium-bearing phases is a complex
problem and one which can not be fully explored here.
However, of undoubted importance is the structure of the
silicafe melt prior to the crystallisation of any Zr-
bearing phase. In this respect it is interesting that
Watson (1979).has found that zirconium appears to form
complexes in felsic melts, in which (Na+K=Al)/Zr = 4,
with species such as Na4Zr(SiO4)2. The high activity of
soda thus presumably prevented the crystallisation of
baddelyite, Zr02, and furthermore the low activity of
silica has prevented the formation of zircon, ZrSiO,.

The observed variability in zr/px between different
interstitial patches in the same sample must reflect a low
diffusion rate for Zr. This is reasonable for such a highly
charged ion at comparatively low (g. 600 °C) temperatures
and this is consistent with the observations of Seitz (1974)
for thorium in the system diopside-albite-~anorthite.

By considering the end-member proportions of
jadeite and zirconian pyroxenes together, a clear antithetic
relationship is once again very evident. Since the Al5+
content of pyroxene is proportional to the activity of
A1205 in the melt (Campbell and Borley 1974), this
reinforces the above conclusions that high zr/px is
favoured by peralkalinity and thus low activity of A1205

in the melt.
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4,2, Olivine

4,2.,A. General

Olivine is a common phase only in the alkali
gabbro, the larvikite ring dyke SM5* and the lardalitic
margin to SM5. Olivine may also be found in the phonolitic
margins of SM2/3 and SM4, but elsewhere is almost entirely
absent from the syenites. Occasional relics of olivine
are sometimes preserved, although?%re often deeply
corroded and extensively replaced by opaque iron oxides.
The olivines are mostly iron-~-rich and contain appreciable
amounts of manganese and calcium, in line with other of
the Igaliko centres (see Stephenson 1974).

4.2.B. Compositional variation

Excluding the alkali gabbro, MnO in the olivines

varies from 1.76 to 5.00 wt%, with a related variation.
in the tephroite (MnESioq) end-member from 2.3 to 7.2 mol%.
SM5 and SM5* span a similar range in composition, which is
quite extensive and is from F059Fa59Tp2.5 to F011F384Tp5.2
in SM5* and from F°31Fa65Tp5.9 to F08Fa85Tp7.2 in SM5S,
Olivine from the alkali gabbro.is predictably more magnesian
and is typically around F°65F356Tp0.6 in the more rapidly
cooled facies. The range in both Ca and Mn is similar to
Mn- and Ca-enriched olivines from the other three centres
of the Igaliko Complex (Stephenson 1974)..

| When plotted in the system Mg-Fe-Mn (=Forsterite-
Fayalite~Tephroite) and compared to olivines from other
intrusions (Fig. 4,7) the olivine trend from Motzfeldt is
similar to that from South Q8roq (Stephenson 1974), both
of which are more Mn-enriched thamn trends from the Ilimaussag
Intrusion and from Sksergaard (TLarsen 1976 and Deer and
Wager 1939 repectively). The relative dispositions of Mn-
enrichment in olivine from Motzfeldt, Ilimaussaq and
Skaergaard is reminiscent of the corresponding Na-enrichment
in pyroxenes from the same intrusions, when plotted in the
system Di~Hed-Ac. This has been noted by Larsen (1976) who
deduces that the differences in Na in the pyroxene and Mn
in the olivine are for the same reasdn; namely the different
oxidation states of theseﬂmagmas. A
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Based on his observations of olivines from re-
crystallised syenites, Chambers (1976) suggests that the
Mn-content of the olivines is likely to be controlled by
solid state diffusion. However, he too suggests that the
oxidation state is a primary consideration and decides
that a magma with higher fO, would give rise to Fe>' and
correspondingly earlier enrichment in manganese.

’The'calcium content of the olivines from Motzfeldt
is also similar to that reported from Ilimaussaq (Larsen
1976) and;bén be related to a larnite (Ca,Si0,) component.
As can.be seen from the reaction

L 2CaFeSi2O6 = CaESiO4 + Fezsio4 + 2S102-

-7 hedenbergite larnite fayalite silica
the contenff¢f Ca in olivine may be dependent on silica,
wherein low activity of silica promotes increased Ca in
olivine, Low’pressure may have the same effect (Nicholls
et al 1971; ‘Stormer 1973). Thus, high level, silica
undersaturated magmas such as those at Ilimaussaq and
Igaliko may be expected to yield Ca-rich olivines. Such
types wgré‘not included in the study of plutonic olivines
by Simkin and Smith (1970) who none the less still recognised
a pbsitiVe correlation between the Ca content of olivine
and the‘&egree of silica undersaturation (normative
nepheline). There is a reasonable correlation between
Ca0 content and the index Fe-Mg in the olivines for both
SM5* and SM5 (Fig. 4,8) and it can be seen that individual
.samples possess a range in Fo content of about 5 mol% or
S0. Thé.level and rate of increase of Ca0 in SM5* and SM5
is vefy similar, The Ca contents of the olivines seem to
be sensitive to what are presumably small differences
existing between separate samples from the same parts
of the same units. Perhaps any correlation of Ca0 with
Fe~Mg has been missed by previous workers because of the
scale on which the variation occurs.

, The departure of olivine from the liquidus is
adequately explained by increasing oxygen fugacity
(Stephenson 1974) in a reaction such as

5Fe2Si04 + 02 = 2Fe504 + BSiO2
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although Chambers (1976) points out that decreasing silica
activity could have the same effect. In certain instances
it is also quite feasible that the reaction is buffered
by a new silicate rich in iron, as may be the case where
aenigmatite is stable (see section 4#.7.).

Of the trace elements, Cr and Ni were not detected
and Al and Ti.were often present in small amounts, with
up to about 0.1 wt% Ti0,.

4,3, Amphiboles

4,%3,A. General

The amphiboles are probably the most abundant mafic
mineral in the Motzfeldt Centre. They are .usually anhedral
in outline and, in accord with the work of Chambers (1976)
on the North Q8rog Centre, there is & fairly predictable
change in colour with degree of fractionation of the host
syenite., The more basic syenites, such as the larvikites
and lardalites associated with SM5, are characterised by
amphiboles with a dominantly brown pleochroic scheme
(typically x=pale brown y=reddish brown z=dense brown).
With increasing fractionation the amphiboles take on shades
of green (eg: x=olive y=bluish green z=dark greenish brown)
whilst the most fractionated syenites are characterised by
amphiboles with blue oriented pleochroic schemes. In unit
SM1 the latter include pale yellow-indigo blue amphiboles
where the syenite is near to the outer contact of the
centre,

In addition to this change in amphibole colour
with degree of fractionation of the rock, there is often
outward zonation of the individual amphiboles through part
of the same sequence of colours, indicating zonation to
alkali-enriched rims. Most commonly, this zonation is
developed rapidly over the outer part of the amphibole.

The role—of amphibole crystallisation has clearly been
associated with the formation of pyroxene. The alternation
of growth from early pyroxene'cores to amphibole which in
turn is rimmed by sodic pyroxene, is frequently observed
in the Motzfeldt syenites, as in the North Qoroq Tentre .
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(Chambers 1976) and is broadly reminiscent of a "dis-
continuous reaction series" such as that reported from the
syenites of Tugtutdq by Upton. (1964).

Occasionally, small plates of reddish biotite may
be found at the cores to edenitic amphiboles in the
porphyritic phonolites. A few large euhedral amphiboles
are also present in the phonolitic microsyenite of SM3,
and are of. ferro-edenitic composition with thin arfvedsonitic
rims.

4,3,B, Classification

The amphiboles are the most complex and variable
of the major rock-forming minerals studied. This is '
primarily due to the presence of a wide variety of cation
sites in the amphibole structure, enabling ions with a
large range in ionic radius to be accomodated (Ernst 1968).

Of the various methods for presentation of the
compositional data, that of Phillips and Layton (1964)
and Phillips (1966) has been selected. This is a rapid
and practical method for processing a large number of
amphibole analyses into a manageable array of data, and
is by nature of this practicality a little less precise
than the more recently propounded method of Leake (1978).
The scheme allows direct comparison with the data from
earlier workers on amphiboles from the Gardar province,
such as Stephenson(1972), Rowbotham (1973) and Chambers
(1976).

The Phillips (1966) system of nomenclature is
based on the possible substitutions which can effect the .
tremolite end-member. The basic formula of an amphibole
(AX2Y5Z8O22(OH)2) is thus completely defined by stating
the number of sodium atoms in the X positions and the
number of aluminium atoms in Y and Z. These three numbers
are coordinates in a 3-D compositional space that can
easily be represented. Alkali amphiboles are defined
(Phillips 1966) as having at least one atom of sodium in
X in the basic formula unit. Thus by considering the cations .
as their equivalent Mg, Na or Al, there are nine basic



Figure, 4,9. Sections through the amphibole compositional
space of Phillips (1966).

Abbreviations for end-members are as follows;

Tr = Tremolite
Ed = Edenite

Pa = DPargasite

Ts = Tschermakite
Su = Sundiusite

M = Miyashiroite
G = Glaucophane
Ec = Eckermannite
R = Richterite

Note that the determination of AlY is partly dependent
the FeB/Fe2 ratio for these iron-rich amphiboles.

The orientation of these two ‘projections can be seen
in figure. 4,11, '
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end-members in the Phillips scheme; 13

Tremolite ‘ Ca2Mg5818022(0H)2 (TR)
Edenit? NaCaZMgSSi7§lO22(OH)2 - (ED)
Pargasite ‘ NaCagMg4A1816A12O22(OH)2 (Pa)
. . :

Tschermakite Cazhg3A12S%6A12022(OH)2 (TS)
Glaucophane Na2Mg3Al2bl8O22(OH)2 (G)

Richterite NaNaCaMg58i8022(OH)2 A (R)

Eckermannite NaNa2Mg4Alsi8022(OH)2 (ECK)
Miyashiroite NaNa2Mg3Algsi7A1022(OH)2 (MY)
Sundiusite NaNaCaMg5A12Si6A12022(OH)2 (s0)

The Motzfeldt amphiboles are shown on two
projections through the Phillips compositional space
in figure 4,9 , one perpendicular to the A1% axis and the
other perpendicular to AlY, The locus of amphiboles from
the North Q8roq Centre (Chambers 1976 ) has been inserted
on the plot of A1% versus Na* for comparison. The basic
amphiboles found in North Q8roq, such as ferrohastingsites,
are considerably less abundant in the Motzfeldt Centre.
Amphiboles from the Motzfeldt Centre proceed to further
enrichment in Na® and greater depletion in A%,

The amphibole analyses have been classified using
the computer programme MINDATAS (Knight 1976) based on
the Phillips system. MINDATAS also provides an estimate
of the iron oxidation ratio, which appears to increase with
fractionation. In view of the acmite (NaFeasieoe)Aenrichment'
~ exhibited by the pyroxenes, this seems reasonable. In
practice, the amphiboles are all irbn-rich, with Fe/Mg > 60%
and should all be prefixed "ferro". Adopting the procedure
.of Chembers (1976), pyroxenes classified by MINDATAS as
"pargasite" are actually ferrohastingsites, with less
than 0.5 aluminium atoms in the Y site (real Al and not
equivalent Al as plotted in the Phillips system). There
is therefore a total lack of the ferropargasites from ::.
‘Motzfeldt, which are apparently common in North Qdroq
(Chambers 1976) perhaps suggesting the somewhat oversll
more fractionated nature of the magmas. Furthermore, those
amphiboles classified as "eckermannite" are FeB-riCh and
poor in Al‘5 in Y, and represent dominance of the arfvedsonite
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end-member (NaNagFeAFe3Si8022COH)2 ="A"), Occasionally,11
the more fractionated pyroxenes possess Fe3 in Y greater
than 1.0, indicating partial presence of the riebeckite
end-member, which plots at the glaucophane position in

the Phillips system. The resultant classification for _the
amphiboles from Motzfeldt is outlined below, which if
éompared to the results of Chambers (1976) reveal the
consistent absence of truly pargasitic amphiboles, as

mentioned above.

Results of Mindata 5 (with modifications as above)

Unit FHA FED FRI A . Other
SM1 3 4 2 3 MY (1)
SM2/3 4 2 ,
SM4 5 12 4 MY (1)
SM5 6 6 1

HY 6 1

SM6 1

FHA=ferrohastingsite, FED=ferroedenite, FRI=ferrorichterite.

- The general trend FH-FE-FR-A, is identical to that
seen in the North Qb6roq Centre (Chambers 1976) apart from
the absence of ferropargasite. The trend is well represented
by SM1, which contains fewer bagic pyroxenes than other
units. This presumably implies conditions of relatively
high PHEO such that amphibole adopts the role of pyroxene
by removing Ca, Mg and Fe from the melt, in which-case the
peripheral disposition of much of SM1 méy be significant.

4,%5,C., Amphibole chemistry

The major substitution occurring in the Motzfeldt
amphiboles is

caX + A1% = Na¥ + si?

and is identical to that described by Chambers (1976)

from North Q0rogq and occurs in the other Igaliko centres.
It is also the dominant substitution affecting amphiboles
from the Ilimaussaq Intrusion (Rowbotham 1973; Larsen 1976)
and parts of the Nunarssuit complex (Anderson 1972).
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-
wn

-Generalised frends in amphibole crystallisation.
1= Motzfeldt (this work); 2= Ilimaussaq™ ;

3 = Tugtutog™

*Rowbotham (1973)
(for end-member abbreviations see Fig.4,9)
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Consequently, the variation in amphibole chemistry has

been portrayed against the index Na*-A1% as used by Chambers
(1976) with the result that $10, and CaO show a steady
increase and decrease respectively (Fig. 4,10).

In the majority of the early amphiboles, and practically
all of the later ones, the A site is full (e = 1.0 in
the Phillips system) in accord with the work of Chambers
(1976). This is apparently at variance with the observations
of Helz (1973) who finds that for a constant composition of
host, the A site occupancy decreases with falling temperature.
However, both Helz (1973) and Jakes and White (1972) and
Wills (1974) have all shown that there is a correlation
between A site occupancy and whole rock alkali content.

The systematic trend of falling TiO, with faliing A
content, agrees with the observations of Helz (1973) and
suggests falling temperatures of crystallisation with
increasing‘fractidnation, although Helz further points out
that increasing oxygen fugacity (f02) can have similar
effects..Beddoe-Stephens (1977) emphasises that this could
in part be due- to the stabilisation down-temperature of
Fe-Ti oxides.;cawthorn (1976) maintains that Ti0, is also
proportional to total pressure.

There is a 'general decrease in MgO with increasing
NaX Alz (Flg. 4,10) and a corresponding increase in total
1ron._In detall_‘amphlboles from HY have consistently low
MgO contents and amphiboles from SM5 may show a wide range
of MgO for similar values of Na*-Al1%, In his study of
natural amphlboles, Cawthorn (1976) finds that MgO
generally . increases with falling temperature and that the
ratio MgO/FeO also rises. :

Mangénese increases gradually with fractionation (Fige.
4,10) and also tends to increase towards the edges of zoned
crystals, The most fractionated amphiboles display rather
sporadichnO contents, perhaps reflecting the presence or
~ absence of a discrete Mn-phase on the liquidus prior to
crystallisation of the amphibole, or perhaps reflecting
variéble partition coefficients. Arfvedsonitic amphibole
frém-SM6 is rich in MnO (2.64 wt% MnO) and apparently
cfyétallised'before interstitial mangasnoan-pectolite in
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some lujavrites. ,

Potassium remains more or less constant, and averages
around 1.5 wt% K50 for all of the amphiboles, having a
total range from 1.18 to 2.26 wt% K,0. According to
Cawthorn (1976) high Na 0 and high NaEO/KzO in amphibole
are both signs of relatively low pressure crystallisation,

Zirconium is usually present in small amounts (Fig. 4,10)
but varies unpredictably. The amount of zirconium in any
amphibole is invariably less than that in the coexisting
pyroxene. Similarly, Larsen (1976) found that Zr in amphibole
is approximately half the amount found in coexisting
pyroxene from the Ilimaussaq Intrusion. The amount of Zr
in amphibole from SM6 is below the detection limits of
the electron microprobe (at least on the sample analysed),
which is perhaps to be expected since this amphibole
formed after eudialyte. ,

A summary of the Motzfeldt amphibole trend in the
Phillips (1966) compositional space is shown in figure
4,11 with trends for Tugtutéq and Ilimaussaq inserted
for comparison (data from Rowbotham 1973).

4,4, Biotite
4. 4,4, General

Biotite is only a minor phase in most of the
Motzfeldt syenite and for this reason few analyses have
been made. However, these cover a representative range
of rock types in Motzfeldt, excluding SM6 which is biotite-
free.

Biotite is most prominent in the lardalites of
SM5, where its coppery colour is'evident in hand specimen,
In this unit, which shows strong affinities to augite
syehite related magmas described from the other Igaliko
centres (eg: Chambers 1976), biotite (x=straw yellow
y=z=dark brownish red) forms large anhedral plates (to
1-2cm) and radiating sheaves which mantle Fe-Ti oxides
and olivine. Slightly paler biotite (x=orange brown y=z=
red brown) may occur as a minor phase in SM2, 3 and 4.
Unit HY contains similarly coloured biotite in rather



Figure, 4,12, Biotites from Motzfeldt.

7 Locus of biotites from the North Q8rogq
~
(S Centre (Chambers 1976).
% = trend of biotites from Klokken (Parsons

1979) .

= Alkali gabbro
= Unit SM5*

= Unit SM5

= Unit SM3

= Unit SM4
Unit HY

’.Dbx
I

[+
]

a1tve (Al + Tl)lv from the anhydrous analysis.

Note the trend towards increasing Fe/Fe+Mg, increasing Mn
and. decreasing Ti and A1V with increasing FI of the host
rock (ie: Alkali gabbro=»syen1te) Nazo appears to decrease

with decreasing Allv
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greater abundance, achieving perhaps 2-3 modal%# in some
samples, with greenish biotite equally common in other
rocks of HY (x=pale brown y=green brown z=dense green
brown). According to Deer et al (1963) red-brown biotite
can be caused by high Ti, whereas'green biotite may attest
to high Fe5+ contents.

4,4,B, Chemical variation

A general formula for biotite is.X2Y4_628022(OH,F)4
and is referred to in the following discussion. Since .
ferric iron has not been determined, all of the irom is
considered as FeO in distributing ions between lattice
sites. In accord with the findings of Chambers (1976) for
- biotites from the North Q8roq Centre, the octahedral Y
site has less than 6 cations, which may suggest that the
biotites are intermediate between micas with 6 octahedral
cations and micas with 4 octahedral cations. There is
considerable variation in the Al content of the tetrahedral
(=Z) site with a coupled decrease in A1% and increase in
Siz, as the fractionation index of the parent rock increases
(vis; alkali gabbro-larvikite~-lardalite-syenite-nepheline
syenite).

Fe/(Fe+Mg) decreases uniformly with decreasing .
A1% guch that Al/(A1+Si) decreases with increasing Fe/(Fe+Mg)
in figure 4,12 . The trend for biotites from the Klokken
Gabbro-Syenite Complex has been inserted for comparison
(Parsons 1979).

Both Ti and Mn vary systematically with Al% and
Fe/(Fe+Mg), TiO, decreasing and MnO increasing with
increasing fractionation. TiO2 descends from a maximum
of 7.3 wt% to 2.1 wt%, whilst MnO increases from 0.2 wt%®
to a maximum value of 2.7 wt% in unit HY, representing
7.0 mole% of the mangenophyllite (Mang) end-member compared
with Mang, . from Klokken (Parsons 1979) and Mang, ¢ from
the soda syenites of Shonkin Sag (Nash and Wilkinson 1970).
The corresponding loci of deta from the North Qdroq Centre
have also been superimposed for comparison (Chambers 1976).

_ Of the minor elements, sodium (Na*) appears to
decrease uniformly from 0.51 to 0.14 wt% Na20 with decreasing
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Alz, although there are barely sufficient analyses to
justify this observation (see fig. 4,12). Ca0 is low,
and generally less than 0.1 wt%. Zr was detected only in
one sample, which at 0.008 wt% ZrO, can be considered to
be effectively absent.

4,5, Feldspar

4,5.,A. General

A considerable variety of feldspar types can be
found in the Motzfeldt Centre. The bulk of these are
"hypersolvus" alkali feldspars, which crystallised from
syenite magmas whose temperature upon intrusion was above
- the feldspar solvus. These show a diversity of subsolidus
unmixing and are often flattened parallel to 010). Plagioclase
feldspar is found in the alkali gabbro, where it is an early
crystallising phase and is also present as rare cores to
cryptogrthitic alkali feldspar in the larvikite SM5*. The
latter dark coloured feldspar may show an irridescent
schiller in hand specimen in SM5* and are reminiscent of
feldspars in rocks from the type locality to the southeast
of 0slo (Smith and Muir 1958). '

‘ In general, the feldspars have been analysed for
their average bulk composition. This was achieved by
oscillating the beam of the electron microprobe in either
a vertical or horizontal plane, depending on the orientation
of the crystal under study. Since the "line scan" is
infinitely variable from a few microns to several milli-
metres in width, all but the coarsest of perthites could
be analysed. Usually each analysiskrepresents an average
for a particular crystal which has been checked at one or
two positions along or across its length., Variations in
composition between different feldspars within the same
probe section were exemined a few times, and were found
to be relatively small (c. + 2-3 mole¥). Samples showing
" a considerable range'in composition were found in the
porphyritic marginal variants of SM2, % and 4 and also
in unit HY and are described below. '

' Strictly speaking, most of the alkali feldspars
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from the Motzfeldt Centre are "mesoperthites" according
to the nomenclature of Smith (1974,vol.2). However, it
is more convenient to use the terms micro- and cryptoperthite
for optically visible and sub-optical intergrowths.
respectively, as advocated by Parsons (1978) and implicit
in many of the earlier accounts from the Gardar province.
The white lujavrites from SM6 contain the coarsest perthites
with each original crystal now consisting of two or
three broad areas of nearly pure microcline and albite,
the microcline tending to be situated towards the cores.
These, and coarse perthites found near the external margins
of unit SM1 are similar to "patch perthites" described by
Parsons (1978).

4,5.B., Compositional variation and zoning

Samples showing a considerable range in orthoclase
(Or) content are found in the phonolitic margins and in
unit HY. The analyses of three separate phenocrysts from
the marginal phonolite of SM2 (sample 54139) are plotted
in terms of Ab-Or-An in figure 4,13 as "A", "B" and "C"
indicating the direction of zonation from core to rim.
The feldspars fromthis sample vary from apparently
homogenous crystals to those which show what appear to
be two generations of exsolution (see plate 2, chapter 2)~
and several have rather lobate margins, which appear to
grow directly into the groundmass. With increasing distance
from the margin, SMZ2 becomes coarser-grained and the feldspar
resembles more normal microperthitic types,-although
slight optical zonation may still be apparent. This
zonation towards K-rich rims is reminiscent of anorthoclase
cores zoned to sanidine-rich rims observed by Lippard in
phonolites from the Kenya Rift (1973) and can be seen in
other trachyte~phonolite lavas (eg: Nash et al 1969). The
variety of initial compositions in sample 54139 may suggest
an originally heterogenous source.

Discontinuous zoning from plagioclase cores to
increasingly K-rich feldsper rims is sometimes shown by
SM5*, In SMS5 in general, there is a reduction in CaAl (the
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anorthite component) and a straightforward increase in

K/Na of the feldspar. The anorthite content is consistently
a little higher in feldspars from SM5* and SM5, than from
any other of the intrusive "SIM" units. This is in agreement
with the experimental predictions of Bowen and Tuttle (1950)
and Schairer and Bowen (1947) in the system CaAl,Si,0g-
NaAlSi508-Kalsi308 as summarised by Carmichael et al (1974),
in that sanidine (K-fsp) coexisting with plagioclase, will
contein more CaAl,Si,Og (An) than s sanidine of otherwise
similar composition crystallising by itself. The rapid or
discontinuous zonation from plagioclase cores to K-rich
rims is rather typical of fractionating augite syenite and
related magmas found throughout the Gardar province and

in other of the Igaliko centres in particular (eg: South
Q6roq, Stephenson 1974; North Qbroq, Chambers 1976).
Feldspars from oversaturated alkaline magmas where there

is no -feldspathoid, and from augite syenites where only
small amounts of interstitial nepheline are found, tend not
to cross the plagioclase/alkali feldspar field boundary

at 5 kbar (Yoder et al 1957). However, they frequently

move down the cotectic towards the minimum-melt composition
on the ‘Ab=-Or join (Ki{ingndt, Upton 1960; Tugtutdq Central
Complex, Upton 1964; Loch Ailsh, Parsons 1965; Klokken,
Parsons 1979). SM5* and SM5 cross this cotectic. Two
reasons for this may be related to nepheline crystallisation.
Firstly, co~precipitation of nepheline with alkali feldspar
may cause an increase in the K/Na ratio for subsequent
feldépar. Since nepheline is clearly an early-formed

phase, as witnessed by its occasional intergrowth with
clinopyroxene (see plate 1, chapter 2) and its existence

as phenocryéts, this seems quite feasible. Secondly,
nepheline may be exsolved from the feldspar snd is seen

as rounded blebs in optical continuity. Widenfalk (1972)
suggests that this is due to an initial 510, deficiency

- in the feldspar. Whatever the reason, this exsolution
probably tekes place quite early in the subsolidus history
of the feldspar (cryptoperthitic) and must presumably
increase the K/Na ratio of the remaining feldspar., Alternat-
ively, as pointed out by Chambers (1976), the position of
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plagioclase-alkali feldspar cotectic may be irrelevant for
magma which has undergone feldspar fractionation in the

} (Aneoviite)
absence of a plagioclase,component, an% is perhaps indicated

by the xenocrystic appearégggtgfmg§§?ﬁiagioclase cores.

The contrast between phenocryst and groundmass
feldspar composition in unit HY is perhaps to be expected,
givén their different modes of origin. The K-rich nature
of feldspar from the groundmass (microsyenite) is consistent
‘with a residual composition for that liquid and with an
origin by partial melting in-situ of the earlier nepheline
syenite, and concides with high concentrations of Rb in
samples consisting predominantly of the microsyenite host
(see section 5,10.). The striking absence of any sodic
feldspar in certain samples, yet which still contain
plentiful nepheline, could be consistent with removal of
some Na, perhaps as a Na-rich fluid phase, as perhaps
suggested by the sporadic and locally common late stage
occurrence and replacement textures of volatile-rich phases
in HY.

Similar overall K-enrichment of the alkali feldspars
has been demonstrated for foyaites from the South QOroq
Centre by Stephenson (1976), who favours a process of
depletion of the liquid in Na/K by early co-precipitation
of nepheline, causing a complementary late build up of K
in feldspar. ‘

4.5.C. Subsolidus unmixing

Following their initial crystallisation, the Motzfeldt
. feldspars continued to cool relatively slowly under sub-
solidus conditions. This resulted in the unmixing into
separate K- and Na-rich phases, concordant with increased
Al-Si ordering and the development of a perthitic texture.
The degree of ordering in the feldspar can be considerably
influenced by volatile fluxes, as shown by Emeleus and Smith
(1959). Ferguson (1970) has shown that marked structural
differences between feldspars of the Ilimaussaq augite
syenites and agpaites, may be attributable to higher
volatile pressures in the latter. Stephenson (1976) draws
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the same analogy between augite Syenites and foyaites

from the South Qéroq Centre and concludes that the lower
structural state and coarser perthites of feldspars in

the foyaites reflect a higher water/volatile content

coupled with lower crystallisation temperatures and slower
cooling in the latter. More recently, Parsons (1978) has
elaborated upon the role which fluids may play in determining
. the exsolution textures of plutonic feldspars. Here, he
stresses the relationship between increasing feldspar/fluid
interaction and increasing Al-Si order. With particular
reference to the Klokken intrusion (Parsons 1978,1979) he
concludes that fluids are the primary factor in determining
exsolution textures and framework structural state variation,
whilst specific thermal events and cooling rate are not
necessarily very important.

4e2eDe Conditions of T and Prnry

_ The feldspars of the syenites are hypersolvus and
consistent data for both the feldspar solvus and the
solidus (liquidus) now exist, enabling estimates of the
minimum temperature and meximum Py,, of crystallisation
to be made. At lower temperatures or with greater PH2O’
the solidus would intersect the solvus and two separate
- feldspars would form, as may be the case for the lujavrites.
Data for the solvus was obtained from Smith and Parsons
(1974) and can be extrapolated from the pressure of 1 kbar
at which it was determined, to higher pressures by the
application of their recommended factor of 16 °C/kbar.

A further correction of 33 °/mol% An was applied in accord-
ance with the findings of Bachinski and Muller (1971).

Thus, composition-dependent data exist for both the liquidus
and the solvus. This enables a minimum temperature of
formation (Tmin) to be determined from an average bulk
feldspar analysis, which in turn allows an estimation of

the maximum'PHgo (PHgo.max). In practice, this was

achieved graphically, using a P-T graph contoured for
solvus and liquidus at specific compositions. The results
for the various units are tabulated below. .



127

Unit Mex value of T . Min value of Pp.,.max
(°c) (bars)

SM1 705 2950

SM2 650 4200

SM3 665 . 3950

SMb- 675 3600

SM5* 815 1200

SM5 | 780 1400

Although not really very informative, it is
evident that the cryptOperthltlc feldspar from units
SM5* and the margins of SM5, \crystalllsed at relatively
high temperatures and under conditions of comparatively
low Pyonys +: and the rest of the syenite units. might hove.
This is entirely in keeping with the findings of Chambers
(1976) for similar augite syenites from the North Qéroq -
Centre., The single feldspar found in the white lujavrites, now
of near end-member Ab and Or exsolution in a coarse "patch"
perthite, suggests initial crystallisation at moderately
high temperatures, followed by a long cooling interval
under conditions of high Py,5. Crude estimates of the
initial cover above the Motzfeldt Centre at the time of
its inception, based on normétive mineralogy and the
existence of an originally thick lava pile, suggest
an upper limit of Ppoy = 2 kbars. With this in mind, it
is unlikely that Puso could have exceeded this value, since
normally PHEO‘:Ptetal’ although Chambers expresses his
suspicion that P, ., may be exceeded (1976), but then one
might expect to see some visible expression, perhaps in
the form of vesiculation (drusy cavities) and these have
not been observed. Certainly the two primary feldspars
observed in the dark lujavrites would be copabe of crystallising
under conditions of high PHEO’ perhaps in excess of 3 kbars,
and infer low temperatures of crystallisation, possibly
around 400 °C. This does not agree with findings of Sood
and Edgar (1970), who indicated that feldspar forms at
~high temperatures from a melt of lujavritic composition,
even at pressures of about 2 kbars (?:88000).
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4.6, Nepheline

4,6,A, General

Nepheline is a major phase in the vast majority of
the Motzfeldt syenites and may constitute up to about 50 %
of the mode. As well as forming euhedral and subhedral
crystals, it also occurs as interstitial stringers and as
blebs in some of the feldspars. Phenocrysts of nepheline
are characteristic of the phonolitic margins to SM2, 3 and
4 and are also recognisable in several of the xenolithic
rafts of lavas. Abundant small hepheline euhedra are also
prominent in the dark lujavrites and are common throughout
SM6. An interesting variation in nepheline habit can be
traced with increasing fractionation through the larvikites
and lardalites of SM5* and SM5. Firstly, nepheline occupies
small interstitial positions and occurs as a few blebs in
the cryptoperthitic feldspars. The amount of nepheline
exsolved from the feldspars increases and in some cases
appears to approach the maximum value of 13-14 mole% Ne
reported from the Oslo larvikites by Widenfalk (1973).
Finally, the proportions of interstitial nepheline increase
and fairly large anhedral areas of nepheline become common
in the lardalites. Occasionally, nepheline and clinopyroxene
from SM5 display a feather-like intergrowth, developed from
interlocking edges of nepheline and clinopyroxene (salite)
on a 1/10 to 1/100mm scale (see plate 1, chapter 2) and
is consistent with separate geothermometers for each which
suggest temperatures of formation of about 1000 °C (using
the nepheline geothermometer of Hamilton,1961;and the
olivine-clinopyroxene geothermometer of Powell and Poweill,

1974) .

4,0.B. Compositional variation

The analysed nephelines are plotted in the customary
system Ne-Ks-Qz, where Qz is often referred to as "excess
silica" and represents the amount of silica in solid
solution which is superfluous to the needs of Na and K
in the general formula (Na,K)AlSiO4. The amount of excess
silica is temperature dependent and has been established
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as an empirical geothermometer by Hamilton (1961), whose
isotherms are included in the diagram Ne-Ks-Qz (Fig. 4,14
and 4,13). This geothermometer relies on an accurate
analysis, especially of silica and is also liable to
subsolidus re-equilibration of Na, K and Al with feldspar.
Stephenson (1973) notes that the geothermometer may be
inapplicable where nepheline coexists with sodalite.

Nephelines generally change their compositions in
two ways (Tilley 1954), the Si/Al ratio decreases with
falling temperature and subsolidus exchange of Na and K
may occur. In the latter, nepheline compositions tend
towards an ideal ratio of Na/K=3:1 and approach the
Buerger theoretical composition of NaBKA14814016. Most
of the Motzfeldt nephelines do not fall between the
Morozewicz theoretical rock composition (Na6‘1K1.52 0.38~
Al7.62818.58052) and the Buerger composition, a
feature which is seen in nephelines from other plutonic
syenites (eg: South Q8roq Centre, Stephenson 1976; North
Q06roq Centre, Chambers 1976; Kangerdlugssuaq, Kempe and
Deer, 1970). This suggests that subsolidus exchange has
been minimal, and therefore the compositions do reflect
temperatures. of crystallisation.
| Upon inspection (Fig. 4,14), it is apparemt that'
the analyses tend to cluster around temperatures of 800 -°C
or so, comparing favourably with other of the Igaliko
centres. Units SM5* and SM5 display a wide range of
temperatures; which are more or less consistent with the
observed variation in habit and may indicate slight
lowering of liquidus temperatures. As mentioned earlier,
the nepheline coexisting with clinopyroxene_in g lardalite
from SM5, suggests temperatures of around 1000 C.
Nepheline phenocrysts from the lujavrites suggest temperatures
ranging from around 850 °C to below 500 °C, At these
lower temperatures, it is very likely that some re-
équilibratibn of Na and K has occurred, especially since
sodslite is a rather common accessory in the lujavrites
and can show replacement of nepheline, |

Partial hydrous alteration of nepheline to the
micaceous or clay-like aggregate gieseckite is locally



Figure. 4,14, Motzfeldt Centre nephelines in the system Ne-Ks-Qz

Isotherms are after the geothermometer of Hamilton /1961) and are in °C.
"M" = the theoretical Morozewicz composition of rock-forming nepheline
(1\1516.,1K,].52 0,38818.38032)‘ "B" = theoretical Buerger composition (Na3K
A14Si16) . |
C::)= locus of majority of nephelines from Motzfeldt
(a) ¢ = SM6 (lujavrifes); Note departure from the principle field and
trend towards "B",
(b) Zoned nephelines:

e = rim and o = core of nephelines from phonolite margin, SM2.

A=rimn and A = core of zoned crystal from microsyenite, HY

Zonation in HY is particularly common, though not always of significant

compositional variation. Nephelines from HY tend to cluster around 775 ¢
(see Fig. 4,13), perhaps suggesting that they have all been "re-set".
Nephelines from recrystallised samples.of SN5 in the South Qdroq Centre
show similarly uniform and relatively high temperatures tc the other units

{Stephenson 1976).
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common, an analysis of which is given by Chambers (1976).
Replacement by natrolite, sodalite and analcite are locally
common and particularly in the lujavrites. Cancrinite
is a minor phase in unit HY and appears to partly replace
nepheline,

- Minor elements

Apart from the major elements of Na, K, Al and Si,
the nephelines contain small amounts of iron, possibly
as Feot replacing A15+, with up to 0.8 wt% Fe203 being
quite common., Calcium 1s invariably low and usually less
than 0.1 wt% CaO, although nephelines from the mergin of
'SM5 contain up to 0.71 wt% Cal0 (3.5 mole% An). There is
- no measurable difference in the minor element composition
of the nepheline exsolved as blebs from feldspar and |
interstitial nepheline from the same sample. That the
host feldspar is relatively Ca-rich agrees with the
observations of Chambers (1976) and supports the conclusions
of Widenfalk (1973) that increased Ca in feldspar will
inhibit the solid solution of nepheline and so promote its

exsolution.

4,6.,C, Additionél

In unit SM5, nepheline tends to become more
.abundant away from the margins, though this is not in
general true of the other syenite units. However, there '
is a definite tendency for nepheline to be significantly
more abundant where emplacement of a unit has been
adjacent to older rocks which are themselves undersaturated.
Thus, for example, unit SM4 is particularly rich in
nepheline where it cuts nephelihe syenites of the North
Q0roq Centre. Several reasons for the presence or absence
of nepheline in the syenites are considered in section 5.3,
This includes a discussion of the variation with structural
'height and the apparent interaction of rafts of xenolithic
lavas with syenite magma.
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4,7, Aenigmatite

4,7.A. General

This mineral is perhaps best seen in the
porphyritic phonolites of SM2, where dark brown poikilitic
crystals enclose tiny euhedral feldspars and nephelines.
Rather corroded grains of Fe-Ti oxides can be found at
the cores to this aenigmatite. It occurs quite frequently
in accessory proportions in the more fractionated nepheline
syenites, usually as rather small interstitial or late-
formed crystals which may again have cores of corroded
Fe-Ti oxides. Certain samples from the more evolved parts
of SM5 possess quite large anhedral areas of dark brown-
black aenigmatite which may measure several millimetres
across, and may enclose smaller crystals of felsic minerals
and pyroxene. '

Although few analyses have been made, the presence
of aenigmatite is instructive in conveying information
about the physico-chemical conditions of the magma from
which it crystallised.

" 4,7.B. Chemical variation

The theoretical formula for aenigmatite, as used
by Larsen (1977) is X5Y.2:0,4. In natural aenigmatites,
Si+Al usually amount to less than the theoretical 6 atoms
in Z and it has been suggested by previous workers that
Peot may also be in 4-fold coordination (Larsen 1977; Deer
et al 1978). The aenigmatites analysed from Motzfeldt
are affected by identical substitutions to those described
by Larsen from the Ilimaussaq Intrusion (1977). These
principally involve Al, Si and NawithCa in a coupled
substitution of the type

Na*si? = ca*a1®
in which Ca and Al decrease from core to rim in the zoned
aenigmatites from Ilimaussaq. The reader is referred to
the work of Larsen (1977) for a more cbmpleté appraisal.
of the naturally occurring substitutions in aenigmatite.
- Figure 4,15 shows the variation in Si with Al
end in Ca with Na, and outlines the fields of aenigmatite
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from Ilimaussaq.vCa and Al are highest in a large anhedral
aenigmafite from a rather basic syenite of SM5 (sample AM
43 with FI=83) which would not disagree with the observ-
ation of Larsen (1977) that high Ca* and A1% may be due
to the combined effects of low silica activity and
relatively high crystallisation temperatures.

Of the minor elements, Mg0 is higher than recorded
at Ilimaussag (to 0.82 versus 0.03 wt¥ MgO) and Zro, is
at a similar low level of 0.1-0.2 wt%. Manganese increases
with fractionation and attains higher values at Motzfeldt
(1.75 to 2.72 wt% MnO) than are found in otherwise similar
aenigmatites from Ilimaussaq (c. 0.68 to 0.87 wt% MnOj.
The increase in manganese may be caused by decreasing
temperature, as is the case for oxides (Lipman 1971) or
by rising fO2 (Larsen 1977). The higher total MnO contents
at Motzfeldt probably reflect higher initial Mn-contents
of the magmas. Chambers (1976) relates high Mn contents
in asenigmatites of recrystallised rocks in the North Qbroq
Centre, to initially high Mn in the Fe-Ti oxides which they
appear to have replaced.

4.7.0, Conditions'of formation

The existence of a "no-oxide" field in f02-T space
in phonolitic liquids inferred by Marsh (1975), is readily
supported by aenigmatite rimming and replacing titanomegnetite,
as seen both at Motzfeldt and North Qdroq (Chambers 1976)
and reported at some length from Ilimaussaq by Larsen (1976).
In an experimental Ti-free system, Ernst (1962) found that
ferri-aenigmatite (NaeFeuF 5816020) was stable only at
conditions of very low f02. Further experimental work by
Lindsley (1971) showed that aenigmatite can crystallllse
from a peralkaline magma between 900 and 400 °c at low
to moderate conditions of f02, being stable to the FMQ
buffer and metastable to the NNO buffer. Larsen (1977)
argues, largely on textural grounds, that Ti-bearing
aenigmatite is stable at higher fO2 for any given temperature
than ferri-aenigmatite.

Aenigmatite in the Motzfeldt Centre, and the North
Qbroq Centre (Chambers 1976) is almost invariably accompanied
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by acmitic pyroxene and sodic amphibole. Both Nicholls
and Carmichael (1969) and Hodges and Barker (1973)
attribute the formation of aenigmatite to the peralkaline
condition, which Nicholls and Carmichael equate with the
activity of sodium disilicate (Na2Si205) in the liquid.

4,8, Fe=Ti oxides

Although Fe~Ti oxides are often quite common, they
are not present throughout all of the units in Motzfeldt,
" being notably absent from parts of SM2, SM3 and all of
SM6. Regretttably, this phase has not been studied in
‘detail. Nevertheless, a comprehensive description of
Fe~-Ti oxides with similar optical properties in reflected
light and from units SN1A, SN4B and SN4B of the North
Qoroq Centre, which are broadly similar to units SM5* and
SM5 from Motzfeldt, has been given by Chambers (1976).
The temperatures which Chambers derives for their crystal-
lisation, of 860-880 °C can probably be approximated to
the likely crystallisation temperatures in SM5* and the
margins of SM5. In addition, calculations on the Fe-Ti
oxides from the Igdlerfigssalik Centre by Powell (1978)
have .revealed that the temperatures for cessation of
macroscopic exsolution in the magmatic grains, are
comparable to the cessation of exsolution in the alkali
feldspars and 1lie in the range 670-500 ¢,

4,9, Geothermometers

A number of geothermometers have been applied to
the Motzfeldt syenites and the results are outlined in

the following section.

(a) Olivine-clinopyroxene

An indication of the likely liquidus temperatures
for one or two of the major intrusive magmas can be made
where olivine coexists with clinopyroxene. The geothermometer
of Powell and Powell (1974f‘is based on a regular solution
model of the iron-magnesium exchange reaction between

olivine and Ca-rich pyroxene and is also partly dependent
*but e B.T.Wood (Contrb.Mingsal. Petrol: 56.) 297-303 (197T6)), for crbicisme of Heis work.



136

on the content of trivalent cations in the pyroxene
analysis. For this reason; the pyroxene should be re-
calculated in the manner outlined by Powell and Powell.

It has been possible to derive témperatures for
coexisting olivine euhedra and clinopyroxene in the
phonolitic margin of SM2, the larvikite ring dyke SM5*,
the lardalitic margin to SM5>, and for the alkali gabbro.

A preSsure correction of about 5 °/kbar is inherent in the
geothermometer, and a pressure of Z2kbars was used. Despite

a significant range in the olivine and pyroxene compositions,
the results indicate that both the phonolitic and the
larvikitic magmas had similar liquidus temperatures,
assuming that the temperatures obtained (01-Cpx) approximate
to the initial magmatic temperatures.

Unit Sample (description) Temp®(°C)
SM2 54139, phonolitic margin 1010
SM5* 58037, larvikite (FI=59) 1015
SM5* AMS55 , larvikite (FI=69) 9396
- 8M5 AM38 , lardalite margin 1010
SM5  AM39b, lasrdalite margin ' 997
SM5  AM4O , lardalite mergin 1005
Alkali gabbro. AMI49, chill. 1025

temperatures for 01-Cpx geothermometer of Powell and
Powell (1974) .
(b) Nepheline-alkali feldspar
Using the nephellne-alkall feldspar geothermometer
derived by Powell and Powell (1977) it appears that
nepheline and alkali feldspar continued to equilibrate
with falling temperature after their crystallisation from
the magma. This appears to have ceased at lower temperatures
in units and sasmples which show coarse perthitic exsolution
‘and further low temperature assemblages such as zedlites or .
analcite., Thus, given the inherent temperature uncertainty,
which can be considerable (typically ¥ 70-130 °C, Powell
and Powell 1977), the results still appear to be consistent
with other geological considerations.
Three phenocrysts cores from the phonolite SM2,
in conjunctioh with the core analysis of nepheline, give



Table (4) 1. Geotemperatures (all in %)

Unit EHéOmaxa Fsp.cryst? Ne,cryst? Ne-Fspc Ol-Cpxd Notes

SM1 2950 705 850-950 600 F60 - normal syenite
SM2/3 3950 665 900-1000 820 ¥80 1010 phonolitic margin.
850 +80 three high T's (cores)
875 +90
700 +75 low T is rim of Fsp & Ne
SM4- 3600 675 800-900 650 75 - . normal syenites/foyaites
600 +70
780 +75
725 +70
SM5* 1200 815 950-1050 - - larvikite ring-dyke
o 1015
SM5 1400 780 - 950-1050 775 75 995~ lardalite margin
- 850 ¥80 1010
870 80
825 +75
SME" - - A 750-850 - : - nepheline phenocryst
HY 750-850 725 ¥75 variable, possible
825 +75 xenocrysts.

8¢stimates from composition and solvus/liquidus data (see section 4.5.D.).
cryst=crystallisation temperature.

Pegtimate from geothermometer of Hamilton (1961)
Cestimates calculated from geothermometer of Powell and Powell (1977)
destimates calculated from geothermometer of Powell and Powell (1974), see section 4.9.

LEL
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equilibration temperatures of 820-875 °C, whereas

their respective margins suggest considerably lower
temperatures of equilibration, at around 700 °c. By
comparison, samples from unit SM1 in the north of Central
Motzfeldt, suggest equilibration continued to lower
temperatures of around 600 ¢,

(¢) Additional
- The above geothermometers have been used to obtain

temperatures for several units and are summarised in table
(4) 1, along with estimates for nepheline crystallisation
from the geothermometer of Hamilton (1961)(see Fig. 4,14)
and the minimum temperatures of feldspar crystallisation
deduced from their composition (see section 4.5.D.)

If the initial cumulus temperatures approximate
to the liquidus temperatures of the magmas, then this
indicates an extended interval between solidus and liquidus
of up to 5-400,00, as suggested by Powell (1978) for the
syenites from the Igdlerfigssalik Centre., Further, since
the melting interval (liquidus-solidus) appears to be
directly related to the peralkalinity of the melt (Sood
and Edgar, 1970; Piotrowski and Edgar, 1970; Edgar and
Parker, 1974) an even greater interval may have existed
in the more evolved and peralkaline syenites of the
Motzfeldt Centre. Thus, presumably the lujavrites of
SM6 had the lowest liquidus temperatures and the longest
melting intervait perhaps from about 8-850 to 400 °c.

4,10, Rare earth mineral analyses

4,10,A. General

Six minerals containing significant quantities of
rare earth elements (REE Qlements) with Régog ranging from
2.16 to 22.89 wt%, have been comprehensively analysed by
electron microprobe. The standards and conditions used are
- given in Appendix II . The minerals comprise the following;
Two samples of eudialyte, the first an interstitial phase
in laminated foyaite of unit SM4 (AM49) and the second an

interstitial eudialyte from white lujavrite of SM6 (AM159);
* ’fhoﬁ predicks that pesidual L:?uuls 4 g fmjw‘ma}iow proaih Mgk have
‘ Prw:v{«) nasigees~ mzlkv utenals - -



Table (4) 2, Rare earth mineral analyses

AM49 AM159 51 AM81 AMBL cgre AMB4 rim
eudialyte eudialyte 18venite .rinkite rink/lav rink/18v
Y203 a a a ' 2.18 2.09 0.98
Si02 47.33% 46,51 %0.50 30.46 31.19 50,04
A1203% 0.18 0.73 0.01 5.0% 1.38 0.19
Ti02 0.15 0.11 O.74 10,41 10,34 6.69
FeO 6.97 6.73% 1.53% 6.63 0.97 0.82
MnO 2.19 4,59 1637 0.09 0.79 0.91
MgO ne.d. 0.01 0.05 0.03 0.01 n.de.
CaO 10,40 6.25 50.78 10.18 20.30 28.29
Na20 . 12.13 10.79 6.49 1.96 %6712 8.12
K20 0.17 0.12 0.02 0.15 0.21 0.08
ZrQ2 1252 12.21 1713 147 6,26 : 9.16
Nb205 1e74 2447 2063 2.66 %.01 1461
La203% 0.49 140 0.17 3,46 153 0.1
Ce203%- 1.29 2.87 0.49 10,94 553 1.52
Pr203 Q.22 = 0.39 0.09 1.05 0.63 0.29
?d293 0.1 0,76 0.26 4,36 2.20 0.7%
b :
Sm203% 0.16 0.26 0.18 0.77 0.51 0.24
Eu203 0.01 0.02 0.04 0.16 0.1% 0.09
Gd203 0.10 0.28 0.15 0.68 0.48 0.25
Tb203 0.10 . 0.16 0.04 0.14 0.16 0.11
. Dy203% 0.37- 0.66 0.35 0.69 0.63 0.3%6
Ho203 0.08 0.32 0.10 0.17 O.24 0.18
Er203% 0.12 0.20 0.13 0.27 0.28 0.24
Tm203%* 0.04 0.16 0.06 0.04 0.07 0.09
Yb203%* 0.06 0.26 0.07 0.15 0.25 0.21
Lu203%* 0.01 0.08 0.03% . 0.04 0.06 0.07
Total 97.24 98.34- 93.21 4,17 92.37 91.68
Re203% %.36 782 2.16 22.89 12.70 4,79

*error becomes serious in the low levels of the HREE elements. apresent but not anelysed.

6EL



140
One sample of euhedral colourless 18venite with good
twinning (lamellar to cruciform) from laminated foyaite
of SM4 (AM51); Core and rim analyses of a yellow zoned
to colourless margins, interstitial crystal compositionally
intermediate between rinkite and 18venite in nepheline .
syenite of unit SM5 (AM84); An analysis of rinkite, pale
yellow in colour and of subhedral form in nepheline syenite
of unit SM5 (AM81). The total REE element contents are
summarised below, with the principle elements in order
of abundance, for each of the analyses.

Mineral Sample no. Priﬁciple elgments Re203
| o5 oX.wt%)
Eudialyte AM4Y SiyZr,Na,Ca,Fe 3436
Eudialyte AM159 Si,Zr,Na,Ca,Fe,Mn 7.82
L8venite : AM51 .  8i,Ca,Zr,Na 2.16
Rinkite/L8v?  AM84core Si,Ca,Ti,Z2r 12.70
Rinkite/L8v?  AM84rim Si,Ca,Zr,Na,Ti 4,79
Rinkite AM81 Si,Ca,Ti,Fe 22,89

The complete analyses are listed in table (4) 2, and the
REE'contents, normalised in the customary manner to
chondrite abundances (Sun et al 1979) are illustrated in
figure 4.16. The analytical errors can become serious for
the low abundances of small (heavy)'REE; and the precision
does in general deteriorate from La to Lu.

REE elements may enter a mineral if it has one
or more large cation sites capable of tsking trivalent
ions. The resulting REE pattern is strongly dependent upon
the sizes of those sites (Campbell and Gorton 1980). Typical
REE patterns for zircon, for example, suggest two sites,
one smaller than Lu and the other larger than La. Where
the REE elements are substituted into two closely spaced
sites, the resultant trends are flatter than normal, due
to the combined effects of the two patterns. Apatite and
sPhene are examples of accessory phases with this type of
pattern. Phases with a single site within the size. range
of the REE, such as pyrochlore, have a sharp'peak centred
at the atomic radius of the site. If the site is larger
than the largest REE, a long and continuous LREE enrichment
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- pattern results. Loparite, monazite, allanite and rinkite
are typical accessory phases with this type of pattern.

4,10.,B. Discussion of results

Even a cursory consideration of the quantities of
REE elements in the analysed phases, coupled with the
knowledge that they may constitute a measurable proportion
of their host sample (perhaps 4-5 % eudialyte in SM6, for
example), must suggest that the REE patterns of these phases
may bear a strong similarity to the REE patterns of their
host, and whole-rock analysis.. However, the eudialyte (AM49)
and 18vanite (AM51) are from adjacent samples of the same
laminated foyaite of SM4, The 18venite has a flat, almost
HREE%enriched slope, whereas the eudialyte has a LREE
enrichment and also has a strong deficiency in Eu. If the
two liquids from which these two different phases crystal-
lised were in contact, as one might expect from their
geographical proximity, then their difference in REE patterns
must be a result purely of their differences in available
cation sites, and hence their partition coefficients for
different REE elements. '

Both samples of eudialyte are characterised by a
negative Eu anomaly and both are enriched in the LREE
eleménts. The eudialyte from the lujavrites contains higher
total amounts of REE elements, which would agree with its
having formed from a liquid of more residual nature than
SM4, Rinkite (AM81) possesses a strongly negative REE slope,
- being enriched in the LREE elements, and bears no sign of
a Eu anomaly. IL8venite (AM51) has an almost flat REE pattern
possibly showing slight HREE enrichment, and again has no
Eu anomaly. The zoned phase from AM 84 shows a similar
pattern for both core and rim, decreasing in REE abundance
from core to rim and showing an initial LREE enrichment.
Even the REE pattern of this latter phase is intermediate
between the lgvenitg and rinkite, as was suggested by the
original major element analysis. In the Motzfeldt syenites
in general, there are a great number of minor phases with
varying optical properties and compositions partly similar
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to sphene, rinkite and lgvenite, perhaps suggesting that
there may be some form of solid solution between these
phases. |

The strong decrease in total REE content of the
zoned phase rinkite/18venite in AMSA (Re203=12.7 to 4.8 %)
is accompanied by an increase in Na and Zr. This is what
one would expect, given that the REE elements are a major
component in the phase and will enter it preferentially
(partition coefficients greater than 1). Thus, this inter-
stitial phase appears to have grown from a liquid which
-was largely confined in-situ. It is possible that the
phase contains appreciable quantities of volatiles, since
it appeared to decompose a little upon analysis, and the
totals are consistently low, although this has not been
verified. In view of the increase in Zr from core to rim
it is perhaps unlikely that the zonation has been caused
by solid state diffusion. .

_ In conclusion,. further discussion would benefit
from the knowledge of the host whole-rock REE patterns
and additional REE patterns for coexisting phases in the
same sample might provide an intricate insight into the
history of these microenvironments.,

4,11.,Additional

Further analyses of minor and accessory phases
are listed in Appendix II . For the most part, these are
very similar to thase investigated by Chambers (1976) in
the adjacent North Qdrog Centre. A table (Table (4) 3) of
some of the less commonly reported minerals is given at
the end of this chapter.



Table (4) 3. Caption

(1) Mn-pectolite. Colourless interstitial, one prominent cleavage. Biax +ve. 2% rder biref,

AM138, white lujavrite (SM6).

(2)7Melanite, Pale green euhedra, low biref, (cf chlorite), no figure obtained. 63717, syenite

(3)
()
(5)

(6)
(7)
(8)

(1))

(10).?L8venite/rinkite. Colourless, moderate relief, small anhedral crystal, 15t

(SM3). Some Fe almost certainly as FeB.

(?)Pyrochlore. Dark yellow euhedral, isotropic. 65717, syenite (SM3).

Zircon. Core of euhedral crystal, usual optics. 63717, syenite (SM3). .
Eudialyte. Core of euhedral phenocryst. Optical zonation, concentric anomalous biref.
Y present in small amounts. AM164, dark lujavrite (SM6).

Sphene. Pale brown, high relief, interstitial. AM81, coarsé-grained ne-gsyenite (SM5).
Sphene. Pale brown, high relief, small anhedral crystal. AM114, ne-microsyenite (HY).
Nb-rich 18venite. Colourless, moderate relief, low 1Storder biref., Biax +ve. 63725,

-ne-syenite (SM4).
7L8venite/rinkite. Colourless, moderate relief, low 15% order biref to yellow.Interstitial.

AM77, coarse-grained ne-syenite. (SM5).

order biref.
AM84, coarse-grained ne-syenite (SM5). From same section as analysis in Table (4) 2.

Notes: '
Enalysis (5) of eudialyte should be compared to AMA4O and AM159, also of eudialyte, in Table (4)

- Further analyses of REE-bearing phases, such as lgvenite‘énd finkite are given in Table (4) 2.

2.



Table (4) 3. Selected mineral analyses

Mn-pct Melan  Pyro Zircon Eud Sphene  Sphene IL8v 218v/Rin 718v/Rin

‘ (1 (2) (3) (&) (5) @ - (7D (8 (9 (10)
5io2 - 55.95 34,86 0.12 32,29 . 49,29 29,42 50,82 30,24 31.71 32485
Ti02 0.02 216 754 0,15 0.22 3747 35.60 1.01 9.55 6,22
A1203 0.11 3.07 0. 14 0.05 0.%6 O.64 1.93. 0.08 1.62 0.21
FeO* 1.07  22.31 0.45 0.27 4,22 1.85 2.08 ° 2,48 = 0.78 0.60
MnO 15.56 1e41 4,47 0.22 3.49 0.13 0.13 1.78 0.71 0.54
MgO 0.16 0.12 0.11 0.08 nd 0.19 0.13 0.206 0.11 0.03
Ca0 16.44 32,08 - AL,34 0.04 8.53  27.83 26,96 26,33  30.54 28,02
Na20 8.82 0.30 8.12 0.05 12,48 0.8 0.69 8,10 2.16 7.60
K20 0,08 0.01 0.02 0.02 0.17 0.0% 0.20 0.02 0.01 0.05
Zr02 na 0.71 1621 66,13 12.99 0.20 Q.24 15,09 4,29 13,42
HfO2 na na na 1.03% na na na na na na
Nb203% na na 57 .30 na 1.61 0.79 na 11.90 3.13 2.10
Ce205 na na 1.50 na 154 na na na 3.95 1.13
Re20%2® - na na na na 2.8 na na na 9.3%5 na

Recalculations to n oxygens

Si 3,299 5.787 0.008 3.955 5.654 0.983 1.024
T4 0.001 0.395 0.403% 0.014 0.019 0.941 0.890 .
Al 0.007 0.601° 0.011 0.007 0.048 0.025 0.076 total iron
Fe 0.053 3,092 0.027 0.028 0.404 0.052 0.058 a
Mn 0.777  0.198  0.269  0.022 0.339  0.004 0.004 total REE other than Ce.
Mg 0.014 0.0%0  0.0MM 0.014 0.000 0.009 +0.004 na = not analysed
Ca. 1.039 -~ 5,706  1.093 0.005 1,049 0.996 0.960 nd = not detected
Na 1,008 0,097 . 1.119 0.012 2.890 0.055 0,044
K 0.006 0.002 0.002 0.004 0.025 0.001 0.008
Zr 0.058 0.042 3.951 0.727 0.003% 0.004
Hf 0.036
b . © 1,976 0.095 0,014
Ce, ‘ 0.039 0.066
Re® . 0.15 N
n O 9,000 24,000 6.000 16,000 17,000 5.000 5.000 £
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GEOCHEMISTRY

51+ Introduction

" The display of major, minor and trace element
abundances for any given set of rocks whose temporal
relationships are understood can be very instructive.
This is especially true of rocks formed by a suite of
magmas which have been derived by the repeated withdrawal
of liquids from some reservoir where successive crops of
crystals have been removed. At each stage any given
liquid may constitute a new reservoir, which may in turn
fractionate to yield a new liquid. Every liquid may thus
be related to an initial parental liquid and one might
expect that each successively derived liquid fraction
would be less voluminous than its predecessor. Thus, it
is frequently possible to predict theoretical lines of
descent for analyses of samples which represent liquid
compositions., The variations in magma compositions may
be further refined and modelled, where the chemistry and
characteristics of the crystal phases responsible for
the fractionation are known. Identification of these
controlling phases should be supported by petrographic or
field evidence and may sometimes be verified by, for
example, melting experiments.

Variation diagrams of elements using SiO2 as the
ordinate are of little use, due to the restricted range

. of silica possessed by these syenitic rocks. Previous

workers have used a "fractionation index" (FI) based on
calculated normative mineralogy. This is essentially the
"differentiation index" (DI) of Thornton and Tuttle (1960)
with the addition of normative acmite, the latter becoming
increasingly important with peralkalinity. Such indices
should be treated with caution since, by virtue of their
employment, one automatically assumes or at least infers
that fractionation in the classical sense does occur.

Thus, it is hardly surprising that when normative nepheline
is plotted against FI, which itself includes normative
nepheline, a positive correlation is achieved (eg: Chambers



146

1976; Stephenson 1976). Similarly an increase of any
major element, which is normally related to a specific
phase, must automatically be accompanied by an equal
decrease in one or more compensating elements because
the total remains 100 %. Thus an increase in the
proportion of nepheline will necessarily coincide with
corresponding changes in Si02, A1203, Na20 and K20 when
plotted against FI, since it is from these very variations
in oxide wt% that the norm has been calculated. Since
the FI varies with iron oxidation ratio, a few samples
from each unit were selected for FeB/Fe2 determinations.
Lastly, only where further evidence indicates should
these samples be thought of as representing liquid
compositions, since petrographic examination frequently
reveals cumulus textures where none were obvious in the

field.

Use of cumulus terminology

Throughout this chapter, as elsewhere in the thesis,
the use of a cumulus terminology based on petrographic and
field evidence has proved necessary and informative.
Cumulus textures are usually associated with iayered igneous
rocks whose supposed origin by gravity settling of crystals
through a less dense magma (Wager et al 1960; Wager and
Brown 1968) has recently been digputed by McBirney and
Noyes (1979) who févour an origin of in-situ crystallisation.
Thug the term is used strictly in a textural context and
is based on the definitions set out in Wager and Brown
(1968) but does not here require that the mode of origin
for cumulus textures be by gravitational accumulation of
crystals alone. Their modes of origin are considered at
greater length in Chapter 6.

Whole~rock samples for each syenite unit of the
Motzfeldt Centre have been analysed by X-ray fluorescence
for major, minor and trace elements. The analytical
prdcedures, results and norms are tabulated in Appendix I .
Sample density is indicated in Appendix I . also.

Excluding xenoliths of supracrustal rocks, an
estimated 90 % by volume of the Motzfeldt Centre consists



147

of nepheline syenites. Somewhat more basic larvikites
and lardalites form the early parts of SM5, the last
major unit north of the Flink's Dal fault. Some represent-
ative analyses of the newly defined unit SM6 and of the
lavas preserved within the centre, are tabulated at the
back of this chapter.

In the following sections, the data are presented
as a series of x-y plots and other variation diagrams.
These are referred to in the text, where salient features
are described and their implications discussed. Samples
thought to approximate to liquid compositions in SM2, 3
and 4 are circled by dots in these diagrams.

5.2. Units SM1, 2 and 3

By virtue of its outcrop, many of the samples of
. SM1 come from the outer part of an originally very large
unit (c. 190 I by area). Many of these samples are free
of nepheline. This may in part be due to assimilation of
silica rich material such as the country rock gneiss
(Julianeh8b Granite) or quartzites of the Eriksfjord
Formation., Further causes are considered subsequently
under section 5.2. for unit SM4.

The geochemical data suggest that units SM2 and SM3
are genetically related. Thus in figure 5,1 "P", a
phonolite from SM2 and "B", a phonolite/microsyenite
from SlM3 show very similar characteristics. Their trace
element ratios Ce/Y, Ce/La, Zr/Nb,and Zr/Y are . also very
similar. Botn B and P are fine grained rocks and are
thought to approximate to liquid compositions. Strictly
speaking, they .mightd have their respective phenocryst
content (Fsp,Cpx,01l,Ne) removed. Sample "A" in figure
51 is a fairly typical mafic cumulate from SM3 north of
the Flink's Dal fault and could have been formed by
accumulation of mafic minerals and felspars from a liquid
similar to P, Thus Sr versus Ba (fig. 5,1) reveals a
slope betweén A and P and the origin consistent with
removal of alkali feldspar, as predicted from the partition
coefficient data of Larsen (1979). The relatively high
proportion of mafic minerals in A (essentially Cpx,Mt,Amph)



Figure 5,1. Chemical variation of SM1, 2 and 3.

A = cumulate from SM3, devoid of nepheline (63709)

phonolite margin from SM2 (54142)

C = phonolitic microsyenite from SM3, margin
(54138).

ov)
it

The plot of Sr vs Ba shows nepheline and feldspar
control lines, as predicted from the data of Larsen (1979).
This diagram would suggest that extraction of feldspar
from liquid P might yield a liquid of composition B.
However, the degree of fractionation required is difficult
to recincile with the otherwise close similarities
between B and P, |
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causes the correspondingly low FI for its position in
figure 5,1 .

It is interesting that the total amounts of Sr and
Ba in B and P are quite different. This could be due to
different origins of their respective feldspars and indeed,
some of the unusual exsolution textures exhibited by
phenocrysts in SM2 could be due to a xenocrystic origin.
An open system magma chamber, as postulated by O'Hara
(1977) might also explain some of these features,

5e3e Unit SM4.

Diagrams of Ti02, Na20, Al205a:ndCaO versus FI
(fig. 5,2) have been used to demonstrate the similarity
between nepheline syenites cutting the east side of the
North Q6rog Centre and unit SM4 to which they are thought
to belong. In particulér, these are compositionally very
similar to nepheline—rich marginal variants of unit SM4
(see fig. 5,2). The average modal nepheline content of
SM4 is around 20-25 %, in contrast to the nepheline-poor
syenites from north of the Flink!s Dal fault. However,
porphyritic phonolites from both SM2 and SM3 in southeast
Motzfeldt are also similar to marginal SM4. It seems that
the immediate parental magmas to the three units SM2, 3
and 4 were all of phonolitic composition (see Table (5) 3).

In Flink's Dal, the syenites belonging to SM4
situated beneath the rafts of lavas often contain abundant
euh’ dral nepheline, whereas cumulates upon raft-floors
contain but small amounts of interstitial nepheline. Two
samples of SM4 from structurally very low positions, close
to the western shore of Motzfeldt Sg4, are both relatively
poor in nepheline and are rather mafic. There is a
tendency for SM4 to become more mafic and nepheline poor
with depth, although as seen in the Flink's Dal area, the
variation of nepheline with height can be complex. Some
possible causes for the presence or absence of nepheline
from the liguidus are now considered.

(a) Pressure effects

"Increased pressure in the system Ne-Ks-Qz enlarges
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the field of feldspar relative to nepheline (eg: Gittins
1979). For liquid compositions which plot close to the
phonolitic minimum in this system, relatively small
increases in pressure could remove nepheline from the
liquidus. Thus, a liquid plotting just on the trachytic
side of the minimum at, for example, 5 kbars PH20 may
suddenly find nepheline on the liquidus with a small
drop in pressure (fig. 5,3). Perhaps the height of SM3
(coe 1.5 km minimum) is sufficient to cause the necessary
pressure difference (taking 1.5 km = 0,5 kbars).

. (b) Degrees of undercooling

Provided that the cumulus phases have similar

crystallisation temperatures (negligible equilibrium
melting intervals) and they have different rates of growth
and nucleation, then their order of crystallisation from
the liquid might be determined by the degree of under-

. cooling,., Such a process of osclllatory crystalllsatlon in

situ is preferred by Parsons (1979) for cyclic layering

in the Klokken Intrusion. Since the degree of undercooling mykt
ke inversely related to Pypp and ‘minerals of simpler

crystal structure nucleate more readily during cooling

(Wager 1959), nepheline should nucleate at lesser degrees

of undercooling than feldspar. Assuming that volatiles

‘would tend to accumulate at the roof of a chamber, or

beneath a temporary roof such as a xenolithighgaft, PHEO
would be higher and the degree of undercooling)lessened.
Such a system might be responsive to small variations in
PH2O which would have no effect on phase boundaries in

the system Ne-Ks-Qz, Thus nepheline might still crystallise
first, in response to an increase in PHEO'and reduced

undercooling, since the corresponding increase in the field

of feldspar (as in (a) above) would be trivial.

Because the variation in nepheline content in Flink's
Dal occurs on a scale of about 100 m (or less), it is
unlikely that variations in Ptotal are significant, although
this appears to be the case in SM3. However, PH2O is quite
likely to increase beneath the rafts and could give rise
to the preferential crystallisation of nepheline in the
manner outlined above. Furthermore, since phase boundaries
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/SN

Figure, 5,5: pressure dependence of phases crystallising
from a phonolitic melt.

phase boundaries at 1, 2 and 5 kbar

‘*—‘2 PH2O respectively, showing minimum
' g temperature positions, (after Gittins
. 1979).

Decreasing pressure expands the field of nepheline,
and nepheline may arrive on the liquidus of liquid "+"
in the diagram for example, as pressure changes from
5 to 2 kbar. The increase in pressure with depth inside
a magma chamber (ie: 1.5 km = 0.5 kbar).might be
sufficient to depress nepheline from the liquidus of a
phonolitic melt.

+ = phonolitic liquid



Ficure 5,4.

(a) F9203 vs FI is typical of the similar range of
major elements exhibited by units SM4 and HY. Unit HY
contains higher concentrations of incompatible elements.

(b) 8r vs Ba, indicating the overall more highly
fractionated nature of unit‘HY. Feldspar control line is
from the data of Larsen (1979) for comparison. Unit HY
is also enriched in Rb and actually represents mixtures
of a microsyenite with varying proportions of ne-syenite
(eg: see p176).

(¢) Ti02 vs FI, for unit SM5 and SM5* - demonstrating
the behaviour of a typical compatible element in this unit.
Note the range of FI in SM5 compared with the majority of
the Motzfeldt syenites, a result of their different
immediate parental magma compositions (larvikitic parent
to SM5, and phonolitic parent to SM2, 3 and 4).

o = SM4
x = HY
e = SM5*

o = "8SM5 (= cumulate




153

10
[ . @
8 : x 2 o o
i XXD
6 ! ' o o ’P% g X
o X
4+ Fex03 o o &g
- oo
2 o X
i | A — 4 d L A PR §
80 F1 90
Sr Fs
400F o °
300} X /U/d o
o o '
200} ey ®
a
100 5 X o] a]
ﬁaﬂ nn i o 1 I ! . i [ 1 Bc
| 200 400 600 800 1000 1200
Fig.5,4
25 \..\ : o,  ©
(4
20} o0
15 °
| N majority of Motzfeldt
10k A8 N syenites
/ S~
ok - SEPIRN
\\Q\ o 00@ \
4 1 1 e e N oy o
60 70 80 a0




154
in the system Ne-Ks-Qz are apparently unaffected, then
this might suggest fluctuation in PH2O on a scale of
about 30 bars (if 3000 m = 1000 bars, then 100 m = 33 bars).

£c¢) Flotation of nepheline .

Flotation of nepheline could account for the observed
field relations in the Flink's Dal area. However, given
the similarities in density between nepheline and a
syenitic/phonolitic liquid, this might seem unreasonable. .
Certainly few of the convincing poikilitic textures
visible in the naujites of Ilimaussaq (sodalite flotation
cumulates) are seen in Motzfeldt. The incorporation of
small amounts of water into the nepheline structure are
unlikely to lower its density suffiéiently.

~ (d) Modification to the liquid composition

The absence of nepheline from marginal syenites
could be due to modification of the bulk liquid composition
by the assimilation of siliceous material, such as country
rock gneiss or quartzite., As Chambers (1976) points out,
this need not be massive assimilation, provided that the
liquid is already of near trachytic composition. He also
suggests that addition of meteoric water could cause
silica enrichment in the residual liquids, by preferential
crystallisation of OM- besving. minerals undersaturated in
silica., Alternatively, the loss of alkalies on a large
scale, similar to that described for a phonolite dyke
from the Redekammen district by Larsen and Steenfelt (1974)
could depress the abundance of nepheline in'favour of

feldspar.

5.4, The Heterosenous Syenite-unit HY

Unit HY is notable in the field for its banded or
layered appearance and its confusing and variable intrusive
relations to SM4. In thin section there is evidence for
flow deformation of syenites in various stages of digestion
in microsyenite.

- In terms of major elements, HY is similar to SM4
(eg: fig 5,4 (a)). However, trace elements such as Sr and
Ba, whose partition coefficients predict strong compatibility
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with feldspar, show a highly fractionated characfer, with
much lower values of Sr and Ba in HY than in SM4 (fig. 5,4
(b)). Unit HY is enriched in Rb, the only element to behave
consistently as an incompatible element in the later stages
of fractionation in the Motzfeldt Centre.

Several features of HY are suggestive of the mode
of origin of the even more fractionated unit SM6, the
lujavrites. Indeed, one sample of HY bears a strong
resemblance to the white lujavrites, consisting almost
entirely of aegirine, two feldspars and nepheline, but
lacking in eudialyte and the corresponding enrichment in
Nb, Zr and ReZOB' The origins of HY will be further
considered in section 5.,10.B.

5.5. Unit SM5

TiO2 versus FI displays the behaviour of a typical
compatible element in SMS5 (fig. 5,4 (¢)). From the most
basic larvikites in the partial ring dyke in western
Central Motzfeldt (SM5*), Ti0, is removed by relatively
high temperature crystallisation of ilmeno-magnetite,

In later nepheline syenites, with lower liquidus temperatures,
the amount of TiO2 in silicate minerals becomes increasingly
important, with sphene becoming a common accessory phase.

Plots of Y, Sr and La versus Ba (fig. 5,5) compare
favourably with theoretical trends for feldspar fractionation
predicted from the data of Larsen (1979). Unit SM5* shows a
slightly lower Sr/Ba ratio than SM5, which is difficult to
reconcile with the presence of plagioclase xenocrysts in
SM5*, since this should increase Sr/Ba. In real terms, this
probably represents the higher nepheline contents found
in SM5, as nepheline has approximately a three fold
preference for Sr over Ba (Larsen 1979). Simple feldspar
fractionation can not account for the variable values of
Y and La in thé more evolved syenites, where Ba is low.

This coincides with similar variations in Zr and Ce and
presumably corresponds to crystallisation of minerals
rich in these particular elements, such as eudialyte,
rinkite, sphene and 18venite. A few euhedral crystals of
eudialyte are found in the most evolved syenites of SMS.




Figure. 5,5. Trace element variation in unit SM5.-

Phase control lines are after the partition
coefficient data of Larsen (1979). Much of the variation
in SM5 could be attributed to extraction of alkali
feldspar (feldspar fractionation). The unpredictable
variation in Y and La at low levels of Ba (in rocks
with high values of FI) are though to be due to the
sporadic proportions of accessory and minor phases rich
in these elements.

SM5*

S5 (tie line to a mafic segregation).

o
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Unit SM5 (with SM5*) is the only unit at Motzfeldt
to exhibit features reminiscent of fractionation from a
basic parent, such as larvikite of augite syenite. In this
respect, SM5 bears great similarities to rock suites from
the South Q8roq Centre (Stephenson 1976) and the
Igdlerfigssalik Centre (Powell 1976), yet SMS5 proceeds to
and is dominated by, far more evolved nepheline rich
syenite which may contain eudialyte., That it is the last
major intrusion of syenite north of the Flink's Dal fault,
being cut only by the alkali gabbro dyke, may also be
significant.

5.6, Summary of the variation between units

The combination of $i0, and FI (fig. 5,6) are
indicative of the major differences existing between
several units of the Motzfeldt Centre. Increasing amounts
of feldspar will tend to increase Si02, whereas increasing
nepheline content will cause a decrease in Siog, yet
both will increase FI. :

(i) Syenites of SM1 above the dashed line in figure
5,6 (a) are neither quartz nor nepheline bearing, though
have up to about 5 % quartz in their norms.

(ii) Samples of SM3 above the dashed line in figure
5,6 (a) are all located north of the Flink's Dal fault
and often show cumulus textures, with cumulus magnetite,
pyroxene, feldspar, apatite and zircon.

(iii) The marginal rocks of SM2, 3 and 4 which
possibly represent liquid compositions, are ornamented
with a circle of dots in figure 5,6. Ideally these should
have their phenocryst content, consisting of feldspar,
nepheline, pyroxene and some olivine, removed.

(iv) Unit SM5 displays an inflexion in Sioe'at
around FI = 65 (SM5*) and again at around FI = 84 (SM5)
(fig. 5,6 (¢)). This coincides with the increasing
importance of nepheline in the norm and is especially
characteristic of fractionating augite syenite magmas
from other centres in the Igaliko Complex. At Motzfeldt,
the trend of increasing nepheline content in SM5, is
accompanied by changing habit of the nepheline (see




Figure 5,6, Diagrams if SiO2 vs FI to illustrate the general similarities and differences
between the different SM- units. - ,

FI= normative (Ab + Or + Ne + Ac) Ab = Albite, Or = Orthoclase.

Samples above the dashed line in (a) are devoid of nepheline.

(a) Samples of SM1 may be either ne-bearing or ne-free. All samples of SM3 devoid of
nepheline are from N of the Flink's Dal fault, show cumulate textures and are thought to
be from a deep level. The positions of SM6 are shown for comparison.

(b) Samples of SM4, all ne-bearing. A sample representative of a possible liquid (AM?7) is
indicated by a circle of dots. Most of the variation could be explained by accumulations
of different proportions of the major phases crystallised from this liquid (see fig.5,14:
p177) .

(¢) Variations in SM5 (V) and SM5* (¥) - showing a curved relationship between $i0, and
FI, similar to fractionating augite syenite magmas from North Qoroq (Chambers, 1976).

(d) Summary loci of the different units.

x = SM1 vy = SMS*
o = SM2 ‘ v = BSM5
e = SM3 A= SM6

o= SM4
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section 4.6.)

Zr vs FI and Nb vs Y (fig. 5,7 (a & b))

Apart from a vaguely predictable response from the
less fractionated samples of SM5, zirconium behaves
irregularly as a "bufferable" element and can be present
as one or more of several phases in the Motzfeldt
syenites (eg: eudialyte, 18venite, zircon and mafic
silicates). Figures 5,7 (a) and (b) show the consistently
high values of Nb, Y and Zr in the lujavrites of SM6,
whose characteristics are quite different from gneiss
and metasomatised gneiss (data from Chambers 1976) to
which unit Si6 was originally compared (Emeleus and Harry

1970).

Y vs Zr (fig. 5,8) »

There is a fairly linear relationship between these
two elements, yet by considering the FI's which have been
superimposed for units SM2/3% it is clear that there is no
predictable behaviour of either of these elements with
increasing fractionation. Samples rich in the minerals
rinkite and 18venite have distinctly higher Y/Zr ratios.

The same samples are also richer in Ce and La, both of
which are found in these particular minerals (see Chapter
4). Thus the amounts of Zr and Y appear to depend to a

large extent on the presence of small amounts of minor
-phases rich in these elements (just like zircon in
granites). That unit HY shows recrystallisation and possible
. partial melting and has the above characteristics of high
Y/7Zr, agrees with the findings of Chambers for the North
Q8roq Centre (1976), where rinkite may serve as an indicator
of syenites which have undergone recrystallisation.

K,0 vs Rb (fig. 5,9)
Essentially this diagram illustrates the residual

behaviour of Rb and has a similar curve to that reported
from Kingnédt (Upton 1960), South Qéroq (Stephenson 1973)
and North Q8roq (Chambers 1976). Initially both K and RDb
build up in the liquid since Ng/K in the feldspar exceeds
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1, and Rb is just incompatible (Dp, = O.4, Larsen 1979).

As K/Na increases in the fractionating feldspars, the
K in the liquid becomes buffered, whilst Rb continues to
increase. Thus K/Rb must decrease in late stage liquids.
Excluding the more basic members of SM5, it is
remarkable that Rb in the nepheline syenites maintains a
fairly uniform value of around 150-200 ppm, only showing
enrichment in the much more evolved samples such as SM6,
where Rb is around 300-600 ppm. Rb is generally incompatible
with mafic silicates other than biotite, for which it shows
a two-fold preference over feldspar (Taylor 1965). The
levels of Rb in the majority of the Motzfeldt syenites
appear to be buffered, probably by the presence of small
amounts of biotite. Where biotite becomes more common,
as in HY, Rb increases. Since biotite is not present in
unit SM6, the relatively high amounts of Rb must presumably
be present in feldspar and nepheline, thereby reflecting
a substantial increase in the partition coefficients for
- Rb in these phases. The same situation seems to occur in
extreme granitic differentiates (Emeleus pers.comm.1980).

5.7. Triangular variation diagrams

Figure 5,10 (a) shows the whole rock analyses in
terms of A = Na 0 + K50, M = MgO and F = FeO., The trend
is similar to, for example, the alkali basalt-trachyte/
phonolite trend from St.Helena (Carmichael et al 1974 p.389).
The position of 24 dykes which cut the Motzfeldt Centre
has also.been included., ‘

12 samples from the lavas preserved as rafts within
the centre and from the two basaltic flows near the base
of the local succession, are compared to the main AFM
trend in figure 5,10 (b). The position of the Ilimaussaq
Volcanic Member (IVM) based on the data of Larsen (1977)
is also indicated. In general, the Motzfeldt lavas are a
little less rich in iron and are more alkalic (ie: more
fractionated) which is in agreement with their trace elements
and petrography.

The diagram (Na + K) - Fe - Mg (fig. 5,10 (c)) has
been included for comparison with the typical trend for




A= Nq20+K20 , F=Fe0, M=Mg0, (ox wt%)

& = loci of majority of Motzfeldt intrusives
~% = locus of Mid-Gardar dykes

() 7/ = locus of IVM (data Larsen1977)

« = lavas from Motzfeldt
Motzfeldt trend
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Fig.5,10
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the Gardar province as presented by Watt (1966). The

Motzfeldt trend'is, predictably, very similar, but lacks
the most basic members rich in Mg. The trend from the
Oslo province, as compiled by Watt (1966) from the original
data of Broegger (1933) has also been added for comparison.
Superimposed upon the general trend for the Motzfeldt
Centre in the system Na20 - K50 - Ca0, are analyses from
the freshest lava xenoliths (fig. 5,10 (d)). These come
almost exclusively from unit SW4, where they are particularly
plentiful and often massive. It is noticeable that these
plot consistently to the K-rich side of the trend, which
can at least in part be attributed to a relatively high
proportion of mica, resulting from the hydrous breakdown
of original mafic minerals. accompanicd % k— mehasouakism

5.8, Lavas from the Motzfeldt Centre

5.8.A. The local stratigraphic base

Two samples (63736, 63758) from basalt flows which
immediately overlie the unconformable base of the Eriks-
fjord Formation at c. 1400 m in southwest Central Motzfeldt,
-are directly comparable to the lowermost members of the
Ilimaussaq Volcanic Member (IVM) from the Narssag peninsula.
A series of diagrams redrawn from the work of Larsen (1977)
are shown in figure 5,11 with these two unusually fresh
samples superimposed. Major, minor and trace elements all
show excellent correlation, suggesting that the Motzfeldt
succession may start at a level almost equivalent to. the
base of the IVM., In practice, this may be Jjust below the
actual base of the IVM, in order to allow for up to 600 m
of sandstones and assorted sedimentary rocks locally .
preserved aroun@ the Motzfeldt Centre (see Chapter 2) which
‘are not found in the IVM, but which do occur below it.

5.8.B., Representative analyses and comparisons

The xenoliths and rafts of lavas found within the
Motzfeldt Centre have suffered varying degrees of alteration.
About 12 samples taken from the larger rafts are sufficiently
fresh to warrant particular mention (Table (5) 2) and to
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serve a$ justification foT the classification used in
Chapter 2. Table (5) 2 presents seven of these lavas and
compares them with two lavas from the IVM (Larsen 1977)
and the average phonolite of Nockolds (1954). By using
the bivariant:trace element diagrams in figure 5,12 ,
the lavas are then compared to the published trends of the
IVM and to the intrusive phonolitic margins from units
SM2, % and 4 in the Motzfeldt Centre. Thus figure 5,12
shows trace element plots of Nb versus Zr, Y versus Nb
and Zr versus Y, for the IVM (Larsen 1977), the Motzfeldt
lavas (Table (5) 2) and the intrusive phonolitic margins
to units SM2, 3 and 4 (Table (5) 3). By comparing the
threé suites of diagrams in figure 5,12 (a, b and ¢c) a
number of points emerge.

1. The Motzfeldt lavas have been simpdified into the
three groups "basalts", "trachytes" and "phonolites" (fig.
5,12 (b)). The trachytes and phonolites are all from
within the centre, whilst the basalts are from the local
base to the succession, just outside the Motzfeldt Centre.
Certain features of the trachytes and phonolites are
similar to the fractionated lavas from the IVM, and the
basalts conform nicely to the early (basaltic) trend of
the IVM.

2. Assuming that the ratios betweeen incompatible
elements should remain constant with fractionation (eg:
Weaver et al 1972: Ferara and Treuill 1975), then the
fractionated lavas preserved within the centre as rafts
can not have been derived from the basalts, since their
ratios are different. Larsen (1977) concluded that the
fractionated lavas from the upper IVM were unrelated to
thé basic lavas in the lower IVM on this basis. _

3. Comparing figure 5,12 (b) with 5,12 (c) reveals
a close correlation between the phonolite magmas of SM2/3
and the phonolite lavas., This lends substaﬁtial support
for derivation of the trachyphonolite and phonolite lavas
from similar trachyte/phonolite magmas which cooled at
depth to'give the nepheline syenites as units SM2 and SM3.
The lavas must have been derived from somewhat earlier
magmas than those which actually produced SM2, 3 and 4.
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4. There is a distinct similarity between samples
of Motzfeldt lavas and intrusive phonolites, and the
fractionated lavas of the IVM, in that Nb/Zr is the same
and both Nb/Y and Zr/Y have increased with increasing
fractionation (ie: from basalt through trachyte to
phonolite).

5. The ratios Nb/Y and Zr/Y for the Motzfeldt lavas
(fig 5,12 (b)) are discrete and constant for each of (a)
basalts, (b) trachytes and (c) phonolites. The ratios
inerease in the order (a) (b) (¢) for one of perhéps
two plausible reasons;- Either they represent three
separate “magmatic events, derived from different parental
magmas or they are the products of an open fractionating
syétem,'related to the same parental magma. Similar
variations in incompatible ratios have been predicted by
O'Hara (1977) for a periodically tapped and replenished
magma. chamber undergding continuous fractionation.

6. Larsen (1977) states of the IVM that .."the
thickness of the basaltic units generally increases towards
the north and east indicating that the eruption sites
should be sought in these directions ie: in the fjord
Sermilik and the eastern part of the fjord Tunugdliarfik.,"
The Igaliko Complex and the Motzfeldt Centre in particular,
was apparently the source for at least part of the IVM.
Perhaps the abundance of fractionated types, such as
phonolites at Motzfeldt, and their comparative absence
from Narssaq, is a function of distance from source and/or
erosion from the top of the pile.

Lastly, it is difficult to estimate the original
thickness of the lavas at Motzfeldt since correlation
between sequences preserved around the centre has not
proved possible. Nor has it been possible to correlate
between the major rafts of lavas separated by the Flink's
Dal fault, although this in itself may be significant.
However, the visible rafts north of the Flink's Dal fault
are individually up to about 300 m thick, whilst the rafts
preserved in Flink's Dal itself, south of the fault, stack
one above the other to a total thickness of about (?)

24,00 m.
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5.9. Unit SM6: Analyses and comparisons

The lujavrites represent the most fractionated msgma
within the Motzfeldt Centre and were the last major
intrusive event south of the Flink's Dal faﬁlt, except
perhaps for the alkali gabbro dyke. The lujavrites are
fine grained eudialyte-nepheline syenites of peralkaline
character displaying prominent banding, which is often
contorted and reminiscent of flow banding, in the field.
Variations in the proportions of their constituent minerals
gives rise to banding of melanocratic and leucocratic
lujavrites on scales from centimetres to 10's of metres.
Representative analyses are presented in Table (5) 1, where
they are compared to lujavrites from the Ilimaussaq
Intrusion and the Kola Peninsula., Samples collected in 1979
from the western end of the unit are as yet unanalysed.

The latter are generally more mafic than those given

and are petrographically very similar to porphyritic- and
aégirineflujavrites described from the Kola Peninsula
(Vlasov et al 1966). Green lujavrite is indistinguishable
from the rock of the same name at Ilimaussaq, although

SM6 is not usually as iron rich or as poor in aluminium

as the black lujavrites (eg: Gerasimovsky and Kusnetsova
1967) from that intrusion. Instead, SM6 corresponds more
closely to white kakortokite and the 'average kakortokite"

of Ilimaussaq (Ferguson 1970). Thus it appears that "average
‘kakortokite" -type magma can exist in its own right, perhaps
as the extreme product of fractionating agpaitic phonolitic
magma. A dyke of micro-kakortokite with almost identical
trace elements to the "average kakortokite" and to SM6,

has been examined by Larsen and Steenfelt (1974), who point
out the probable cogenetic origin of this dyke and the
agpaitic magma which produced the layered kakortokites of
the nearby Ilimaussaq Intrusion. However, this micro-
kakortokite is considerably richer in iron and poorer in
aluminium than SM6 (eg: 42474 of Larsen -and Steenfelt 1974).
This difference could partly be due to alkali loss from
'SM6, in a similar manner to that described by Larsen and
Steenfelt for different facies of the micro-kakortokite
dyke, which could in turn result in partial loss of REE's




TABLE (5) 1. Lujavrites of SM6 compared.

SI02
TIO02
AT.20%
FE20%
FEO
MNO
MGO
CAO
NA20
K20
H20
P205

Total

MOTZFELDT

Trace elements

Rb
Sr
Ba
Ce
Y

La
Nb
Zr
U

Th

46261 AM1I39  AM137  AM138
56,97  54.04  55.69 55.65
. 0.02 0.37 0.16 0.4
18.72  16.68 19.47  19.48
7,42 10,25 5,03 5,05
1.39 1.48 1.26 1.22
0.17 0.37 0.27 0.21
trace 0.48 0.0% 0.03%
0.75 0.99 0.92 0.90
10.55 10.92 9.40 10.10
3.96 %.58 5.15 4,95
0.06 0.94 2.51 2.24
0.02 0.04 0.11 0.03
100.03 100,14 100.00 4100.00
478 608 1482 uan
26 50 - 73 %9
10 190 250 2%
9292 883 876 oL
25 86 108 106
404 319 3504 286
600 680 850 434
5970 2450 1310 2263%
U 35 54 25
70 37 245 23

ILIMAUSSAQ
W.K. B.L. G.L.
52,22 52.89 53.12
0.28  0.35  0.28
17.24 14,59 15,96
5.80  6.30  9.15
3.79 6.77 "1.32
0.22 0.4 0.22
0.2% 0.54  0.20
1.80  0.39  1.80
10,60 10,72  11.20
4.38 3,28 3,35
2.1 2,52 3,15
0.02 0.4 0.03
100.12*  99,39* 100.14*
M.K.
220 167
148 81 1%2
226 10 176
900
565
535 453 327
274 1100 189
7139 4800 8243
20

*includes F and Cl in total (not listed here).

LOVOZERO
;P.Lo A.L.

5465  57.41
0.81  0.50
17.41  20.85
6.64 3.,0%
0.76  0.88
0.56  0.16
trace '0.48
1.10 0.46

Q.14 707
6.56 6.70
2.48 1.92

- 0.03

99.71  99.49

W.K.=Av,White Kakortokite
(Ferguson 1970)
BeLo=Av,Black Lujavrite
(Gerasimovsky and
Kusnetsova 1967)
Ge.L.=Av.Green Lujavrite
(Ferguson 1970)
P.L.=Porph.Lujavrite
(Viasov et al 1966)
A.L.=Aegirine Lujavrite
(Vliasov et al 1966)
M.K.=?icrokakortokite
Larsen & Steenfelt 1974)
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and incompatible elements. The overall difference is
probably too great to be satisfactorily explained by
this means.

The lujavrites from Motzfeldt lack the abundance
of arfvedsonitic amphibole, so characteristic of similar
rocks from the Ilimaussaq Intrusion, and are in this
respect very similar to certain lujavrites from Lovozero.

5.10. Normative mineralogy

5.10.A., The Residua system

Almost all of the Motzfeldt syenites have normative
(Ab+Or+Ne) in excess of 80 % and can thus reasonably be
represented in the system Ne~-Ks-Qz (Bowen 1937). The
larvikitic ring dyke and lardalitic margin of SM5 contain
relatively high amounts of Ca0 and MgO, and are not so
accurately represented by this "Residua" system. Furthermore,
many of the syénites are peralkaline and lie off the plane
of the diagram in the Al-poor section of the larger system
Al203-Na20-K20-SiO2 .

Whole rock compositions are plotted in the system
Ne-Ks-Qz 'in figure 5,13 where the ternary minimum at
Pyog = 2 kbars is also given (Taylor and MacKenzie 1975),
as are the nepheline isotherms after Hamilton (1961). It
should be emphasised that the experimentally determined
minima in this system refer to conditions of water saturation
(PHQO = Py i )9 @ Situation that is rarely achieved in
natural magmas, except perhaps at the very late stages of
crystallisation. Thus PH2O represents the minimum value

of Ptotal’

(a) Units SM1 and SM3: Trachytic compositions.

Much of SM1 and all 6f'SM3 north of the Flink's Dal
fault contains little, if any,'nepheline. These samples
plot just on the quartz-side of the Ab-Or join (see fig.

'5,13) yet the quartz predicted from the norms has not been

found in petrographic examinations. Since the trachytic
rocks of SM3 are often mafic, and essentially cumulates
(Cpx,Mt,Ap,Fsp,Zircon) they are not representative of
liquid compositions. Limited evidence, namely Sr and Ba
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data, suggest that nepheline might have crystallised out
from SM3 but is not present in the cumulates north of
Flink's Dal fault. The explanation of siliceous SM1 may
be more complex, since nepheline rich syenites do occur
in a few localities close to the margins of SM1. There is
evidence that SM1 was initially undersaturated at the

time of intrusion, such as a "chill" of fine grained
nepheline syenite in N.E.Motzfeldt (58377). It appears
likely that its composition was modified by the interaction
with quartz rich country rock. This need not apply just to
unit SM1 since wherever a syenite abuts . gneiss, the syenite
tends to be poor in nepheline. Furthermore, the abundance
of quartz in the gneiss sometimes drops noticeably as the
syenites are approached, as for example in Flink's Dal,
suggesting that the process occurs both ways. Studies of
the metasomatised gneisses around the North Q8roq Centre
(Chambers 1976) have revealed an increase in Na content
of the mafic phases coupled with increased Na/K in the
feldspars, and a rather more diffuse K-enrichment at
greater. distances from the centre (c. 1-200 m). Evidence
against gneiss being the source of silica may also be
found in Flink's Dal, where 100 m scale rafts of gneiss
immediaﬁély adjacent to the outer contact of the centre
are apparently little altered by their host syenite,
although they are recrystallised somewhat. An alternative
source of silica could be the more porous sandstones and
quartzites of the Eriksfjord Formation, since apparently
none are preserved within the centre, although they -are
seen at its edges. Further explanations for the lack of
nepheline are considered in section 5.3%. of this chapter.
Perhaps the most likely explanation is the view of Chambers
(1976) who believes that meteoric water played acrucial
role in determining the level of silica saturation in

the syenites of the North Qoroq Centre.

The presence of quartz in the norms must be due to
the assignment of Fe/Mg cations to hypothetical silica
poor olivines, rather than. to the comparatively silica
rich amphiboles, so characteristic of these rocks.
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(b) Unit SM4

Bearing in mind the large volume and complex
relationships seen within SM4, between xenolithic lavas
and HY in Central Motzfeldt, it is quite possible that
more than one liquid composition could have evolved
separately during the cooling history of this unit.
This appears to be the case in Flink's Dal (see Chapter 3)
and may account for some of the scatter in figure 5,13.
SM4 contains quite frequent cumulates which do not necessarily
represent liquid compositions, and whose significance in
the residua system should be carefully evaluated before
attempting to extrapolate lines of liquid descent (see

section 5.10.B.).

(e) UnitASMS

This unit appears to fractionate from larvikite
(SM5*) through lardalite to nepheline syenite, the latter
comprising about 80~90 % of the unit. This unit in
particular, demonstrates a distinct similarity in its
style of fractionation to that observed in other of the

Igaliko centres.

510.Bs The Residua system and phase tie-lines

Provided that the rock represents a liquid composition,
tie-lines constructed between the rock and the coexisting
feldspar will give the initial direction in which the
residual liquid moves, as feldspar crystallisation
continues. In practice, an array of tie-lines may define
a set of conjugation lines from which fractionation curves
can be constructed. In this way, for example, alkaline
lavas from Mount Suswa in Kenya (Nash et al 1969) have been
related to feldspar fractionation and compare'favourably
wihth experimentélly determined trends for the synthetic
system Ne-Ks-Qz obtained by Hamilton and MacKenzie (1965).

| The positions of the minima in natural systems may
deviate from the synthetic Ne&stQz for several reasons;-
(1) Magmas containing an anorthite (An) component may be
displaced towards the Ks-Qz join (Carmichael 1964: Gittins
1979): (2) For vperalkaline magmas where (Na+K)/Al> 1,
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the minimum may be displaced towards the_Ne-Qz join: (3)
Where PH20<P;G°tal the minimum mgy be displaced towards
the Ne-Ks join.

A}system'which possesses, or develops one or more
of the above characteristics will have rather more complex
trends than might otherwise have been expected. Thus, a
a displacement of the liquid lines of descent to the K-rich
side of the experimental system and concave towards Ne-Qz
are shown by the lavas of Mount Suswa (Nash et al 1969)
and the South Qoroq Centre (Stephenson 1976).

(a) Phonolitic "chills"

The phonolite from SMZ2 may contain phenocrysts of
feldspar whose bulk composition varies. Sample 54139 from
SM2 is indicated in figure 5,13 where each of three
analysed phenocrysts show outward zonation towards K-
enrichment. The compositions of the phenocrysts have not
been subtracted from that of the rock, although their
abundance is roughly similar to both the groundmass and the
Norm. These rocks are Jjust peralkaline and for that reason
perhaps a little displaced towards the Ne-Qz boundary.

(b) SM4 and cumulates
There is evidence in SM4 and elsewhere in the

Motzfeldt Centre for nepheline rich and nepheline poor
cumulates. Feldspar cumulates which form from a phonolitic
~liquid will vary in composition in relation to both the
composition of the feldspar and the liquid. Figure 5,14
illustrates the likely fields of "early" feldspar cumulates
and "late" feldspar cumulates formed from increasingly
K-rich feldspar, The K-enrichment shown by progressively
more fractionated rocks may be at least in part due to
crystallisation of nepheline, causing K/Na to increase in
the residual liquid. It is clear that cumulates which do
not represent liquid compositions, will extend the apparent
range of compositions. Since nepheline changes its
composition comparatively little with fractionation or
decreasing temperature, nepheline rich cumulates should
plot between the composition of their parental liquid and




. 176
that of nepheline. An example of a nepheline cumulate
from beneath a raft in the vicinity of Flink's Dal, is
indicated on figure 5,14. '

(¢) Unit HY, mixing and partial melting

Field evidence and petrographic examination suggests
that HY consists essentially of nepheline microsyenite
intimately associated with variable amounts of relic
nepheline syenite. The deceptively simple trend in the
system Ne-Ks-Qz (fig. 5,13) could be explained by mixing
of rather 'late' formed feldspar cumulates (relic nepheline
syenite) with new phonolitic magma (nepheline microsyenite)..
Any partial melts derived from the relic syenites will
tend to be minimum temperature compositions and thus form
near to the ternary minimum in the system Ne-Ks-Qz at the
appropriate pressure. HY appears to form a fairly tight
trend between K (and Rb) rich syenite and compositions very
close to the ternary minimum at PH2O = 2 kbars,-This is
really a line of mixing, induced by varying proportions
of minimum temperature partial melts, apparently formed
in situ,'and relic'syenite. The need for an additional
phonolitic liquid (ie: not the partial melt itself) arises
from the need for a heat source and the field evidence
which suggests that SM4 was this source.

The common presence of sodalite and cancrinite
suggests that the pressure of 2 kbar PH2O might well be a
minimum, since significant amounts of fluorine and CO,
were also present. The occasional presence of two separate
feldspars may further suggest proximity to the phonolite
minimum at pressures greater than 2 kbars.

' Despite the abundance of nepheline, the microsyenite
is sometimes composed predominantly of very K-rich feldspar
(ce Or80),and it is perhaps possible that some Na has been
lost from these rocks.

5¢11. Iiquid lines of descent
5.11.A, Summary -

A summary of the liquid lines of descent, deduced
from the above discussion, is presented for the system
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potential “early” (fsp) cumulates
potential“late” (fsp) cumulates

liquid path

potential ne cumulates

Or
L
m\
- ' \
: ~~2 kbar
ML L="?liquid SM4
ne~ 45 o= fsp cumulate
L./ A= ne cumulate
Ks

Nel

~ 2kbar
samples lie on lines of mixing

between syenite (towards Ab-Or
join) and partial melt(=p) - E‘S

m= ternary minimum, B,-4=2 kbar Fig.5,1 A
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Ne-Ks-Qz- in figure 5,15. It should be borne in mind that
the trends of SM5 and to a lesser'extent SM1, lie somewhat
out - of the plane of the diagram since they contain some
An. The latter parts to most of the trends are similarly
affected becamuse they become peralkaline.

5¢11.B. Unit SM6 and the system Al,0,~Na.O0-Fe,0,-5iO,.
™/ [k =) faly

Figure 5,16 illustrates part of the system A1205-
 Na2O-Fe2O5-SiO2 projected from the silica apex onto the
plane Na2O-Fe2OB-A1203‘ "E" is the experimentally determined
ijolitic minimum at 1 atmosphere pressure (Bailey and Schairer
1966) while "E*" represents the amended ijoiitic minimum
postulated by Engell (1973%) when applied to the agpaitic
rocks from Ilimaussaq. Larsen attributed this shift as
being due to Cal contents in the natural liquids and
subsequent enlargement of the pyroxene stability field as
predicted by Wolan (1966).

The locus of samples from a microkakortokite dyke
suffering alkali loss as reported by Larsen and Steenfelt
(1974) is indicated in figure 5,16. The more alkali rich
of the latter plot in the "oxide" field, yet actually bear
aehigmatite and are free of oxide. Similarly, lujavrites
from Motzfeldt are also oxide free and appear to converge
on the most alkaline microkakortokite from this dyke. The
phase relations appear to be displaced in the natural,
relative to the synthetic system (see fig. 5,16) in agree-
ment with Larsen and Steenfelt (1974) who suggest that
lowering fO2 and the presence of other components such as
halogens and water, might be important. Perhaps the most
important factor here would be pressure, and essentially
PH2O’ since the experimental system was investigated at
atmospheric pressure whereas the lujavrites at Motzfeldt
probably crystallised at pressures of at least 2 kbars.

Samples of green lujavrite which are occasionally
found at Motzfeldt, have not been analysed, but may plot
close to the apparent minimum ("A" in fig. 5,16). The
position of "average green lujavrite" from Ilimaussaq
(Ferguson 1970) is indicated in figure 5,16 for comparison.

The lujavrites may represent a natural compositional
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goal for fractionating peralkaline sSyenitic magma (Bailey
and Schairer 1966, p.156) however, a liquid of ijolitic
composition ("E") in the synthetic system investigated

- by Bailey and Schairer (1966) could also form by partial
melting of a slightly undersaturated acmite syenite.




Key to Table (5) 2. Lavas,

1. = basalt flow (63758)

(2.) = trachyandesite; Larsen analysis no: 12
3., = trachyandesite (AM18)

4, = trachyandesite (54126)

(5.) = trachyte; Larsen analysis nos: 5

6. = trachyte (59639)

7. = trachyphonolite (AM24)

8. = trachyphonolite (AM25/1)

(9.) = average phonolite; Nockolds 1954
10. = phonolite (AM32)
References:
J.G.Larsen 1977
S.R.Nockolds 1954

Sketch location of Motzfeldt lavas

Supracrustals, the Eriksfjord Formation.

\\\\ \\\ Country rock, mostly Julianeh8b Granite.




TABLE (5) 2. Lavas from the Motzfeldt Centre (compared).

1. (2.) % 4, (5.) 6. 7 - 8. (9.) 10,

Basalt Tr/And Tr/And Tr/And Tr Tr - Tr/Phon Tr/Phon Phon.Av Phon

S102 47.84% 55,40 54,00 56.58 58.50 57.05 58,23 58.38 56,90 56.71
7102 1.90 . 1.75 1.69 1.55 0.78 1.08 0.57  0.65 0.59 0.29

ATL,203% 15.61 16.43 19.75 1617 16.41 16.65 20.29 19.03. 20,17 20.86
FE203* 14,26 8.26 6,03 . 9.40 9.01 10.48 -~ 5,63 737 4,31 5.92

MNO 0.18 0.14 ~ 0.24 0.20 -~ 0.20  0.32  0.27 0.34 0.19 0.25
MGO 7.65 1.72 2.2 1.93 0.64 0.79 0.30 0.89 0.58 0.26
CAOC 9.09 el 2,74 %2633 1.79 3,22 1.94 2.01 1.88 1.21
NA2O 2.99 5.62 5.87 4,88 5.78 536 5a it 6.46 8.72 8e354
K20 . 0.64 4,85  L4.15 5.3%6 5.98  4.78 6.35 14,30 5442 546
P205 0.6 0.62 0.7 0.58 0.15 0.33 0.09 0.18 0.17 0.06

Total  100.77  98.9% 97.42  99.98 99.9% 100.06 98.91 99.61 99.87% 99,36
Trace elements (ppm)

Rb 41 106 123 195 191 9 212 163 215
Sr 347 623 1981 402 106 133 482 655 69
Ba 254 . 2578 3018 2982 326 367 93 995 70
Y 34 26 56 55 63 o7 47 75 65
Ce B9 102 232 307 354 359 - 478 503
La 19 158 67 135 w3 222 182
Nb 9 97 152 85 248 156 247 310 263
Zr 137 285 562 468 664 6148 918 1339 1235
U 3 5 2 4 8 6 12
Th 19 18 2 23 17 23 21.

*total iron

Tr = trachyte, Tr/And = trachyandesite, Tr/Phon = trachyphonolite, Phon = phonolite
8includes l.0.i. .

8l



TABLE (5) 3. Intrusive phonolites (with one lava).

©gM2 sM2
54129 54142

SI02  56.27 56.63
TI02 0.49  0.49
AT20% 20,60 20.16
FE203* 5.15 5,58
MNO 0.21 0.2%
MGO Ou 4t  0.52"
CAO 1.21 1034
NA20 8.84 8,49
K20 5.9 575
P205 0.18  0.19
Total = 99.30 99.36
Na/(Na+K) 0.69 0.69
(Na+K)/AL 1.02  1.00
FI 9.7 892
Trace elements (ppm)
Rb 188 194
Sr 166 388
Ba 834 762
Y i) 57
Ce 282 347
La . 125 149
Nb 178 ou4
Zr 690 924
U ) 6
Th 1 30

*total iron as FE203.

SHM3
54138
56457
0.25
20.66
533
0.25
0.33
112
9.08
S5.64
0.07
99.30

0.71
1.02
90.5

231
153
139
58
385
162
267
1045
11

35

SM4
AM?
56.82
0.9
20.39
5432
0.25
0.35
1e24
8.49
5.92
0.16
99.33

0.69
1.00
90.5

216
284
546

77
449
173
281
89?

6

23

Lava
ANZ2
56.71
0.29
20.86
5.92
0.25
0.26
1.21
834
5.46
0.06
99.36

0.70
0,94
87.5

216
69
70
65 .

503

182

263

1235
12
21

183




CHAPTER SIX 184
CONCLUSIONS AND PETROGENESIS ’

Intrdduction

This chapter essentially reiterates the major
conclusions reached in this study and indicates how
they effect the proposed petrogenetic scheme for the
Motzfeldt Centre. A short review of the principal
theories governing the origins of layered igneous rocks
is given and the evolution of the centre is viewed in
the light of the principle magma compositions intruded
and their relationships to an earlier sequence of lavas.
The centre is then considered in perspective of the
Gardar province as a whole and features are compared to
the Kenya Rift in East Africa. Finally, the likely
sources and methods of generation of the magmas are
assessed and plausible reasons for the degree of
saturation with respect to silica are summarised,

6e1.A, Evolution at the current exposure level

The major syenite units SM1, 2, 4 and 5 of the
Motzfeldt Centre, are rounded in plan and have outward
sloping margins which show no signs of brecciation or
crushing. It seems that they were emplaced permissively
by a combination of block-stoping and ring fracture
(Emeleus and Harry 1970). Units SM3 and SM5* are partial
ring dykes with apparently very steep contacts.

In view of the large volumes of nepheline syenite
found in units SM2, 3 and 4 and the absence of any basic
marginal types, it seems likely that the parental magmas
to these units were initially of similar composition to
the average bulk composition of each unit. This is
substantiated by the presence of phonolitic margins to
SM2 and SM4 . Unit SM3 in S.E.Motzfeldt is a nepheline
microsyenite of almost identical composition to the
latter two phonolites (see Chapter 5, Table 3). These
phonolites contain euhedral phenocrysts of feldspar,
nepheline, pyroxene and possibiy olivine, whilst in
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addition SM? bears several phenocrysts of amphibole,

The Motzfeldt Centre is deeply dissected by
valleys and'glaciers, exposing a vertical sequence of
nearly 2 km.of intrusive rocks., Any movement which has
occurred on the Flink's Dal fault will effectively
increase this stratigraphic height, Deep levels of
SM3 north of this fault are composed of syenites
apparently devoid of nepheline but rich in mafic minerals.,
Here, sub-horizontal layers rich in mafic minerals (px,
mt,zircon,amph) may alternate with less mafic layers on
a 10 cm scale, Samples of SM4 from the lowest structural
levels are notably poorer in nepheline and richer in
mafic minerals than samples from structurally higher
positions. In Flink's Dal, syenites beneath large rafts
of lavas are often leucocratic and particularly rich
"in euhedral nepheline, Immediately above these rafts
may be found several 10 cm scale layers of mafic syenite
and laminated syenite both impoverished in nepheline
and lying in a sub-horizontal attitude which parallels
the topography of the underlying raft. Elsewhere in
SM4 one or two mafic bands may be traced for up to
2-300 metres., In these layered rocks and commonly
throughout the Motzfeldt Centre, petrographic textures
bear a strong resemblance to cumulus textures described
by Wager and Brown (1968). Far better layering is
present in the Igdlerfigssalik Centre (Emeleus and Harry
1970; Powell 1976) and is found in other intrusive
centres throughout the Gardar province. I

Classically, such textures and layering would be
attributed to the gravity accumulation described by
Wager et al (1960) and Wager and Brown (1968), wherein
successions of minerals have settled out through a
less dense magma to form layers of cumulates.'According
to the model proposed by Wager (1963) for the Skaergaard
Intrusion, crystals nucleated under the roof, grew as
they were carried across the top and down the sides of
the chamber and settled out as the current moved across
the floor. Subsequent work by Irvine (1970) on heat
transfer, furthér quantified many of the processes
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which may take place during the formation of cumulates by
gravity settling in a cooling igneous intrusion. The
formation of layered igneous inbrusions such as Skaergaard
by gravity accumulation from a convecting magma chamber
received strong support from the identification of
demonstrably sedimentary structures formed by the
magmatic currents.

However,>inverted way up criteria, inverted graded
bedding and inverted cryptic layering recently described
in syenites from the Klokken Intrusion by Parsons (1979)
have placed considerable strain upon the theory of
gravitational accumulation. Parsons (1979) advocates a
process of oscillatory crystallisation in—situ for
these unusual layered rocks. Several previous workers
have appealed to a similar process ond in situ crystall-
isation, where layering can not easily be attributed to
gravitational processes.

~ Recent fluid dynamic experiments and revised
considerations of the physical properties of magmas
and their cumulus minerals by McBirney and Noyes (1979)
have provided an alternative explanation for all of
the cumulus textures and types of layering described
from the Skaergaard Intrusion (Wager 196%; Wager and
Brown 1968), Thus McBirney and Noyes (1979) would now
totally abandon the concept of crystal settling in
favour of one of in situ crystallisation for the
Skaergaard Intrusion. In their model, layering is
prdduced in response to differential rates of thermal
and chemical diffusion such that crystals that nucleated
and grew, were trapped by an increasingly rigid zone
that advanced more rapidly than the crystals sank or
floated. Furthermore, they suggest that intermittent
layering is due to gravitational stratification of the
liguid and ascribe cyclic layering to oscillatory
processes of nucleation and crystal growth.

In view of the current controversy surrounding
the origins of layered igneous rocks, no single process
can be advocated for the formation of the cumulus
features observed in the Motzfeldt Centre. The settling
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displayed by the rafts of lavas in Flink's Dal must
suggest that similarly dense crystals might also have
settled out from the same magma to form the small
layered Sequences seen upon these rafts. However, the
mafic layers alternate with layers rich in flattened
tabular feldspérs preferentially aligned with their
short axis at right angles to the layering. It is
difficult to envisage alkali feldspar sinking through
a magma of syenite or nepheline syenite composition
since their densities might even suggest the converse.

- Volumetrically, much of the Motzfeldt Centre is
now represented by unit SM4., This unit measures
approximately 18 x 12 km in area and was intruded as
a magma of phonolitic composition from which its bulk
composition has been comparatively little changed. The
vertical extent of this unit is at least 1.7 km and
possibly considerably more. SM4 has undergone some
modification by local accumulation of phases as outlined
above, which in the Flink's Dal area has been influenced
by the disposition of the rafts of lavas. In this area,
as possibly elsewhere, SM4 consists of more than one
intrusion. Units SM2 and SM3 were also emplaced as
liquids of phonolitic composition, and subsequent
absence of nepheline from SM3 north of the Flink's Dal
fault may be due to variation in Ptotal‘

The silica saturated composition of much of the outer
syenite, SM1,. may be due to interaction with siliceous
country rock. A similar "silica enriehment" has been
noted in the North Q8roq Centre (Chambers 1976), where
this could be due to the interaction of the magma with
meteoric water. This would result in a tendency for fO2
to increase, which would lead to preferential crystal-
lisation of oxides over olivine resulting in increasing
silica enrichment of the residual liquid (Morse 1968).
Similarly the preferential crystallisation of OH-bering
phases such as biotite or amphibole, which are both
relatively undersaturated (Macdonald 1974) would result
in an oversaturated liquid trend. An increase in Py,,
would also lower the temperature of the thermal divide
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in the system Ne-Ks-Qz (Morse 1968; Chambers 1976)

which would make it easier for a liquid of trachytic
composition to be driven across, if aad wdl dwie the lquides hupontee.
Estimates of the initial temperatures of the
marginal phdnolites at the time of their emplacement,
based on the olivine/clinopyroxene geothermometer of
Péwell and Powell (1977) yield values of 980-1000 °¢
(see Chapter 4, geothermometry). Feldspar appears to
have been a high temperature, early crystallising
phase throughout the cooling history of SM4 (as for
most other units). Preferential removal of feldspar
from an undersaturated liquid will tend to drive the
composition of the residual liquid towards further
undarsaturation. Using thermodynamic studies of mineral
‘equilibria, Powell (1978) has demonstrated that initial
high temperature phases crystallised from alkaline
nagmas of the Igdlerfigssalik Centre, continued to
're-equilibrate with each other to varying degrees with
falling temperature. A similar range in temperatures
may be éxpected for unit SM5 of the Motzfeldt Centre,
which bears strong similarities to the augite syenite
related magmas of the other Igaliko centres. In SM5,
nepheline and alkali feldspar continued to re-equilibrate
to about 650 °C (see Chapter 4) while, based on the
comparable data of Powell (1978) exsolution in Fe-Ti
oxides probably continued to below 600 OC. Since the
melting interval (liquidus-solidus) appears to be
directly proportional to the peralkalinity of the
melt (Piotrowski and Edgar 1970; Sood and Edgar 1970;
Edgar and Parker 1974) an even greater temperature
interval, during which phases continued to re-equilibrate,
may have existed in the more evolved and peralkaline
- syenites of the Motzfeldt Centre. The volatile rich
lujavrites of SM6 are just such an example,

6.1.B. Evolution of the lujavrites

There are two major sequences of crystallisation
in the lujavrites. In the white lujavrites, feldspar
crystallised early, followed by clinopyroxene or nepheline
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and eudialyte is mainly interstitial. In the dark
lujavrites, nepheline and eudialyte are phenocryst
phases, whilst flow aligned groundmass laths consist
of clinopyroxene and two separate feldspars. The
experiments of Sood and Edgar (1970) suggest a melting
interval for lujavrite from 880 to 430 Oc at 1 kbar
Paope However, their observed order of nucleation of

' phases (Fsp-Cpx-le-Eud/Amph) does not agree well with
the petrographic description of a similar lujavrite
given by Sgdrenson (1962 , Ne/Sod-Fsp/Eud-Amph).

One further prominent feature of the ‘dark lujavrites
is that banding on a 1-5 cm scale parallel to their
contacts, is expressed not only in the different
proportions of the constituent minerals, but also by
different sizes of nepheline euhedra, There is no
predictable variation with distance from the margin,
although the actual contact zones are usually finer
grained. Whilst one may invoke a process of differential
flow to account for these features, it seems more likely
that they were caused by variation in the rates of
crystal nucleation and growth. This may have been
induced by different degrees of undercooling in a
magma which may have suffered minor fluctuations in
volatile content. In this way a rather passive but
penetrative body of dark lujavrite could form bands
without recourse to the comparatively vigorous flow
mechanisms required for flow differentiation., Returning
to the experimental results of Sood'and Edgar (1970),
it 1is possible that feldspar is the first phase to
appear on the liquidus instead of nepheline because
the degree of undercooling differed from that found
in the natural system. It is interesting that the
order of crystallisation observed by Sood and Edgar
is very similar to that seen in the white lujavrites
(Fsp-Cpx-Ne~-Eud). B '

Increasing Py, should expand the field of feldspar
in the system Ne-Ks-Qz yet it should also decrease the
amount of undercooling (Parsoné 1979) which might
favour crystallisation of nepheline. This apparent




dilemma may be resolved by assuming that these two 10
phases (Fsp, Ne) have no equilibrium melting interval,

in which case small variations in PH2O might be critical
in determining nucleation and growth rates by effecting
"the amount of: undercooling. Small variations in Ppoq

would have comparatively small effects on the phase
boundaries in the system Ne-Ks-Qz, which is not strictly
representative of the lujavrites in any case.

‘The lujavrites conform, more or less, to a
minimum temperature "ijolite"'composition in the system
Na2O~Fe203-A1205-Si02-(HZO) (Bailey and Schairer 1966).
Thus the lujavrites apparently represent the consolidation
of a'liquid whose composition approximates to the bulk
composition of the lujavrites and which may be the
natural goal for fractionating peralkaline syenitic
magma (Bailey and Schairer 1966, p.156). Deviations
from the experimental system are probably due to
differences in Py,, and the addition, as in most natural
systems, of several other components including for
example calcium which will expand the field of pyroxene
(acmite) and halides (see Chapter 5, 10.B.).

The disposition of the lujavrites at Motzfeldt
is broadly reminiscent of their more iron rich and
aluminium deficient counterparts at Ilimaussag (Ferguson
1964). They appear to form a sort of sandwich horizon
and are situated beneath rafts of lavas, which may in
the simplest sense have acted as a volatile trap. This
magma presumably formed in response to the repeated
intrusion and fractionation of undersaturated syenite
and although not seen in the adjacent North Qdroq Centre,
the presence of a similar magma is strongly inferred
from the work of Chambers (1976). As Bailey and Schairer
point out (1966), partial melting of an undersaturated
acmite-bearing syenite would also lead to a liquid of
ijolitic (vlujavritic) composition.

6.2, Partial melting of existing syenites

The relationship between HY and SM4 in Central

Motzfeldt is complicated (see Chapter 2) but it appears
that HY is a large remnant of nepheline syenite which
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has undergone varying amounts of re-melting in situ.
HY is rich in volatile constituents and has a variable
though often peralkaline bulk composition. HY varies
from little altered nepheline syenite to nepheline
microsyenite bearing relics of nepheline syenite. The
microsyenite is so intimately related on all scales
that it is believed to have formed in situ, HY is
fairly enriched in residual elements such as Ce and Y
which are often present as rinkite-type minerals.
Recrystallised syenites from the North Q8rogq Centre
exhibit an identical enrichment in rinkite (Chambers 1976).
When plotted in the system Ne-Ks-Qz samples from HY
form a fairly well defined line of mixing between
relatively K-rich syenite and the experimentally
determined minimum in the same system at a pressure of
PH20 = 2 kbars. Field evidence suggests that SM4 just
postdates HY and was presumably the source of heat for
the re-melting. From the often very K-rich nature of
HY it is possible that some Na has been lost.

Further evidence for the partial melting in situ
of nepheline syenites comes from unit SM5 which has been
remobilised over a distance of a few metres by the alkali
gabbro dyke, and from the zone up to 1 xm wide of the
South Qoroq Centre recrystallised and in places
remobilised by the younger Igdlerfigssalik Centre
(Stephenson 1976). Stephenson reports of the recrystallised
zone (1976) that the major elements are largely unaffected
but the same rocks are consistently depleted in residual
traece elements., He also reports that the Na/K ratios
are depleted in the feldspars and Na is increased in
- the pyroxenes. Stephenson further concludes that the
physical conditions pertaining during this recrystallisation
involved increased fO, (> FMQ buffer) combined with a
Cog-bearing aqueous solution,

A natural extension of this ssme process comes
from consideration of the stoped blocks of syenite which
have resulted from the repeated and localised intrusions
of magma in the Motzfeldt Centre. Estimates of cover at
the time of formation of the cenfrevbased upon normative
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mineralogy and crude minimum estimates of lava sequences,
suggest that a pressure of Py .. ( PH20> = 2 kbars

1s reasonable for the conditions under which the majority
of the syenites crystallised. The deeply dissected
topography enables a minimum chamber height to be placed
at 1.7 km. By nature of the overlap of successive
intrusions and, assuming the block-stoping process to
apply, it becomes apparent that early formed syenites
will be displaced downwards a considerable distance into
the crust. Assuming that the first major unit, SM1,

was emplaced at a depth of 6 km and by teking a chamber
height of 3 km, SM1 can be displaced downwards by the
equilvalent height of each subsequent intrusion (sM1 is
overlapped by SM2, 4 and 5) with the result that a
considerable volume of SM1 must attain a depth of around
15-18 km below‘the Barly Gardar landsurface, Ambient
temperatures at these depths in a rift zone might be
around 5-600 °C (see Chapter 3) which alone might cause
partial melting of a minimum temperature composition,
just such as nepheline syenite, In this way the two
processes of fractionation and partial melting would
have as their goal a minimum temperature composition

at the relevant pressure, rich in residual elements.

6.3%. Association of the Motzfeldt Centre with an earlier
sequence of lavas

Rafts up to 5 km long and often in excess of 100 m
thickness preserved within the Motzfeldt Centre are
formed of lavas. The Motzfeldt lavas, whose base corresponds
closely to the base of the Ilimaussaq Volcanic Member
(see Chapter 5) apparently represent an upward extension
to the currently preserved Eriksfjord Formation. Fresh
samples of phonolitic lavas from the lavas are composition-
ally very similar to the phonolitic margins of units
SM2, % and 4 and have several identical incompatible
element ratios (see Chapter 5, 7.B.). It seems highly
probable that these phonolitic lavas were derived from
similar, though somewhat earlier phonolitic magmas to
those which cooled at depth to give the nepheline syenites..
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The lavas can be roughly divided into basalts, '
trachytes and phonolites in which case it can be seen
that each "group" has a discrete set of incompatible
element ratios. This suggests that the lava groups are
not related to the same source by any simple form of
fractionation and on this basis, Larsen (1977) concluded
that the upper fractionated lavas of the Ilimsussaq
Volcanic Member were unrelated to the lower basalts.
However, O'Hara's open system (1977) provides one
mechanism whereby these lavas could have been derived
from the same source magma. In this situation (O'Hara
1977; O'Hara and Mathews 1980) a magma chamber undergoing
continuous fractionation is periodically replenishéd
with new batches of parental magma, possibly coincident
with removal from the chamber of the more fractionated
magma to produce lavas at the surface. This system of
volcanic plumbing could lead to significant variations
in the ratios of two incompatible elements between
different erupted steady state lavas. In O'Hara's model
the magma chamber advances upwards in front of a
thickening pile of cumulates, and the volumes of magma
added to or tapped from the chamber may be small in
comparison to the size of the chamber. This process is
akin to "zone refining" in that residual elements are
énriched and may well apply to the recycled syenites
considered in section 6.2. above., There is ample evidence
at Motzfeldt that lavas were being incorporated into
the magma chambers and according.to O'Hara (1977) this
might lead to even more peculiar characteristics.

6.4, Magma compositions

Any postulated source for the magmas which formed
the Motzfeldt Centre, should not be considered in
isolation, since there is apparently a clear genetic
relationship between the phonolitic lavas now preserved
as rafts and the nepheline syenites. This tends to
confirm the implications of Larsen (1977) and the
suggestion of Upton and Blundell (1978) that the lavas

of the Eriksfjord Formation were erupted shortly before
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the emplacement of the North Q8roq and Motzfeldt central
complexes and that the petrogenesis of the intrusions

and lavas is closely related. The lavas at Motzfeldt .
seem to have constituted an upward extension to the
currently known Eriksfjord Formation (for review see
Emeleus and Upton 1976), and their base correlates

well with the base of the Ilimaussaq Volcanic Member
(IVM). Many of the lavas from the Motzfeldt Centre are
more fractionated than those described from the IVM by
Larsen (1977) and contain, for example, frequent nepheline
phenocrysts. Estimates of Ptotal derived from the normative
mineralogy suggest a value of 2 kbars, which would
correspond to a cover of around 6 km at the time of
emplacement of the Motzfeldt Centre. A maximum pressure

of Py, = 3 kbars would not contradict the feldspar“
mineralogy (see Chapter 4). It seems likely that most

of this cover could be attributed to a thick succession
of trachytic and phonolitic lavas. This would imply

that the 3500 m of the Eriksfjord Formation preserved
between Sermilik and Tunugdliarfik fjords might represent
perhaps as little as one third of the original succession.

From an occurrence of prehnite and pumpellyite on
Ilimaussaq, Larsen (1977) affirms his opinion that the
laws on the Narssaqg peninsula were subject to "low"
pressure metamorphism. However, the experimentally
deduced stability limits for this assemblage (see Chapter
3) favour a pressure in excess of 2.5 kbars, which would
lend support to an original succession 2'or % times that
currently observed. Beneath the 740-1300 m of the IVM on
the Narssaq peninsula, the Eriksfjord Formation is
composed of 2300 m of continental sandstone, a few
conglomerates, alkaline ultramafic and carbonatitic
volcanics, basalt lavas and sills (Poulsen 1964; Stewart
496’—!-,_ 1970) «-

Within the whole Eriksfjord Formation it is:
estimated that hawaiites and basalts make up 70 %, more
differentiated basic lavas 7‘%Aand.trachytes 2% % of
the lava pile (Larsen 1977). If an additional 6 km of

predominantly trachytic and phonolitic lavas were
combined with the existing succession, then the frequency
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distribution would be redressed (then about 25% basalts)
~strongly in favour of the areal distribution of
intrusive rocks, where gabbros and dolerites comprise
about 13 % (Watt 1966). | |

In general, the intrusive units of the Motzfeldt
Centre become increasingly basic with time, in the
order nepheline syenite (phonolite)-larvikite-alkali
gabbro, Thus in summary, the phonoliteé have been
modified primarily due to the combined processes of
fractionation in-situ and re-melting caused by multiple
intrusion, which may both have converged on a similar
minimum temperature residual peralkaline melt of
lujavritic composition. Of lesser volume, the larvikites
~ of SM5 pass rapidly into nepheline syenites which may
bear eudialyte where they are highly fractionated.
Feldspar fractionation appears to have been the primary
cause of increasing undersaturation in SM5. Finally, a
200mwide alkali gébbro dyke bearing xenocrysts of
plagioclase near its margins, intruded the centre but
is not found outside.

The increasing basicity of successive‘intrusions
with time has been recorded from other centres in the
Gardar, such as Kingndt (Upton 1960) and South Q8roq
(Stephenson 1973). Irrespective of any volume considerations,
this must signify the presence of basic magmas at depth
towards the. end of formation of each intrusive centre.
Increasing basicity could perhaps be ascribed, to a
progressive partial melting event or to the tépping off
from successively deeper levels within a stratified
megma chamber (Stephenson 1973). The South Qbroq,
Igdlerfigssalik and North QO6rog centres of the Igaliko
Complex are thought to have been derived from alkali
olivine basalt via liquids of augite syenite composition
(Stephenson 1973, 1976; Powell 1976; Chambers 1976).
Many workers in'the Gardar advocate immediate parental
liquids of augite syenite composition, from which the
more salic rocks were derived by fractionation either
in situ or at relatively shallow depth (Sgrenson1966;
Bridgwater and Harry 1968; Upton 1971, 1974;
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Engell 1973; Gill 1972) although an independent origin
has not been excluded (Sgrenson 1966).

Both the Motzfeldt-and the North Q8roq centres
are cut by small breccia plugs very rich in carbonsates.
One 200 m wide oval plug from Motzfeldt bears relic
melilite and is in many ways very similar to the
carbonatitic and ultramafic volcanic activity recorded
from the early part of the Eriksfjord Formation at
Qagssiarssuk (Stewart 1970). The alkaline ultramafic/
carbonatitic activity, which also occurs at Grgnnedal-
Ika in the northwest of the province (Emeleus 1964)
is apparently confined to the Farly Gardar "1300 ma
event" of Upton and Blundell (1978).

6.0, Comparison with the Kenya Rift

The Gardér'igneous province appears to be the
remains of Proterozoic rifting in which three phases of
stretching and magmatism occurred (Emeleus and Upton 1976).
The association of alkaline igneous rocks, asbundant
faulting and the presence of sediment-lava piles that
clearly accumulated in a block-faulted environment has
long suggested the idea of continental rift structures,
comparable to those of East Africa, being associated with
the evolution of the Gardar province. The fairly recent
discovery of an axial gravity "high" of some 300 g.u.
amplitude (Blundell 1978) elongated ENE-WSW is very
similar to the axial "high" in the Kenya Rift (Fairhead
1976). This anomaly is interpreted in terms of a basic
mass underlying a late Gardar rift, some 50 km long
(ENE-WSW) and 25 km wide (Blundell 1978) intruding the
crust to at least 10 km below present day sea level
and surfacing as gabbroic rocks in the region of Narssaq-

Tugtutoq.

6ebe EV1dence for g mantle source region

Rb-Sr work by Blaxland et al (1978) has shown that
the Motzfeldt Centre formed at around 1310 ma and had
an 1n1t1a1 Sr87/Sr86 ratlo of 0.7024 . They recorded a
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low initial.Sr87/Sr86 ratio (0,702-0,704) for most of
the major syenites in the Gardar province and concluded
that this is consistent with an origin from primitive
mentle source regions, allowing little, if any, assimilation
of sialic crustal rocks. Similarly low initial Sr
ratios are taken by other workers as evidence for a
mantle source region (eg Wright 1971). Strongly agpaitic
magmatism may be associated with rather higher ratios,
as for example at Norra Karr where initial Sr87/Sr86 is
around 0.707 (Blaxland 1977) and at Ilimaussaq where
initial Sr°//sr%® is around 0.710 (Blaxland et al 1978).
Blaxland et al (1976) attribute this to selective
radiogenic enrichment in Sr87, although Carmichael et al
(1974 p.507) are reluctant to accept any Sr isotope

- evidence as proof of a mantle source.

Striking features of the alkaline salic lavas from
the Kenya Rift are their huge volume and uniformity, with
comparatively trivial amounts of associated basic lavas.
Thus, sequences of phonolites up to 9 km thick are
apparently devoid of xenoliths (Lippard pers.comm. 1980)
as are the mildly peralkaline trachytes and phonolites
of Mount Suswa (Nash et al 1969). However, boulders of
rather mafic silica-saturated syenites ehriched in Fe,
Na and lanthanides, but not in Rb and Zr, have recently
been described from a few Kenyan trachyte volcanoes
(Jones 1979). Furthermore, the mineral eucolite, the
calcic equivalent to the zirconiuﬁ phase eudialyte, has
- been reported in pyroclastics from the carbonatitic
- environs of Oldoinyo Lengai in Tanzania (Dawson and
Firsch 1971) and olivine nodules are known to exist in
trachytes from the Jos plateau of Nigeria (Wright 1969).
That felsic'magmas may in fact develop at mantle depths
is also suggested by the occurrence of kaersutitic
amphibole and the occasional presence of spinel-lherzolite
xenoliths in phonolites and trachytes (Wright 1971).

The association of the alkaline salic magmas with
alkaline ultramafic and carbonatitic rocks, suggests
that igneous activity was occurring, at least in the
early stages of the Gardar period, to a deep level.
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It is generally accepted that carbonatites are magmatic
and may have a deep level origin similar to that of
kimberlites and nephelinites (Carmichael et al 1974).

It has been shown that hydrous alkaline ultrabasic
silicate-carbonate magma splits with falling temperature
into two immiscible fractions (Koster van Groos and Wyllie
1968; Wyllie 1977). One fraction ultimately crystallises
as nephelinite or ijolite and the other as carbonatite.

' Experimental work by Mysen and Boettcher (1975) has

shown that such magma would be in equilibrium with

garnet lherzolite under conditions of low 800 and high
3502 at depths of 125 to 175 km.

6o7+ Derivation of the primary magmas

6e7ele Partial melting

In view of the excess volume of salic volcanics
over associated basic magmas in continental rift systems,
and thé features outlined above which indicate a mantle
origin, some authors would attribute the formation of
salic magmas by direct partial melting of the lower
crust or mantle (Bailey 1970, 1974; Bailey and Schairer
1966; Wright 1971). Bailey (1974) envisages a mechanism
in which local warping and fracturing of lithosphere in
an uplifted region leads to a reduction in pressure and
outgassing of volatiles, which in turn initiate localised
and distinctive periods of volcanlsm. In his model,
partial melting would be induced by the introduction of
volatiles into the lower crust thereby redu01ng the
melting range of the rocks and providing a heat-transfer
medium, An origin for the salic magmas by partial melting
has also been considered for the Oslo region (Barth 1954)
and has not béen ruled out for the Gardar province
: (S¢renson 1966).

The formation of such magmas would require very
small degrees of partial melting ( <c. 5%) of mantle
materials, or alternatively slightly greater degrees
of a pre-existing more fractionated source material
(such as basanite) in the lower part of the crust. In
the first instance, studies of the natural melting of
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- spinel-lherzolite by Maaloe and Printzlau (1979) suggest
that small degrees of partial melt would not be able

to separate out from their host and suggest that the
ninimum degree of partial melting required for the

host to become permeable to the melt, is around 10-20 %.
Such degrees of partial melting from typical mantle
materials would result in basic liquids. It would be
interesting to quantify the possible effects which a
volatile flux would have on liberating the liquids
formed at low degrees of partial melt, The formation of
salic magmas by partial melting of more fractionated
basic material at the base of the crust, must require
this material to be extensive, which in turn leads one
to question its particular origin.

6.7.B. Fractional crystallisation

High level feldspar fractionation of trachytic

- magmas to yield more undersaturated liquids of phonoliticcmﬁmﬁm
has been advocated by many workers as an origin for the
phonolites of the Kenya Rift (eg: Nash et al 1969; Lippard
197%; Griffiths and Gibson 1980). Fractionation of

augite syenite type liquids either in situ or inferred

at relatively shallow depths, has been widely advocated
for many of the central complexes in the Gardar province
(eg: Ilimaussaq, Ferguson 1964, 1970; South Q8roq,
Stephenson 1973, 1976; Igdlerfigssalik, Powell 1976;

North Q8roq, Chambers 1976 ). Recently, Upton and Thomas (1979)
have demonstrated that fractional crystallisation of
transitional olivine basalt magma gave rise to the gabbro-
syenite suite of giant dykes in the Narssag-Tugtutfq

area. Experimental work by Upton (1971) has shown that

the suite is compositionally related by low pressure ( <10
kbars) olivine-plagioclase fractionation, preceeded by
deeper level pyroxene and possibly garnet fractionation.
The aforementioned dykes are the highest level represent-
atives of a larger basic complex responsible for the
extensive linear gfavity "high" in the Tugtutfg-Narssagq
area (Blundell 1978; Upton and Blundell 1978) which

must speak strongly for an extensive body of basic
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magma having underlain much of the Gardar province.

The frequent occurrence of feldspathic inclusions
in basic rocks (especially "Big Feldspar Dykes") throughout
the Gardar province has prompted the opinion of Bridgwater
(1967) and Bridgwater and Harry (1968) that a layer of
anorthosites was formed by top accumulation of feldspar
in a basic magma at depth, underlying the Gardar province.
The precise concordance of Sr87/Sr86 ratios between
xenolithic anorthosites and their host gabbro from
the Narssaq area, lead Patchett et al (1976) to advocate
.a genetically related origin and to express a preference
for models of differentiation of Gardar magmas involving
plagioclase fractionation. However, experimental work
by Uptbn (1971) on similar anorthosites and host gabbro
concluded that the anorthosites could not have been
produced from their host gabbro, since at no pressure did
the latter have plagioclase on the liquidus. This has
been confirmed by further geochemical work in which Upton
and Thomas (1980) conclude that the anorthosites are not
related to their host gabbro by crystal fractionation,
suggesting instead separate batches of primary magma for
their respective origins,.

In view of the above evidence and in particular
the gravity "high" associated with the Gardar province,
it seems likely that large Quantities of primary basic
liquids were formed in the mantle,wec he gave rise to
salic derivatives by fractionation and liquids of augite
syenite éomposition. Partial melting mey have been
locally important, as in the Motzfeldt Centre where
repeated intrusion involved stoping of earlier units.

6.8. Saturation with respect to silica

Earlier workers in the Gardar province have noted
a correlation between undersaturated igneous centres and '
major}strike-slip faults. Chambers (1976) considers such
crustal structures to permit a relatively rapid ascent
of comparatively dry nepheline-normative alkali magmas,
which continue to fractionate to more undersaturated
residual liquids. Conversely, the leisurely ascent of
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similar magmas into coherent crust away from strong
faulting may lead to silica enrichment via the dual
process of assimilation of siliceous country rock and
incorporation of meteoric water., Increasing water
content would favour the crjstallisation of hydrous
phases such as amphibole and biotite. Both of these
phases.are relatively silica-poor which may promote a
| build up of silica in the residual liquids (Macdonald
1974). As Carmichael et al (1974) point out, the
assimilation of large amounts of country rock is
difficult to reconcile with the strongly curved nature
of typical variation diagrams.

Other mechanisms for determining oversaturated or
undersaturated trends have been ascribed to feldspar
compositions, since this mineral is the most abundant
in most of the alkali salic rocks. Thus, for example,

a deficiency in silica such as solid solution of"
nepheline in larvikitic feldspar might initiate an
oversaturated trend (Macdonald 1974) and substitution of
Fe3 for Al in feldspar might drive a liquid of trachytic
composition towards an undersaturated trend (Bailey and
Schairer 1966). .

6.9. Assimilation

The effects of assimilation of xenolithic lavas in
the Motzfeldt Centre, does not appear to have seriously
altered the bulk compositions of the major syenite units
concerned. The xenolithic lavas show evidence for varying
degrees of metamorphism and metasomatism ranging from mild
amphibolitisation and recrystallisation to very occasional
hornfelses. By contrast, the Tertiary nepheline syenites
of the Borgtinderne Intrusion in east Greenland (Brown et
al 1978) appear to have been extensively modified by the
incorporation of country rock basalt lavas, producing a
suite of hybrid syenites. The major element variation in
- these hybrids is essentially linear, as one might expect
for compositions which lie on lines of mixing and some
syenite hybrids exhibit polygonal gfanoblastic textures.
Two fundamental differences between the Motzfeldt Centre
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and the Borgtinderne Intrusion are the much greater
volume of nepheline syenites and the closer compositional
relationships between the intrusive magmas and the lavas
incorporated as xenoliths in the Motzfeldt Centre.

There is much ev%gﬁpce-to suggest that the xenolithic
lavas at Motzfeldt were)saturated, or certainly water-
bearing, at the time of their incorporation (see sections
3.7. and 3.10). It would be comforting~to possess an array
of 8D values to support this contention.-By'contrast, a
limited number of §D analyses from the Borgtinderne Intrusion
(Brown et al 1978) suggest similarity to the Lilloise
Intrusion (Brown 1973),'with §D values of around =65 to
-70%e0, and have persuaded Brown et al (1978) to conclude
that in the Borgtinderne Intrusion, incorporation of
country rock xenolithic material was not a major mechanism
of incorporation of meteoric water.
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GEOCHEMI STRY

I.1. X=-ray fluorescence techn;gues

1.1 A. Sample<preparat10n

Rock samples weighing in general 0.5 to 1kg were
roughly halved using a hydraulic splitter. At this stage
any material likely to cause contamination was removed,
such as weathered edges, veins etc. The large fragments
were then passed through a 2" x 6" Jaw Crusher and the
resulting gravel halved once, twice or three times to
arrive at the required 100-200gram. This final unsorted
fraction was then ground to a uniform fine powder using
a Tema Laboratory Disc Mill, with tungsten carbide grinding
barrels. All parts of the apparatus were meticulously
cleaned between samples.

The powders were then pressed into briquettes
using a hydraulic press operating at about Stons/sq.inch
and a few drops of "Mowiol" as a binder. Finally these
~prepared pellets were correctly labelled and run on the
Phillips PW1212 automatic spectrometer using an. automatic
sample loader with 12 x 9 sample capacity (Torrens
Industries TE-108).

I1.1.B. Major element analysis

‘The nine major elements Si, Al, Fe(total), Mg, Ca,
Na, K, Ti and P were determined using a Cr target and an
evacuated X-ray path. Mn was determined separately using
a W target. A pre-determined number of counts were then
accumulated over time (t) on a monitor and three successive
samples counted over the same time interval (t). By
‘analysing this monitor with each subsequent set of 3 samples,'
any 1rregular1ty in the count rate (such as drlft) can be
detected.

The standards used included international standards
and standars of similar composition to the unknowns. The
latter were originally provided by Dr.B.G.J.Upton and the
geochemical 1abofatory of Grdnlandé Geologiéke‘Undersdgelse
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(GGU) and have been used by earlier workers on Gardar
alkaline rocks at the University of Durham (eg:Chambers
1976; Stephenson 1973). The complete list of standards
used is’given in Table (I) 1. .

Particular attention has been paiéé»to the final
productidn of analyses. The correction procedure described
by Holland and Brindle (1966) and Reeves (1971) has
received criticism in previous years, notably from Gill
(1972) who concluded that "normalisation" of the analyses
to 100% for producing realistic analyses, is not entirely
satisfacory. Further workers (Gill 1972; Stephenson 1973;
Chambers 1976) have obtained analyses by direct comparison
with standards of similar composition to the unknowns, and
used empirical corrections where necessary (usually for
high iron samples). In general, the use of direct comparison
methods yielded widely varying totals for the Motzfeldt
samples and the method of Holland and Brindle (1966)
was found to reproduce standards very well. Thus, the
"normalised" values have been used as a basis for the
analyses., However, in a broadly similar manner to the above
workers, it was found necessary to apply an empirical
correction to standards with high iron contents, and a
smaller correction to the normalised alumina values. This
procedure then reproduced standards in the range of interest
very well, and the international standards well. Adjustment
to the iron value (requiring an increase in total iron at
higher levels) was though to be due to the lack of a dead
time correction in the original batch of data (R.Hardy
pers.comm,1978),

1.1.C. Trace element analysis

The 11 trace elements, Ba, Nb, Zr, Y, Sr, Rb, U, Th,
Pb, Ce, and La were analysed under conditions very similar
to those above, using the identical briquettes. The analytical
data were then converted to concentrations in ppn by the
programme TRATIO developed by Gill (1972). Very briefly,
this programme compares the count rate of peak/background
and uses scattered (back-scattered) radiation as an
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internal standard to compensate for mass absorption and
matrix effects. The nominal detection limit is also
calculated and presented with the upper limit as determined
by the standards for each element, which are given below;

"Element ‘Detection limit (ppm) Upper limit of
standards (ppm)

Ba 8 5000

Nb 3 250

Zr 2 5000

Y 3 500

Sr 3 1100

Rb 3 1000

U 8 2700

Th 6 1100

Ce 3

La 3 280

Syhthetic spiked glasses prepared by Pilkington
Research Laboratory (Lathom, England) for use in lunar
investigations at theAUniversity of Durham were used
for most of the elements. These standards are in two sets
to avoid interelement interferences as much as possible.
International standards were used exclusively where
interferences were too great in the Pilkington standards
(Pb, Th) or where the element was not present (La).

. Internal consistency and reproducibility for all of
the trace elements were extremely good. Further details
of the operating conditions and associated hardware can
be found in Reeves (1971).

I.2. Iron oxidation state

FeO determinations were performed on very fresh
sémples selected from each of the major units, and the
analytical methods follow the approach of previous workers.
Here, a known weight of sample powder is dissolved in HF
acid in the presence of ammonium metavanadate. Any vanadic
ion remaining in solution, unreduced, is titrated against
standardised ammonium sulphate solution to determine its.
quantity, and the subsequent amount of FeO can be '
calculated as a percentage of the starting powder.




'Figure [,1: XRF sample density « SM units & satellites
' o dykes -(not all reported)

90¢



Table (I) 1. List of standards used for major element analysis of rocks from

Standard

30684
40452
40551
50272
50345

BCR=1
- GSP-1
- G=-1

the Motzfeldt Centre,

Rock species

syenogabbro
gabbro

gabbro

.quartz syenite
-microsyenite

Locality

Hviddal, Tugtutdq -
Giant Dyke, Tugtutbdq
Krydssg Syenogabbro
Unit 5, Tugtutdqg
Unit 1, Tugtutdq

internationsal*
H1

1t

Reference

Watt 1966
Watt "
Watt "
Watt "
Watt

*

*international standards references: Flanagan (1969, 1973) U.S.Geol.Survey.

L0Z
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2, Sample collection data . Page numbers refer to

1961
46268 -
46260 -

1962
58001 -
58065 -

59601 -

2963
58352 -

58396 -
63701 -
3725 -
63760 -
63787 -
54122 -
54164 -

54234 -
1977
i -

AM66 -~

1979

AM150 -

field diaries.,

59
68

117

642

395
400
724
759

780
802
163
184

243

65

149

171

CHE,p.56
CHE,p.57-58

CHE,p.1-25
CHE eDe 25-39

CHE ,p o 14=21

CHE’pO 24-26
CHE, " 1
CHE yp«26-31

CHE,p.52~35
CHE,p.48-49
WTH,p.14=-22

WTH,p.23-26

WTH,p.51~52

APJ

APJ

APJ

CHE = C.H.Emeleus
WTH = W.T.Harry
APJ = A.P.JOneS

Camp,Lower Flink's Dal

" n ] 1]

Camp,N of west end of Flink's
Dal.

Camp,by lake at ENE end of
Flink's Dal .

Camp,as CHE above.

Camp,960m alt. N of Motzfeldt

Sg.
Camp,on N shore of Motzfeldt S

" 1" " | LI

Camp,valiey N of Giesecke's Dal,
at c. 1230m alt. '

Camp ynorth part of W.Motzfeldt
Helicopter,NE of Motzfeldt Sg.
Camp,1160m alt, valley 1.5km

NE of S end of Motzfeldt Sd.
Camp,1180m alt. valley E end

of Giesecke's Dal,
Helicopter,various (mostly E
Motzfeldt).

Camp,N of west end of Flink's
Dal,

Camp,by lake at ENE end of
Flink's Dal,

Camp ,Lower Flinkfs Dal,



Fe3/Fe2 determinations and some H20 analyses.

Sample Unit wt%H20 - FeOf o1
46261 SM6 0.06 ' 757
46268 SMo6 , 1.87 8.98
54181  8M2 0.58 . 4.49
58378 SM1 0.78 .72
58400 ‘SM3 - 0,50 8.25
63720 - BM3 0.57 7.68
- 63760 SM1 0.3%6 5.85
AM39b SMS5 - 0.86 12,56
AM48 SM4 - 0,93 ‘ 5.38
AM4O SM4- 0.63% %89
AMS52 SM4- 0.39 4,11
- AMS4 SM5* O0.74 9.46
AMB2 SM5 0.47 3.35
AM85 SM5 . 1.12 1,38
AMATL HY 1.25 4,27
AMI1Y HY 0.74 764
AM119 HY 1.08 4,70
AM134 HY . 1430 - 1.89
AM137 SM6 L 2,57 5.95
AM138 SM6 2.2 6.1%
"AM139 SM6 0.94 11,36

*ie: total iron expressed as FeO

leXololoXoJoNoXoXoXe)
s ¢ 0 0 0 0 0 0 0 @
OI~IJVVIWNI\WN D NO
VOGO FooONNIWO

607
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1.3. H50 Determination

'»H2O determinations were carried out on those samples
which had been set aside for FeO determinations. In simple
terms, the samples of powder were inserted in a combustion
tube which was heated. The resulting H20 vapour was then
removed with a flow of nitrogen, the HBO was absorbed and
the quantity determined gravimetrically. Water released
at temperatures below 100 °C (H20+) and in excess of 100 °C
(HZO—) were not distinguished, since the temperatures used
were around 400 °C.

I.4, Sample locations and collection

The sample locations are indicated visually on a
sketch map of the Motzfeldt Centre, in figure (I),1.

The samples used in this study were collected by
- C.H.Emeleus and W.T.Harry on behalf of the Greenland
Geological Survey (Grgnlands Geologiske Undersggelse=GGU)
and by the author. Details of the sample collections are
listed in table (I) 2. The samples collected by the author
are distinguished by the prefix AM-, in contrast to the
6-figure identifiers of GGU samples.

I.5. Additional analyses

, ‘A few samples containing trace elements outside of
the range covered by the XRF at Durham University, were
resnalysed at the Research Laboratories, Risg in Denmark,
a facility kindly provided by GGU. The agreement between
the latter analyses and those obtained at Durham is very
good, although higher estimates of Zr for the lujavrites
of SM6 are indicated by the results from Risg. These are
included for comparison in the following data tables.

I.6. Data tables

The following data tables present whole rock analyses
in oxide wt% and trace element data for the same samples in
ppm. Tables of the calculated Norms with their oxidation
‘ratios are to be found at the rear of this appendix.




" Unit SM1

Si02
Al120%
Fe203
MgO
Ca0
" Na20

K20

TiO2
MnO
P205

" Total

- Trace €lements

Ba
Nb
Zr
Y

Sr
Rb
U

Th
Pb
Ce
La

AM4

56451
20.51
5¢62
0.60
1.45
8.06
294
0.36
0.18
0.11

99.34

568
205
870

33
280

. 227
6

16
10

. 210

96

58007

58,27
20,14
4,54
0.29
1.10
8.00
6.28
0.31
0.17
0.16

63703

60.98
16.55
4.96
0.67
4,32
258
6.27

0.88 -

0.19
0.24

63704

59.88

9.40 -

0.23
2.27
5.06
0.58
0.29
0.08

63714

60.06
14,51
11.06
0.17
2.0%
6.75
4o 5
0.54
0.33
0.07

63775

59.12
14,32
9.29
1.60
3.81
6.23
4,43
0.53

0.29 -

0.47

99.26 100,64 100,00 100.06 100,06

708

2142
73
290
21
769
107
mn
1
23
21
56

463
2592
147
51
563
26
Sit
43
980
391

53
438
2502
182
30
233
19
45
31
1136
420

703
266
840
151.
372
518
17
60
25
1442
587

63776

59,81
15.78
9.27
0.93
1.26
5.68
5.43
1.03
0.25
0.11

99.55

54132

58.47
19.75
4,60
0.48
1430
745
641
0.52
0.16
0,13

99.31

639
210

299

295
177

18
29
188
90

\O OO.OONQ
N SJO D
IO O £\

289
103

54161

62,64
15,70
8.48
0.16
0.85
5.94
517
0.60
0.30
0.08

99.92

161
313
142k
100
61
184
15
42
32
1148
513

58363
60.63
15.56
10.17
O0.44
1.26
5.87
4.92
0.78
0.33
0.12

100.08

114
252
1000
ou
26
222
11
37
16
743
395

58377
5759

20,15 -

2469
0.%6

8.26
2e53
0.26
0.21
0.08

99.37

1%4



Unit M1
_ 58378
Si02 62.43

A1203 16.98
Fe203 4,13

Ca0 %.10
Na20 5092
. 7102 0.3
~ MnO O.14

P205 'O,26
. Total - 99.40

Trace elements in ppm

" Ba 396
Nb. 152
Zr 960
Y 70
Sr 604
Rb 220
U 31
Th 63
Pb 35
Ce 461

La 321

63760

63 .69
16.48
6.49
0.08
0.57
6.4
2450
0.22
0.21
0.02

99.67

155
1589
668
58
71
422
113
30
58
477
191

Unit SM2
- 54139

834
198
690
40
466 -
188

14

7
282
125

54142

56.63
20,16

5.58
0.52
1e 34
8.49
575
0.49
0.23
0.19

- 99.36

762
241
924

288
194

50

5477
49

544170

57«01
20.08
5.07
O.44
1.36
8.48
6,00
0.48
0.22
0.17

99.231

1045
160
562

479
174

17

221
112

54174,

56.70
19.90
5.09
0.50
1.83
8.50
6.14
0.47
0.25
0.19

54181

57e22
20.22
5.98
0.40
1.45
8.57
5.89
0.27
0.19
0.16

99.57 100,74 100,29

841

153
601

450
169

26

583
265

ainas

837
131

3l
279
229
6
11
25
218
111

Unit SM3

162

54157
53%.62

20410 .

5018 .

0.20
3,11
11.15
5.28
0.20
0.23

0.26

99.33

199
439
2356
187
158
299

20
22
1234
461

A%



Unit SM3

58399

8102 60.86
A1203 16,02
Fe203 8.26

MgO 0.61
Ca0  2.15
Na20

Ti02
MnO 0.21
P205  0.16

552
K20 5.56
0.55

58400

60,27
- 15.65
9,16
0.55
2.20
5¢57
S5e24
0.89
0.31
0.17

63709

53.80
16,81
10.19
1.91
4,60
5.61
4,36
1.65
0.26
0.83

Total 99.88 99.99 100.00

Trace elements in ppm

"Ba 476
Nb 211
Zr 4.80
Y ol
-Sr 90
Rb 216 -
U 3
Th 32
Pb 40
Ce 532
La 222

618
192
581
61
72
192
3
19
25
30k
167

1740
140
483

46

1153
192

4
- 28
236
121

63717

65.28
16.89
2.91
0.08
1.88
724
5.30
0.13
0.1
0.03

99.85

113
1199

235
46
229
137
60
o4
769
293

63720 -

61.05

15.91

8.52
0.34
1.75
6.00
5.29
0.70
0.25
0.09

99.90

158
174
632
49
31
209

15
n6i
173

Unit SM4/Qdroq

637211 63721c¢ - AQMA AQM2
63.08 40,86 5644 56,12
16,36 6.2 20.74 21.25
6,03 35.0 : 4,75 4,67
0.17 118 . 0.1% 0.09
158  9.91 ’ - 1.79 -1.25
5.78 2015 8084‘ 9010
6,04 1.99 6.32 6.32
0.3%6 2.65 0.24 0.21
0.18 1.0 . O.14 0,15
0.05 0.16 - 0.09 0.05
99,63 101.21 99,48 99,21
1477 98 113 28
161 286 169 284
1610 o114 427 546
80 120 135 110
32 20 78 37
291 82 - 219 260
16 5 ' 4
20 35 . 14 30
6 12 . 14
606 1310 586 651

240 475 191 214

- AQM3

54,82

21.%9
4,92

- 0.16

1.38
92.97
6021
0.16
0.18
0.04

99.23

AQMA4

55.26
20.40

271

0.18 :
1.91

8.95
6.29
0.%6
0.23
0.08

99.37

91
188
567
108

8%
220

24

767
279

€l



Unit SM4
AM4S

Si02 60.93
A1203 19.91

Fe203 g.?g
Mgo -

Cal 1.58
Na20 7«10
K20 5.20
MnO 0.1

P205 0.08
Total 99 . 25

Trace elements in ppm

Ba 1254
Nb 267
7r 809
Y 42
Sr 413
Rb 232
U 6
Th 16
Pb 1% .
Ce 294
La 130

AMAS  AMAO
55.66 60.05
20.38 19.70
5,97 432
0.24 0.03
1.63 0.65
8.73 7.84
6,02 6.28
0.39 0.23
0.24 0.09
0.13  0.07
99.39 99.26
189 277
295 101
846 610
79 34
59 .29
234 326
8 3
qn I
26 i
423 196
157 96

AM52

57«6k
20457
4,56
O.14
1.26
9.20
558
0.12
0.4
0.03

99.24

AM56

57.96

20.54
5.08
0.15
0.81
8.88
5.48
0.21
0.13
0.05

99.29

AM65

56.27
21.55
2.96
0.04
1.12
10.50
6424
0.09
0.17
0.07

99.01

AM68
56.76
20. 02

O 51
1.29

8-35 ‘

6.05
0.40
0.20
O.14

99.36

298
227
895

242
2u3

10

274
110

AM143
58,04

20.90 -

2.86
0.02
1.42
9.25
6.23
0.20
0.10
0.04

99.06

37
520,
1133
299

299
21

1513

423

54241

59.47
17.96
223
0.3%

- 1.73

591
6.65
0.75
O.2O
0.16

98.69

433

194

47
191
152

20

351
140

54242

58.20
1751

O. 44
2¢51
6.28
5657
1.25
0.22
0.%1

99.71

58026

58,52
20.52
5.54
0.49
1.58
5,62
6.41

.43
0.22

0.18
99.31

433
163
547

497
195
14
15

323
128

58028
58.03

21.45

3437
0.06

0.81

9.16
293
0.10
0.13
0.04

99.08

107
196
795
o4
25
258

10

320
118

1254

808
42

413
2352

16
13
294
130

11



Unit SM4

58066 58080 59603 63725 63728 63729 63730 63731 63742 63743 63746 63753 63754

5102 54.85 55.89 56425 57.24 58.04 56.43 57.33 58.64 55,10 55.50 55.83 52.07 57.02
A1203 19.30 20.36 19.23 21.08 20.8% 20.86 20,78 18.09 20.65 22,22 20.22 22.27 -20.35
Fe203 7.26 5.8% 5.77 4.1 3.79 5.7 5.67 6.08 6.68 3.81 6.66- 7.27 6,08

 Mgo 0.9% 0.46 0.27 0.09 0.1 0.15 0.37 0.56 0.13 0.06 0.28 0,27 0,23
Cal 2.8  1.45 2,22 0.88 0.90 1.00 1.61 2.86 1.20 1.06 .1.53 1.34 1.23
Na20 7.72  8.91 8.56 8.68 8.52 8.79 6.64 6.46 9.50 10.24 8,40 10.62 8.4k
K20 5.57  5.77  6.40  6.75  6.49 5.85 6.41 5.56 5.77 5.92 5.97 4,95 5,62
7102 0.88 0.37 0.33 0,18 0.27 0.23 0.28 0.85 0.18 0.10 0.30 0.33 0,21

MO 0.28 0.21  0.30 0.14% 0.13 0.20 0.18 0.19 0.22 0.12 0.22 0.21 0.15
P205 0.62 0.12 0.11 0.03 0.03 0.05 0.07 0.24 0,02 0.04 0.06 0.08 0.0h4

Total 99.59 99.37 99.44 99.18 99.14 99.34 99.34 99.53 99.45 99.07 99.47. 99.41 99.37

Trace elements in ppm

Ba 898 487 280 73 33 35 55 2387 135 66 43 33 477

Nb 177 280 214 115 254 244 208 140 237 80 . 250 215 78
Zr 748 1189 637 1195 952 746 633 868 466 ou4 733 371
Y 52 66 184 85 60 54 - 51 20 22 60 41 15
Sr 4772 295 188 41 34 29 211 968 42 33 29 16 113
Rb 185 227 210 . 229 . 291 287 266 125 204 238 272 270 262
U 4 8 1 3 6 7 5 2 17 9 6 7 4
Th 19 28 45 9 16 40 16 13 13 21 12 22
Pb 9 44 35 15 18 58 24 50 7 3 1
Ce 437 309 1291 262 265 397 371 163 138 143 1352 14 81
La 195 135 532 108 81 169 149 136 60 58 @ 124 109 46

S



Unit SM5
AM38
Si02:  55.95

A1203 17.97
Fe203 7 44

MgO 1.21
Ca0 5 045
Na20 6.00
- K20 4,67

Ti02 1.58

MnO 0.21
P205  1.20

Total 99,66

AM39

5445
18432
9,72
2.43
6.0%
4.77
2.49
0.26
0.54

AM39b

49,73
16,14
13.57
2.43
4,15
5.99
4,51
1.58
0.5

1.43

99,87 100,04

Trace elements in ppm

Ba 3766
. Nb 82
Zr 288
Y 32
Sr 1992
Rb 84
U 2
Th 3
Po 14
Ce - 65
La 108

23%26.
175
580

26

1249

108
2
9

29
77
85

17202
224
783
62
- 841
122
2
1
34

- 490

214

AMAO

=\N

AFQ\NA\]PP
e o o o
N NO~IT F =2

3220

1857
122

13

5
120
119

RN
880\0\Ni0\

O
O
()]
~J

748
243
811

342
208

10
11
294
153

- AM77

55477
20.78
5.36
0.37
1.40
8.76
5.98
0.58
0.17
0.15

99.32

297
224

893

210
222

20
12
237
97

AM82

57.93
20.66
3.72
0.30
0.92
8.74
6.28
0051‘"
0.4
0.13

99.16

878
154
707
428
201

17

129
67

AM85

58.05
19.61
4,86
0.51
1.59
7.67
6.00
0.58
0.21
0026

99,34

859

AM86

56.65

20.77
237
O.24
1.85
9.68
5.99
0.21
0.25
0.10

99.11

104
62

339

153
155

74

659
269

AM87

56457
21.06
3.86
0.57
1.%8
9.00
5.99
0.4%
0.15
0013

99.14

339
480

233

4738

AMO1

55.27
22.04
4,01
0.60
1.15

- 9.58

D74
0.43
0.14
O0.14

99.10

660
166
612

30

173
22

- 33

175
75

AM92

55.98

20.25
5.67
0.14
1.67
9.13
596
0.27
0.23
0.07

99.37

111
162
591

149
237

17

497
201

912



Unit SM5

8102
A1203

AM107
59.51

19.50
3.86
1.05
1.05
6.23
6.82
0.66
0.19
0.35

Total 99.22

Trace elements in ppm

Ba
Nb
Zr

R 4

Sr
Rb
U

Th
Pb
Ce
La

317
184
518
137
226
8
12
n
212

85

AM108

56.27
21.33
596
0.78
2.82
6.08
4.93
0.87
0.15
0.14

99.33

1198
123
463

2it
969
144
6
14
16
120
82

AM109

58.8%
20,22
4.63%
0.68
1.10
6.55
6436
0.57
0.19
0.16

99,29

514
194
633

34
416
205

AM110

57«24
20.22
477
O 44
1.03
9.11
5.80
0.34
0.20
0.14

99.29

433
271
1321

241
222

10
.19
226

29

AMI11

57 9'76
21,02
5.8%
0.28
170

5.95 .

6.07
0.40
0.22
0.11

99,34

161

AM112

59.85
19.39
4,83
0.20
24357
5479
6.8
0.27
0.22
0.07

58025

46,73
18.27
12.85

1.69

4,39

8477

3.94

1.96

0.29
1.19

99.325 100,18

39 -
174
608
65
ou3

3
12
20

303

123

381
354
786
o4
225
138
2
13
8

641
229

58072

57.28

21.33
325
0.41
1.10
8.96
6.22
0050
0.12
0.11

99.08 |

270
100
399

21
174
149

10

126
-60

Unit SM5* -
AM29

'.'54022
7725
8.92
2.04
4.92

.47

i .54
2.07
0.18
1.24

99.85

3698
68
267

AMS4

534k
15277
10.50
1.73
’ 5.26
5,24
b3
2.26
0.25
1.30

AM55

53,92
16,57
9.95
1.50
4,70
5.89
4.3%%
2.05
0.25
0.82

58036

5110
15.82
12.07
2.72
265
4,38
392
2.47
0.29
1.86

100,09 100,02 100,28

2685
102

- 448

47
872
87
2
10
23
112
S0

2472
122
592

45
812

10
30
111
89

4618
46
176
1219
4

77

L



Unit SM5*
58037
Si02  51.87

A1203 15.96
Fe203 10.59

Ca0 6.40
Na20 4,53
K20 3470
Ti02 2.50
MnO 0.25

P205 2.01
Total 100,11

58062

53.87
16.51
11.19
141
4,25
4,85
4,56
1.95
0.%0
1.24

100,13

Unit HY
AMOS8

56.08
20.20
5.21
0.09
1.99
9.39
5.88

0.19

0.23%
0.08

99.54

" Trace elements in ppm

Ba 15143
Nb 42
7T 180
Y 29
Sr 1601
Rb 37
U 7
Th - 10
Pb

Ce

TLa 63

2949
98
359
41

- 965

102

n
1

95
93

54
128

585
109
230

37

746
258

AMI9

56.78

16.86
8434
0.78
3.01
6.30
6.19
1.02
0.32
0.23

99.83

769
223
877
169
284
160

v

588
235

AMIL

5717
20.66
4,74
0.25
1.42
8.28
614
0055
0.18
0.09

99.26

133
197
666

111

177
21

417
157

AMA1S

55.20
20.55
6.72
0.10
1.75
8.56
6,10
0.25
0.19
0.03

99.45

AM116

56.64
22,43
2.97

" 0.0%

0.51
9.92
6.28
0.05
0.09
0.05

98.97

AM117
52,77

20.39

-8.81
0.17
2.02
8.89
5.9
0.35
0.29
0.07

99.67

AM118

55.77
21.00
Delt7
0.08
1.06
2.19
6.36

0.14 .

0.22
0.02

99,31

AM119

56.10

21.47
5.22
0.12
1,31
8.37
6.20
0.24
0.16
0006

99.25

AM120

55,35
21.19
. 5.81
0.13
1.4%
9.07
5.90
0.21
0.19

0.07

99.35

77
141
520

61
213

1

10

304
120

AM121

57.67
18.36
7.09
0,44

PR
\J1 OWNSJ
I\ 2\

o~auino

0.26
0.11

99.63

318
198
4.87
103
293
201

28

722
286

8L¢



Unit HY
AM123

5102  56.03
A1203 20.54
Fe203% 6.02

MgO 0.21
Ca0 171
Na20 775
K20 6.53
Ti02 0.36
MnO 0.17

P205 0.08

. Total 99.40

Trace .elements in ppm

Ba = 44
Nb 211
Zr 206
Y 23
~ Sr 22
Rb - 179
U
Th 6
Pb 11
Ce 278
La 93

AM123b AMA34

5591
20,15

7.02

0.24
1.81
7.08
6.63
0.39
0.22
0.08

99.53

17
235
262

30

25
190

/‘

30
522
106

5705
22.40
2.10
0.02
0.42
10.59
6.24
0.00
0.08
0.01

98.89

63
36
280
49
54
204
L
21
25

362

159

Unit SM6

Risd

Nb
Zr

AMA37

5743
19.94
6.60
0.03%
0.94

O OoOVuIY

20\ ®F

0.11
100.41

250
688
1040
108
7%
482
S4
245
57
876

. 354

850
1310

AM138

'56092
19.92
6.55
0.04
0.50
10.33
5.10
0.14
0.21
0.03

99.74

273
43k
2063
106
29 .
48
25
23
28
74l
286

AM139

54,90
16,91
12.01
0.48
1.00
11,02
361
0.37
0037

0.04

190
608
2005
86
50
313

AM140

58.67
21.51
259
0.18
0.35
10.81
4,90
0.07
0.30
0.03

99.41

AM141

58056

21.84
2457
0.01
0.39

10.50
D45
0.06
0.31
0.03

99.72

46261 .

26.97
18.72
8.40
0.00
0.75
10.55
- 3.96
0.02
0.17
0.02

99.56

40
478
4250
251

357
14

70

992
Lou

600
5970

46265

55.98
20.67
9.16
0.12
2.1
716
5.98
0.18
0.32
0.02

99.70

1516

46268
5711

19.25

92.97
'0.03

0.99"

6.96
5.23

0.25
0.03

99.86

612



‘Alkeli Gebbro

5102
Al1203%
Fe203
MgO
Cal
Na20
K20
Ti02
MnO
P205.

Total 100.34 100,09 100,50 100.78 100.00

AM93

47,11

16,46
13,30
4,07
8.16
4,39
1.95
2.83
0.16
1.91

AM113

47.01
16.50
15.8%

4,20
7.96
3.98
“1.94
2.77
0.16
1.74

AM127

45.61
16.40
14,82
4,51
8.25
5.9
-1.85
3.16
0.17
1.84

Traée elements in ppm

_ Ba
Nb
Zr
Y

Sr
‘Rb
U

Th
Pb
Ce
La

1703
26
148
32

1021
26

1685
30
152
28
1013
21

3

3

12
43
51

1513
25
137
1018
22
2

9

10
43
39

58078

47.32
12.25
15.96
4,88
759
5.88
2.73
3.04
0.19
1.96

1692
I
196 .
. %6
822
48
/]

10
114

65

58083

52,12
16.08
9.66
5.03
4,77
4,82
4,58
2.92
0.26
1.76

4948
93
267
36
2821
69

58405

45.21

13.79
16.32

728 .

792
5420
2.18
238
0.18
1.32

100,78

1360
26
193
28
932
42
8

14
61
49

-58116

47,02
16.36
13,84
531
7 o Sl
3.85
1,99
2.83
0.17
1.49

100.40

1628

31
141

1068
26

19
39

58117

53.66
20.15
5.86
1.13%

10.45 -

4.95
1.64
1.32
0.04
0.20

99.40
1012

1966
20

12

59602
48.3%8

11.47
3.52
92.15
299
1.36
2.28
0.12
1.10

59631

48,34
18.10
11.59

Ze 74
9.06

- 3.99

151
2454
0.13%
1.27

63727

53.07
15.72
.71
2.15
4,26
421
2435

2,20

0.29
1.26

100,01 100,27 100.22

1352
20
96
19

1436
4

3
1
15
18
31

63779

41,61
12,85
15.76
5,44
11.26
3.08

1.29

394
0.16
4.79

100.18

0¢



Unit EM

5102
A1203
Fe203
Mg0
Cal
Na20
K20
Tio2
MnO
P205

Total
Trace

Ba
Nb
Vo
Y

or
Rb
U
Th
Pb
Ce
La

54254

62.00
15.89
9.12
0.23
0.63
5.90
519
0.63
0.31
0.07

99.97

54239

61.62
15,87
8.91
0.4
1,10
6.67
4, 7h
0.61
0.22
0.06

54240

61.41
15,41
2.98
0.16
1.11
2.76
5.10
0.82
0.2%
0.08

63787

61,41
15.19
10.25
0.13%
1.08
6,52
4,67
0.55
0.27
0,05

63788

60.9%4
15.63
10.38
0.15
0.77
655
4,71
0.65
0.21
0.11

99.94 100,06 100,12 100,10

elements in ppn

116
208
ou4
76
25

. 200

8
22
47

254
275

90

. 285

1765
111
17
282
10
.20

29
612
282

83.
287
1961
167
16
311

17
iy
42
1107
491

189
n3h
2233
157
25
193
oh

54

76
1144
479 -

63789

15420

10.%7
017

1.27 .

6.40
4,65
0.67
0.350
0.09

63793

61.%9
9.91
0,19
1.15
6.09
5.00
0.65
0.3%2
0.08

100.14 100.09

138
4Oou
2063
161

108

. 256

985
111

23
228

40

75
872
532

63795
61,97

16,04

8.50
0.13

0099

704
4,48
0.47
0.2%
0.06

99.91

72
505
1489
140 -

256
15
- 27

855

. 371

Unit NM1/2
58352

61.59
18.51
4 B4
.74
6.5
5.88
0.45
10.12
0.12

99,84

O
O
L)

IS
()]

1059
120
417

26
74
128

10

-
80 .

58368

59.39
18.63
571
0.23
1.55
724
6.00
0.27
0.16
0.07

99.25

79
86
323
19
35
164

11
25
161
63

.58%69

-58.77
19.45
DeH7
0.36
1.25
7352
6.17
0.35
0.16
0.10

99 014'0

L



. Unit NMA/2

8102
A1203
Fe203%
MgO
Cal
Na20
K20
102
- MnO

- P205

Total

Trace elements in ppm

Ba
Nb
Zr
Y
Sr
Rb
§)
Th
Pb
Ce
La

118

58273

58370
59.44 58,23
18.68 19.29
S.il 6,48
0.43  0.23
2.28 1.33
6.88 8.02
279  5.65
0.59 0.35
0.15  0.20
0.16  0.10
99.84 99.88
882 182
. 195 128
656 580
39 S4
473 by
151 159
9 5
17 1
o 2
230 359
134

Basalts

. 63736

1%2.92
16453
752
8.09
2 . 27
1.79
2.56
0.17
- 0.61

100,32

494
11
22%
3
322
56
9
1
23
7
33

99.64

127
327

. 1572

110
32
219
13
51
28
621
234

63758
47,84

14,26
765
9.09
2.99
0.61
1.90
0.18
0.02

100.15

254

9
137
54
47
41
2
19

Y

19

Xenoliths'
~ AM6b

55.67
20,74
5.24
0.12
1.14
10,49
5ol
0.17
0.25
0.03

99.29

120
306
2615
113
140
295
22

56
24
617
249

AM18

54,00
19.75
6.03
2.2k
2.74
5.87
4.15
1,60
0. 2t
0.71

97.42

3018
152
562

1981
123

18
21
232
158

AM24

58.23,

20.29
'5063
0.30
1.94
Seiht
6435
0.37

0.27.

0.09
98.91

93
241
918

482

212
17

559
143

AM25-

58438
19.03

- 737

0.89
2.01
6.46
4.30
0065
0.%54
0.18

99.61

- 995
310

1339

655
163

23

478
222

AM25b
58.25

19.22

7.38
0.86
1.82
6.18
4,66
0.69
O.}L"
0.20

99.60

998
312
1328 .
77
720
185

21
22
476
219

AM32

56471
20.86
5.92
0.26
1.21

8.34.

Se46
0.29
0.25
0.06

99.%6

Ul



Xenoliths

: ~ Ba

4

AM37a AM4A AM42
8102 49,35 58.58 57.79
A1203 14,84 19,53 19,62
Fe203 12.81 753 5.9%
MgO 3.58 0.55 0.46
Ca0 5,28 0.88 1.49
Na20 4,75 5.49 6.92
Ti02 2.70 0.46 0.48
MnO 0.28 0.34 0.22
. P205 1.62 0.05 0.27
Trace elements in ppm
3273 55 540
Nb 88 4.33% 211
Zr 332 1780 774
38 76 48
Sr 1940 45 184
Rb 103 286 252
u 3 11 2
Th 2 20 10
Pb 8 52 20
Ce 169 sel4 . 340
La 122 231 137

AM58

58.97
19.99
6.59
0.41
1.55
5.20
6.18
0.4%
0.28
0.06

99.46

95
263
1199
JTUIR
97
202
12
22
23
401
142

54126

56.58
16417
9.40
1.93
3.33
4,88
5.%6
1.55
0.20
0.58

-99.98

2982

85
468
- 35
402

195

54127 .
5715

20.31
6.48
0.3%2
1.57
7.66
265
0.21
0.24
0.04

59639

57.05
16.65
10.48
0.79
3.22
5¢26
4,78
1.08
0.32
0.35

58006

48,02
14,93
13.43%
594
4.97

5.12.

5.4
2.89
0.27
1.76

58007b

51 006
16.69
10,91
2.34
3,64
6.17
5.83
1.99
0.30
1.16

99.43 100,06 100,47 100,09

267

2849
102
485

Y4
1109

272
/]
15
19

150
109

. 3019 |

186
973
Si
1317
262
8

12
13

- 230
141

JHb Granite

46260

66475
14,05
40'53
1.04
%.08
785

1.57 .

0.%1
0.51
0.16

99.61

1134
923
1641
240

. 577

40
58
205
40

54159

70.3%6
14 .74
2.58
0.52
1,20
4,72
4,85
0.29
'0.05
0.10

99.41

1183 .
11
139
16

590

148

56
21

54167
69.20

14,05 -

5.16
0.99
2433
5.04

h,u

0.36
0.05
0.17

99.49

XAA



JHb Granite

158395 63705 63774
Si02 61.06 58.7%3 60.29
A120%3 15,03 15.43 16,61
Fe203 6.87 7.07 5.57

- KgO 2.79 3.29 1.78

Cal L4 4,66  4.45
Na20 5.77 5.58 = 6.48
K20 4,63 541 258
Ti02 0.7% 0.99 0O.e2

MnO 0.10 0.10 0.10
P205 0.40 0.48 0.31

Total 99.79 99.74 99.57

: Tracé elements in ppm

Ba: 1522 1283 1293

Nb 30 9
7 231 368 194
Y 22 21 17
Sr 831 1006 872
Rb 130 117 134
U 5 15 9
Th 9 50 2
Pb 52 43 33
Ce 53 121 10
La 52 79 4y

VI



= 108.

FE3/FE2

1980,

UNIT SwM1

NORMS FOF MOTZFELDT

ReCoeNeLILL

NORMCAL

SUMMARY NORM TABLE

(SM4) :
AM7 58007 63703 637C4 A3T7CS 63707 6E37C7 632714 ARTED 63775 GCRA776

AM4

AWML O L TR
o ¢ ¢ @ g » & o % 0 0 0 %

MNEC~=OOMOOO TGN L
Mg

MNNOUmMOCNODNDOTO
® 06 & 8 6 9 8 & 0 ® 4 0o
FNICHIONTUINOCOLO
M

NoeMNCooOLroLlloon
R EEEEEEEE I N
M GOQCOOCOO0VO ~C
N

ST OC~OMNCGNCDT
R EE RN
M= DOoOONLLCU—MOCM

-t I} -, -

UMD OONQYHUMNO -~
s e e s 0000000
NONMOIOOOMOWN O ™~
N - .

NQODOOITBOCOVY~N
® 0 0 0 6 0 ¢ 8 9 0 ¢ 8 0
COMOO~MAUDHINO~O
muw

CROOMOoOONOONOMY

te s 0 e ee s 00 000
OGS ~OMNMNOCUGMNO O
mI

ooV ONNOO~OLOY

® 8 @0 0 0 ® 0 & 0 s 0
ONNMNOUVONDOQOILTOOO

omootoCchCOTOMNG
® 0 0 %0 00 008 00 000
OQVITOCOONQCOTLTOUC
MM
OGOMHGCIOON—~ONM
® 060 ¢ 9 00 8 0 s 8 9 00
QNMANOOMOOONOOO
nMm -
]
e WY

W -2

v wuw Zw uw

« =Z WOI +uw
J e Qb byl W
NOWT Jwe DU Z i v
Ok b Wb N QY il b= Z e
T T JUWDZ Ui
<-MNOQZTOIA~OIEZEC
DY IJZWO=-0> J< W Jda
COCCZLCOETIOEI=A

INDEX

DIFF.
NA/{NA+K)

(NA+K) Z7AL
F3/(F2+F3)

225




NORMS FOR MOTZFELDT UNIT SM1 1983C. FE3/FE2 = 1e8e

NORMCAL ee ReCoeDeGILL
SUMMARY NORM TABLE

54132 54141 54161 58363 58377 53378

QUARTZ

Q

Ce Ce0 658 562 Cel 2el

ORTHOCLASE 38,2 359 307 . 292 32.0 331
ALBITE 37.8 3265 5C 5 49,8 3947 5065
ANORTHITE . 15 28 0e9 16 : 1e6 3.4
NEPHEL INE 13.9 155 DeC Ce0 167 QeC
DIOPSIDE 26 38 20 3.2 32 35
WOLLASTONITE GCe4 QOe0 o2 Ce0 Oel 24
HYPERSTHENE 0.0 Cel QCeC Cel Ce0 Cel
MAGNETITE 4.1 Te7 7e6 9.1 Sel 37
HEMATITE OeC e 0«0 CeO CeC CaC
ILMENITE l1.C 13 le1 1e5 OeS Ceb
APATITE Ce3 Oe4 Qe2 0e3 0e2 Oe€E
DIFFe INDEX 9040 84,0 88,0 83442 89,3 B35 7
NAZ{NA+K) 0«64 Ceb64 Ceb4 Qeb4 Ce€ CebB2
{NA+K) /AL 0697 Ce95 0938 0e926 CeG7 693
"F3/7(F2+F3) De62 Deb62 062 Ceb2 Ge62 Ce62

92¢



NORMS FOR MOTZFELDT UNIT SM2 198G FE3/FEZ2 = ‘110

NORMCAL oo ReCoTdeGILL
SUMMARY NORM TABLE

54139 54142 5417¢ 54174 54121 54182 541E&4 A£3730 53731 2742
CORUNDUM | el 0e0 el [s PR &) NDe0 DeN 162 Le?2 Ced Loefl}
ORTHOCULASE 35.3 3442 35.8 365 334 EL R 27e6 38.2 33.1 24 44
ALBITE 3Ce2 34.4 32,0 271 3Ce9 3149 619 35.C 43 a4 2283
ANORTHITE CeD Ce0 Qe DeC . GeC C e lef TeH 4 o0, UeC
NEPHEL INE 23.6 2046 2069 225 2l e 2 2266 15 118 €e3 23e 4
ACMITE 1e6 Ce0 17 3.3 le1 Ce8 CeC CeC Ce™ Se&
DI10OPSIDE 44,1 46 4.8 67 Se?2 4 o9 GeC o Sed Se2
WOLLASTONITE CeC Cal Gel 0.0 C el 0 e CeC Cell f o7 Ge0
OLIVINE Ce9 Ce7 (s I 4 CeS 1e8 Ceb Zel 2e4  eC 1ebd
MAGNchTE 360 4 40 Ce - 240 5 e 4 3645 442 4ol 464 2el
ILMENITE 009 009 009 0.9 5.7 009 -006 C’os 106 0.3 .
APATITE . Dedt CeS Ced CeS Qe OeD e Cel2 (AR T el ’
DIFFe INDZX 891 8962 83e¢7 861 B4 46 88,9 QA0+ 9 8SeC 823 25,1
NAZ (NA+K) Qe69 0 e69 0«68 Ce658 Ce69 De7C Ce71 DebH1 C o664 Ce71
(NA+K) /AL 102 1.00 1.02 1e04 1.C1} 1.01 Cae92 GeB6 Ce92 106
F3/7(F2+F3) 050 C «50 DeSG 2 e50 CeSO 0e5C Ce5H0 DS C 50 eSS0

L



NORMS FOR MOTZFELDY UNIT SM3 1980.  FE3/FE2 = 0460,

NORMCAL »s ReCoDeGILLU
SUMMARY NORM TABLE

54138 54157 58399

883400 H37C¢9 63717 6372C 63721 63721
QUARTZ .. Ce0 1.2 15 DeC Ce5 Ce7 23 Cef
OQRPTHOCL ASE 33,7 31e5 33.1 312 25493 31le4 315 3640 119
ALBITE 30.8 13.7 4740 47 e 4 374 576 5161 4943 1469
ANORTHITE 0.0 Qe 25 262 Te9 DeC eI CeQ 1.4
NEPHEL TNE 243 33.0 Oe0 O0aC S5e6 0.0 Cel Ce0 19
ACMITE 1e7 Se3 e ODeC ClC 3.0 Cel Cel Cel
SOD METASIL QeC 34 Os0C 0.0 Ce0 Oel Gel CeC O6C
DIDPSIDE 45 11.8 HGe2 646 Re O 6e3 6ol S5 G 41 44
WOLLASTYONITE CeO Qe2 Ca 0 Ge.C Ce 0e8 el GeC 06D
HYPERSTHENE GCeC CeG 444 bGo?2 Cel D e 35 1.8 G e}
OLIVINE 25 Cae0 Qe Cel 469 Oel Qe C {10 " 561
MAGNETITE 1.9 De0 442 4,7 Sel Cel 444 3el 18490
ILMENITE JeS T 0 et 1.0 1e7 3.1 Qe2 132 Ce? Sel
APATITE Qe 2 Geb Ced Oe 4 240 Qel Ce2 Cel Ces
DIFFe INDEX 88.8 7843 813 8061 6849 B83.4 833 275 2867
NAZ(NA+K) Ne71 De76 Qe6C Ce52 Ce66 De&7 Ce63 CeS9 062
(NA+K ) /AL 102 120 O« 94 Qe 95 Ce83 leGa Ce98B VeS8 CeQ2
F3/(F2+F3) 0«35 0«35 Ce 35 Ce 35 Ce35 Ce35 0 .35 Oe35 0635

8l



MRS FOR MATZEELDT NI T SMa 1971, FUR/EIZ = T efH o

MORMCAL o6 PoCaDaBGTLL

SHIMMARY NOIM TARLF

_ o (SMS)
< 8 as :

AN ADMD ENMT AQA4 B4 A4 2

A ML Y AMEF BAALY T AMB R AMI Y
DR THMACLAS T TRT .7 ERAES 2781 275 2160 BT 7™ 77 R P27 G762 2641 A7 oL
ALT1IT=Z 236 b P37 19561 13,1 S1e5 250 3 4240 2e S 389 2l1e7 3INe @ 363
ANORTHITS ' e T D T el 76 T et [P ol L) T o7 e il 1e3
NTOHZL ITMNT P2Het 77673 30,7 PPe4 “ e 23473 13e4 233 2T el 20 6T 21e2 180
ACMITE Z e Peh Set Se?2 JeC 263 Co 2e8 L, 3e? 1.1 {* o
SO0 MTTAGTL T el [P Ne7 Ne (ol Cel AR el T ol el NeN Dell
NDINPSI N 7 o4 Te S e e ll Ge 2 Hed Ze S Ced 363 4 46 449 2,1
NLIVINE T el 1e? el le4 2e3 leb6 1e3 13 1.8 T e? 2e.3 led
M"\GN‘TZTITE. lel 1e?3 Te ™ Ne D fel Zel T el 1e1 2ot AP S 265 2ol
T MENTTE a5 Ceth Ve o7 et e (ot Ce? “ et e Te8 et
APDATITE © Dol ~ el Loe ) Nael? e T o3 e C el el e ’3.3 Oet
NDIFF o ITNDEYX R7 44 R3Dg2 P56 T 3441 F 765 3hH ¢S G e 2 8241 T1e7 RIqe 0 R3¢ 2 G1ed
NA/Z(NS +<) LeH 8 S eH" Te 71 TaeO3 Set7 TeH 2 £ a3 a7l Ne?) Te72 CeH8 Ce7
(NA+K)Y/ZAL l1le032 1et3 108 1e026 CoeB7 lefi2 1e 00 1eC 2R 1e20) l1ell 1e01 e QAR
F3/(F2+72) Te27 Mne37 Te 37 Ne37 Ce37 D627 Ne3R7? Ne37 Ne37 VTe327 Neg37 De37

62



NNRMS Fiat MOTZFELDT UNIT SM4 1990, FEB/FE2 = 66 o
NORMC AL oo ‘{Q.COFJQGILL
SIIMMARY NNPM TARBLE
AMY14Z Saz4al 54242 nRr2e ST 83 2¢€ S8 39 SACHA SEAL RS IN 596073 E2aas27 £3725
CORUND UM P el Dal Tel 19 Deid Tl (a0 Cel: (ol el 4e1 00
NRTHIOCLASE 3762 G0 o7 3362 28,3 328 3%e 4 . 32e5 3.2 2444 38e2 70 4C o3
ALBITE 28¢5 4162 435 4193 333 3446 373 1.4 273 1945 15+ 4 P2
ANOCRTHITE el 262 3ec He 7 G e5 Cel Re? 16 L8P Nel 179 Qeli
NEPHE L INZ 28¢5 4 49 Sedt 3,32 153 23e8 160 18+ 4 24472 440 Yo D 2448
ACMITE 2el el Jels CeC Cel Ned Cel Cell 2eS He3 Cel 2e3
SOD MZTASIL Ceb el O el el e Del e CGoe O Co N g5 De® O el
DIOPSIDZ 55 441 ol Dell Detr 3e4 S [-aPan 7t Zebh Je 1l Dot 347
WOLLASTONITE LA Ce™ Dot NeD Do l: Nel® [P Cel Ce™ (P af: Gof D el
HYPERIS THI NI el U of Qe e [ A e [ o2 Ol (e UoC‘_ 473 Coef
OL IVINE Nel le® le 3 3e7" 3el Ce7 3¢9 3e4 2e3 1e5 11.5 15
MAGNETITE T eC 22 4 41 2e9 267 1.9 448 440 1.,% Te(® Te? 1.1
ILMENITE Nel led 2e4 308 C’oﬁ D el 1e7 1e7 C o7 Cof:_ Ned 003
APATITE Cael [Pyt Ge? T ed Da?2 C ol Qe 1e5 LA T e3 Ded ST el
NDIFF, INDEX QG ¢ 2 86,7 3241 B35 B8Re 4 3.7 - B8Ce 8 825 B8Hhe7 Sl1e7 524 91 60
NA/Z(Na&a+) Ces0Q " eH7 Ve 63 NeH7 e 3 e 7C Q&7 Ce£8 (ig 772 De €7 Ne31 De66H
(rMA+K ) 7AL 1.05 Ne 24 G093 Ne 79 CeG2 100 CeQ4 Ge97 1eN73 109 Ced s 102
F3/7{F2+F3) N e37 De37 De37 Nea37 Geld7 Qa37 Qe 27 Ge37 Ce37 Ce37 Ne37 e37

0&Z



NORMS FOR MOTZFELOT HNTT SMae 1333, FREI/FLZ = 0635

NOPMCAL oo ReTeDNeGILL
SURAMARY NIOI2M T AL

£R724  E3T29 ST74 3 637486 ART7ER HIT7THa

QQTHOCLASE TR e B 25e4 3545 22ef> T245
ALBITZ 21e5 27 a3 2B 8 1364 3567
ANORTHITE T el Lol e i} oot el
MNEZPHEL INT 2168 133 23e2 Z7eH 204 N
ACMITE el 402 De3 2 el
"S0D METASIL el De? el T el Sef
DIOPSIDE 38 45 He3 De& Ae2
ALIVING De 1led’ 17 2eC 2el
MAGNET ITE lef. el e % 247 3.2
ILMENT T e T e NYeb& T e Jed
ADATITE el Yol Tal T es el
DTF?:.. IN‘.'):’( ‘3:’.1 o BOe S B74 4 p:?'-e'.:.‘ ‘38.‘3
NAZ{NA +K) ™ o7 T e 7N e 72 !'."’(‘.')':“': Le?7 " e 70
(NA\-K_) /AL i leuvil 16030 leCH le7ZQ 1403 ile 38
FRI/7(F2+732) Qe37 Ce37. De37 Ce37 Ge37 De 37
- . ' v

A4



= CGel5Se

FE3/FE2

198C.

NORMS FOR ‘MOTZFELDT UNIT sMs* (Larvikite )

ReCoeDeGILL

NORMCAL

'SUMMARY NORM TABLE

AMS4 AM55 58636 58037 58062

AM29

NNOMNDOTMNO
® e @ 0 % 5 & 0 00
MO —NONOMM
M -

.0840405748

® o 00 0008 00
NONsNONO I
QM) e L)

Mmpnomnstomohs
RN
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NMes hend
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® o & &6 ¢ 0 &6 0 0 O
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Y

CNUMN O M e~
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1y z
v o Ww o w w
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d et Qe Wb
UIWT JrNZ ot b=
O b LN e 1 Z e
T=YTAQW>Z UM
FOOAO0OOmOZEA
XIZW—>JdC U0
ODCCZOTITOE ™I

DIFF e

£7el
Ceb62
N.78
DeC4

59.8
Le65
Ce72
C.04

59.4
0Ce63
C.72
Ne04

68.8
Qe 67
087
Ce04

INDEX

NAZ(NA+K)
(NA+K ). /AL
F3/(F2+F3)

232




Ce3Cae -

FE3/FE2

NORMS FOR MOTZFELDT UNIT SM5,1980. .

e

NORMCAL

ReCelDoGILL

SUMMARY NORM TABLE

AMG2

AM39 AM398B AMAQ AM43 AMT77T AMSB2 AMBS AMBA AMB7T . AMa1

AM38
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APATITE
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(NA+K) /AL
F3/7(F2+F3)
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NORMS FOR MOTZFELDT UNIT SM5,1980e  FE3/FEZ2 = (Ga30.

NORMCAL oo ReCeOeGILL
SUMMARY NORM TABLE o '

AM110 AM111 ~AM112 58025 58072
CORUNDUM Ce0 19 Q00 D0 Oel
ORTHOCLASE 3466 3643 38.1 235 372
ALBITE 304 3967 403 - 1241 293
ANCORTHITE C.0 78 8e2 CeC Ce0
NEPHEL INE 22.8 641 Se0 3248 2543
ACMITE » 3.0 O OO 1.9 Qa7
SOD METASIL Oe5 0.0 O0e0C CeO 0.0
DIOPSIDE o 367 OeC 29 121 4.1
OLIVINE 400 Se4 3.4 8e0 19
MAGNETITE 0.0 1.8 1e5 3.C Oe7
ILMENITE 0.7 - Ce8 CeS 3.8 Ceb
APATITE O0e3 Qa3 Vel 2e8 O3
DIFFe INDEX - | 8749 82.1 8344 6843 918
NA/(NA+K) 070 C e 60 058 Ce77 Ce69
(NA+K) /AL 1.05 0.78 0485 1.02 1eC1
F3/(F2+F3) 0.21 0s21 C.21 Oe21 0.21

held



NORMS FAOR MOTZEELDT UNIT “HY® 19830,  FE3/FS2 = Ue5e

NORMCAL es ReCoeOeGILL
SuUMMARY NIJIRIM TABLE

AMQO8 AMGQ AMl 14 AM1 1S AMLILIS AM117 AMl 1R} AM11 O AM] 20 AM1 21 AM1 23 AMYI 272
ORTHOCZLASE 35.1 26 Q Z2He7 3644 3786 3543 ISR 27e1 2562 a2 4! 3963 2946
ALBITE ’ 22a1 2162 2l1.6 24660 2068 15e¢ 4 2C e & 284 1. 2586 3Ceb 266 2667
ANORTHITE el el 1ol Ca NeC CeC- Cel 2e7 C e SeS 2¢9D 37
NEPHEL INC 2740 116 213 26¢ 2 3T e7 317 2847 23«6 27483 He0O 217 12,3
ACMITE 447 GCe9 D0 e 6 2e7 29 446 CaC 065 Lell DeC Cofl:
SOD METASIL De? C ol T a0 el el el Cal: Coel Cell Celd G e U O e
DIOPSIDE Bed 116 o7 Teb 260" Be5 446 3eC Se9 He?7 53 443
OL IVINE 15 1.7 lae7 le8 2 365 3el 25 2l Ce7 2672 364
MAGNETITE Cel 3673 2e2 2e7 C ot Pel - e? 2ed 2e4 3e2 267 3.2
ILMENITE= Dett 2Dt CebH Te5 Cel T a7 e 3 T eH T el l1el Ce7 [
APATITE De2 CeD e 2 Cel T el Te2 el el CGe2 Coe2 De?2 G a2
DIFFe TINDEX 84 42 797 8945 R5e 7 Gl B31e7 87«1 BEe7 88 66 3 ¢ 6 B6e 9 [ 4 O
NA/ (NA+K) 071 C o6l .67 Ne68 .71 2,70 Ce&O CehT Ce70 Q.53 Dot 3 e b2
(NA+K) /AL 1,08 101 Ce98 101 163 1C3 105 Ce95 1.01 O &9 Ge36 Je93
FR/(F2+F3) Ce31 Ce31 N3t N e31 e31 Ne 31 Ceall Ce31 - Ce31 De31 De31 T e 1

S€



NORMS. FOR MOTZFELDT UNIT “HY® 198(,  FE3/FZ2 = 0.5

| NORMCAL ee ReCeNeGILL
SUMMARY NORM TABLE S '

AM] 34 aM12n= AMl 26

ORTHOCLASE

ALBITE 25e8 ° 246D T 2940
NEPHEL INE 3T e2 2Ce8 220
T ACMITE - 1.9 37 Del
SOD METASIL 16 Cal Cel
DIGPSIDE 1.8 Sedt 57
OLIVINE 13 22 1.9
- MAGNETITE el 1e3 2e¢ 6
TLMENITE Ne0 1a4 De7
ADPATITE | CeC a5 De?2
DIFFes INDEX 93,3 8l1e4 B87.8
NA/(NA+K) Ce72 CeHH Neb7
- {NA+K) /AL 108 104 Oe98 |
F3/7(F24+F3) . - Oe31 Qe31 - 0e2}

9€l



'NORMS FOR MOTZFELDT UNIT SM6 (LUJAVRITE) 1980C. FE3/FE2 = S.6

NORMCAL o+ ReCeOoGILL
SUMMARY NORM TABLE .
(HY)

AM134 AM137  AM138 AM139 AM14C AMial 46261 46265 46268
CORUNDUM Ce0 Oeh 060 CeC Ce0 OeC Ce Ce8 Oed
ORTHOCLASE 37.3 31.4 3043 2146 29«3 326 222 23e6 310
ALBITE 24,0 425 4048 355 394 373 3848 48,9 471
JANORTHITE CoO 0«0 0«0 Q.0 D.0 C.C GeO. 1044 447
NEPHEL INE 31l.1 1669 1844 168 243 2441 20«2 65 €GeS
ACMITE . Sel Dett 3e4 14,6 442 3.3 118 Ne0 Qa0
SOD METASIL Oe8 Ce0 0e0 CeC GCeC Oe0 CeC CGe 0 GCe0
DIOPSIDE | 15 Oe2 Ce2 2e56 1.3 Qe? 0e3 Qe Ce0
WOLLASTONITE Oel 16 Oe9 Qe 6 Ce0O Oe 4 . let CeC Ce O
‘OLIVINE Ce.0 0.0 CeC D.C Ce3 0.C Cel Ce2 Cel
MAGNETITE Qe0 346 366 6o 4 lel 15 443 4,9 S5e5 .
HEMATITE CeO 29 2e1 1eC 0eC 0«0 CeO 443 405
ILMENITE Q0 0e3 Oe3 Ce7? Oel Del Ce0 Ce3 Cel
APATITE Ce0 0«3 Oe1l QOel Cel Del Ce0 Ce0 Os1
DiIFFe INDEX. 92.4 90.8 83945 7369 930 939 B2e2 73 eC 84 46
NA/ (NA+K) 0.72 D71 Qe 73 0«80 0,76 0+ 74 0.80 Ce73 Ce67
(NA+K) /AL - 1.08 100 104 119 1.04 1.03 lel4 Ce78 Ce89
F3/(F2+4F3) 0,83 0e83 0«83 0eB3 0«83 083 Qe83 Ne83 0«83

LEC



= 0,1

3/FE2

Fe

" NORMS FOR MOTZFELDT ALKALI GA3BRO 198G,

e ReCeDaGILL

NORMCAL

SUMMARY NORM TASBLE

63727 63779

=36321

el

S96C

58116 58117

5H1GS

38083

3 AM113 AM127 BRGT7& ¢

9.

*

ORTHOCLASE

MMGCOOM e 0D
o ® 0 & & & & & & &

76706(47171

(e -

CmMOmO QoSO

SuTNSCOm =g
"

OoNNG=QONIT T
o & 8 0 ¢ 08 00 0 & o

Q1718003163
MmN

I CONIT I
® ® 0 & 0 & & 8 0 0 0

SO N OOM=dN
Mo -

TIPNNMCCONNY
e 8 o 00 0 ¢ 8 0 0 0o
QSBBBGCCLEL
Mo e

TN CON I
© @ 8 0 06 8 0 0 8 0 0
1812%LC01§:
-\ 0

CGEOINNDCOC N
¢ g0 9 00 000 g0
MCOMeOOCNNOGM

RalS Ko 4V}

moCMmooCcoONON
s e tocs e s s s
75832001[54
[$YR4s]

TNGOGMNCOTIRTN

s 00 00 0000 o0
670320CQI54

O\ e -

gL O0De
...I.....C.
62360631A4
1?:;

CHOMCNMNOOUGMITO
® 00 06 0 0 & 0 ¢
10125637154
- N

OTMONNDDOVTO
® o © 06 &6 & 0 % & 0 o
13947006154
YAV

H]
- W
—-Z
wu! 2w
—ZWoOI Fuj
e O U
WTI 4=~NNZk b
U U T -
- ITQ JWU>ZUk
roa0da~0C=<g
SZW=0O> J< 0
ACZOABI0OFT~LA

DIFFe INDEX
NA/ZINA+K))
({NA+K ) /AL
F3/(F2+F3)

238




NORMS FOR MOTZFELDT SATELL!TES - NM1/2 198C, FE3/FE2 = laC

. E - ' NORMCAL es ReCeQeGILL
SUMMARY NORM TABLE } '

58352 S5A367 58368 58369 5837¢ 58373

ORTHOCLASE

‘34,9 33.2 358 3548 3404 33e5
ALBITES BDe2 4645 4244 a3 429 4  « C
ANORTHITE 39 445 Ceb 2e ) 3.C Ce0
NEPHEL INE 268 465 1Ceb 1262 Bed 152
ACMITE Gel Ce0 Dol OO CeO Coel
DIOPSIDE 3.4 59 S5e¢8 3e1 Se9 Se2
WOLLASTONITE GCeC Cel DeC Cel el C el
OLIVINE OeS Ce0 . Nel 13 Qe Debd
MAGNETITEZ 3e2 3.7 4 o O 3.8 3.8 444
ILMENITE L e9 1.1 Te5H Ne7 lel Ce?
APATITE Qe3 Catls el el Cedt De2
DIFFs INDEX 87.8 843 8836 R 8940 8S47 8848
NAZ(NA+K) D673 Ceb4 Ce€ES Ceb4 Ceb 4 Ce68
(NA+K) Z7AL Ce92 Ce91 0e99 Ge96 Ce94 1.0C
F3/7(F2+F3) Cetd?7 Del7 0«47 0}“7 Celd?7 Detl7

6€



NORMS FOR MOTZFELDT SATELLITES - EM 198G. FE3/F

E2 = 16l
NORMCAL os ReCeDoGILL

SUMMARY NORM TABLE
54234 S4239 54240 63737 63788 63739 . 2793 53795
QUARTZ 4ot 1e9 Sel 2.6 241 2.8 346 - le2
DRTHOCLASE 3048 2862 30 e3 2767 284G 27.6  29.7 2646
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(NA+K) Z7AL Oe 96 leC1 GeO7 1.064 1eC2 1.C2 1.G1 1.02
E3/(F2+F3) 0ed47 Gua87  0e47 Geb7 047  Ced? Ced?7 0Oed7
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NORMS FOR MOTZFELDT XENOLITHS (ETC) 1980, F1

E3/FE2 = 045 o
NOPMCAL oo ReCeOeGILL
SUMMARY NORM TABLE ‘ ‘
ke

54127 59639 58035 SROOT7 58015
ORTHOCLASE 33,7 28e4 30.5 3447 3547
ALBITE T6e 4 4544 2742 22.0 2649 ‘
ANORTHITE 4eb 743 2.6 Teb 3.6 %
NEPHEL INE 15,7 Col 12.6 1666 1566
DIOPSIDE 1.9 5,7 Se7 83 2.4
OL IVINE 4¢3 544 9e 7 i 248
MAGNETITE 249 447 fal 449 2.2
TLMENI TE Cot 241 Se5 2.8 Ge7
APATITE fNel n.3 442 2,8 Do
DIFF. INDEX 8569 7440 5343 73,2 8341
NA/(NA+K) ‘3.57 0061 C“of)(." Q.62 c’.f‘,ﬁ
(NA+K) /AL 0492 G e84 Ce04 2e39 CoGa
F3/(F2+4F2) Ne31 Je31 a3l

Ge31 Je31

RAL4



NORMS FOR MOTZFELDT ERIKSFD BASALTS 198Ce. FE3/FF2 = Ce3

NORMCAL oo ReCeDeGILL
SUMMARY NORM TABLE |

63736 63744 RTS8
ORTHOCLASE 10 o7 326 3e8
ALBITE 19.4 3542 255
ANORTHITE 2287 T e 9, 275 .
NEPHEL INE G e 173 O et
DINPSIDE 113 Se? 1466
HYPERSTHENE 1548 Cel HebH
OLIVINE Be9 449 13.8
MAGNETITE Se1 2e 444
[ULMENITITE 445 i 3.6
APATITE 1e5 Coe 7
NIFFe. INDEX 30 a1 35 294
NA/(NA+K) Geb5 Qeb9 0e8B8
(NA+K) /AL D a4l Ce9A8 Ce36
F3/(F2+F3) .0021 Ce21 De221
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NORMS FQOR MOTZFELDT JHB-GRANITE 1980 FE3/FEZ = 05

"NORMCAL ee ReCeNeGTILL
“SUMMARY NDORM TABLE

46246C 54159 54167 SA32% H3705 63774
QUARTZ D41 2C a7 1846 Fe 6 De3 Ce?
ORTHOCL ASE Qe 3 239 2446 275 2C «3 25 el
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ACMITZ 2ed CeO Qell Cel QeC CeC
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APATITE Cel Te?2 Ced 1.C lel De7
DIFFe INDEX 82.4 39,3 B6e2 6843 68 e2 7564
NAZ ({NA+K) Je88 Ce b6 D565 Ne55 Ce71 DeT74
(NA+K) /AL 104 Ce88 Ce91 " Ge75 (Le832 D86
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- APPENDIX II 245

MINERATOGY

"IT.1. Electron Probe Microanalysis

Mineral analyses were performed using a Cambridge
Instrument Company 'Geoscan-Mk.II' electron microprobe
analyser, at the University of Durham using methods-:
similar to those described by Sweatmesn and Long (1969).
Data was handled by an on-line Varian 620 L/100 computer.
The programme TIM3 was written by A.Peckett (University
of-Durham) and performs a ZAF correction (Atomic number,
Mass absorption and Fluorescence) on peak and background
data for standards and sample. A revised version of this
programme, TIM4 was used for the more recent analyses
which allows greater flexibility for amending data and
changing standards during analysis. The operating conditions
and programme REE, also written by A.Peckett, are outlined
in a subsequent section. ,

In genersl, 4 to 6 ten-second count accumulations
were obtained for each peak and background position, and
the average obtained for each element. The back scattered
electrons are analysed by a wavelength dispersive system
(WDS) using two spectrometers and the three analjéing
crystals, Li¥, KAP and PET. The Geoscan was operated under
a low vacuum usually with an accelerating voltage of 15Kv
and a probe current of 40 nanoanips 4) » When focussed and held
in one position, the beam produces a spot of 2-5pNMm in
diameter. The beam was sometimes defocussed for analyses
of minerals which are prone to decdmposition. Bulk
compositions of exsolved perthitic alkali feldspars and
other average compositions, were obtained by using a "line
scan" whereby the beam oscillates rapidly along a 2-5 ym
wide path for an infinitely variable distance from about
Spmto O.5cm . '

The standard error for each element varies with
concentration but is approximately as set out in the

small table below;-




U6

Table (II) 1. Electron probe operating conditions and

standards.
Z Element Line Crystal 20 (pesk) Standard
11 Na Ka KAP 53°%7'  jadeite (JD-1)
12 Mg . " " 4%%321  MgO
13 AL " " 36°22!  jadeite or
| | A%
4 si " PET 109°08'  wollastonite
o (W0=-2)
19 X " n | 50°29' ' alkali feldspar
| | | o (AF=-15)
20 Ca " LIF 113°09'  wollastonite
| , ' - (Wo-2)
22" M. ow 86°08'  Ti0,
2% ¥ n . . 77°01 V505
25  Mn " " - 63°15'  rhodonite
26  TFe " " 57%3'  Fe
28  Ni mo " - 18%29'  Ni
30 Zn " o 41%1 . 2n
%9 X La PET 126°58"* Y505
L0  Zr n " 87°55'  Zr
41 Nb " t 81%45' Nb

Details of the analytical conditions for REE elements are

given separately
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‘wt% oxide - . relative error
10-50 | | 2%
1-10 - - about 5%

1 ' about 10%

Error in the major~elemenfs is primarily due tb the
interelement correction procedure and in the minor
elements is usually due to counting statistics and
estimation of background values. The operating conditions
and the standards used are outlined in Table(II) 1.

I1I.2. Note on REE-mineral analysis.

- The probe analysis of the rare earth elements is
complicated by the plethora of spectral lines which make
the measurement of background and the elimination of
overlapping peaks rather difficult. |

The anaiysing conditions used, entail an accelerating
voltage of 20 kv, a probe current of 80 nA, and the LiF
analysing crystal with a gas-flow proportional counter.

' The procedure uses a calculated background based on
the average atomic number of the mineral specimen, which
in turn is based on the ratio of specimen current/probe
current. The absolute backgrounds are determined by
analysis of the three materials, Si02, NaNbOB‘and Sn02,
chosen to have no spectral lines in the region of interest
and covering a wide range of z -(atomic number). The
background for the mineral specimen is interpolated by
calculation from its measured specimen current.

The effect of overlapping peaks is partly mitigated .
by using,éollimating slits in front of the detector. The
resolution is approximately 4' arc, or 5 eV, for the region
of interest. Usually the analysis line for a'particular
rare-earth element is the Loa line, but for three elements,
Pr, Eu and Ho, these Laﬁ lines are completely overlapped
by other rare-earth element lines and so the Lp, lines
are used for analysis. In spite of these steps, there is
still some partial overlap on a few analysis lines, and
so an interference matrix correction has been established
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by experiment.

The probe analysis thus consists of measuring 14
RE elements in their standards and the three background
‘materials are then analysed for all ‘14 REE, The analyst
then measures the 14 REE in the mineral specimen and
records the specimen current. The éomputer programme
(written by Dr.A.Peckett, University of Durham) strips
off calculated backgrounds and then, in an iterative
procedure, removes the interferences. The results are
presented as measured concentrations of REE..

This data is augmented by the measured concentrations
of the major elements present'and the conventional ZAF
correction (see II.1.) is applied.

IT.3. Pyroxene recalculation of end-members,

The steps in'the procedure form one sequence of
a choice of five options available in the computer
programme PXPROG8 devised by Dr.A.Peckett, University of
Durham. This option, number III, takes a probe analysis
with all iron reported as FeO and computes the minimum
amount of ferric iron to satisfy the formation of acmite
and K-acmite, but does not generate CaFeBAlSiO6. In
outline, the procedure begins by convertingZﬁée weight A(
percent oxidé @nalysis) to atomic proportions and then
extracting from the numbers of atoms available, the amounts
needed to form the pyroxene end-member molecules in the
order stated below. Tge ferric/ferrous ratio, which is
initially 0.0 for probe analyses, is adjusted at steps
1 and 10 in this séquence to remove any excess K and Na
to form more K-acmite and acmite respectively.

List of elements permitted in the programme.

Si, Ti, Al, Fe’, Fe°, Mn, Mg, Ca, Na, K, Zr, Hf, V,
cr, Y, Ni, Zn, Li, Nb, Ta, Sr, Ba.

These elements are partially grouped togéther such
that: 2Zr = Zr + Hf; Nb = Nb + Ta; Ca = Ca + Ba + Sr;
FM = Fe° -

+ Mgo

Options

The full list of options available in the programme
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is as follows:-

I. FeB/Fe is retained as in the orlglnal analysis.

1I. FeB/Fe is allowed to change slightly and CaFe3A181O6
is allowed. :

III. FeE/Fe is allowed to vary cons1derably and
CaFe’A18i0; is not allowed.

IV. As option II but Si is also allowed to vary, if
necessary, to use up all the catlons to for end-
member molecules.

V. As optlon IIT and allows Si to vary such that all of
the cations are used up to form pyroxene end-
member molecules.

List of End members, in the order calculated,

_ Note, pyroxene 20 is a linear combination of 25

and 26, Thus the combination 20+25 and 20+26 can exist,
but never all three. Pyroxene 20 is retained since it
is a commonly observed cdmposition with a name, Similarly
pyroxene 21 is linked to pyroxenes 25 and 27, and pyroxene
22 is linked to 24 and 25.

1. KFe’8i,0, 2. NaZrsiAlO, 3. NaTiAlSiOg

4o NaZryFH Sis0p 5. NaligFM;8i 0 6. NalbyFMz8i 0,
7. Na¥SijOf 8. NaVsi0p 9. NaCrSiOp

10. NeFe Si,0, . NaAlSiOp  12. LiAlSi O
1%. CaZrAléO6 14, CaT1A1206 15. CaYAlSlO6
16. CaVAlSiO - 17. 0aCrSiAlO,  18. CaFe’SiAlOg

19. CaAlSiAlO6 20.‘CaZnSi206 21. CaMn812O6
22, CaFM§iZO6 23. FMAl?iAlO6 247.FM2S?206



QOlivines

58017 58017
SM5- SM5
5102 3132 32.06
Ti02 0.02 0.03%
A1203 - -
FeO 58.18 55.27
MnO 4,10 %.58
MgO 5.91 8.79
Cal 0.54 0.50
Na20 - -
K20 - -
Total . 100,08 100,24
Cations to 4 oxygens
Si 1.,0087 1.0093
Ti 0.0006 0.0007
Al _
Fe 1.5671 1.4551
Mn 0.1120 0.0954
Mg 0.2838 0.4126
Ca 0.0187 0.0169
Na -
K
¥e « 84 7412
M “M.u06 | 21,01
Mn 5.71 4,86

58017
SM5

32424
0.15 -
0.0%

55432
272
8.48
0.57
0.05

100.56

1.0118
0,003
0.00710
1,457
0.0992
0.3966
0.0191
0.0028

74 oS4
20.36
5.09

AM%8
SM5

3340
- 0.09
0.01

48,48

2496
14.63
0.62
O0.04

100,24

1.0081
0.0021
0.0004
102237
0.0757
0.6583%
00,0201
0.0026

62451
32462
5.87

AM3%8
SHM5

3154
0.16
0.04

54,08
214

10.86
0.7%
0.41

100.76

0.9775
0.003%7
0,0014
1.4108
0.0829
0.5049
0.0244
0.0248

70.59
25.26
4,15

AM38
SM5

31.62
0.11
0.04

51.00
2.09

15.51
0.56
0.03

99.97

0.0026 -

0.0014
1e3174
0.0809
0.6219

. 0.0186

0.0016

65420
50.78

4,01

AMZ8
SM5
32.63
0.07
0.00
51.97
317
11.71
0.52
0.05

100.12

1.0073
0.0016
0.0001
1.3417
0.0830
0.5389
0.0171
0.0027

68433
27.44

4.,2%

AM39b
SMS

31.40
0.10
0,00

- 58.12

4oz
- 5.61

0.7

0.07

100 4t

1.0088
0.0024
00000
1.5618
0.1207
0.2685

- 0.0246

0.0041

80.05
12,76

0.994Q
0.0010
0.0000
1.643%2
0.1037
0.2263%

. 0.0322

0.0067
0.0027

83415
11,56
529

0S¢



Olivines

AM39b AM39b
SM5 SM5
Si02 31,09 30,95
7102 0.1 0.97
A120% 0.07 0.07
FeO 58.89 59.64
MnO 4, 7i 5.00
MgO 4,09 3.25
ca0 0.85 1.13
Na20 0.12 0.12
Total 99.98  100.27
Cations to 4 oxygens
si 1.0121  1.0108
i 0.0027 0.0026
Al 0.0027 0.0027°
Fe 1.6034  1.6288
Mn 0.1308 0.1383
Mg 0.1986 0.1582
Ca 0.0296 0.03%96
Na - 0.0078 = 0.0079
Fe 83,04 84t .67
10.29 8.22
Mn 6.77 - 717

AMAO
SM5

31.75
0.10
0.04

56.75

2.69
712
0.49 -
0.10

100,05

1.0115

- 0,0024

0,0016
15120
0.0996
0.3382
0.0167
0.0064

7755
1734
5.11

AM4O
SM5

32,07
0.06
0.19

54,60
237
8.66
0.45
0.13

99.53

1.0134
0.0014
0.0069
1. 4429
0.0903
0.4078
0.0151
0.0080

The Bl
21,01
4.65

AM4O

- sM5

31.04
0.02
0.08

54,81
2¢59
8.98
O.41
0.16

98.16

0.9987

0. 0004

0.0031

14751

0.0707 -

0.4307
0.0141
0.0101

74 .63
21.79
5.58

AM29
SMG *
32,92
0.08
0.00

- 51.43

1.76
13.27

- 0.34

0.08
99.90

1.0075
0.0019
0.0007
1.3165
0.0457
0.6057
0.0113

- 0.0048

66,92

30.75

2.32

AM29
SM5*

32,96
0.08
- 0.00 "
50447
2437
12.95
©0.44
0.00 -

100,27

1.0025
0.0019
0.0000
1.2838
-0.0610
0.6%21
0.0142
0.0000

o4 .4
31.97
5.09

AM29
SM5*

52.64
© 0.10

0.00
52.81
- 2.40

- 11.92

0.51
0.00

100.3%8

0.9893
0.0024
0.0000
1.%387
0.0617
0.5382
0.0781
0.0000

69.06
27.76
518

AM55
SHM5*

31.75
0.12

0.01

59,41
%.81
4,97
0.72
0.00

100,77

1.0175
. 0.0029
0.0005
1.5931
0.1035
0.2373
0.0246

~ 0.0000

82.%8
12.27
5435

AM55

- OM5*

31.357
0.1
0.02

59.19 -

5449
2456
0.65
0.08

100.47

1.0083
0.0027
0.0006
1.5910

0.0950

0.2665
0.022%

0.0047

81.40

1%.65
4.87

1S¢



Olivines

Si02

Ti02
A1203%
FeO
MnO
MgO
Ca0
Naz20
K20

AM55
SM5*

50.82
0.1
0.00

60.71
5.6
4..50
0.76
0.05
0.02

Total 100.74
Cations to 4 oxygens

Si
- Ti
Al
Fe
Mn
Mg
Ca
Na
K

Fe

Mg
Mn

- 1,0000

0.0026
0.0000
1.6469
0.1030
0.2176
0.0265

- 0,003%4

0.0007

83%.70
11.02

5.27

580%6
M5+
33%.71

0.1%

0.00
46.50
1.97
17.25
0.59
0.05

100.20

1.0021
0.0029
0.,0000
11561
0.0497
0.7641
0.0186
0.0028

58.69
38.79
2.52

58036
SM5*

33,83
0.11
0.00

48,33
2.21

15.99
0.32
0.01

100.79

1.0076
0.0024
0.0000
12039
0.0557
0.7097
0.0104
0.0008

28037
SM5*

32458
0.02
0.00

50.21
2.01

15.04
0.41
0.08

100,36

0.9886

0.0005 .

0.0000
1.2744
0.0518
0.6800
0.0135
0.0049

63452
5390
2.58

28037
SM5*

33.52
0.09
0.02

47.95
2.11

16.49
0.30
0.07
0.00

100.56

10001
0.0021

0.0005 .

0.0534
0.7331
0.0097
0,00%9
'0.0001

60,34

36.97
2.69

h139
SM2

37e21
0.08
0.07
51.05
4,70
10.3%
0.77
0.00
0.00

98.24

0.9942
00,0019

.0.0026

0.1267
0.4904

- 0,0263

0.0000

- 0.0012

68.79
24,81

6,41

AM149
alk gab

36.47
- 0.06
0.03
32,08
_0.56 -
30.64
- 0.37
0.04
0.00

100.25

0.9959
0.0012

0,0009
0.7325
0.01%0
1624770
0.0110

~0.0020

0.0000

36,81

62.59
0.60

58358
dyke .
- 28,89
0.08
0.07
165.67
3«0l

1.67

0.59
0.33

100,34 -

0.9715
0.0019

1.8468

0.0866 .

0.0836
0.0212
0.,0217
0.0000

91.56
4.4
4,29

A4



EZEOXGDGS

AM6a 54132 54163 54163 58007a.
SM1 SM1 SM1 SM1 SM1
8102 51.89 51¢15 51.28 50.68 49,57
Ti02 2,08 0.72 . 0.28 134 0.33%
~A1203% 1.19 1.47 1.07 1.4 1.03
FeO 27.76 . 11.68 20,42 27.79 . 19,85
MnO 0.42 0.67 1.29 0.54 1.46
MgO 0.06 10.55 4,91 0.04 5.10
Ca0 2.51 23,09 17.79 2.02 20.12
Na20 11.86 1.04 2.80 12,54 - 2.05
K20 0.00 0.02 0.05 0.00 0.01
7102 0.15 0.05 0.04 0.44 0.12
Total 97.92  100.44 99,92 96.51 99,64 -
.Cations to 6 oxygens
Si 2.1177  1.9444  2,0216 2.1133 11,9754’
T; 0.0639 0.0207 0.0082 0.0421 0.0099
Al 0.0572 0.0657 0.0496 0.0563 0.0484
Fe 0.9474  0.3712  0.6734 0.9690 0.6617
Mn 0.0144 0.0217 0.,0430 0.0191  0.049%
Mg 0.0038 0.5976 0.,2882 0.0026 0.3027
Ca 0.1100 0.9403% 0.7515 0.0904 0.8589
Na 0.9384 0.0765 0.,2143 1.0137  0.1583
K 0.0000 0.0008 0.0024 0,0000 0.0006
7Zr 0.00%31 0,0009 0.0008 0.0084% 00,0024
Na 8806 707 20.9 v 9209 . 1504
Fe2+Mn 11.0 32.5 51.0 6.9 55.2
Mg O.4 59.9 28.1 0.2 29, .4
End members in mole% (PXPROG8) *zr/px=NAZAL+FM-NAZ
A 82.8 1.0 16.2 89,1 10.6
Di/Hed Te6 88.6 70.1 1.3 7749
ZI‘/pX* 0.5 Oo,] o./l 008 - 0.2

58007a
. SM1

50.37
0.29
0.87

18.39
1.38
6431

20.30
1.87
0.02
0.11

99.90

1.983%8
0.0087
0.0404

0.6056 .

0.0460

0.3701 .

0.8566

0.1427

0.0009
0.0022

58080
SM1

50.69
151
1.62

26,77
0.27
0.72
1.8%

12,28

0.05
0.25

95.99

2.1069
0.0472

-+ 0.0795
0.9305
-~ 0.,0095

0.0443%

- 0.0817
-0.9900

0.0027

0.0051
9.5

4 b
4.1

63703
SM1

50.31
0.78
1.35

14.19

0.7%

. 10.25

21.82
0.57
0.00
0.02

100,01

1.9366
0.0224
0.0612
0.4568
0.0237
0.5878

~0.9001
0.0426
0.0000
0.0003

3.9,
41,2
54.8

63703
SM1

50.73
0.81
1.53

1%3.07
0,70

11.03

21.87-

0.50

0.00
0.04

100.29

1.9349
0.0233
0.0690
0.4469
0.0226
0.6269
-0.8937
0.0372
0.0000
0.0008

3eD
379
58.6

O.
83.
0

SFO

63760

SM1

5233

0.40
0.75
28677
0.00
0.00
0.66
1%.74
0.00
0.22

96.87

2.1669
0.0125
0.0%67
0.9962
0.0000
0.0000
0.02%4
1.1033
0.0000
0.0044

9909'
0.1
0.0

€S



EIY roxenes

63760 63760 54139
SMA1 SM1 SM2
Si02 51.02 51.35 51.64
7102 0.58 0.13 0.45 -
A1203 0.82 0.40 125
FeO 27.30 31.02 13.75
MnO 0.41 0.31 1.06
MgO 0.12 0.00 9.53
Ca0 3,03 0.26 22.25
Na20 - 12,30 1%.16 1.08
K20 0.03 0.18 0.03
Zr02 0.92 - -
Total 96.62 96.8% 101,02
Cations to 6 oxygens
Si 2.1214 2.1550 1.9573%
i 0.0181 0.,0041 0.0129
Al  0.0400 0.0196 0.0557
Fe 0.9494  1.0888  0.4357
Mn 0.0146 0.0111 0.0%39
Mg 0.0074  0.0000 0.5382
Ca 0.1348 0.0116 0.9081
Na 0.9960 1.0720 0.0791
K 0.0008 0.0097 0.,0014
VA 0.0182
Na 95.1 89,0 708
Fe2+Mn 6.1 11.0 39.2..
Mg 0.6 0.0 52.9
End members in mole%
Ac 2¢3
Di/Hed 86.3
zr/px*

54142
SM2

49,67
0.45.
1.19

17.23
1.27
770

21.68
Te 14
0.03

100.3%6

1.9422
0.0132
0.0549
0.5636
0.0420
0.4487
0.9086
0.0863%

0.0013 .

7.6' '
52.8

39.6

*21r/px=NAZAL+FM-NAZ

54138
SM3

51.18
1.21
0.96

24,67
1.57
0.59
5«07

12,24
0.00
5.56

99.06

2.0839
0.0372

0.0462

0.8401
0.054
0.0361
0.9662
0.0000
0.0706

9

.0
6

W.OM

O F
.
NeoXa¥e)

54158
SM3

50.33
1.22

125

23.84

o4128
SM3

50,00
T0.77

0,45

24,09 -

1.21
0.20
4,25
10,00
0.00

6.9

97.93

2.0594
0.0204
0.0219
0.8300
0.0422
0.0120

0.1876-

0.9257
0.0025

0.1397

98.7
0.0
1.3

-

58400
SM3

48452

0.45

0.51
23.25
1.32
2453
22.01.
1.62
0.03
0.24

100.46

149625
0.0137
0.0243
0.7858
0.0452
0.1525

0.9539

0.,1271
0.0015
0.0047

12.8
71.9
15.3

58400
SM3

50425
0.%6
0.82

21,17

.61
2.12

16.9%
3.49
0.01
0.53

100.23

2.0198
0.0108
0.0387
0.8127
0.0548
0.1272
0.7291

0.0006
0.010%

26,6
60.9
12.5

YA



E yroxenes

E Zr

AM7a AM7a
SMa SMu
50.30 50.51
0.50 0.89
0.95 1.50
1534 25.35
T1e31 4,02
. 8.24 3.69
22.46 140
1'57 8098
0.01 1.73
0.05 0015
100,72 98,19
(*all iron as Fe203)
1.9485 2.0681
0.0147 0.0274
0.0433  0.0723
0.4968  0.8680
0.4759 0.2254
0.9%23 0.0612
0.1178 0.7126
0.0005 0.0902
0.0009 0.0027
1.5 51.5
42,2 3262
46,3 16.3

End members in hmole % *zr/px=NAZAL+FM-NAZ

63721¢ AM7

SM3 SM4
8102 49,40 49,93
Ti02 0.04 1.68
Al1203% 0,40 1.07
FeO 26.89 27.53
MnO 124 1402
MO 1.63 0,44
Ca0 18.05 2.79
Na20 1.92 1247
K20 0.01 0.03
Zr02 0.26 0.47
Total 99.84 97 .44
Cations to © oxygens
Si 2.0164 2.0749
Ti. 0.0012 0.0526
Al 0.0192 0.0522
Fe 0.9178 0.9569
Mn 0.0430 0.0359
Mg 0.0992 0.0271
Ca 0.7895 0.1243%
Na 0.1521  1.0051
K " 0.0005 0.0015

0.0051 00,0096
Na 14,7 89.9
Fe2+Mn 75.7 707
Mg 9,6 24
Ac 131 4.4
Di /Hed 7%.9 5.6
zr/px* 0.5 0.9

AM7a
SM4-

50.55

a

27.53%
0.97
0.56
2.89

12617
0.08
0.46

99.88

1.9362
0.0919
0.0669
0.7953
0.0315
0.0%20
0.1186
0.9039
0.0039
0.0086

955
T
Selt

AM7b
SMa

50.37

2,20 .-

1,37,

28,65

0.54
00'19
3,02
12.45
0.10
0.72

99.61

0.06%8
0.0623
0.8312
0.0176
0.0109
0.1248

0.9307 .

0.0049
0.0135

97.8
1.1
1.1

AM7b
SM4

50.77
0.37
1030

- 15,40

0.98
9.05
21.90
1.28
0.00
0.00

99.02

1.9703
0.0108¢
0.0594
0.4350
0.0321
0.523%2
0.9106
0.0960
0.0000
0.0000

9.6
38.
52.3

AM7c
SM4

50.17

1.23
14,79
1.05
8,48
21.61.
1.24
0.01
0.11

99.08

1.9614

0.,011%
0.0568
0.4837
0.0348
0.4939
0.9054
0.0941
0.0004
0.0022

9.2
42,5
48.3

- AM7¢

SHM4-

52.17
2.92
1,52
26.,57%
1.2
0.63
2.98
11,74
0.0%
0.43

100,11

1.9772
0.083%2
0.0679
0.7578
0.0%60
0.0356
0.1210
0.8627
0.0015
0.0079

9.3

1.8
549

AM4Sa
SM4

50.29

. 2445
13404
0.77
2.09
21.62
1.50
0.01
0.12

99.21

1,0436
0.0092
0.1115
0.4215
0.0253
0.52%8
0.8955
0.1122
0.0005
0.0022

Ml
352
53.4

O.
83.
0

PWO

SS¢



2 yroxenes

AM4S AM4S AM4S AME8  AMAS AMLS AM49 AMS0 AMB1
SM4 SM SM4 SMa SM4 SMs SM SMit sSMi
$i02 49.07 48,95 47,34 49,07 49,33 g, 49.9 0.00
Ti02 0.28 0.21 0.21 034 0.26 - o.%% o.og 50.57 53:%8.
A120% 2,09 1.77 1.78 1.06 1,06 0.67 0,68 0.76 0.96
FeO 15.33  20.89 21.32 20,99  22.35 25.20 - 27.78 26.30 - 22,01
MnO 1,02 1,47 1,47 10.2 1.19 111 1.03 0.82  1.37
MgO 8437 3094 3.95 4ok 2.37 0,91 - 0.70 1022 3,0l
Ca0 21.65  21.03  20.95  20.69  18.26 - 14.90  11.48 7.56  14.16
Na20 1.39 1,42 1,43 1.33 3.21 5452 6.96 9.19 - 4.68
K20 0.01 0.0 0.01 0.03 0.05 0.0 0.01 0.00 0.00
ZT02 0.20 0.33 0.33 0.17 0.15 0.53 0.45  O.u4.  (§lzn
Total 99.39 100.03  98.80. ' 98.85  98.22 97,78  99.07 96.66  98.15
Cations to 6 oxygens » :
Si 1.9226  1.9557  1.9286  1.9792  2.0134  2.0345 2.0555 2.0854  2.0664
Ti 0.0082  0.0062  0.0063 0.0103  0.0079 0.070k 0.0015  0.0117 0.0092
Al 0.0968  0.0834  0,0853 0.0505 0.0510 0.0329 0.0330 0.0374%  0.0456
Fe 0.5024  0.6978  0.7266  0.7079  0.7627 0.8750 0.9561  0.9774  0.7420
Mn 0.0359 0.0499  0.0508 0.0%48 .0,0410 0.0392 0.0358 0.0291 0.0468
Mg 0.4887  0.2345  0,2400  0.2491  0.1440 0.0565 0.0429  0.0759 0.41826
Ca 0.2078  0.9004  0.9147  0.8939 0.7986 0.6543 0.5060 0.3377  0.6116
Na 0.1054  0.1102  0.1130  0.1043 -~ 0,2543  0.4287 0.5553  0.7432  0.2656
K O Y 0005 O . 0006 O ] 0007 O L4 001 7 O Y 0027 O ® 0003 O L 4 0003 O L) OOOO O e 0002
Zr 0.0038 0.0065 0.0066 0.0034 0,0029 0.0107 0.0090 0.0090 0.0073
Na 1042 1.1 11.0 1044 2641 42,3 51.0 62.8 = 26.3
F32+IVII]. 14-2.6 6503 6507 . 64‘07 59.0 5201 4‘508 2503 45'6
Mg u7,2 2%.6 23.3 24,9 14,9 5.6 3.2 6.9 18.1
End members in mole% *2r/px=NAZAL+FH-NAZ '
AC 0.8 208 2.6 503 ,] .8 3 09 L" OO 6 .9
Di/Hed 81.9 81.9 81.1 - 84,2 62.3 52.3 42.2 22.9
zr/px* 0.4 0.6 0.6 0.3 0.3 1.0 0.9 0.8

98¢



glz roxene . |
54241 54241 54242 ¢ 54242 58039 58039 59603 59603 63725 63725

SM4 SM4 SM4 SMy SM4 SM4 SMu SMy S SM4
3i02 49,60 51.15 49,80 50,12 49,19 49,08 48, 0.31 . 49.40 49.8
Ti02 O.44 0.35 0.53 0.46 0.39 0.41 _ o.Z; 50,29 0.28: 0. 38
A1203% 1.23 0.85 1.43 1030 1.22 1.3 1.94 1.00 0.77 0.78
FeO 19,36 20.22 19.11 20.41 - 18.96 21.02 18412 25449 25.91 25.07
MnO 1439 1.33 124 1436 0.90 0.96 0.89 0.54  1.17 1¢32
MgO 5.66 4,80 5.18. 4,96 6405 5.1 6.09 1434 0.95 1.43
ca0 20.35 19.28 - 21.96 20.48 21.73% 21.16 =~ 22,69 14,03 13.00 15.12

- Na20 1o42 2.61 1.30 1.33 0.84 0.97 122 5.78 6425 5.19
K20 0.00 0,02 0.01 0.00 0.00 0.01 0.02 0.04 0.01. 0.00
7102 0.09 - 0.13 0.00 0.00 0.00 - 0,00 0.04 0.26 0.71 0.55

Total 99.53 . 100,74 400.56 100.45 - 99.26 100,03
- Cations to 6 oxygens

Si 1.9695  2.,0080 1.9597  1.9767 1.9562 1.9537 1.9167 2.0466 2.0390 2,0277
i 0.01%1 0.0104  0.0158  0,0435 0.0117 0.0123 0.0144 0.0088 0.0088 0.0092
Al 0.0577  0,0%395 0.0663  0.0623 0.0572 0.0617 0.0907 o.o0478 0.0373  0.0%72
Fe 0.6428  0.6637 0.6291  0.6370 0.6308 0.6997 0.6006 0.8672 0.8946 0,8522
Mrl 000469 090442 O-Oq'/“-l' 090454 O. 0502 0.0325 0.0298 O. O/| 87 0.0q_’lo 0.0455
Mg 0.3347  0.2806 0.3035° 0.2917 0.3588 0.3032 0.32597 0,0812 0.0587 0,0869
Ca 0.8628  0.8110  0.9259  0.8652 0.9263 0.9025  0.9634 0.6115  0.5753  0.6588
Na 0.1092  0.1983 0.0991  0.1013 0,0647 0.0746  0.0939 0,4556 0.5000  0.4094
K 0.0000 .0,0011  0.0005  0.0000 0.0000 0.0006 0.0010 0.,0019  0.0006  0.0000
Zr 0.0018  0.0024 0.0000 0.0000 0,0000 0.0000 0.0008 0,0051 0.0143  0,0110
Na 10.6 19.7 10.1 9.9 . 6.3 7.2 9okt 15,4 47,9 39.9
Fe2+Mn 57,1 52.5 59.1 61.2 58.6 63.8 54,6 42;9 46,5 52,6
Mg 3205 27.8 3008 28.6 35 1 29.0 36.0 8.0 5.6 8.5
End members.in mole¥% *zr/px=NAZAL+ BM-NAZ

Ac 5.0 15.6 .2 3¢9 0.7 1.3 0.3 39.1 43, 35.6
Di/Hed 79.6 . 75,2 85.6 80.4 86.6 83.9 87. 1. 46,5 4o
zr/px* 0.2 0.2 0.0 0.0 0.0 0.0 8,5 50,7 14 54,8

LSC



E;zgoxene S

o Di

63729

63725 63729 63731
sha SMi- SMu SM
Si02 49.91 5215 51.02 49,45
Ti02 0.29  0.60 0.58 0.72
A1203% 0.7% 0.82 0.82 2.72
FeO 25.32 26.80 2730 17.46
MnO 141 O.44 0.41 0.82
- Cal 14,60 2633 %.03% 18.33
- Na20 5.76 12.49 12.%6 1.37
"~ K20 0.00 0.00 0.00 0.29
Zr02 0.66 1.53 1.39 0.08
Cations to 6 oxygens
Si 2.,0267  2.1454 2.1214 19400
0.0088 0.0186 0,018% 0.021%
Al 0.0352 0.0400 0.0400 0.1258
Fe 0.8598 0.9221 0.9494 - 0,5730
Mn 0.0486 0.0154 0,0146  0,0273
Mg 0.0799 0.0124  0.0074%  0,4558
Ca 0.6352 0.1027 0,1348 0.7705
Na 0.4531 0.9963 0.9968 0.1041
K 0.0000 0.0000 0.0000 0,0145
Zr 0.0131 0.0307 0,0282 0.0015
Na 43,9 95.0 93.1 9.8
Fe2+Mn 48.4 %.8 6.2 47,5
Mg 7e7 1.2 0.7 42,7
End members in mole% *zr/px=NAZAL+FM-NAZ
Ac 29.6 88.6 8749 0.0
Di/Hed 49,4 0.3 0.6 711
zr/px* 1.2 3.0 2.6 0.2

63731
SM4

49.93
0.76
1,66
12.78
0.69
9.81
25454
0.55
0.00
0.00

99.52

1.9281
0.,0222
0.0755
0.4126
0.0226
0.5646

0.9658

0.0410
0.0000

0.0001

65731
SM4

49,35
0.94
2.09

11.90
0.65

10.15

0.90
0.06
0.06

99,50

1.9044 -

0.0274
0.0950
0.3843
0.0213
0.583%8
0.9672
0.0676
0.003%1
0.0011

63731
SMH

48,37

0.25
0.67
22,08
1,49

Se7H

21.07
1.35
0.29
0.08

99.37

1. 9644
0.0076
0.0320
0,7499
0.0511
0.22064
0.9169
0.1065
0.0148
0.0015

10.3%
67'0 9
21.8

7/
82.
O.

VAV N

63746

SM4

51.00
0.37
0.77

26,93

0.76
- 0.42

10,07
0.01
0.67

98.03

2.1007

0.0116

0.0373
0.9276
0.0264
0.0258
03104

0.8046

0.0004
0.01%4

7/
2343
2.3

719
17.5

LY N AN

63754
SMA

49.25
0.13
- 0.79
2%2.90 .
1¢32
2425
14436
5e24
0.00
O.42

97.66

2.0320
0.0040
0.0384
0.8246
0.0461
0.1385
0.6348
0.4188
0.0001
0.0084

39.9
477.0
15.1

85¢



'gzgoxenes

. AM38

ANMS5 58037 58062
SM5* SM5* SM5* SM5
Si02 51.81 50.85 50,87 50.29
Ti02 0.89 1.06 1.19 0.77
A1203% 1.78 1.90 1.88 2.00
FeO 13,20 11.25 11.96 12.43
MnO 0.55 0.56 0.62 0.67
MgO 10,22 1.7 10.73 10.30
Na20 0.68 0.62 - 0.59 0.71
K20 0.00 0.00 0.00 - 0.00
Zr02 0.06 0.06 0.03 0.00.
Total 100.79 - 100,44 - 99.62 100,60
Cations to 6 oxygens
Si 1.9587 1.9225 1.9406 41,9173
Ti 0.0253 0.0303% 0.0%44 0.0221
Al 0.0796 0.0848 0,0846 0.0900
Fe 0.4173 0.3559  0.3814 0.3963
Mn 0.0175 0.0180  0,0200 0.0215
Mg 0.5761 0.6610 0.6098 0.5850
Ca 0.8746 009070 008897" 009574
Na 0.0501 0.0456  0.0436° 0,0527
" K 0.0000 0,0000 0.0000 00,0000
Zr 0.0010 0,0012 0.0005 0.0000
Na.‘ 4.9 Ll'oL" 4.3 5.3
Fe2+Mn 58,4 32.0 557 38,
Mg 56.7 63.6 60.0 56.7
End members.in mole% *zr/px=NAZAL+FM-NAZ
Ac 0.0 0.0 0.0 0.0
Di /Hed 84.2 84,7 84,5 85.7
zr/px* 0.1 0.1 0.1 0.0

AM39b
SM5

52.07
1.06

2¢09

11409
O.e4
M%7
21.07
0,92
0+3%1
0,00

100,62 -

1.9542
0.0300
0.0926
0.3480
0.020%
0.6362
0.8493%
0.0672
0.0146

- 0,0000

AM39b
SM5

50,32

0.76
1.26

11,93 -

0.66
9.24
23.90

0.8% .

0.0%
0.02

98.94

1.9509
0.0223%
0.0575
0.%868
0.0215
0.5338
0.9927
0.0623
0.0014
0.0003

AMAO
SM5

50,06

-AM4O

SM5
50.05

1.18

1.99
11.19
0.63
11.11
22.24
0.70
0.04
0.00

99.13

1.9205
0.0%39
0.0900
0.3590
0.0204
0.6355
0.9143
0.052k
0.0018
0.0000

21
3246
62.3

AM43
SM5

50.19
0.75
1.49

12.91
0.80

S 10.14

2%.71
" 0.86
0.02
0.00

100,57

1.9249
0.0216
0.0537
O0.4140
0.0258
0.5797
0.9743
0.0641
0.0012
0.0000

AM?7
SM5

50.35
0.66
1.03

4,84

0.87
9.41
22,34
0.84
0.00
0.00
100.34

1.9435
0.0192
0.0469
0.4791
0.0283%
0.5413
0.9239
0.0631
0.0000
0.0000

652



g yroxenes

AM77 AM77 AM77 AM77
SM5 SMS SM5 SM5
$102, 50,14 51.16 50.95 51474
A1203 0.83 0.50 0.68 0.80
FeO - 26,30 25,88 25.20 26.73
MnO 0.85 0.94 0.83 0.6
I‘[go Oo 67 . 1 oLl'LI‘ /l ™ 55 l Oo 85
Cal 777 11,84 793 5.82
Na20 9.56 6.75 8.87 10.50
K20 0.02 0.01 0.01 0.00
Zzr02 . 147 1.54 1.45
Total  98.98  100.51 98.01 " 98,11
Cations to © oxygens
Si $2.0526 2,0574 2,0868 2.1113
i 0.0422 0.0139 0.0226 0.0324
Al 0.0402 0.0236 0.0328 0.0383
Te 0.9005 0.8703 0.8633 0.9121
Mn .0.029%  0,0320 0,0287 ©0.0211.
Mg 0.0408 0.0861 0,0810 0.0519
 Ca 0.3406 0.5100  0.3481 0.2546
" Na 0.7590 0.5262 0,7041 0.83%08
K 0.0012  0,0004 - .0,0004 0.0001
Zr 0.0294 0.0301 0,0289
Na 72.3 50,6 67.5 748
Fe2+Mn 23%.5 41,1 24,7 17.3
Mg ,2 8.3 7..8 4.9
End members in mole% *zr/px=NAZAL+FM-NAZ
Ac 61.2 U4, 6 61.4 757
Di/Hed 23.6 45,8 28.0 16.3
zr/px* 2.8 34 2.8

AM77
SM5

51470
0.4%
0.81
16.03
0.81
778
21.46
- 0.89
0.00
0.13

100,08

2.0000
0.0125
00,0367
0.5181
0.0265
O0.4482

AM77
SM5

50.34
054
0.98

16.88
0.77
8.03

22,44
1.00
0.00

1.9489
0.0157
0.0450
0.5464
0.0253
0.4632

AM82
SM5

51.35
0.51
0.75

244,59
1.09
2.27
9.87
796
0.00
0.60

98.98

2,074

0.0455

0.0359
0.8308
0.0372
0.1%64
0.4271

0.0000
0.0112

58.4
28.8
12.8

6.
6.
/‘

5
3

S\

AM82

S M5
51.61

O 48

0.92
15.85
0.90 "
8.53
20.85
1.09
0.00

100,24

1.9886

0.0141
0.0417

0.5107
0.0294
0.4900

0.8610-

0.0818
0.,0002

79
44,9
47,2

o0

PO\
o

oo

AM82
SM5

51.72
0.79
0.98

25.45

- 0,84
175

12,28
6438
0.02

100.21

AM84
SM5

50.95
0.85
1.28

15,04
0.83
9.42

21 .78
0.91
0.00
0.06

99.1/'

1.9676
0.0247
0.0581
0.4212
0.0272
0.5422
0.9012
0.0680
0.0000Q
0.0012

28.7
She3

1.0
86.6
0.1

09¢



Pyroxenes

AM8S AM85

SM5 SM5
5102 50.14 51,02
Ti02 0.50 0.40
A1203 1.1 1.25
FeO 21.69  15.84
1O 1.7 1.18
g0 3,31 8.12
Ca0 12.77  21.32
a20 3.20 0.97

K20 0.01 0.01
Zr02 -

Total 99.45 100.10
Cations to 6 oxygens

Si . 2.0100  1.9752
Ti 0.0152  0.0118
Al . 0.0524  0.0570
Fe 0.7273  0.5127
Mn 0.0582 0.0386
Mg 0.1975  0.4683
Ca 0.7634  0.8844
Na 0.2489 0.0729
K 0.0005 0.0003%
Zr

Na 24,7 o
Fe2+Mn  55.7 47,3
Mg 19.6 6

Ac 19,2
Di/Hed 68.9
zr/px*

7
7
5. i
End members in mole®% *zr/px—NAZAL+I'
1
83

6
/l

AM88
SM5

50.47
0.31
1,71

16.72

1.38
6.97

20.28

1..21
0.00
0.07

98.53

1.9935
0.0093
0.0518

0.5524

0.0463%
0.4105
0.8583
0.0925
0.0000
0.0014

2.1
50.6
40.3

4,1
80.8
0.1

241206
0,034
© 0.1498

i

i

b

.

‘;_'_v.' .
e

E

|

k

AM110
SM5

1015
3.16
26,22
0.16
0.21
. 0.05
14,49

0.02

-0.00

- 98,22

0.8810

"0.0054
0.0126.

0.0023

' 0.0009
00000

AM1I11.
SM5

49,72
0.49
1.62

- 0.90
213
20.53
0081
0.03%
0.00

99.38

19741
0.0148
0.,0760
0.6691

-0.03%02

0.3%0%6

- 0.8733

0.0625

©.0.0015 -
.f?QeQOQOZ;

AMIMT

SM5

49.70
0.37
1,47

22.03
1014

5.27 )

19.21
1.84
0.04
0.03%

1 99.08

1.9982

0.0112
0.0699
0. 7407

- 0,0388

0.1959
0.8275

© 0.1431
:-0.0019

AMA1
SM5

48.%2 -

0.00
0.77
25.38
1.25
1.69

14 .66

5.0
0.04
0.00

97.12

2.0219

0.0000
0.0380
0.8880

10,0442
0.1057

0.6572

- 0.4068 -
-0.0021,
0. oooo;»

AM111
SM5

- 50.22

0.23 -
0.70
23.61
1.37
2.45

14,56

- 5.08
0.01
0.1%

98.35

2.0465
0.0069

0.0%%6

0.8048

0.0471 .

0.1487

'0.4017
10,0003 .
.0.0026. -

AM111
SM5 -

49,39

Q:28

20.86

1.01
4,75

:20-77

0.90
0.01
0.00

99.87'

19597
0.0171
0.0789
0.6931

.0.0%39

00,2814

o.8845 .

0.0696

. 0.0006 i
10,0000




Pyroxenes

58017 58020 58025 58025
. SM5 SHM5 SM5 SM5
Sio2 =~ 51,80 50.78 50.55 51.27
Ti02 0.75 134 0.5% - 0.,40"
A1203 1452 2.31 1.22  1.10
FeO 10.19 12.83 15.38 14.62
MnO O.49 0.62 -0.93 1.04
Ca0l 23%.19 21.52 20474 19.56
Na20 0.80 0.90 147 1,142
K20 0.00 0.00 0.00 0.06
Zr02 o
Total - 100.06 100,27 98.3%3% 98.61
Cations to 6 oxygens ' :
Si 1.9564 1,9319 1,971 1.9950
Ti 0.0212 0.0384 0.0155 . 0.0116°
Al 0.0678 0,1035 0.0607 0.0505
Fe . 0.3219 0.,4082 0.5016  0.4757
Mn 0.0156 0.0200 0.0307 0.03%41
Mg 0.6377 0.5652 0.4812 0.5308
- Ca 0.9385 0.8773 0.8666 0.8156
Na . 0.0584 0,0666 0.1111  0.1070
K 0.0000 0.0000 0.0000" - 0.0027
Zr ! '
Na 6.0 2.1 10.9 10.2
Fe2+Mn 29.0 3902 42,0 5905
Mg 65.0 53.6 4.1 50.5
End members in mole® *zr/px=NAZAL+FM-NAZ
Ac 0.0 0.0 1.5 0.0
Di/Hed 90,2 82.9 81.5 77.5
zr/px*

58066
SM5

50.89
0.54
0.58

26.68
0.89
0.77
8.47
9.1%
0.00
1.85

99.80

2.0692 .

0.0166
0.0277
0.9073
0.0307
0.0466
0.32689
0.7199
0.0000
0.0%67

68.2
27.4
L4

0.
27.

‘AMO8

51.20
0.33
Q.74

26.4"
1.28
1.11

10.47
742
0.00
0.20

99.16

2.0808

0.0101
0.0355
0.8974
0.0440
0.0674
0.4557
0.5849
0.,0000
0.0039

54,8
38.9
6.3

N\
O\OL\)

)
+FUa

AMSS8
HY

52.2%

- 0.29

117
25.63
1.05

0.99

760
8.57
0.06
0.20

97.80

261251

0.0090
0.0560
0.8716
0.0%67
0.0602
0.%5314
0.6758
0.0031
0.0040

65.3
28.9

5.8

6.

AM114
HY

50.20
0.58
1.82

1771
0.78
6.37

21.63
0.8
0.01
0.09

100,02

1.9618
10,0170

0.0841 |

0.5787
- 0.0259
0.%5712
0.9058
0.0616
0.0003%

0.0018

3.

37.8
Oo

86.
0

YO

AMI14
HY

5130
T0.48
1.32
20.01
1.05
I 7l

. 18.84

2475
0.02
0.11

100.61

2.0076
0.0141
0.0610
0.6550
0.0347
0.2762
0.7901
0.2083
0.0007
0.0022

50.9
28.0

17,3
64.0
0.2

AM1I14
HY

48.66
0.69
1.87

17 .64
0.71
6.35

20.69
1.89
0.19
0.13

99.09

1.9227
0.0205
0.0883
0.5862

-0.0238

0.3762
0.8925

- 0.1455

0.0097
0.0025

1M.5

3746

5
81,
0.

WO F

292



Egroxenes

AM119

AM121

AM119 AMi21

HY HY - HY ‘ HY
3102 50.60 48,74 50.32 49.49
Ti02 . 0.38 0.30 0.33 Q.45
A1203 0.80- 0.76 0.80 0.73
g0 0.84 0.92 2.54 1.50
Ca0 14 .44 18.26 = 15,80 17 .60
K20 0.01 0.02 0.04 0.02
2102 0.28 0.29 0.09 04
Total 99.62 99.49 98.54 99.21
Cations to 6 oxygens
Si .2.0530 . 2,0008 2.,043%9 2.0189
Ti 0.0116 0.0093 0.0101 0.0137
Al 0.038% 0.0368 . 0,0%384 0.0350
e 0.8794 0.8911 0.8128 0.8572
In 0.0417 0.0465 0.0%348 0.0438
Mg 0.0506 0.0561 0.1417 0.0911
Ca 0.6277 0.80%0 0.6878 0.7695
Na 0.4057 0.2%2% 0.3053 . 0,2297
K 0.0004 0.0009 0.0020. 0.,0008
r 0.0056 0.0057 0,0018 0.0027
Na 40.1 22,8 29.9 22.6
Fe2+Mn 54.9 71.6 56.2 68.4
Mg 5-0 505 13.9 900
End members in mole® *zr/px=NAZAL+FM-IAZ
Ac 36.0 18.9 26.4 4902
Di/:Hed 5500 7206 64.6 71 6
zr/px* 0.5 0.6 0.2 0.3

Al122
HY

49,32
0.38

1.04 °

25.76
1.08
1.90

16.83
3+65
0.28
0.21

100.45

1.9955
0.0114

0.0498 -

- 0.8717
0.0371
0.1143
0.7293
0.2870
0.0146
0.0041

273

61.8
10.9

22.6
65.8
O.4

AM122
HY.

49.40
0.53
1.88

18.75
0.82
2.84

20,51
0.94
0.03%
0.06

98.75

1.9635. .
0.0159

0.0880
0.62%2
0.0276

0.3462.

0.8733
0.0723%
0.0013

-0.0011

7
8.
mn

N\
W

(00
OD)O
S®O

AM123b
HY

50.10

0.18 =

0.86
23.46
1.32
2.07

- 18.99

2.40
0.07
0.23

99.69

2.,0205 -
0.0056

0.0408
0.7914
00,0451

O.1244

0.8208

-0,1879
0.0037 -
- 0.,0045

19.3
68.1

- 12.6

AM123b
HY

49.31
0.29
0.87

23.43

1.22

2.16
138
0.00
0.06

98.50

2.0123%
0.0090

- 0.0418

0.7997

0.0423% .

0.1313
0.8643
0.1096
0.0001
0.0012

1141

7545
134

G
82.
'Oo

S~J

AM12%b
HY

50.97

0.69

15.53
0.76
782

2111
0.95
0.01
0.04

100,09

1.9634

0.0201 .

0.1004
0.5003%
0.0247

O. 4487
0.8713

0.0710
0.0004
0.0008

762
47.
45.8

0.0 -
8%.1
0.1

AM135
HY

49,67
0.66
1.81

15.18

0.54
8.73
22.05
0.78
0.01
0.07
99.49:

£9¢



gzgoxenes

AM149

AM135 AM135  AM149 AM149 58352
HY HY Alk gab Alk gab Alk gab NMA
8i02 50.68 49,84 49.79 51.38 51,28 50.60
7102 0.35 0.56 1.75  1.10 1.65 0.69
FeO 21.27 17.35 10.67 10,23 9.94 - 14.25
MnO 1.23 0.78 0.28 0.32 0.36 O.64
Ca0 19,44 21.85 22.41 22.39 20.78 20.99
- K20 0.00 0.00 0.00 0.00 0.02 0.00
Zr02 0.09 0.08 0.03 0.00 0.00
Total 100.19 100,26 100,92 100,24 99.78 29.29
Cations to 6 oxygens :
Si 2.0147  1.9444 11,8696 19317 1.9249 1.9542
Ti 0.0105 - 0.0164  0.,0494 0.0%10 0,0465 0.0199 -
Al 0,0207 0.0811 0.1373 0.0786 0.1371 0.0668
Fe 0.7073% 0.5661 0.3349 0.3215 0.3120 0.4604
. Mn 0.0414 0,0259 0,0088 0.,0102 0,0115° 0.0209
Mg 0.2307 00,4129 0.6870 0.7063 0.6613 0.5805
Ca 0.8279 0.9134%  0,9015 0.9020 0.83%60 0.8686
Na 0.2151 0.0704 0,0456 0.0330 .0,0608 0.0424
K 0.0000 0,0000 0.0000 0.0000 ° 0.0008 0.0000
Zr 0.0018 0.0000 0.,0006 0,0000 0.0000
Na 21.5 7.0 4.4 3.2 6.1 4.0
Fe2+Mn 55.5 52. 29.2 29,0 27.1 41,6
Mg 23,0 40.8 660l 67.8 66.7 54.5
"End members in mole®% *zr/px=NAZAL+FM-NAZ
Ac 19.0 0.0 0.0 0.0 0.0
Di/Hed 72.8 85.5 81.8 85.7 794
zr/pxX* 0.2 0.2 0.1 0.0 0.0

58552
NM1

49,71
0.54

1.%2

15.83
0.67
8.81

22,28
0.46
0.00

99.53

1.9411
0.0158
0.0563
0.5169

1 0.0220

0.5129

28352
NM1

07 4l
0. 34
1.47

25.38
1637
1.53

21.90
0.90
0.00

100.02

1.9436
0.0104
0.0565
0.8696
0.0475
0.0934
0.0712
Q.0000

7.0
83.8
9.2

AM159
SM6

52,12

“1.18

1,05
27437
0693
O.14
3¢25
11.92
0.09
0.78

08.84

2.1184
0.0360
0.0504
0.920%
0.0%21
0,0085
0.1416
0.9396
0.0047
0.0155

88.3
10.9
0.8

46261
SM6

51.61
1.25
. 0.17
28,01
0.38
0.13
3.00
12.25
0.03
0.39

97.22

2.1339
0.0053
0.0610
0.9686
0.0134
0.0078
0.1328
0.9823
0.0016
0.0079

90.4
8.9
0.7

%9



Amphiboles

AM4 AM4
sM1 SM1
Sio2 43,88 50437
Ti02 2,08 0.22
A1203 7459 1.27
FeO 20,04 20.88
MnO 0.83% 1.10
Ca0 10,24 3.66
Na20 3.64 754
K2O 1055 2007
Zr02 0.26 0.06
Total - 98.06 95,40
Cations to 23 oxygens
Si 6.7176 78980
Ti 0.2395 0,0259
Al 143704  0,2349
.Fe 2.5658 2.7581
Mn 0.1076 0.1461
Mg 148139  1.9653
Ca 1.6797 0.6183
" Na. 1.,0805 2.2316
K 0.3027 0.4141
Zr 0.0194 0.0046
NaX 0.348 1.392
Ay 0.877  0.459
A1® 1.347  0.231
Name PA RI

24132
M1
43,26
2,71
7.00
21.19

8.25
11.27
3.33
1.3
0.29

99.35

6.5673%
043094
1.2533
26904
0.1209
1.8665
1.8820
0.9802
0.2537
0.0215

0.178
1,270

ED

-.54132

SM1

42,86
3.06
293

28,03
1431
3.02
741
5.23
1.61
0.40

98.86

6.8318

0.3668
1.1148
%7566
0.1769
0.7174
1.2656
1.6165
0.3274

0.885

0.987
1.118

ED

54163
SM1

2441
7.89
23.77
116
6.69
9.22
5.03
1.18
0.06

98.54

6.6930
0.2810
1. 4430
3.0749
0.1521
15461
1.53%24
0.9101
0.2342

. 0.0048

0.371
1.549
PA

00950

58007a.

SM1

45.45
1.53
6.63

20.58
1.20
8.53
9.38
265
1.46
0.10

98.53

6.9457
0.1761
1.1956
2.6306
0.1557
1.9422

145366

1.0812
0.2845
0.0075

O.472
O.664
1 091

58080 .
SM1

44,59
4,67
29.10
2,05
2,22
3.66
6.91
1.73
0.%50

96.88
72569
0.2020

0,894

0.2826
0.5385
0.6383
2.1806
0.%3592
0.0238

- 1.372

1,244
0.863

MY

58080
sM
44,72
1.85
4,09

29.24

1.53
5.00
5.32
5.51
1.70
O.24

97.20

7e2413
0.2253
0.7811
39598

0.2099.

0.7240
0.9230

- 1.7300

0.3512
0.0190

0.960
0.685
0.778

RI

. 637703

SM1

39,83
346

10.48 .

22.86
0.63
5.51

11.28
2¢74
1.63
0.28

98.69

6.21814
04060
19291
2.9852
0.083%5
1.2827
1.8866
0.8291
0.%255
0.021%

0.137
1.009
1,861

A

63760
SM1

48,01
0,63
2436

33.17
1.22 -
0.72
1.72
724
146
0.18

96.70

7.8342
0.0770
0.4536
4,5267
0.1692
0.1760
0.3012
2.,2897
0.3030
0.0140

1706
1.268
0.352

- ECK

S9¢



Amphiboleé

63775 54138
- SM1 SM3%
5102 48,35 41,90
Ti02 0.94 2,06
A1203% 2.72 700
FeO 31.80 25437
MnO 1.24 1,08
. MgO 1.59 5.05
Ca0l 1,04 9.42
. Na20 8.29 3.56
K20 1.40 144
Zr02 0.%6 0.15*
Total 97.73 97.03
Cations to 23 oxygens
Si 7.7580 6.7163
Ti 0.1134  0.2483
Al 0.5154  1,3233
Fe 4.,267%  3.4010
Mn 0.1692 0.1466
Mg 0.3809 1.,2064
Ca 01791 1.6179
" Na 2.5780 1.1065
K 0.2858 0.2945
Zr 0.0284 0,0088
Na§ 1.824  0.387
Aly 1,249 - 0.683
Al 0.379 1.302
Neme ECK ED

*includes 0.15 Ce203

54138
SM3

50.94
0.25
1.08

24,87

2439
5.67
1.98
2
0.238

97.55

79485
0.0293
0.1987
362454
0.3159
1.3046
0.%3%10
2.4931
0.3%902
Oo 0160 -

- 1.678
1,077

0.193
ECK

54141
SM1

42,79
2.00
530

28.66
1.53
271
6.58
5.26
1.66
0.29

96.78

6.9918
0.2458
1.0214
3.9164
0.2118
0.6599

1.1520°

1.6665

- 0.35460

0.0231
0.653
0.5%4
1,103

ED

S41441
SM1

50.52
1.56
6‘ 23
2439
0.51
0.29
9.41
1.58

95.47

79058
0.1836

1.1498

2.9840
0.3168
0.1189
0.0486
2.8857

10,3154

0.013%7

1.954
1.404
0.493%

ECK

aincludes 0.1 Ce203%

54142
SM2

42,6%

2.06
6.26
20,77
1.21
8.17
9.60
5otk
1.54

95.68

- 6,7803
0.2464
11743

2.7628
0.1630
1.9266
1.6361
1.0609
0.3125

0.272
0.630
1170

ED

58400
SM5

42,45
266
5.88

29.06
163
2.51
8‘. 27
293
1.42

T 0.17

97.98

6.81%2

‘03195

11141
4.0348
0.2216
0.6009
1.4226
1.2230

02915

0.0131
0.599

0,79k
1.068

.ED

63721b
SM3

50.13

0.60

0.98

- 34,29

0.59
1.10
0.75
7.06
1431
0.07

96.89

7.9642

0.0698
0.1838
44,5565
0.0796
0.2606
0.1283
21729
0.2705
0.0058

1.875
1516

0.175
ECK

63721¢
SM3

4%.06
2454
5.06.

30,50

0.92
2.67
8.39
5.89

1.35
0.14

98.52

6.9292
0.3076
0.9609
1, 1054
0.1255
O. 6“'05
1 4870
1.2129

10,2765

0.0108

0.505
0.636
0.959

ED

AM7

SM4

52.94
0.65
2274
2.83
3.96
1.79 -
9.39 - -
1438
0.23%

97.96

99¢



Amphiboles

ED

AM7 AM?

SMY4- SMi-
8102 un 87 43,83
Ti02 2,07 1.78
A1203 5.20 5 .64
FeO 26,94 20.46
MnO 1.59 1.18
MgO 3,81 8.62 .
Ca0 710 9.55
Na20 4,54 4,05
K20 1.45 1.36
Zr02 0.21 0.12
Total 97.79 96.58
Cations to 23 oxygens
- Si 7.4395  7.1842
Ti 0.2576  0.2197
Al 1,0167  1.,0912
Fe 3.,7361  2.8043
Mn 0.2234  0.1633
Mg - 0.9419 2.1059
Ca 1.2620 1.6782
Na 1.4581  1.,2860
K 0.3072  0,2840
Zr 0.017%3  0.,0093
NaX 0.805 0.316
Aly 0.909 0.421
A1% 0.95 1,045
Name ED

AM7a
SM4

44,37
1.92
6.1

22.08
1.21
7.4
9.21
5.67
1,54
0.41

- 7.2392

0.2%58
11759
3.,0123
0.1676
1.7372
1.6104
11602
0.3208
0.0090

0.461
0.571
1.081

AM7c .
SHM4

42,75
.57
5.01

29.20
1.63
2.20
6435
252
1.55
0.23

96.01

0.2031"

1.0199
4,2118
0.2376
0.5650
1.1727
1.8470
0.3402
0.0192

0.885
0.789
0.968

ED

AM7¢
SMit

48,8
0.7
2.88

27.53
2.74
2.11
1.33

8,65
1,60
0.09

96.52

8.1825
0.0922
0.5691
3.8543
0.3884
0.5270
0.2379
2.8094

0.3409

0.0071
1.782

1217

0.519
ECK

AM7
SM4

49,24
0.93%

25.27
2677
3.52
1.59
8.52
1.57
0.15

95.63

82419
0.1169
0.4108
35368
0.%921

0.8803

0.2851
247611
0.3%48
0.0120

1.736
1.040

0.379
ECK

AM4S
SM4

38440
1.07
9.75

50.15
1.39
0096
9.98
3.01
1.26
0.17

96,14

6.3974
0.1341

- 1.9157

4,2008
0.1962
0.2%84
1.7815
0.9723
0.2678
0.0138

0.226

1.630
PA

AME8
SMu-

42,28
1.43
6.2k

21.01

1.52

7478
8.88
4.38
147
0.24

- 95.23

6.7938
0.1728
1.1825
2.8234

- 0,2069

1.8632
1.5289
1. 3647
0.3014
0.0188

0.402
0.524
1.179

ED

AME8
SMu

| - 43%,58

1.92
6.23

20.76

0.84
7.12
9.59
3.75
1,44
0.26

95 .47

6.9214
0.2293
1.1669
247575
0.1130
1.6853
1.6320
1.1487
0.2918
0.0201

0.392
0.655
1,149

ED

AM68
SM4

43,39,

1.85
5.07

31435
1.5%
0.69
1.63
8,28
1.55
0.75

96.09

72020

0.2309
0.9925
4.3518
0.2152
0.1707
0.2899
2.6648
0.3282
0.0607

1717
1511
0.961

L9¢



Amphiboles

54241 54042
SM4 - SM4

sio2 41,14 41,04
Ti02 2.35 2.10
A1203 - 8,08 7 .64
FeO 26,43 27,02
MnO 1,42 1,22
MgO 5482 3,69
Cal 8.75 9058
Na20 3.90 3,58
K20 1.63° 1.45
7102 0.17 0.00
Total 97,69 97.32
Catlons to 23 oxygens

Si 6.5952 6.6219
Ti 0.283%3 0.2548
Al 1.5277  1.,453%9
Fe 3.5435 3,6462
Mn 0.1928 0.1667

Mg 0.9127  0.8873
Ca 1.5030  1.6563
Na 1.2123 1,1201
K 0.3334 00,2985
Zr - 0.0133 - 0.0000
NaX 0.520 0.363
ALY 1,040 . 0.857
Al 1.504 1.436

- Name PA PA

58039
SM4
40 20
2.66
9.50
22.29
0.82
6e52
10.75
3.55
1.19
0.05

97.33

G 3446
0.3157
1,7683
2.9421
0.1096
1. 4865
1.8179
1.0864
0.2396
0.003%8

0.216
1.029
1.734

PA

58066

SM4-

48,12
1.87
3.20

29.00
1.65
3.20
1.62
8.17

1,57
0.09

98.49

72868
0.2217
0.5950
3.8239
0.2204
0.7519
0.2737
244977
043158
0.0069

1.751
1.238

0.533
ECK

58066
SM4

4%.16
2.50

6.76

20.11
0.92
8.12

10.14
5+69
1454
0.14

97.08

6.7392
0.293%6
1.2449
2.6261
0.,1217
1.8896
1.6965
11172
0.3068
0.0107

0.308

O. 599
1.241

59603
SM4

39.53
1.78
7.00

30.80
1.3
1.39
7.57

- 4,81

1.71
0.28

96.18

6.6268
0.2244

1.3840

4.3182

0.1860 -

0.3473
1.3598
1.5635

- 0.3657

0.0229

63729
SM4

40.94
2.10

7eN

| 27.50

0.98
3.28
9.68
3426
1.64
0.25

97.64

6.6000

0.2546 .

1.503%9
547077
0.13%8
0.7880
1.6721

1.0503

0.3371
0.0197

00354

0.93%38

1.479
PA

63731

SM4

$38.97
' 10 a4 -

21,83
0.74
5.01

11256
2.80

1,60
0.24

96,87

6.1961
04415
1.9569
2.9027
0.0996
1.1871
1.9689
0.8641
0.3240
0.0185

: 00073

1,01
1.914

PA

63754
SM4-

45.31
0.67
5410

28,75
1.69
3436
6.13%
235
1.51
0.25

98.12

702522"

0.0804
0.9601
28379
0.2285

0.7993 .

1.0484
1.6558
0.3075
0.0195

0.969
0.916
0.885

RI

AM55
SM5*

. 42,82

2.95
10.94
18.98

0.47

6.66

9.78

277

1.50

0.27

98.15

0.3378
1.9656
2.4181
0.0612

1.5127
1.5960
1.9147
0.2907
0.0202

O.411
0.951
1.509

PA

89¢



.Amphlboles

- Al

58062

- AM38-.
SM5* - SM5
5102 42,69 41,61
Ti02 4,14 5.83
Al1203% 9.25 8.80
FeO 14.85 15015
MnO 0.51 8;22
- MgO 10.73% .
Ca0 11,44t 12.12
Na20 2.75 Seltlt
K20 1.41 - 1.55
Zr0o2 0.09. - 0,02
Total 97.86 96.25
.Cations to 23 oxygens
Si 6.4293  6.4367
Ti 0.4692 © 0.4456
1.6425 1.6055
- Fe 1.8701 1.9600
Mn 0.0656 0.0721
Mg 2.4078 2.1164
Ca 1.8459 2.0089
Na 0.8019 1.0%318
K 0.2718 0.3%020
Zr 0.0065 0.,0015
NaX 0.161
N4 0.834
Al 1.595
Name PA

AM39b

- SM5

42,08
2.55
9.02

20.83
0.65
8.72

10.26
2.97
1.50
0.08

o8.64

6.4610
0.2921
1.63534
2.6748
0.0845
1.9954
1.6880
0.8842
0.293%8
0.0060

0.252
1.575

PA

AM4Z
SM5

a4l
2,41

. 20,59

0.86
8.36
9.71
3,42
1437
0.00

97.88

6.8417
0.2790
1.2202
2.6511
0.1122
1.9181
1.6018
1.0209
0.2691
0.0000

0.402
0.710

1.176

ED

AM?77
SM5

43,37

2,33

4,22
29.78
1.25

2.88

6.94
4.90
1.71
0.12

97.50

7. 0564
0.2851
0.8098
4.,052%
0.1723
0.6983%
1.2099
1.5459
0.3550

-0.0095

0.606

0.771
0.806

AM82
SM5

43,40
2032
7430

22,72

0.76
704
9.12
4,32
1.26

98.24

6.2198
0.2501
1.2339
2.7231
0.0923
1.5036
1.4005
12005
0.23%04

0.501
0.909
1320

PA

AM85
SM5

44,05
2.45
5.88

27.84
135
3.48
744
5.03
1.37

98.89

6.9621

0.2912

1.0961
2.6799
0.1807
0.8197
1.2600
1.5415
0.2762

0.750
0.819
1.087

ED

AM88
SM5

41,76
2450
8.40

21.86
1.37
6.64
.43
543
1.35
0.21

96.95

6.5484
0.2948
1.5535
2.8668
0.1820
1.5517

1.5844

1.0429
0.2701
0.0161

0.427
1.069
1.501

PA

AM110
SM5

44,90
2.09.
4,85

2583
1436
4.99
6.78
5.48
1,43
0.09

97.80

7.1077
0.2488
0.9055
3.4197
0.1824

11772

1.1500
1.6821
0.2888
0.0069

- 0.865

0.655
0.87%

ED

692



Amphiboles

. K

5“58017

70727

AM1I11
. SM5 ;.SMB _
5102 40.53 ~ 44.09
Ti02 2.79 3492
-A1203 9,01
FeO 26.78 ;a13 49
m T e
Ca0l 9°§9 Ly11 68
Na20 3,03 3 w17
K20 1.70 1.32
Z2r02 0.06 ’,. o
Total 97,51 96.89
Cations to.23 oxygens |
- 8i 6.5152  6.6560
Ti 0.3%%73 . 0.4449
Al 1.7082 : 1.35741
Fe 3,600%  1.7030
Mn 0.2002 .0.0457
Mg 0.6588 . 2.5087
Ca 1.6174  1.8891
Na 0.9444 :0,9273
0.3486 0. 2540W_
Zr 0.0047 . v
NaX 0.376
ALY 0.910
ALZ 1.460
Name PA

58020

- SM5

45,02

- .0.88
3064
2k

1.4

648

6,31

S ST - I
BRI

1 95.78

7 « 2541
0.1064
0.6920
33554
0.1551
1.5562

1.0888

1.9145

0,766 -
74201

58025

sM5

4%.8%
2.53

- 753

17.28
0.79

" 10,19

8.54‘ :
3.45.

s
'4” O'OO .

6.7965

0.2950

13771
2.2409
0.1038

2435549

13857

1.0373 -

0. 02948

AM114a

HY .

'41.9é3
2.57

725

.28;92

1.18
2452
7.85
437
1.66

- 0.20

98.43.

6.7254
0.3101

1.3711

3.8803
0.1598"

0.6025

1.3496

1.3588

AM119
HY

40.02

2.18
7.75

30,52

1.15

1.36 -

9.46
2.45
1.71
0.21

97.79

6.5607
0.2689
1.4950
4,1843
0.1602

- 0.3331

1.6626

- 1.0898
0.3393. .
.0, 01567

6675
71 <194
71,348

0. 3587

0 345
..0: 731
1

AMA2Y

HY
38.75

" 3,20

10,30 .
26.99 -
0.93

2.63
10.11
%20
1.61
0.10

97.81

6.2%78
0.3874

3.63%%3

0.1262

0.6309
1.7431
1.0018
0.3298

;'o 0082

O 298

AM121

HY |

41,36
- 177
8.47.
30.26
1.09
1.56
8.11

3.92

1.79

0.13
. 98.46

6.6676 -

0.2140
1.6107
4,0796
0.1491
0.2754
1.3999

4.2247
0.3685

0552
. 0.896
- 1.360

AM121

HY

40.96 -

1.85
. 7+96
30.27

1.12

1.83

8.99 .

3463
171
0.10

98.41

6.6289 - .

0.2252
1.5193
4,0971

1 0.1529
- 0.4409
1.5589

1.1398

-0.3535
04 0081

- 0. 468
B 30 944

AM122
HY

4%,%9 o
1.40
6,01

30,24

1.15
1,17
795

R

1.79
0.18

9745

7.0588
0.1709
1.1533
i, 1143
0.1583

0.2696 - ..
1.3861 .

1.3374
0.3723

.5o'é44mf“ff"
_9‘73431 ,
1.095



Amphiboies

AM123b  AMA40
HY SM6

Si02 40.30 52,94
Ti02 1.72 0.66
A1203% 8.42 - 1.17
FeO 30.20 19.33%
MnO 1.12 2.64
MgO 1.48 7.11
Ca0 8.85 0.23
Na20 335 9.97
Zr02 0.24 0.00
Total 97.35 96.32
Cations to 2% oxygens

Si - 6.5965  7.7338
Ti 0.2122 0,0728
Al 1.6250 0,2013
Fe 4,1338 2,%613
Mn 0.1546  0:3134
Mg 0.3604  1,4979
Ca 1.5519 0.0383
Na 1.0622 2.7083
K 0.3501 00,4063 .
Zr 0.0192  0.0000
NaX O.454

Aly 0.853

A% 1.432

Name PA

AM159

SM6

47.24
0.85
3.15

31.08
305
0056
1.41
8.58
1.55
0.50

97.74

78847
0.1050
0.6030
4,2498
0.422%
0.1372
0.2465
2.6511
0.3194
0.0397

28352
NM1

58496
5459
9.72

25.14
0.68
3.78

11.20
2.25
1.6

96.94

6.2672
0.4348
1.8448
3.3824
0.0933
0.9059
1.9308

0.7027

0.%296

0.083%
0.929
1.777

PA

58352
NM1

- 38,9

2.38
9.98
25.61

0.68 .

3.69
10.55
2.2%
1.85

96.85

6.3008
0. 4114
1.9057
3.4685
0.09%1
0.8898
1.8297
0.7002
0.3861

0.183
1.258
1,746

PA

58352

NM1

38.88
225
10,06
25.89
0.73
2.79
10.57
2.74
1.66

96.55

6.3027
0435941
1.9234
345092
0.0999
0.6747
1.8%62
0.8603
0.3%427

0.192
1.002
1.792

-PA

LLL



Biotites

Al/(A1+81i) 0,311

AM149 AM54
Alk.gab SM5*
$i02 35,51 35.31
Ti02 6.19 ©.17 .
A1203 - 13,61 12,01
FeO 22.16 23.46
MgO 8.91 7.50
Ca0 0.09 0.00
Na20 O 47, 0.46
K20 8.80 8.87
Zro2 0.01 0.00
Total 96,07 - 94.18
Cations to 22 oxygens
S1 5.4761 5.6132
i 0.7176  0.7381
Al 2.4751  2.,2510
Fe 2.8582 2.1190
Mn 0.0405  0.0540
Mg 2.0486 1.7766
Ca " 0.0153 0.0000
Na 0.1418  0,1432
K 1.7308 1.7993
Zr 0.0006 0.0000
Fe/(Fe+Mg) 0.582 0.637
(Ti+A1)AY o.504  2.387
0.286

28037
SMS*

36430
6.80
13,20
17,42
0.18
12.54
0.0
0.51
8.92
0.00

96,04

2.4690
0.7707
23602
2.1954
0.0224
2.8162
0.0157
0.1480
1.7138
0.0000

0.438

2.531
0.311

58062
SM5*

55.82
7358
12.2%
22.32
0.60
8.15
0.09
0.32
8.96
0.00

95.28

545758

0.8636
2.2455
2.9065
0.0807
1.8193
0.0153
0.0980
1.7799

. 0.0000
0.606
2.424
0.287

AM39b

SM5

34.95
5.0k

12,01

25.19
0.53
8.22
0.15
0.56
797
0.00

94,61

55612
0.6028
242530
203526
0.0712
1.9498
1.0256
0.1681
1.6181
0.0000

0.632

2.439
0.288

1.6557
0.0000

0.820
2.200
0.258

63746

- SM4

3.21

31.24
2.15
2.81
0.03%
0.16
8.91
0.00

o4, 54

5.9090
0.4011
2.0449
4.%387
0.3%03%1
0.6953
0.0057
0.0501
1.8882
0.0000

0.862
2,094
0.257

CAM121

HY

- 56,18

5,00
11.45

51,11

0.86
5¢26
0.15
0.20
9.29
0.00

1 95.49

58957
0.3673
2.2015
4,.2%96
0.1187
0.7910
0.0254
0.0623
1.9319
0.0000

0.843
2,104
0.272

AMOS8
HY

54,05
211
9,48

© 36,03

2,03
1.88
0.08
Q.22
8.39

- 0.00

.27

548355
0.2723
1.9164
5.1643
0.2954
0.4811
0.0149
0.0730
1.8350
0.0000

0.915
2.165
0.247

AM119

HY
35449

5.03
10.56
33.7%
- 1.07

1.22

0.04

0.14

8.99

0.00 .

ou.26

29574
0.3819
2.0915
4.7349
0.1519
0.3059
0.0066
0.0451
1.9248
0.0000

0.939
2.043
0.260

AR/



Feldspars .
AM6a 58007a 63760 63760 63760 63775 - 63775 54139 54139 54139

SM SM1 sM1* sM1* SM1 SsM1 T sM1*T o sM2 sM2 sM2
5102 = 67.80  66.63  69.52 < 65.28 68,82  65.79  69.16  64.98  67.53  67.14
L A1203  18.67  19.06  18.96  18.41  18.54  18.22  19.04 18,60  19.05  19.M
FeO 0.12 0.05 0.00  0.04 0,74 0.86 0.62 . 0.3k |
Ca0 0.00 0.17 0,00 0.01 0.02 0.49 0.08  0.12 0.00 .  ©0.00 .
Na20 7.80 6.84 10.75 0.18 = 7.25 Dok 10.55 276 297 275
K20 5.95 7.92 0.22  15.85 5.56 9.17 0.75 9.18 © 8.10 8.14

Total 100.34 100,67  99.45  99.77 100.33  99.77  99.59  98.98 100.65 100.14
Cations to %2 oxygens

Si 12,047 1M1.917 12,1477 12,041 12154 11,959 12,099 12.014 12,025 12.012
Al 3.913% 4,020 3.906 4,005 %.862 %906 %6929 3.987 4,000 4,033
Fe 0.017 0.006 0,000 0.005 0.020 0.129 0.090 0.051
- Ca . 0.000 0,032 0.000 0.003 0.004 0.095 0.014 0.026 0.000 0.000
Na 2.688 2.372 - 3,642 = 0.064 2,481 1.849 - 3.578 2,064 - 2,060 1,996
K 14349 1.807 0.050 %.730 1.252 2,126 0.03%3 2.166 1,839 1.857
Na 66.6 563 98,7 1.7 66.4 - 45,4 98.8 48,5 52.8 51.8
Ca 0.0 0.8 0.0 0.0 0.1 2.3 O.4 - 0.6 0.0 0.0
K. 334 42,9 13 98.% 3%.5 52.2° 0.8 50.9 47,2 48,2
N .
spot analysis 83includes up to 0.1 wt% Ti02

€L



Feldggars

54139 4129 4139 54139 o142 ohu2 54142 54181 54138 = 54138

SM2__ SM2 SM2 SM2 - SM2* . sMa* SM2 SM2 SM3 SM3
5102 67.59 66.45 67.55 66,48 69.48 . 65,74 66.14 66,54 67.83 67.32
A1203% 18,69 18.25 18,96 18.57 . 19.47 18.5% 18.41 * 19,22 18.54 - 18,89
FeO ' : : ‘ _ 0.00 0.06
Ca0l 0.00 0.00 0.00 . 0.00 0.00 0.00 0.00 0.00 0.00 0,06
Na20 4,68 4,17 5.62 5.00 11,40 1,46 . 3.28 5435 7424 7.18
K20 9.87 ,10087 8033 9 27 0075 14‘.42 12.“‘5 9.03 6.04 6075
Total 109.83 99,74 100,46 99.35 100,10 100.15 100.27 100.15 99.65 = 100.25
Cations to 32 oxygens _ _
Si 11,945 12,071 12.049 12,046 12.029 12.029 12,028 11.960 12,164 12,005
Al 3.895 %.910 5.988 5.968 3.974 5999 3,048 4,075 5.910 3,974
Fe ' 0.000 ~ 0.009
Ca 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.012
Na - 1.605 1.468 1.943 1.770 3%.826 0.516° 1.156" 1.865 2e 516 2.481
Na  41.9 36.8 50.6 45,2 95.9 13.3 28,6  47.4 64,5 61.6
Ca ' 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 O. 3
K 48.1 63.2 49.4 M.S 401 86‘7 7404 52.6 55.5 38

*spot analysis

1L



’ FeldsparsA

5102
Ti02
Al1203

- FeO

CaO

Na20

K20
Total

24157
SM3

64,30
0.00

18,69

0.00
0.00
%.18

12.63

98, 81

58400
aM3

67.07
0.01
18.98
0.23
0.02
713

100,30

Cations to 32 oxygens

Si
Ti
Al
Fe
Ca
Na

12,046
0.000
4,090
0.000
0,000
16144
24989

2767

0.0
72.3

11.965
0.001
%4993
0.0k
0.004

1.539

61.5
O.q
58.4

m = margin phenocryst. ¢

63721b

SM3%

66.57
0.00
19.41
0.68
0.00
6.83
758

101.08

11.867
0,000
4,080
0.101
0.000
24560

1.725

57.8
0.0

- 42,2

core

AM7 AM7
SMim SMic -
66,62 65.30
0.00 0,00
0.08 0,01
0.1 0.28
4,60 550
10,14 9,04
100.94 99.12
11,889 11,900
0.000 0.000
4,082 4,079
0,013 0.002
0.021 0.056
1.590 1,942
2309 2.103
40,7 ur.u
0.0 1.4
59.3 51.3
*altered

AM?
SM4

66.77
0.00

18.60
0,00.

4,16

92.93
99.47

12,084
0.000
3+971

0.000

1. 460
2.295

28.9
0.0
61.1

A7
Shi*

. 65,06

0.00
17.64
0.00
597
740

96.07*

12.116
0,000

3.874 .

1. 757

N
OO

AM48
SMy

o4 .48
0.00
19.00

0.04

0.00
2.68
12431

98.50

AM4O
SM4-

65.67
0.00

0.08
0.01
2470

8.66 -
98,76

11.978
0.000

AMA4O

- SMu

65.93
0.00
18.76
0.18
0.00
614
8431

99.31

S



Feldspars

S5i02 -
- Ti02
A1203

- FeO

Ca0
Na20
K20

Total

58066

Cations to %2 oxygens

Si
Ti
Al -
Fe
Ca
Na
K

Na
Ca
K

*
- spot analysis

59603
SM4- SM4
65.92 66,38
0,00 0.00
19.00 18.95 -
0.00 0.02
0.00 0.00
4,83 5.42
92.78 9.16
99.53 99.93
11,903 11.974
0.000 0.000
- 4.046 4,032
0.000 0.003%
0.000 0.000
1.694 1.896
2.253 2.106
42,9 47 .4
0.0 0.0
571 52.6

63725

SM4

64'.67
0.00
19.38
0.10

0.00 -

L, 64
9.79

98.59

11.863
0.000
44191
0.016
0,000
1.650

2.292 -

41.9
58 1

AM?39Db

SM5
65.96

- 0,00

19.46
0.13
0.11
6.58
7622

99.47

11.887
0.000
4,136
.0.019
0,022
2.299
1.6671

57.7

0.6
41,7

AM4O
SM5 -

65464
0.03
19.55
0.01
0.67
6.28
7.09

99.27

11.858
0.004
4,165
0.002
0.1%1
2.198
1.633

555
41.2

AM4O
SM5
66.69
0.03
19.84
0.01
0.80
8.13
4.50

100,03

11.846
0.004
4,156
0.002

0.153

2.801
1.021

70.5
3¢9
25.7

AMus -
SM5

66,22
18 46

0.06 .

0.01
7.5
6.19

98.46

AM77
SM5

6770
0.00
1844
0.00
0.14
5.98
8.63

100,89

- AM82

SM5

66.27
0.00
18.65

0.08
8.15

99.32

11.992
0.000
3.983

0.016
2.167
1.882

 53.3

O.4 .

46,3

- AM84

SM5 *

69.31
0.00
19.44
0.48
0.00
11,47
0.18

100,95

- 11.971

0.000

5.959~‘

0.066
0.000
3« 841
0.03%9

9

-2 O\
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Feldspars

Si02
Ti02
A1203%
FeO
Cal
Na20
K20

Total

Cations to 32 oxygens

Si
Ti
Al
Fe
Ca
Na
K

Na
Ca
K

AM85 AM110
SM5~ SM5
66.91  66.14

0.00 0.00
19.00  18.83
0.08 0.07
0.00  0.00
5.20 Dok
' 8.62 9.10
99.82  99.48
12.025 © 11.982
0.000  0.000
4,028 = 4,023
0.012  0.011
0.000  0.000
1.812  1.878
1.978  2.104
47.7 47.2

0.3 0.0

52.0 52.8

28025
SM5
67.21

0.00
18.47

0.21
5.72
2.29

100,90

12.028
0.000
3.899

0.041
1.984
2.122

47.8
1.0
51.2

AM29
SM5*

64.96
0.00
20.02

0.00

1.09
Sel1
7.36.

98.83

11.782
0.000
4,282
0.000
0.212
1.902
1.702

49.8
5.6
44,6

AM29
SM5*

64.91
0.00
19.77
0.00
1.03
4.15
9.22

99.08

11.815
0.000
4,245
0.000
0.201
1.463
2144

38.4
23
56.3

AMSL
SM5*

66.75

0.00

19.41
0.09
0.63
2.38
8.19

100.45

. AM55
SMS*
o4, 84
0,00
20,90

0.00
2.19

7.55
%2.10

98.59

11.931 11.637
0.000 0,000
4,092 4,424
0.013 0.000
0.122 O.424
1.867 0.710

48,4
31

48.5

(&D) mantle of alkali feldspar to core of plagioclase-(2).

69.9
1.2

18.9

(3) plagioclase core.

28037
sM5* (1)

65.0%
0.15

19.69
0.11
141
4,78
8.29

99.44

11,782
0.020
1,207
0.016
0.274
1 .678
1.916

43,38
709
49,54

58037
SM5*(2)
62.84

0.06
23,64 .
0.11
Deo2
7.68
0.51

100.36

28037

SM5*(3)

62.11
0.03
23.03
0.18
4.97
7 49

1.67

99.49

LLZ



Sio2
Ti02
A1203
FeO
Ca0
Na20
K20

Total

Si
Ti
Al
Fe
Ca
Na
K

Na
Ca
K

AMALQ _ AMO8
Alk.Gab® HY
5%.30 66.95
0.09 0.00
29,16  18.44
0.63 0.21
1M.48 © 0.13
1,66 9.1k
0.57 3.19
99.80  98.05
9.688 12,054
0.013  0.000
6.252  3.916
0.1  0.031
2.228  0.025
1.644 3,197
0.119  0.732
41,2 80.8
55.8 0.6
3.0 18,6

-aplagioclase xenocryst (6cm long)

AM98

65,83
© 0.00
18.40

(x)xenodryst

AM11?

65 74
0.00
18.42

0.07
225

12,32

99.78 .

12.012
0.000
3.970

0.014
1.143%
2.873

28..4
i 0.4

712

(g)groundmass lath

AM121
HY

- 66435

0.00
18.71
0.00
0.08
355
11.73

100,43

12,008
0.000
5.993%
0.000
0.015
1,247
2.709

1.4
0.4
68.2

8L



Feldspars o »
AM122 AM122 AM12%b AM135 - 46261 AM138 58027

HY(g) HY HY HY (%) SMo - SM6 . lava
8102 65¢55 66.46. 6729  67.11 66,86 e4.79 64,97
Tio2 0.01 0.00 0.00 0.00 -~ 0.00 10.02 0.04
A120% 18.19 18.58 18.2% 18.66 . 19,68 18.2% 18.84
FeO 0.39 0.06 0.02 0.00 0.42 0.53 0.08
Ca0 0.12 0.07 “0.02 0.03 0.31 0.00 0.67
Na20 115 4,91 4 44 4,54 1113 0.48 4,774
K20 15.03 10.05 10,42 9.63 0.11 15.87 9.4

Total 100.45 100.13 100.51 99,97  99.58  99.95  98.78
Cations to 32 oxygens

Si 12.02% 12,009 12.114 12.077 11.997 12.03%3 11.898
Ti 0.001 0.000 0.000 0.000 0.000 0.00% 0.005
Al 3.9%6 . 3,960 3.866 3 .961 4,104 3.994 4,069
Fe 0.059 0.010 0.003% 0.000 0.063 0,079 0.013
Ca ’ 0.024 0,013 0.00% 0.006 . - 0.058 0.000 0.132
Na 0.411 1.720 1.546 1.584 3.815 0.173 1.682
K. 3.518 2317 2,390 2.211 0.025 36761 20207
Na 10.4 42,5 39.3 41,7 97.9 4,2 41.8

ca 0.6 0.3 0.1 0.2 1.5 0.0 303

K 89.0 57.2 60.6 58.1 006 95.8 54-.9

(g) groundmass lath = (x)xenocryst




Nephelines : o .
AM6a 54132 54163 58007a 54138 54157 54139 54139 54142 - 54142

s SM1 SM1 SM1 SM3 M3 SM2 sM2 SM2(c)  SM2(r)
$102 45.66  46.13 46,03 44,72 45,64 - 44,62 = 46,81  46.16 44,11 44,08
Ti02 0.00 0.00 0.00 = 0.05 0.02 0.00  0.02 0.00 0.00" 0.00
A120% 33,25 32.38 32.59 33,60 33.88 32.56 5191 32.37 . 32430 52,26
FeO 0.49 0.41 0.50 0.22 0.17 0.76 0.94 0.66 1.0%
Cal - 0.00 0.06 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Na20 16.30  15.30  16.03  15.73  16.25  16.98  15.76 15.33 15,42  16.06
K20 5.32 5.13 5.33 Selit 4,98 5.22 4,94 5.18 5.29 5.%8

Total 101.03 99.39  100.48 99.76- 101.01 99.44  100.19 99.98 97.78 98.81
Cations to 32 oxygens

si 8.671 8.784  8.712 8.525  8.571 8.564 8.848  8.761 8.591 8.541

Ti 0.000 0.000 0.000 0.007 0.003 0.000 0.003% 0.000 0.000 0.000
Al 7393 70272 7275 7555 7505 7379 = 7.113 7245 7424 7373
Fe 0.078 0.065 0.079 0.035 0.026 0.121 0.126 0.115 0.176
Ca - 0,000 0.012 0.000 0.000 0.013% 0.000 0.000 0.000 0.000. 0.000
Na 5.956 5.648 5.881 5.813 5.918 6,327 5.775 5 o43 5.825 6.034
K 1.280 1.245 1.288 1322 1.193 1.280 14191 1.255 1e314 1331
QZ 7.3 10.2 8.2 7.4‘ 7.8 409 ,]0.0 ,]O O 7.8 6.2
Ne 74.8 72.1 73.8 739 753 776 757 721 757 753
Ks 17.9 17.7 18,0 18.7 16.9 175 16,9 17.9 18.5 18.5

(e)core and (r)rim

082



Nephelines

54142 54142 - 54142 54142 - 54142 AM7 AM48 -~ AMU4S8 AM49 AM68

SM2 sM2(e) sM2(r) sM2(e) sM2(r) SM4 SMia(c) SMi () SM4 SMA-
5102 ny.h8  AL.A7  4B.75 46,36 4445 45,60 45,79 45,38 43,93  45.4%
7102 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0,00 0,00 0.00
A120%  33.44  32.48  32.47 32,34 32,20  32.29  32.45 32,33 32,74  32.28
CaO 0,00 0,00 0.00 0.06 0.06 0.00 0.00 0.00 O 00 O;OO-
Na20 15.90  16.73  16.64 16,01 .  16.16 16,60 . 15.37  16.15  15.83  15.65
K20 5¢54 5 ot 5.36 5014 5.44 5.01 - 5.37 5.03 535 5.45

Total  99.80  99.49  100.01  100.79  98.97  99.50  99.41 99,48  98.55 = 99.32
Cations to 32 oxygens

Si 8.513 8.510 8.566 8.749 8.589 8.706 8.739 8.680 8.513 8.703
Ti 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000
Al 7,480 7.379 7331 7196 73357 - 7270 7304 7.293% 7,483 7.293
Fe 0.120 0.110 0.128 0.126 0.107 0.068 0.092 0.114 0.080
Ca 0.000 0.000 0.000 0.011 0.011 0.000 0.000 0.000 0.000 0.000
Na 5.916 6.248 6.176 5.859 6.056 6.147 5.687 5.991 5.948 5 814
K 1.353 1.338 1.308 1.238 1,341 1.219 1.307 1.228 1.323 1.333
Qz 6.6 4,8 5.6 8.8 6.3. 7.0 9.3 7e7 6.6 8¢3
Ne 744 7649 7643 73.8 7542 76,2 72.2 7542 74.9 - 731
Ks 19.0 18,3 = 18.1 . 17.4 18.5 16.8 18.5 1744 18.5 18.6

(¢)core and (r)rim

182



Nephelines

S102
Ti02
A1203%
FeO
Ca0
Na20
K20

Total

54241
SHM4

44,96
0.00
5172
0.51
0.01
16.35
5.40

98.94

542441
SMA

45.26

0.00

33426
0.45

0.04 -

16.03%
5.81

100,84

Cations to 32 oxygens

Si
Ti
Al
Fe
Ca

Na -

K.

Q2
Ne
Ks

8.680
0.000
722
0.082
0.002
6.119
1.329

6.4
754
18,2

. 84569
0.000 -
7426

0.071
0,008
5.883%
1,404

6.7
727
19.6

58039
SV

ny, Si
0.00
33.67
0.46
0.00
1715
L,22

100,04

- 84467

0.000
70547
0.074
0.000
643520
1.024

<9

N
Fow
[ N )
£~

AM55
SM5*

46,16
0.00

32.73

0.71
15.68

29.84

.7

AM38
SM5

474,90
0.00
32.95
O.43
0.66
15.77
2.83%

100,54

8.899
0.000
7220
0.066
0.132
5.680
0.670

t]
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Nephelines

Si02
A1203%
Fel
Cald
Na20
K20

Total

Cations to 32 oxygens

Si
Al
Fe
Ca
- Na

K.

Qz
Ne

Ks
(An)

ANM38 AM4 3
SMS SM5
49,14 44,82
32,46 33,66
0.38 0,34
0.59 0.00
15.30 15.21
3,90 5.59
99,77 99.63
8.874 8.548
7.208 7.572
0.060 0.055
0.119 0.001
5.584 5.024
0.937 14360
11.5 8.5
72.0 7241
13.6 19.4
2.9

AM7?
SM5

44,29

1 3%2.04

0.33
0.00
16.59
5.28

99.53

8.499

7.477
0.053
0.000
6.174

1.293

-7
\]O'\bn
O~ F

AM?77
SM5
45.93
32.15
0.00
0.01
16.22
5. 46

99.77

8.752
7.223
0.000
0.002
5 993

1.327

7

2
8

AM81
SM5

45,52
32.48
0.60
0,00
15.94
4,86

99.40

8.693
7312
0.096
0.000
54902
1.8%2

.6

=)
O'\-P(D
‘Qﬂ

AM82
SM5

46,50 -

32.80
0.81
0.00

15.42

- b.86
100.38

8,767
74295
0.127
0.000
2.637
1.169

10.7
72.6
16.7

AM82
SM5

45,37

- 32433

0.00
0.06
16.56
5.28

99,60

8.672
7.288
0,000

1,286

AMB4
SM5

45,78
3256
0.70
0.00
1671
5.23

100.98

@ o o @
l\)—\O-H\.)g
N O =>\n
O-A\NOO-PCD

78¢



Nephelines

Si02
Al1203%
FeO
Ca0 .
Na20
K20

Total

58017
SM5S

47.29
31.98
0.34
0.05
17.19
5.02

100.88

AM98
Y (1)

44,58
31.53
0.74
0.00
15.45
5.36

97.65

Cations to 32 oxygens

Si
Al
Fe
Ca
- Na
K

Rz
Ne
Ks

8.83%1
7042
0.054
0.010
5.862
1.196

7.3
764
163

8.701
7.257
0.012
0.000
5.848
1.335

8.1
723
18.6

AM114
HY

4517
32485
O. 25

0.01 .

16.24

5.93.
100.46

8.593
7371
0.040
0.003
5991
1,440

6.1
741
19.8

AM119
HY(c)

44,84
524,22
0.47
0.04
15.92
5.64

99.13

- AM119

HY(r)

u1 9n
31.21
0.64
0.0
16,21
5.05

98.07

8.738
7157
0.103
0.003
6.112
1,253

72
726
17.2

AM121

44 .73
3%.68

0.59
14.67
5.26

98.9%

8.557
7.600

0.122
De4h5
1 .283

1041
71e2
1847

AM122

45,40

33,70
0.50
0.0

15.83
5,46

98.99

98¢



Nephelines

5102+
A1203%
FeO
Cal
Na20
K20

- Total

AM122

Cations to 32 oxygens

Si
Al
Fe
Ca
Na
K

'Qz
Ne
Ks

- AM122 -
HY(e) HY(r)
45.37 44,67
32453 324,67
0.32 Qo4
0.03 0.00
16,02 15.81
5.57 6.18
99.83% 99.47
8.654 8.585
7317 7.403
0.051 0.023
0.007 . 0.000
5.924 5.890
1.355 1.515
7e2 6.2
75.9 729
18.9 20.9

AM123b
HY

46,01
32450
0.42
0.00

1579

5.22
99.94

8.737
7280

0.067
0.000
5.814
1.265

8.8
734
17.8

(¢c)core and (r)rim

AM123b

46415
32.15
0.29
0.01
15.69
5.87

100.25

AM12%b
HY

45,29
32,06
0026
0.00
16,17
5.51

'99.30

84694
7258
0.042
0.000
6.018
1.250

0.9
He5
18.6

AM135
HY

45471

 33.29

0.00
0.27
15453
5.42

100.21

AM138
SM6

43,12
32.92
0.45
0.00

16,03 -

6.96
99.48

843567
7.532
0.073
0.000
6,031
1.722

22
754
2%.4

AM138
SM6,
44,85
31.50
0.72
0.00
16.07
6.71

99.85

8.645
7160
0.116
0.000
6,005
1.651

5.0

7247
22.2

AM1%8
SM6
44,70
51.85
0.60
0.00

16,08 -

7.02
100.25

84594
7.222
0.095
0.000
5995
1,721

4.5
221

AM138
SM6
4y 14
32.18
0.61
0.00
15.87
7.10

99.90

8523
7322
0.100
0.000
5971
1.752

41
72 3
22,6

98¢



Nephelines

3102
A1203%
FeO
Ca0
Na20
K20

Total

AM159
SMo

46,00
31.49

0.00
16.07
5.88

99,44

' 58027

lava

45.83
32423
O.24
0.06
16.80
525

100.40

Cations to 32 oxygens

Si
Al
Fe
Ca
Na
K

Qz
Ne-
Ks

8.812
7116

0.001
5.969
1437

73

731
19.6

8,700
74215
0. 0%8
0.013
6.184
1.268

.4
76¢5

- 17.3

L8¢



Aenigmatites ~ :
AM7 58066 - AM43 AM82

SM4 SM4 SM5 SM5
Ti02 8,50 700 8.49 - 8.37
FeO 40,51 40,12 40,50 40,24
MnO 2472 2435 1.75 1.93
MgO 0.46 0.39 0.49 0.82
Ca0O 0.,49 0.85 2.29 T1.42
Na20 7.07 T 6.061 6.20 - 6.35
K20 - 0.02 0.03% 0.04 0.02
Cations to 20 oxygens. Fe3/Fe2 assuming stoichiometry
Si - 5.6255 5.7864 5.3645 - 5.5562 '
Al 0.275146.,00 0.2856}46.07 0.565616.00 0.437126.,00
Fe3 0.0998 0.0000 0.0699 0.0067
Fe2 4,892%Y 4,9707Y) 4,911 4.,8722) -
Ti 0.9414 0.7799 0.9380 0.2375
Mn 0.339916.,28 0.295416.05 0.2177(6.00 0.1776{6.20
Ca 0.0000 0.0000 0.1850 0.0000
.Ca 0.0774 0.1347 0.175 0.2208
Na : 2.0056}2.08 1.89922.04 1,7653(1.95 1.78%912.01
K 0.003%9 0.0060 0.0079, 0.0032

88¢
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THE MOTZFELDT CENTRE
THE IGALIKO COMPLEX, SOUTH GREENLAND
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